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Abstract: Despite its small size (51.000 km?),
there is approximately 5% of the world’s
known mammal species (over 260) in Costa
Rica alone. This rich biodiversity is due, at
least in part, to its geographical position along
the bridge that connects North and South
America and separates the Atlantic from the
Pacific Ocean. To understand whence, when,
and how mammals settled in Costa Rica, it is
necessary to take into account the geological,
climatic, and ecological processes that
occurred in Central America during the
Cenozoic. The origin of Costa Rica follows
from a series of complex geological events
ensuing from the interaction of three tectonic
plates, a microplate, and several exotic
tectonic fragments from different plates.
Central American vertebrate fossils mainly
are from the late Cenozoic and represent
all the major taxonomic groups. However,
the history of Central American mammals
lacks further direct fossil evidence. Known
vertebrate fossils date not only to before and
after the closure of the Isthmus of Panama,
but they also constitute the direct fossil record
documenting what clearly was a dispersal
route between North and South America. The
mixture began with the exchange that took
place over the islands making up the current
Central American region, and increased
when the Central American isthmus was
closed and became dry land, because it
allowed a greater traffic of mammals. Within
this framework of global and local abiotic
patterns of change, the Great American Biotic
Interchange (GABI) stands out because
it constitutes one of the most significant
biogeographical events worldwide. Central
American mammal fossils help provide an
understanding of the GABI after the closure
of the Panamanian isthmus. This work
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analyzes these facts and summarizes some of
the more recent pertinent findings to provide
a brief overview of mammalian history in
Costa Rica.
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Introduction

Costa Rica is a small country: with an area
of 51,100 km? covering only 0.034% of the
land surface of the Earth (Mora et al., 2021).
Despite its small area, the country has a
rich biodiversity, due, at least in part, to its
geographical position along the bridge that
connects North and South America and has
allowed for the movement of species from the
north to the south and vice versa. In addition,
Costa Rica occupies an interoceanic position
at the narrow Central American isthmus,
which separates the Atlantic from the Pacific
Ocean (Alvarado and Cardenes, 2016). There
are over 260 mammal species documented
from Costa Rica, that is approximately 5% of
the world’s known mammal species (SINAC,
2014). This represents almost a 150-fold
difference between the proportion of area
covered and the proportion of mammalian
biodiversity present. Ecological conditions
for this high diversity have been discussed
widely (Burger, 1981; Gomez, 1986; Pillay et
al.,2022), and a large amount of information
has been generated regarding the history of
the origin and arrival of the mammals of
Costa Rica. The present work summarizes
some of the more recent pertinent findings
to provide a brief overview of mammalian
history in Costa Rica.
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Major mammalian dispersals occurred at
times of low sea levels, resulting in loss of
endemism on continents that originally were
1solated, such as South America and Africa,
along with changes in the composition of
the Holarctic fauna (Janis, 1993). Historical
invasions have been through exchange routes
working as bridges that could become filters:
some taxa are able to pass but others are not.
The Central American isthmus has been such
a corridor for many species of mammals,
but also acted as a filter for other species
(Alvarado, 1994; Alvarado and Cardenes,
2016). Deserts, mountains, xeric vegetation,
and rainforests, are strong filters for many
species of mammals (Simpson, 1977).

To understand whence, when, and how
mammals settled in Costa Rica, itis necessary
to take into account the geological, climatic,
and ecological processes that occurred in
Central America during the Cenozoic; the
same processes underway in South and North
America similarly had important influences.
However, the geological history of the Central
American region—and that of Costa Rica in
particular—is of fundamental importance.
“Distant” aspects of these processes had
important local biological influences here
including the uplift and formation of the
Andes Mountain range and the formation
of Amazonian forests (Antonelli et al.,
2009; Hoorn et al., 2010; Antoine et al.,
2016; Pelegrin et al., 2018). At the same
time, “local” aspects are also critical,
such as the formation of open savannah-
type habitats associated with the cyclical
Quaternary glaciations, the establishment of
a terrestrial connection between South and
North America and its impact on oceanic
and atmospheric currents, and therefore on
global climate in general (Bacon et al., 2015;
Carrillo et al., 2015; Montes et al., 2015).
Within this framework of global abiotic
patterns of change, the Great American Biotic
Interchange (GABI) stands out because
it constitutes one of the most significant
biogeographical events worldwide (Webb,
2006; Lucas and Alvarado, 2016; Pelegrin
et al., 2018). The GABI had an enormous
influence on the development of mammal

communities in the Americas (Pelegrin et
al., 2018). This context was the framework
for key evolutionary events to understand
the establishment of the mammal fauna
in Central America and of the fauna in the
Neotropics in general and the mammals of
Costa Rica in particular (Bacon et al., 2015;
Carrillo et al., 2015; Erkens, 2015; Chavez,
2016).

Geology of Costa Rica

The origin of Costa Rica follows from a
series of complex geological events ensuing
from the interaction of three tectonic plates:
Caribbean, Cocos, and Nazca, as well as
the Panama microplate, and several exotic
megablocks, tectonic fragments from
different plates (Alvarado and Cardenes,
2016) (Figure 1). The oldest rocks of Costa
Rica date to about 200 Ma and developed
many km southwest of the actual position
(Table 1). The geological history of Costa
Rica can be separated into several stages,
some of which occurred simultaneously
(Table 1). The territory of the country is part
of the bridge connecting North and South
Americaand occupying the Central American
seaway (Figure 2). The active subduction
of the Cocos plate beneath the Caribbean
plate, volcanism, and several other tectonic
phenomena, are examples of Costa Rican
geological history that continues today.

Mammals of the Neotropics

The Americas comprise two zoogeographic
regions (Figure 3): The Nearctic includes
almost all of North America while the
Neotropical begins in northeastern Mexico
and includes Central and South America
(Cox, 2001). The Neotropical region is
considered as the most biodiverse globally,
in particular insofar as mammals are
concerned, with about 25% (about 1145 spp.)
of the global diversity of the group residing
in this region (Patterson, 2000; Rull, 2008,
Pelegrin et al., 2018). The region includes
rainforests, temperate forests, deserts,
savannahs, paramos, and steppes, associated
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Table 1. Principal geological events related to the development of Costa Rica according to the division of the geological

time scale (GTS) and its age (Ma = million years ago)

Division GTS Ma Events Observations
Jurassic 200 Oldest rocks in Costa At Santa Elena, Nicoya Peninsula, others. Formed
4 Rica to the southwest of the current position.
80 — 66 Loma Chumico Product of accumulation of organic matter in

Late Cretaceous

> 66
Cretaceous
End of the 66
Cretaceous

66 — 49
Paleocene — Lower
Eocene

41 -34
Upper Eocene

34-24
Oligocene

2725

Formation (Nicoya)
Volcano-sedimentary unit

No landmasses with
terrestrial faunas

Proto-Antilles bridge

Shallow seas “nearby”
Island Arc

Tectonic activity
Cerro Turrubares was an
active volcano

“Territory” acquired
current position

Subduction is established
in the Mesoamerican
Trench

Regional uplifting

Interruption of volcanic
activity

Formation of the La
Candelaria basin begins.

Decrease of the sea level
in the Central American
seaway

Submarine volcanism in
back basins of Talamanca
(among others).

Northern part of Costa
Rica emerges

Continuous sedimentation
in the southern part.

Farallon Plate broke up
into the Cocos and Nazca
plates

High volcanic activity all
over Costa Rica

anoxic and deep environments

High global °T

No ocean currents

There is no record of continental fossil vertebrates
in South Central America for the Paleogene, nor
prior to the late Oligocene

Exchange of biota between North and South
America
Territories moving east — northeast

Some biological interchanges

Cerro Turrubares is part of the Herradura
promontory (an island that went from Cerro
Turrubares to Jaco)

Current Costa Rican location occupied by islands
and promontories

Establishment of tectonic features similar to the
current ones

Developing of carbonate platforms (Basin of
Tempisque River)

Tectonic activity increases.

Basins with shallow water marine sedimentation
(<200 m)
Promotes sedimentation of carbonate platforms

Basin accumulated several km thick sediments.
Continued into the Miocene

Separation of basins
Local reef development
Decreases the depth of sedimentary basins
Biota exchange by island hopping and
swimming
In the Térraba River area, very thick marine
sediments are deposited on the continental slope.

Northern part of Costa Rica subjected to erosion

Modern tectonic configuration of Costa Rica
begins
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24-5 Shallow marine
deposition all over the
country

Sedimentation in
independent basins
Growth of Talamanca
Intense erosion on both
slopes

High volcanic activity
continues (to 8 Ma)

Reorganization of

tectonic plates

Consolidation of volcanic
Miocene activity
High tectonic activity
Uplift associated with
the collision of the
Cocos Ridge with the
Mesoamerican trench
(5.4 Ma)

Since 8 Ma the inner arc
has been parallel to the
modern volcanic front,

5-1.8 High volcanic activity
Clogging of sedimentary
basins

Pliocene Melting of glaciers and
snowcaps of higher

mountains

1.8 -
present

Establishment of current
volcanic mountain ranges
Quaternary

Biological exchange
island hopping or swimming
islands in what is now Central America

Ignimbrite and other pyroclastic deposits
Witnesses: Cordilleras of Aguacate, Tilaran and
Cutris — Sarapiqui

Exhumation of Talamanca characterized by a
sudden increase in uplift rates between 5.5 and
3.5Ma

Tectonics and intense seismicity off Quepos and
Osa

Extinction of volcanism in Talamanca

Decrease in the depth of the Mesoamerican trench
in the collision zone

Existence of underwater landslides

Coastal uplift

Talamanca uprising accelerates

It progressively retreated towards the northeast of
the country

Closure of the Central America bridge (Isthmus of
Panama)
Biological exchange (GABI)

Together with volcanic activity in a tropical
environment contributed to generate very thick
lahars and alluvial deposits.

Central Valley depression forms

This highland basin filled with a thick
accumulation (> 1 km) of volcanic products
(andesitic to dacitic lavas, pyroclastic rocks, lahar,
and debris avalanche deposits)

with a wide latitudinal range and a highly
complex topography (Tews et al., 2004).
It is the second most diversified region in
terms of the number of mammal families
(after tropical Africa), with at least fifty-six
families (compared to fifty-eight families
in Africa; Vaughan et al., 2015). However,
Africa has twenty endemic families whereas
in the Neotropics, twenty-eight are endemic.
South America was separated from North
America by the Central American Seaway
more than 150 million years ago (Dartnell,
2019). The separation of these two
continental masses began 190 — 180 Ma with
the breakup of Pangea (Figure 4) through the
rift that separated Laurasia from Gondwana
(Veevers, 2004; Dartnell, 2019). South
America and Africa began their separation

with the subsequent formation of the South
Atlantic Ocean 100 —110 Ma (Ezcurra and
Agnolin, 2012). Although linked to other
landmasses for several million years after this
separation between them, the biota of North
and South America evolved independently,
with successful radiations and extinctions,
and with some exchanges between the
continents (Simpson, 1950). There is also
evidence that the Neotropical mammalian
biodiversity was higher in the past than it
is today, partly because many species have
gone extinct owing to the effects of climate
change, habitat fragmentation, disease, and
more recently, human impact (MacFadden,
2005).
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Figure 1. Location and relationship of Central America, including Costa Rica, with the tectonic plates that have determined

the geological history of the country. Figure by Lucia I. Lopez.

The magnitude of the faunal exchanges
before the land connection between North
and South America through the Isthmus of
Panama about 3 — 4 Ma is still under debate
(MacFadden, 2005; Agnolin et al., 2019). A
wide variety of tetrapod, including mammals
such as camels, peccaries, horses, monkeys,
procyonids, mustelids, and ground sloths,
among others, are known to have crossed
the passage between North and South
America long before of the establishment
of the bridge (Cione et al., 2015; Pelegrin et
al., 2018; Agnolin et al., 2019). Taxa that
successfully crossed between continents
prior to the establishment (i.e., established
themselves) have been designated “herald”
taxa (Webb, 1985). Similarly, the age of the
connection is still under debate, as some
authors argue that it occurred several million
years ago, 3 Ma (Coates and Stallard, 2013;
Montes et al., 2015; Erkens, 2015). In
that respect, Iturralde-Vinent and MacPhee
(1999) proposed the presence of a precursor
steppingstone connection along the Greater

Antilles and Aves Ridge landspan, termed
GAARIlandia, permanently subsiding <32 Ma.
Taxa transgressing in either direction prior to
32 Ma (e.g., Dasypodidae, Pampatheriidae,
Megalonychidae, Mylodontidae, Caviomorpha,
and Platyrrhini) may have taken that sweepstakes
route initially, with recent taxa instead using the
Panama land bridge or its precursor stepping
stone island systems.

In any case, during the time that North and
South America were separated, camels and
horses, for example, evolved in the former,
but later became extinct from this continent
(Webb and Stehli, 1995; Honey et al., 1998).
However, before their extinction they passed
from North America to Eurasia. Camelids
originated in North America, and some
authors consider them indicators of the GABI
that began with the closure of the Isthmus of
Panama (Webb and Stehli, 1995).

However, there is evidence that camels
colonized South America before the
existence of the Central American land
bridge (Reguero et al., 2007), potentially
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Figure 2. Three phases of the geological history of Costa Rica (CR): A) 15 Ma during the Miocene,
B) 7 Ma also during the Miocene, and C) 3 Ma during the Pliocene. Figure by Lucia I. Lopez.
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Figure 3. The Neartic and Neotropical zoogeographic regions occupy the territory of the Americas. Figure by
Lucia I. Lopez.

Figure 4. Land masses of the Earth at the end of the Triassic 190 Million years ago. Figure by Lucia I. Lopez.
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supporting the GAARIlandia hypothesis. In
South America, in turn, there was a great
radiation of large edentate mammals such
as the giant armadillos and the giant ground
sloths (Simpson, 1950); similarly, some taxa
among which were successful at establishing
themselves in North America.

The Neotropics does not constitute all of
South America but does include Central
America and portions of Mexico (part of
North America). However, to contextualize
the origin of Costa Rican mammals more
fully, it is convenient first to analyze
the history of South American mammals
separately. At this level, it is key first to
review the biogeographical isolation of
South America and subsequently the impact
and consequences of the GABI, both in
North and South America, and in Central
America in general and Costa Rica in
particular. However, it is clear that the taxa of
North American mammals have had a great
influence on the species and community
composition of the mammal fauna of Central
and South America, and therefore, the origin
of these mammals is also relevant. With
the exception of the southernmost part of
the Florida peninsula and Greenland, the
Nearctic Biogeographical Region includes
nearly all of North America north of the
tropical sections of Mexico. The Cenozoic
history of North America mammals is
examined in detail in Woodburne (2004).
It 1s generally accepted that South America
remained isolated from the rest of the
continental masses around 80 Ma, until the
establishment of the Isthmus of Panama 3 — 4
Ma, which connected it with North America
(MacFadden, 2006; Agnolin et al., 2019).
However, more recent interpretations suggest
that South America retained a connection
to Antarctica until the Oligocene (30 Ma;
McLoughlin, 2001). This connection allowed
faunal exchanges between South America
and Australia according to recent evidence
based on marsupials. This information
proposes a dispersal of marsupials from their
origin in North America to Australia via
South America and Antarctica (Woodburne
and Case, 1996; Luo ef al., 2003; Meredith

et al., 2008). In addition, it is possible that
after the separation of South America from
Africa at the end of the Cretaceous (75 Ma),
the formation of a volcanic arc of islands
began in the Caribbean that allowed faunal
exchanges from North America (Horne,
1994; Iturralde-Vinent and MacPhee, 1999).
As a result, the splendid isolation of South
America was neither as large nor as long as
previously thought (Erkens, 2015; Hoorn
and Flantua, 2015; Agnolin ef al., 2019). The
isolation of South America varies between
80 Ma, as traditionally assumed, (Simpson,
1980; Flynn and Wyss, 1998) and 50 Ma
according to the most recent paleontological
evidence (Ezcurra and Agnolin, 2012; Bacon
et al., 2015). This difference is key when
considering the evolution of South American
mammals.

The mammals of South America have
four components, with marsupials as
ancient colonizers being the first to arrive.
Marsupials arrived from their area of origin
in North America to South America in the
Late Cretaceous and diversified into groups
such as current didelphids (Wilson et al.,
2016). The first records of various lineages
of placental mammals date back to the
Paleocene and Eocene (de Oliveira and Goin,
2011; Herrera et al., 2012). Among these
groups are xenarthrans and various lineages
of ungulates (de Oliveira and Goin, 2011;
Herrera et al., 2012). Xenarthra is the taxon
that is currently hypothesized to contain
the orders Pilosa (sloths and anteaters) and
Cingulata (armadillos). Although one species
of armadillo has invaded North America, as
have in the recent past some species of ground
sloths, they otherwise are an exclusively
South American group (Simpson, 1980; dos
Reis et al., 2014). Based on fossil data, these
mammals appeared in the Upper Paleocene
(Riochican of Argentina [Chubut], 55.8
— 57.0 Ma, for Dasypodidae [Simpson,
1935]) and diversified during the Oligocene
(Vizcaino, 2009, see dos Reis et al., 2014).
For their part, ungulates developed during
the Paleocene from North American
ancestors and diversified into groups such
as litopterns, notoungulates, pyrotherians,
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xenungulates, and astrapotherians (Billet,
2011; Cione et al., 2015). Recent evidence
suggests that Macrauchenia (litopterns)
and Toxodon (Notoungulata) constitute a
sister group to the extant perissodactyls
(Buckley, 2015; Westbury et al., 2017). This
suggests that the ancestors of these groups
came from North America and radiated
extensively, resulting in substantial species
diversity during the Oligocene and Miocene.
Marsupials, xenarthrans, and ungulates make
up the first autochthonous faunal component
of South America (Pelegrin, 2018); they are
the members of the first stratum of Simpson
(1950).

The second component is the arrival of
the ancestors of South American primates
and rodents (de Oliveira et al., 2009) that
make up the second stratum of Simpson
(1950) occurring from the end of the Lower
Eocene to the upper one when conditions for
dispersal from Africa were present (Springer
et al., 2011; Ezcurra and Agnolin, 2012).
This process could have been possible by
physical means such as the formation of
potential island arcs between the continents
and the directionality of the oceanic currents
in the Atlantic, which was just being formed
and therefore at a shorter distance between
the two continents. These currents may have
carried rafts of vegetation from the large river
basins of Central and West Africa (Antoine
etal.,2011; Bond et al., 2015).

Some faunal interchanges between North
and South America were facilitated by a
hypothetical Antillean arc that connected
the southeastern USA to Venezuela, the
tongue of land called GAARIandia, (Lucas
and Alvarado, 1994). This hypothesis
explains the brevity of the Caribbean —
Mainland exchanges between the Eocene
and the Oligocene. The possible existence
of GAARIlandia has key implications for
understanding the early phases of biotic
exchange between North and South America
before the Pliocene (Agnolin et al., 2019).
However, there is no geological evidence
for this hypothesis. On the contrary,
colonization was apparently heavily filtered
and assembled in a piecemeal fashion

consistent with over-water dispersal (Ali and
Hedges, 2021). Recent evidence suggests
that Central America played little or no
part in these two oldest components: Late
Cretaceous/Paleocene and Eocene/Oligocene
(Lucas and Alvarado, 2016). During those
dispersal times, Central America was either
nonexistent (in part), or was isolated as an
island arc, so the most likely north—south
pathway for land vertebrate would be across
GAARIlandia (Lucas, 1986; Alvarado, 1994;
Lucas and Alvarado, 2016), but see Ali and
Hedges (2021).

Current evidence suggests that island chains
existed between North and South America
during the Paleogene (e.g. Dévalos, 2004;
Pindell and Kennan, 2009; Agnolin et al.,
2019). These islands could be related to the
proto-Antilles or to the Panamanian tectonic
microplate and the igneous complexes
derived from the Galapagos hotspot (Montes
et al., 2012b). Regardless of origin, the
island chains enabled faunal exchange
between North and South America at various
times. This phase has been called Pre-
GABI or Proto-GABI (Wroe et al., 2004;
Cione et al., 2015) and has been supported
by the recent increase in fossil finds in
North, Central, and South America. At the
Oligocene-Miocene boundary, a new phase
of exchanges began that preceded the GABI
itself (Bacon et al., 2015). These exchanges
lasted throughout the Neogene until the
first stage of the GABI with the formation
of the connection between North and South
America (Woodbourne, 2010). These were
very complex geological processes that have
found support in molecular phylogenetic
studies. Already during the Neogene, the
degree of connection between the two
continents increased (Prothero et al., 2014;
Carrillo et al., 2015).

During the ProtoGABI, several mammal
taxa participated in the exchanges, based on
evidence from molecular data. Also, there
is fossil evidence of Panamacebus from the
Lower Miocene of Panama (Arikareean Ar4
faunal zone, ca. 21 Ma), which is not only the
first platyrrhine fossil primate found outside
of South America, but also the earliest fossil
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evidence of mammalian exchange from South
America to North America (Bloch et al.,
2016). Added to this exchange, are the oldest
records of sloths in the Greater Antilles from
the Oligocene and Early Miocene of Puerto
Rico and Cuba (White and MacPhee, 2001;
MacPhee, 2005). The Oligocene glaciations
could have caused a sea level drop, thus
allowing the passage of mammals due to
low sea levels, and the connection between
northwestern South America and the island
arc between Costa Rica and Panama (Coates
et al.,2004).

Later, continental drift and plate tectonics
caused the formation of a bridge mainly
by means of the uplift of the earth’s crust
and volcanism, which created a geological
corridor between North and South America
(Alvarado, 1994; Laurito and Valerio, 2012b;
Alvarado and Cardenes, 2016). This corridor
allowed the passage of fauna from South
America to North America and vice versa,
including the GABI as a highly relevant
biological event. The Mesoamerican bridge
has also acted as a filter in both directions,
but particularly from South America to
North America, because climatic conditions
in North America are less favorable for
tropical taxa (Alvarado, 1994; Pelegrin et al.,
2018). During the Miocene (23.8 Ma — 5.3
Ma), climatic regimes generally were less
seasonal than those of comparable regions
of today, and many forested biomes were
replaced with more open-country woodlands
or grasslands (MacFadden, 2006).

The mammals of Costa Rica within the
context of Central America

The mammals that inhabit Central America
derive from four sources: The North
Americans, the old South Americans,
the young South Americans, and the
Mesoamerican unit (Simpson 1950; Rich and
Rich, 1983; MacFadden, 2006; Woodbourne,
2010). The North Americans dispersed to the
southern limit of nuclear Central America
(Nicaragua). During the GABI, they also
managed, to some extent, prior to that
event, to disperse southward as far as South

America (Simpson, 1950). The old South
Americans are the American marsupials,
the xenarthrans, and some bats. Before the
GABI, these taxa arrived in Central America,
most likely by drifting over water or, in the
case of bats, by flying; most likely wind
aided during storms (Simpson, 1950). Young
South Americans include primates and
rodents (Simpson, 1950). Before the GABI,
these mammals arrived in Central America
possibly as “waif dispersers” by means of
sweepstakes routes through the Central
American seaway (Coates et al., 2004). The
Mesoamerican unit evolved in this region,
whence they spread to other areas (Rich
and Rich, 1983). This unit is questioned by
some on the basis that there is no convincing
evidence that this region was the center of
origin for mammals before the GABI (Webb,
1985). Following this reasoning, Central
America acted as a filter to dispersal during
the GABI, as well as a center of mammalian
evolution, although there is no evidence
of something similar occurring during the
Pleistocene (Alvarado, 1994; Alvarado and
Cérdenes, 2016).

Central American vertebrate fossils are
mainly from the late Cenozoic and represent
all the major taxonomic groups of vertebrates
(Lucas and Alvarado, 2016). This vertebrate
fossil record is concentrated in Miocene and
Pleistocene sedimentary strata (Lucas and
Alvarado, 2016). However, the history of
Central American mammals lacks further
direct fossil evidence. There are basically
no fossils from the Mesozoic (> 66 Ma)
and there are very few fossils prior to the
Miocene (beginning 23 Ma; Rich and Rich,
1983). That results in the fact that perhaps
only 25% or less of the mammalian history
of Central America is known, and virtually
all of that known history in each case is
documented by few fossils (Rich and Rich,
1983). Several fossil sites have been found in
all Central American countries, but with little
information (Rich and Rich, 1983; Cisneros,
2005). The most diverse group of mammals
known from Central American fossils are
armadillos, glyptodonts and several other
taxa now in the orders Cingulata and Pilosa;



Lucia Isabel Lopez and José Manuel Mora

21

all are of South American origin (Lucas and
Alvarado, 2016). These include giant ground
sloths of the families Megalonychidae and
Megatheriidae (Lucas and Alvarado, 2016).
The group also contain small ground sloths
(Mylodontidae), including two taxa endemic
to Central America from the Pleistocene of
Barrancadel Sisimico (El Salvador; Webb and
Perrigo, 1985). On the other hand, all fossil
carnivore taxa, including cats, sabertoothed
cats, dogs, bears, and raccoons are of North
American origin (Lucas and Alvarado,
2016). Fossil remains of these latter are from
Miocene and Pleistocene faunas generally
of low diversity and are uncommon (Webb
and Perrigo, 1984; Cisneros, 2005, 2011).
The southernmost Pleistocene record of the
coyote Canis latrans is from Costa Rica
(Lucas et al., 1997). Most Central America
ungulates are of North American origin:
proboscideans, perissodactyls, including
Tapirus sp. cf terrestris, and artiodactyls,
including a Camelidae (Palaeolama mirifica)
from lacustrine deposits (Pérez, 2013). The
only ungulates of South American origin
are the notoungulates, and mostly pertain
to a Mixotoxodon, apparently endemic to
northern South and Central America (Laurito,
1993; Lucas and Alvarado, 2016).

In Costa Rica, fossil mammals are known
from more than forty-five Pleistocene
localities (Alvarado and Cardenes, 2016).
Most of these are proboscideans such as
Cuvieronius hyodon (Gomphotheriidae),
and the mammoth Mammuthus columbi
(Mammutidae), the southernmost record of
mammoths in Central America (Alvarado
and Cardenes, 2016). These localities
contain only one or a few large mammalian
taxa, but small mammals have been poorly
studied (Alvarado and Cérdenes, 2016).
This suggests a likely bias towards the
preservation of high energy fluvial, alluvial,
ignimbrite, and lahar deposits, as well as a
bias towards the collection or preservation of
large-sized fossils (Alvarado and Cérdenes,
2016). Rodents are basically absent,
excluding capybaras (Hydrochoerinae,
Caviidae) that are large; rabbit (Lagomorpha)
records are scarce, and only few fossil bats

have been reported (Webb and Perrigo,
1984; Czaplewski et al., 2003; Lucas and
Alvarado, 2016). However, a rodent fossil
fauna was described by Laurito (2003)
from La Palmera locality at San Carlos
county in Alajuela province likely of the
Upper Pleistocene age and including four
species: Tylomys watsoni, Reithrodontomys
mexicanus (which should be reexamined
in light of taxonomic changes), Sigmodon
hispidus (now S. hirsutus), and Proechimys
Semispinosus.

Other documented fossil groups include
horses, tapirs, camels, and proboscideans,
that represent three distinct orders of North
American origin (Lucas and Alvarado,
2010a, b). The proboscidean gomphotheres
(Gomphotherium) first arrived in Central
America about 10 Ma. Cuvieronius arrived
in Central America about 3 Ma and continued
expanding their range to southern South
America (Lucas, 2013). Finally, there is
record of a Pleistocene arrival in Honduras
based on a single record of the American
mastodon, Mammut americanum (Lucas
and Alvarado, 1991; Lucas and Alvarado,
2016). A frequent problem is that many
fossiliferous sites have not been reported or
adequately safeguarded. They also have not
been assessed due to the lack of institutional
support for investigations as well as other
factors (Lucas and Alvarado, 2016). Due
to the sparse knowledge generated and the
general lack of mammalian fossil remains
in Central America, the faunal exchanges
of the Paleogene and Neogene (“Tertiary”,
between 66 and 2.5 Ma), remain unclear,
a situation aggravated by the fact that the
exact positions of some parts of Central
America, and even of its mere existence,
are also unknown, both in broad strokes as
well as in many other details (Rich and
Rich, 1983). It is possible that these regions
could have contributed to the exchange of
mammals, but it is not known how much. For
example, the only dinosaur fossil reported
from Central America is a femur discovered
in 1971, possibly from a hadrosaur (Lucas
and Alvarado, 2016). This fossil comes
from the Cretaceous of Valle de Angeles
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(Honduras), a locality interpreted as part of
a possible terrane that was attached—or at
least was close to—southwestern Mexico
during the Cretaceous (Lucas and Alvarado,
2016), arriving there in a “Viking funeral
ship” as defined by McKenna (1973). After
the Neogene, about 2.5 Ma, the situation is
better known, for example, as noted above
for Costa Rica.

The fossil faunas of the Central American
Quaternary reflect a mixture of elements from
North and South America that began with
the terrestrial connection between these two
continental masses 5 — 1 Ma, particularly by
means of the GABI (Rich and Rich, 1983). North
American mammal families from the Pleistocene
of Central America include Leporidae, Felidae,
Canidae, Gomphotheriidae, Mammutidae,
Elephantidae, Tapiridae, Equidae, Tayassuidae,
Camelidae, Cervidae, and Bovidae (Alvarado
and Cardenes,2016). Families of South American
origin include: Dasypodidae, Glyptodontidae,
Megalonychidae, Megatheriidae, Mylodontidae,
Caviidae (Hydrochoerinae) and Toxodontidae
(Alvarado and Cardenes, 2016).

An important case to note across the history
of Central American mammals is that of
the Guanajuato Fauna, from the Eocene —
Oligocene transition (ca. 34 Ma), being one
of the oldest in the region (Rich and Rich,
1983). The Guanajuato Fauna includes
two genera of rodents and contrasts with
previously mentioned sites in two senses,
first, practically all the other sites contain
fossils of species of medium or large body
sizes, and date to later than the Miocene
(< 23 Ma; Rich and Rich, 1983). One of
these genera, Guanajuatomys, is of clear
phylogenetic affinity with the caviomorphs
of South America (Black and Stephens,
1973). Perhaps the high affinity of Central
American mammals with those of North
America can be attributed to the fact that the
fossils found belong to the largest mammals
(Rich and Rich, 1983). The Guanajuato fauna
could be the evidence of a second component
of the “tertiary” fauna of Mesoamerica,
those smaller endemic mammals (Rich and
Rich, 1983). Three genera of rodents from
Texas (USA) of approximately the same

date as the Guanajuato fauna, as well as a
didelphid from the middle Miocene, support
the previous idea. One of the Texas rodent
genera, Prolapsus, also has evolutionary
affinities with the caviomorphs of South
America (Slaughter, 1978; Wood, 1980).
These data have led to speculations on the
possible evolutionary role of mammals
originating in Mesoamerica that could have
resulted in the American caviomorph fauna
without the need for an exchange across the
Atlantic (Rich and Rich, 1983; but see de
Oliveira et al., 2009).

Molecular evidence suggests a genetic
divergence about 43 Ma between the
South American caviomorphs (Parvorder:
Caviomorpha) and its sister group, the
African parvorder Phiomorpha (Antoine et
al.,2011). The oldest records of caviomorphs
date to the Peruvian Middle Eocene (Antoine
et al., 2011). Subsequently, caviomorph
rodents diversified widely during the
Oligocene (Bertrand et al., 2012; Boivin
et al., 2016) and created several lineages
adapted to different ecological conditions;
some of them even acquired considerable
sizes, for example Josephoartigasia monesi
(Dinomyidae) being of around 1000 kg
(Pelegrin et al., 2018; Rinderknecht and
Blanco, 2008). Based on these two aspects,
the pacaranas (Dinomyidae), agoutis
(Dasyproctidae), pacas (Cuniculidae), maras,
capybaras and guinea pigs (Caviidae), tuco-
tucos (Ctenomyidae), and spiny rats and
hutias (Echimyidae), among others, were
consolidated.

The African origin of South American
rodents is supported by the arrival of primates
also from Africa (de Oliveira, et al., 2009;
Defler, 2019). These constituted the origin
of the new world primates whose oldest
known representative is Perupithecus from
the Peruvian Eocene (Divisaderan) (Figure
5). This primate has phylogenetic affinity
with African taxa such as its approximate
contemporary Talahpithecus parvus (Bond,
et al., 2015; Kay, 2015), which is considered
the closest relative of the platyrrhines,
the modern ‘New World> monkeys. The
parvorder Platyrrhini includes marmosets
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Figure 5. Some examples of mammalian dispersals during the Eocene including the arrival of Perupithecus ancestors

in South America from Africa (green arrow). Also, the dispersal of marsupials from North to South America and then to

Australia via Antarctica (red arrows). Figure by Lucia I. Lopez.

and tamarins (Callitrichidae), capuchins
(Cebidae), night monkeys (Aotidae), sakis
and uakaris (Pitheciidae), and spider and
howler monkeys (Atelidae; Rylands and
Mittermeier, 2009). Branisella from the
Upper Oligocene of Bolivia is the oldest fossil
record of the group; it therefore is assumed
that they diversified at the beginning shortly
prior to that time (Pelegrin et al., 2018).

The similarity between hystricomorph
rodents from Africa and South America
may be attributed to exchanges across the
Atlantic Ocean during the late Eocene
(Lavocat, 1980). This was possible because
the distance between these two continents at
the end of the Eocene was smaller, thereby
allowing for taxa to raft across the Atlantic in
less than fifteen days (Houle, 1999).

Fossils of large mammals such as artiodactyls
are relatively well-known from Central
American and include anthracotheres,
camels, deer, gelocids, oreodonts, peccaries

and even bison. These fossils are from
generally dispersed localities in the Miocene
and Pleistocene (Webb and Perrigo, 1984;
Lucas et al., 1997, 2008; Cisneros, 2005,
2008; Rincon et al., 2013; Lucas, 2014).
Perissodactyls are represented by a few
records of tapirs and rhinoceroses, as well as
many horses. Aceratherium rhinoceros are
known from the Miocene of Honduras and
Panama. The horses include hipparionine
records from the Miocene and FEquus
records from the Pleistocene, including
some interesting horse assemblages from
the late Miocene of Costa Rica (Laurito and
Valerio, 2010b). Another example from
these times, which is endemic to Central
America, is Pliohippus hondurensis from
Honduras (Lucas and Alvarado, 2016).
Fossils and knowledge of marine mammals
in the region are scarce. Recently recovered
fossils include true whales and other
cetaceans and sirenians from the Pliocene
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and the Miocene of Costa Rica, Nicaragua,
and Panama (Lucas et al., 2009; Laurito
et al., 2011; Uhen et al., 2011; Lucas and
Alvarado, 2016). The locality of San Gerardo
de Limoncito is the only one in Costa Rica
containing both aquatic and terrestrial
mammals (Laurito and Valerio, 2012b). With
respect to aquatic mammals, this locality
has yielded freshwater cetaceans such as the
Iniidae Goniodelphis sp., and marine forms
such as Hadrodelphis sp., Orycterocetus
sp., and Eurhinodelphis sp., jointly denoting
paleocaribbean epicontinental affinities with
the Florida peninsula, North Atlantic, and
the Mediterranean Sea (Valerio and Laurito,
2012; Alvarado and Cardenes, 2016).

It has been claimed that all the pre-
Pleistocene mammalian faunas from Central
America to Panama had no affinities with
those of South America (Ferrusquia-
Villafranca, 2003). Even the Miocene
Panama Canal Cucaracha (Gaillard Cut)
Fauna (15 Ma) only contained congeners
of North American faunas (MacFadden,
2005). The variety of the Cucaracha Fauna
is large, including horses, rhinoceros, and
artiodactyls, as well as carnivores and
even rodents (Rich and Rich, 1983); it is
considered as having the oldest vertebrate
records in Central America (Laurito and
Valerio, 2012b). However, it is surprising
that all these fossils are of North American
origin despite their proximity to South
America, suggesting overland dispersal
into southern Central America just west of
the Central American seaway (MacFadden,
2005). A Miocene fauna from Colombia,
400 km to the east of the Bolivar Trench,
contained only South American genera
(Rich and Rich, 1983). In contrast, Late
Miocene mammal localities from Honduras,
El Salvador, and Mexico produced fossils
similar to those found in North America
(MacFadden, 2005). These faunas date
back to 20 — 8 Ma and include a canid, cat,
proboscidean, horse, peccary, camel, and a
horned artiodactyl (MacFadden, 2005).
Thus, the general pattern appears to indicate
that all Central American “Tertiary” faunas
were related to North American faunas,

with some rare exceptions. In the last three
decades, data have been generated and further
illuminated the pre-Pleistocene faunas of
Central America, in particular in Costa Rica.
For example, the Fauna of San Gerardo de
Limoncito in the Coto Brus Valley, dating
back to about 8.5 — 6.5 Ma (Miocene), is
characterized by a mixture of vertebrates of
Palearctic, Nearctic, and Neotropical origins,
and contains representatives of the first South
Americans mammals that arrived in southern
Central America (Laurito and Valerio,
2012b). These investigations have concluded
that the arrival of South American mammals
to the land connection over the Isthmus of
Panama can be attributed to the shortening
of the ocean passages among the islands
due to normal subduction processes and the
rapid uplift that southern Central America
experienced because of the tectonic activity
in the region (Laurito and Valerio, 2012b).
Added to this are the climatic elements
prevailing at that time, which favored the
predominance of humid and warm basal
forests both in northwestern Colombia and
in southern Central America (Laurito and
Valerio, 2012b). These conditions allowed
xenarthrans, which are considered to be good
swimmers and island jumpers, to migrate
north. In contrast, they seem to have limited
the southward migration of North American
mammals (Laurito and Valerio, 2012b). The
latter managed to cross into South America
later, when the climate became drier
and after a continuous land corridor was
established (Laurito and Valerio, 2012b).
Early Pleistocene or Late Pliocene fossil
records from Bajo Barrantes (Costa Rica)
of Mixotoxodon larensis (Notoungulata:
Toxodontidae), may predate the arrival in
Costa Rica of North American immigrants
(Laurito, 1993; Lucas et al., 1997).

The first fossil record of megatheriine sloths
(Megatheriidae) in Central America was
obtained from the Fauna of San Gerardo
de Limoncito, which also represents the
earliest record of this subfamily outside
South America, dating back to 5.8 Ma, i.e.,
before the closure of the isthmus of Panama
(Rincon et al.,2020). The first fossil record of
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Tayassuidae from the Cenozoic of Costa Rica
also was obtained from this fauna, including
the first confirmed record for the Northern
Hemisphere of two species being distributed
sympatrically (Valerio and Laurito, 2020). In
addition, the fauna includes the first Costa
Rican and Central American record of the
camel Hemiauchenia vera, a finding that also
constitutes the southernmost record of this
species in the Northern Hemisphere (Laurito
and Valerio, 2016).

In the late Miocene, the exchange of fauna
increased by island hopping across the
Bolivar Trench (MacFadden, 2006). Fossils
of two genera of ground sloths from the
Miocene of South America thatare also found
in North America similarly should have been
found in Central America. However, they do
not appear in the Gracias Fauna of Honduras,
the only Central American paleofauna with
temporal correspondence (Rich and Rich,
1983). This highlights the lack of information
regarding the fossil history of Central
American mammals. It has been postulated
that perhaps these two genera passed from
South America to North America by island
hopping using Caribbean islands. However,
had that been the case, these genera would
have dispersed rapidly back south (Rich and
Rich, 1983). This can be attributed to the
fact that the exchange of the Miocene was
not one way as evidenced by procyonids
which arrived in South America from North
America over 7.0 — 7.5 Ma (Patterson and
Pascual, 1972) probably via the isthmus of
Panama (Laurito and Valerio, 2012b).
Faunal exchanges between both continents
increased in the Upper Miocene (Smith
and Klicka, 2010; Bacon et al., 2015).
These exchanges allowed tapirs, peccaries,
and ruminants, of North American origin
to transgress the Bolivar Trench and be
recorded from the Amazon basin about 9.5
Ma (Campbell et al., 2010; Prothero et al.,
2014). Other North American mammals
found in South America support these
periodic incursions, including gomphotheres
in Peru (Campbell et al., 2000), the first
South American procyonids (Cyonasua),
about 9 Ma (Forasiepi et al., 2014), and

sigmodontine rodents, whose first remains
have been recorded in South America by
the end of the Upper Miocene, about 5.8
Ma (Pelegrin et al., 2018). The colonization
of mammals from South America in North
America includes sloths of the genus
Pliometanastes (Megalonychidae), recorded
in sediments from the Upper Miocene (8.5 —
6.5 Ma) in Costa Rica (Laurito and Valerio,
2012a). The earliest records of peccaries
(Tayassuidae) in Costa Rica date back to the
Late Miocene (5.8 Ma), from the locality
of San Gerardo de Limoncito. This record
constitutes the southernmost locality for
Protherohyus brachydontus, and the only
one from Central America (Valerio and
Laurito, 2020). Moreover, for the first time
for the Northern Hemisphere, this finding
confirmed the distribution of this species
being sympatric with that of Prosthennops
serus (Valerio and Laurito, 2020).

The classical view is that the South American
mammals’ splendid isolation was negatively
affected by the invasion of somehow more
advanced North American mammals, which
resulted in the competitive exclusion of well-
established groups such as marsupials and in
particular sparassodonts (e.g., Piper, 2009).
For example, the arrival into South America
of some of the aforementioned groups
coincided with the decline of the South
American carnivorous Marsupialiformes
of the family Borhyaenidae (Wilson et
al., 2016). The first interpretations of the
dichotomy in species diversity resulting
from the intercontinental faunal interchange
explained the lower diversification of the
autochthonous faunas of South America
as having resulted from this fauna’s lower
competitive capacity in relation to the
immigrant taxa from North America (e.g.,
Piper, 2009). However, ecological pressures
were derived from the dramatic tectonic,
climatic, and biogeographical changes in the
region associated with both the formation
of the Central American bridge and that of
the Andes in addition to the development
of the Pleistocene glaciations. Interspecific
competition, therefore, was unlikely to
have been a highly relevant factor at a
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macroevolutionary scale (Antonelli et al.,
2009; Prevosti et al., 2013; Bacon et al.,
2016).

Most of the exchanges included groups
that inhabited forests, for which reason
the existence of a forested corridor was
necessary, and therefore also that of a
continuous tongue of land between North
and South America. The first candidate for
this union is the Baudd land bridge that
existed about 10 Ma, which allowed for the
connection of northwestern South America
with the central area of Panama through
the San Blas-Darién and Baud6 mountains
(Campbell et al., 2000). By this means, one
closure of the Central American seaway may
have occurred around 10 Ma (Montes et
al., 2012a, 2015). Faunal exchanges would
depend on fluctuations in sea level, because
when sea levels rose, passage by land was
severely limited (Prothero et al., 2014).
When the bridge was complete, exchanges
became more feasible, but would have
depended on the biology of the species
involved. For example, the cold climate of
the Pleistocene allowed for the exchange of
savanna-adapted forms due to the existence
of a nearly continuous belt of savanna
between North and South America through
Central America (e.g., MacFadden, 2006).
Mammoths arrived in Central America at
the beginning of the Pleistocene and are
found throughout most of the region, which
demonstrates the presence of savannahs
and grasslands in the rain shadow areas
of Pleistocene volcanoes and ignimbrite
plateaus (Cisneros, 2005; Lucas et al.,
2008; Lucas and Alvarado 2010a; Lucas
and Alvarado, 2016). The savannahs and
thorny shrub habitats of the Pliocene and
Early Pleistocene (5 — 2 Ma) were fit for
the exchange of more xeric adapted fauna
and grazing animals, as well as other taxa
adapted to the savannah such as glyptodonts,
horses, ground sloths, and camels (Rich and
Rich, 1983). Fossils from these epochs show
that 22 of 31 mammalian genera involved
in the exchange between the Americas were
adapted to savannah habitats (Rich and Rich,
1983). Grasses—and the corresponding

mammalian grazers—evolved in South
America (ca. 25 Ma) earlier than they did in
North America (ca. 15 Ma) based on fossil
evidence (MacFadden, 1997, 2006). From
the end of the Pleistocene (ca. 12 Ka) to the
present, there was an extension of the tropical
humid forest in Central America from South
America that cut into the savannah corridor,
which led to a decrease in the exchange of
grassland taxa through the isthmus. During
that time, only the taxa adapted to humid
forests and savannahs were able to advance
from South America to North America and
vice versa. The fauna of the tropical forests
of northern South America passed to Central
America at a time when the fauna of the
isthmus took on its modern Neotropical
character (Rich and Rich, 1983).

Costa Rica and the GABI

For the GABI to have taken place, the
existence of Costa Rica is essential
because its territory is one of the principal
components of the geological and terrestrial
bridge that connects North America with
South America. It is clear that to form the
bridge, the closure or consolidation of the
Isthmus of Panama has also been essential:
a complete land union through the Bolivar
Trench to South America (Montes et al.,
2015). The GABI has been divided into four
phases based on analysis of the fossil fauna
of South American mammals (Simpson,
1980). The first two phases are not part of the
GABI per se (Simpson, 1950), but the third
and fourth are. As already noted, during the
first stratum of the Cretaceous-Paleocene,
the entry of autochthonous components
occurred, represented by early migrants
from North America. The second stratum is
constituted by the transatlantic colonization
from Africa in the Eocene by the ancestors
of Neotropical rodents and primates (Boivin
et al., 2016). The third stratum groups all
exchanges undertaken during the formation
of the Central American land bridge in the
Pliocene (Marshall, 1988; Webb, 1991).

It should be emphasized that recent
conclusions indicate that the GABI was
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much more complex and gradual than had
been supposed, which is why it has been
suggested to abandon the simplistic vision
of a singular migratory event (Bacon et
al., 2015, Winston et al., 2016). The GABI
had distinct intervals of active exchange
(Woodburne, 2010; Table 2).

This implies complex scenarios of exchanges
where—as already noted above—the groups
of mammals involved experienced strong
selective pressures derived from tectonic,

climatic, and biogeographical changes
in the region. The GABI was a dynamic
exchange that included bidirectional
migrations, consisting of phases throughout
the Pliocene and Pleistocene, with each
of the phases including different waves
of lineage colonization between the two
continents (Table 2). The core of the GABI
was composed of a series of large migratory
waves that began about 3 Ma and persisted
throughout the Pleistocene (Woodburne,

Table 2. Some examples of the main groups of mammals participating in the faunal interchange between North and South

America during each of the four events of the GABI* after Woodburne (2010).
* GABI = Great American Biotic Interchange. Table prepared based on data from Woodburne (2010).

Event Age Ma  From NA From SA
GABI1 3-24 Grisons: Galictis-Mustelidae Large herbivorous armadillos:
Foxes: “Dusicyon”-Canidae Holmesina-Pampateridae
Horses: Hippidion, Equidae Insectivorous armadillos: Dasypus-
Gomphotheres: Stegomastodon =  Dasypodidae
Notiomastodon- Gomphotheridae. Giant sloths: Eremotherium-
Megatheriidae
Arboreal porcupines: Erethizon-
Erethizontidae
GABI-2 1.8 Bears: Arctotherium-Ursidae Anteaters (Myrmecophaga)

GABI-3 0.8-0.7

GABI-4 last0.125

Cats: Felis, Puma, Panthera,
Smilodon-Felidae

Skunks: Conepatus-Mephitidae
Otters: Lontra-Mustelidae
Peccaries: Catagonus-Tayassuidae
Deer: Epyuriceros, Antifer-
Cervidae

Camelids: Hemiauchenia-
Camelidae

Tapirs: Tapirus- Tapiridae
Gomphotheres: Cuvieronius-
Gomphotheriidae

Horses: Equus-Equidae

Pampas cat: Leopardus-Felidae
Peccaries: Tayassu-Tayassuidae
Deer: Paraceros, Hippocamelus-
Cervidae

Coati: Nasua-Procyonidae

Giant otter: Pteronura- Mustelidae
Dogs: Canis-Canidae

Cats: Herpailurus-Felidae
Glyptodont: Glyptothorium-
Chlamyphoridae

Rabbits: Sylvilagus-Leporidae

The human species

Opossums (Didelphis)
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2010). This great exchange is explained
by the appearance of the Central American
bridge and the consequent closure of the
isthmus of Panama (Woodburne, 2010).
However, there were dispersals—albeit
more limited—Dbefore that time, of which
perhaps the oldest is represented by the
sloths Thinobadites and Pliometanastes,
derived from South American mylodontid
and megalonychid ancestors respectively
(Woodburne, 2010). These faunas are about
8.5 — 9 Ma (Woodburne, 2010).

Today representatives of these groups
include the three-tod sloth (Bradypus
variegatus: Bradypodidae) found in Costa
Rica from sea level to highlands (Figure 6).
Woodburne (2010) divided the GABI into
four events. GABI-1 event lasted from about
3 to 2.4 Ma and included several North
American lineages as well as some from
South America (Table 2). Procyonids were

the first placental carnivores that arrived in
South America after the closing of the Central
American seaway (Woodburne et al., 2006;
Soibelzon, 2011). Today representatives
of this family in Costa Rica includes the
Cacomistle (Bassariscus sumichrasti) found
atlow and middle elevations (Figure 7). South
American lineages include Erethizontidae
although there is evidence that the arrival
of these rodents into North America dates to
the Upper Miocene (Upham and Patterson,
2012). The interchange during the GABI-2
event (1.8 Ma) was biased in favor of North
American families, with only anteaters
(Myrmecophaga) entering North America
(Woodburne, 2010; Prevosti et al., 2013;
Cione et al., 2015).

The North American continent included the
prominent presence of carnivorous lineages
(Table 2). Opossums (Didelphis) colonized
North America during the GABI-3 event (0.8

Figure 6. A female three-toed sloth (Bradypus variegatus), a member of Bradypodidae, a typical South American family.

The green color is due to algae growing on the sloth hair. Photo by José M. Mora.
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Figure 7. The cacomistle (Bassariscus sumichrasti) a member of Procyonidae, a family of North American origin. Photo
by José¢ M. Mora.
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— 0.7 Ma), a time when a number of North
American taxa arrived in South America.
The last event, GABI-4 is hypothesized to
have taken place in the last 0.125 Ma time,
when several North American carnivores and
herbivores entered South America (Table 2).
This event also includes the arrival of the
human species to South America during the
Late Pleistocene, probably between 18,000
and at least 15,000 years ago (Pérez et al.,
2016). This is a key component of the GABI-
4 event due to the negative impact that
humans had on the environment provoking
the extinction of many species during the
Pleistocene-Holocene (Goebel et al., 2008;
Cione et al., 2009; Barnosky and Lindsey,
2010).

Fossils of Central American vertebrates date
not only to before and after the closure of the
Isthmus of Panama, but they also constitute
the direct fossil record documenting what
clearly was a dispersal route between North
and South America. The mixture began
with the exchange that took place over
the islands making up the current Central
American region and increased when the
Central American isthmus was closed and
became dry land because it allowed for a
greater traffic of mammals. About twenty
families of mammals that inhabit Costa Rica
are of South American origin, but a similar
number are of North American origin.
Because these interpretations are based
entirely on the study of fossils, and because
fossils are not common in the region, there
remain many limitations regarding a more
complete understanding of the chronology
of the GABI (Rich and Rich, 1983). There
are also still many unknowns regarding the
physical conditions and dates of the mammal
exchanges between the Americas, and the
role of the Caribbean and Central American
islands in these exchanges.

Conclusions

Central American mammal fossils are
primarily of the late Cenozoic age and help
provide an understanding of the GABI after
the closure of the Panamanian isthmus

(Lucas and Alvarado, 2016). Late Pleistocene
mammals have been collected from several
localities extending from Panama to Mexico,
most of which are similar to those from
rain forest habitats, with the addition of the
white-tailed deer (Odocoileus virginianus)
of a North American origin (MacFadden,
2006). However, several taxa occupied more
open grassland habitats, such as 7oxodon,
mammoths (Mammut), horses (Equus),
and even pronghorns and the ‘Old-World’
migrant bison (Bison). The region and its
mammal fossils record the northern limit
of toxodonts and the southern limit of
bison and white-tailed deer. This classic
interchange fauna combines extant genera
with North and South American megafauna
that subsequently became extinct during the
late Pleistocene (MacFadden, 2006).
Theland connection between North and South
America provided a way for mammals from
both landmasses to move between them. The
most important of those exchanges was the
so-called GABI. However, it is known now
that the GABI was not a singular event, but
was divided into different phases that have
been dated and documented with greater
precision as fossil records have increased
(Pelegrin., 2018). The novel concept of
a compound GABI was a very complex
process with a network of biotic interactions
conditioned mainly by changing abiotic
factors that occurred during the process of
paleoenvironmental configuration of the
entire American continent.

Central America is the bridge that allowed
both the GABI and other faunal exchanges
between North and South America. However,
Central America could have been the center
of origin for mammals before the Paleocene
(> 66 Ma). From this epoch until the Eocene
(~55 Ma), there was a shift towards more
tropical conditions in North America
that could imply a northward shift of the
mammalian fauna originating in Central
America, as documented by fossils in North
America (Rich and Rich, 1983). There is
evidence to support this hypothesis based
on the finding of fossils of ancestral groups
of South American and southern North
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American affinities in more northern areas of
North America. Because of this, the existence
of tropical mammals in Mesoamerica has
been postulated during the Paleocene, with
extensive documentation only of the faunas
of the United States from the beginning of
the Eocene, when they already had arrived
from the south due to more favorable climatic
conditions (Rich and Rich, 1983).

In any case, Central America served as aroute
of biological exchange between North and
South America, but it also could have been
an important center of origin for mammals.
Likewise, and being of no less importance , is
the fact that at the same time, the Isthmus of
Panama interrupted the connection between
the Atlantic and Pacific oceans, which led to
the independent evolution of their biota, and
allowed for an increase of marine biodiversity
in the region (Haug and Tiedemann, 1998). In
addition, this barrier caused changes in ocean
currents that impacted the planet’s climate,
including the drier climate in Africa. This
new climate may have influenced changes
from forested to more open habitats. This, in
turn, has impacted some primates to become
terrestrial and bipedal, initiating perhaps the
evolutionary process that eventually ended
with what came to be Homo sapiens.

Acknowledgments

The authors deeply thank Luis A. Ruedas and
an anonymous reviewer for language and
content review.. Thanks also go to Juan Luis
Mora for his hospitality while waiting for the
Cacomistle. LIL acknowledges Uriel Rojas,
Ingenieria en Tecnologia de Alimentos, and
Daniel Tobias, Unidad de Ciencias Basicas,
Sede Atenas, UTN, for assigning time to
work on this research. JIMM acknowledges
Emilce Rivera, Department head, Gestion
Ecoturistica, Sede Central, UTN, for her
academic support.

References

Agnolin, FL, Chimento, NR., Lucero, SO.
2019. Pre-GABI biotic connections
between the Americas: an alternative

model to explain the “less-splendid
isolation” of South America. Revista
Geologica de América Central, 61:
91-106.

Ali, JR. 2012. Colonizing the Caribbean: is the
GAARIlandia land-bridge hypothesis
gaining a foothold? Journal of
Biogeography, 39(3): 431-433.

Ali, JR, Hedges, SB. 2021. Colonizing the
Caribbean: New geological dataand an
updated land-vertebrate colonization
record challenge the GAARIlandia
land-bridge hypothesis. Journal of
Biogeography, 48(11): 2699-2707.

Alvarado, GE. 1994. Historia Natural
Antigua: Los Intercambios
Biologicos Interamericanos. Ed.
Tecnolodgica de Costa Rica, San José,
Costa Rica. 232 pp.

Alvarado, GE, Gans, PB. 2012. Sintesis
geocronologica del magmatismo,
metamorfismo y metalogenia de
Costa Rica, América Central. Revista
Geologica de América Central, 46:
7-122.

Alvarado, GE, Cardenes, G. 2016. Geology,
tectonics, and geomorphology of
Costa Rica: A natural history approach.
In: Kappelle M. (Ed), Costa Rican
Ecosystems. University of Chicago
Press, Chicago, USA, pp.30-63.

Antoine, PO, Marivaux, L, Croft, DA, Billet,
G, Ganergd, M, Jaramillo, C., Martin
T, Orliac MJ, Tejada J, Altamirano
Al, Duranthon F, Fanjat G, Rousse
S, Salas Gismondi R. 2012. Middle
Eocene rodents from Peruvian
Amazonia reveal the pattern and
timing of caviomorph origins and
biogeography. Proceedings of the
Royal Society of London B: Biological
Sciences, 279(1732): 1319-1326.

Antoine, PO, Salas-Gismondi, R., Pujos, F.,
Ganerod, M., Marivaux, L. 2016.
Western Amazonia as a hotspot of
mammalian biodiversity throughout
the Cenozoic. Journal of Mammalian
Evolution, 24(1): 5-17.

Antonelli, A, Nylander, JA, Persson, C,
Sanmartin, I. 2009. Tracing the impact



32

Jordan Journal of Natural History, 10 (1), 2023

of the Andean uplift on Neotropical
plant evolution. Proceedings of
the National Academy of Sciences,
106(24): 9749-9754.

Bacon, CD, Silvestro, D, Jaramillo, C, Smith,
BT, Chakrabarty, P, Antonelli, A.
2015. Biological evidence supports
an early and complex emergence of
the Isthmus of Panama. Proceedings
of the National Academy of Sciences,
112(19): 6110-6115.

Bacon, CD, Molnar, P, Antonelli, A, Crawford,
AJ, Montes, C, Vallejo- Pareja, MC.
2016. Quaternary glaciation and the
Great American Biotic Interchange.
Geology, 44(5): 375-378.

Barnosky, AD, Lindsey, EL. 2010. Timing
of Quaternary megafaunal extinction
in South America in relation to
human arrival and climate change.
Quaternary International, 217(1):
10-29.

Bertrand, OC, Flynn, JJ, Croft, DA, Wyss, AR.
2012. Two new taxa (Caviomorpha,
Rodentia) from the early Oligocene
Tinguiririca fauna (Chile). American
Museum Novitates, 3750: 1-36.

Billet, G. 2011. Phylogeny of the
Notoungulata (Mammalia) based on
cranial and dental characters. Journal
of Systematic Palaeontology, 9(4):
481-497.

Black, CC, Stephens, JJ. 1973. Rodents from
the Paleogene of Guanajuato, Mexico.
Occasional Papers the Museum Texas
Tech University, 14: 1-10

Bloch, JI, Woodruff, ED, Wood, AR, Rincon,
AF, Harrington, AR, Morgan, GS,
Foster, DA, Montes, C, Jaramillo,
CA, Jud, NA, Jones, DS, MacFadden,
BJ. 2016. First North American fossil
monkey and early Miocene tropical
biotic interchange. Nature, 533(7602):
243-246.

Boivin, M, Marivaux, L, Candela, AM,
Orliac, MJ, Pujos, F, Salas-Gismondi,
R, Tejada-Lara, JV, Antoine, PO.
2017. Late Oligocene caviomorph
rodents from Contamana,
Peruvian Amazonia. Papers in

Palaeontology, 3(1): 69-109.

Bond, M, Tejedor, MF, Campbell, KE Jr.,
Chornogubsky, L, Novo, N, Goin,
F. 2015. Eocene primates of South
America and the African origins of
New World monkeys. Nature, 520
(7548): 538-541.

Buckley, M. 2015. Ancient collagen reveals
evolutionary history of the endemic
South American ‘ungulates’.
Proceedings of the Royal Society
of London B: Biological Sciences,
282(1806): 20142671.

Burger, WC. 1981. Why are there so many
kinds of flowering plants in Costa
Rica?. Brenesia, 17: 371-388.

Campbell, KE Jr., Frailey, CD, Romero-
Pittman, L. 2000. The late Miocene
gomphothere Amahuacatherium
peruvium (Proboscidea:
Gomphotheri- idae) from Amazonian
Peru: implications for the Great
American  Faunal  Interchange.
Instituto de Geologico Minero y
Metalurgico, Serie D: Es- tudios
Regionales, 23(1): 1-152.

Campbell, KE Jr., Prothero, DR, Romero-
Pittman, L, Hertel, F, Rivera, N. 2010.
Amazonian magnetostratigraphy:
dating the first pulse of the Great
American  Faunal  Interchange.
Journal of South American Earth
Sciences, 29(3): 619-626.

Carranza-Castanieda, O, Miller, WE. 2004.
Late Tertiary terrestrial mammals
from Central Mexico and their
relationship to South American
dispersants. Revista Brasileira de
Paleontologia, 7(2): 249-261.

Carrillo, JD, Forasiepi, A, Jaramillo, C,
Sanchez-Villagra, MR. 2015.
Neotropical mammal diversity and the
Great American Biotic Interchange:
spatial and temporal variation in South
America’s fossil record. Frontiers in
Genetics, 5(451): 1-16.

Chavez, MF. 2016. El origen de la fauna
Sudamericana moderna: de
Gondwana al Gran Intercambio
Americano. In: Pino, M. (Ed), El



Lucia Isabel Lopez and José Manuel Mora

33

Sitio Pilauco Osorno, Patagonia
Noroccidental de Chile. Universidad
Austral de Chile, Chile, Pp. 47-74.

Cione, AL, Gasparini, GM, Soibelzon, E,
Soibelzon, LH, Tonni, EP. 2015. The
great American biotic interchange:
a South American perspective.
Springer Briefs in Earth System
Sciences Series. Springer, Dordrecht,
Netherlands. 97 pp.

Cione, AL, Tonni, EP, Soibelzon, L. 2009. Did
Humans Cause the Late Pleistocene-
Early Holocene Mammalian
Extinctions in South America in a
Context of Shrinking Open Areas?
In: Haynes, G. (Ed), American
Megafaunal Extinctions at the
End of the Pleistocene. Vertebrate
Paleobiology and Paleoanthropology
Series. Springer, New York, United
States, Pp 125-144.

Cisneros,JC.2005.New pleistocene vertebrate
fauna from El Salvador. Revista
Brasileira de Paleontologia, 8(3):
239-255.

Cisneros, JC. 2008. The fossil mammals of
El Salvador. New Mexico Museum of
Natural History and Science Bulletin,
44: 375-380.

Coates, AG, Stallard, RF. 2013. How old is
the Isthmus of Panama? Bulletin of
Marine Science, 89(4): 801-813.

Coates AG, Colling LS, Aubry MP, Berggren
WA. 2004. The geology of the
Darien, Panama, and the Miocene-
Pliocene collision of the Panama arc
with northwestern South America.
Geological Society of America
Bulletin, 116(11/12): 1327-1344.

Coates, AG, Aubry, MP, Berggren, WA,
Collins, LS, Kunk, M. 2003. Early
Neogene history of the Central
American arc from Bocas del Toro,
western Panama. Geological Society
of America Bulletin, 115(3):271-287.

Cox, CB. 2001. The biogeographic
regions reconsidered. Journal of
Biogeography, 28(4): 511-523.

Czaplewski, NC, Krejca, J, Miller, TE. 2003.
Late Quaternary bats from Cebada

Cave, Chiquibul Cave System, Belize.
Caribbean Journal of Science, 39(1):
23-33.

Dartnell, L. 2019. Origenes: Cémo la
historia de la Tierra determina la
historia de la humanidad. Debate,
Barcelona, Spain, 416 pp.

Davalos, LM. 2004. Phylogeny and
biogeography of Caribbean
mammals. Biological Journal of the
Linnean Society, 81(3): 373-394.

de Oliveira, FB, Molina, EC, Marroig, G.
2009. Paleogeography of the South
Atlantic: a route for primates and
rodents into the New World? In:
Garber, PA, Estrada, A, Bicca-
Marques, JC, Heymann, EW,
Strier, KB. (Eds), South American
Primates. Comparative Perspectives
in the Study of Behavior, Ecology,
and Conservation. Springer-Verlag
New York, USA, Pp. 55-68.

Defler, T. 2019. History of Terrestrial
Mammals in South America: How
South American Mammalian Fauna
Changed from the Mesozoic to
Recent Times. Springer International
Publishing, Cham, Switzerland, 413
pp.

Denyer, P, Alvarado, GE, Aguilar, T. 2000.
Historia Geolodgica. In: Denyer, P,
Kussmaul, S. (Eds), Geologia de
Costa Rica. Editorial Tecnologica de
Costa Rica, Cartago, Costa Rica, Pp.
155-167.

Dos Reis, M, Donoghue, PCJ, Yang, Z.
2014. Neither phylogenomic nor
palaeontological data support a
Palacogene origin of placental
mammals. Biology Letters 10(1):
20131003.

Erkens, RH. 2015. The less-splendid isolation
of the South American continent.
Frontiers of Biogeography, 7(3): 89-
90.

Ezcurra, MD, Agnolin, FL. 2012. A new
global palaeobiogeographical model
for the Late Mesozoic and Early
Tertiary. Systematic Biology, 61(4):
553-566.



34

Jordan Journal of Natural History, 10 (1), 2023

Ferrusquia-Villafranca, 1., 2003: Mexico’s
Middle Miocene mammalian
assemblages: An overview. [n:
Flynn, L. (Ed.), Vertebrate Fossils
and Their Context: Contributions
in Honor of Richard H. Tedford.
Bulletin of the American Museum of
Natural History, 279: 321-347.

Flynn JJ, Kowalis BJ, Nunez C, Carranza-
Castaneda, Miller WE, Swisher CCIII,
Lindsay EH. 2005. Geochronology
of Hemphillian-Blancan aged strata,
Guanajuato, Mexico, and implications
for timing of the Great American
Biotic Interchange. The Journal of
Geology, 113(3): 287-307

Flynn, JJ, Wyss, AR. 1998. Recent advances
in  South American mammalian
paleontology. Trends in Ecology and
Evolution, 13(11): 449-454.

Forasiepi, AM, Soibelzon, L., Gomez, CS,
Sanchez, R, Quiroz, LI, Jaramillo,
C, Sanchez-Villagra, MR. 2014.
Carnivorans at the Great American
Biotic Interchange: new discoveries
from the northern neotropics. Die
Naturwissenschaften, 101(11): 965-
974.

Goebel, T, Waters, MR, O’Rourke, DH.
2008. The late Pleistocene dispersal
of modern humans in the Americas.
Science, 319(5869): 1497-1502.

Gomez, LD. 1986. Vegetacion de Costa Rica.
EUNED, San José, Costa Rica, 327
pp-

Haug, GH, Tiedemann, R. 1998. Effect of the
formation of the Isthmus of Panama
on Atlantic Ocean thermohaline
circulation. Nature, 393(6686): 673-
676.

Herrera, CM, Powell, JE, Papa, CD. 2012.
Un nuevo Dasypodidae (Mammalia,
Xenarthra) de la Formacion Casa
Grande (Eoceno) de la Provincia
de Jujuy, Argentina. Ameghiniana,
49(2): 267-271.

Honey JG, Harrison JA, Prothero DR, Stevens
MS. 1998. Camelidae. [In: Janis
CM, Scott KM, Jacobs LL. (Eds),
Evolution of Tertiary Mammals of

North America, vol 1. Cambridge
University Press, New York, Pp 439-
462.

Hoorn, C. & Flantua, S. 2015. An early start
for the Panama land bridge. Science,
348(6231): 186-187.

Hoorn, C, Wesselingh, FP, Ter Steege, H,
Bermudez, MA, Mora, A, Sevink,
J. 2010. Amazonia through time:
Andean uplift, climate change,
landscape evolution, and biodiversity.
Science, 330(6006): 927-931.

Horne, GS. 1994. A mid-Cretaceous
ornithopod from central Honduras.
Journal of Vertebrate Paleontology,
14(1): 147-150.

Iturralde-Vinent, M, MacPhee, RD. 1999.
Paleogeography of the Caribbean
region: implications for Cenozoic
biogeography.  Bulletin  of the
American  Museum of Natural
History, 238:1-95.

Janis, C M. 1993. Tertiary mammal
evolution in the context of changing
climates, vegetation, and tectonic
events. Annual review of ecology and
systematics, 24(1): 467-500.

Kay, RF. 2015. New World monkey origins.
Science, 347(6226): 1068-1069.

Lavocat, R. 1980. The implications of rodent
paleontology and biogeography to
the geographical sources and origin
of platyrrhine primates. Clue to the
area of the origin of the platyrrhine
Primates. In: Ciochon, RL, Chiarelli,
AB. (Eds). Evolutionary biology
of the New World monkeys and
continental drift. Plenum press, New
York, Pp. 93-102.

Laurito, C. 1993. Anadlisis topoldgico y
sistematico del Toxodonte de Bajo de
los Barrantes, provincia de Alajuela,
Costa Rica. Revista Geoldgica de
América Central, 16: 61-68.

Laurito, C. 2003. Roedores fosiles del
Pleistoceno superior de la localidad
La Palmera de San Carlos, provincia
de Alajuela, Costa Rica. Revista

Geologica de América Central, 29:
43-52.



Lucia Isabel Lopez and José Manuel Mora

35

Laurito, C, Valerio, AL. 2010. Los caballos

fosiles de la formacion Curré.
Museo Nacional de Costa Rica, San
José, Costa Rica. 131 pp.

Laurito, CA, Valerio, AL. 2012a. Primer

Laurito, CA,

registro fosil de Pliometanastes
sp. (Mammalia, Xenarthra,
Megalonychidae) para el Mioceno
Superior de Costa Rica, América
Central. Una Nueva Pista en la
Comprension del Pre-GABI. Revista
Geologica de América Central, 47:
95-108.

Valerio, AL. 2012b.
Paleobiogeografia del arribo de
mamiferos suramericanos al sur de
América Central de previo al Gran
Intercambio Biodtico Americano: un
vistazo al GABI en América Central.

Revista Geologica de América
Central 46: 123-144.

Laurito, CA, Valerio, AL. 2016. Lamine

camels from the late Miocene (early
hemphillian) of the curré formation,
San Gerardo de Limoncito, Coto Brus
canton, Puntarenas province, Costa
Rica. Revista Geologica de América
Central, 54: 7-55.

Laurito, CA., Valerio, AL., Hernandez, AC,

Lucas,

Lucas,

Lucas,

Ovares, E. 2011. Primer registro de
un cetaceo fosil (Mammalia, Cetacea,
Odontoceti, Squalodontidae) en la
Formaciéon Rio Banano, Miocene
Medio de Costa Rica, América
Central. Revista Geologica de
América Central, 44: 153-156.

SG. 1986. Pyrothere systematics and
a Caribbean route for land-mammal
dispersal during the Paleocene.
Revista Geologica de América
Central, 5: 1-35.

SG. 2013. The palacobiogeography
of South American gomphotheres.
Journal of Palaeogeography, 2(1):
19-40.

SG. 2014. Vertebrate paleontology
in Central America: 30 years of
progress. Revista Geoldgica de
Ameérica Central, Nimero Especial
2014: 30 Aniversario: 139-55.

Lucas,

Lucas,

Lucas,

Lucas,

Lucas,

Lucas,

Lucas,

Lucas,

SG, Alvarado, GE. 1991. El
hallazgo mas austral de un Mammut
americanum: El caso del mastodonte
de San Pedro Sula, Honduras. Revista
Geologica de América Central, 13:
85-89.

SG, Alvarado, GE. 1994. Role of
Central America in land vertebrate
dispersal during the Late Cretaceous
and Cenozoic. Profil 7: 401-12.

SG, Alvarado, GE. 2010a. Fossil
Proboscidea from the Upper Cenozoic
of Central America: taxonomy,
evolutionary and paleobiogeographic
significance. Revista Geologica de
Ameérica Central, 42: 9-16.

SG, Alvarado, GE. 2010b.
Central America: the Pleistocene
proboscidean  pathway.  Current
Research in the Pleistocene, 27: 173-
176.

SG, Alvarado, GE. 2016. Vertebrate
palaecontology in Central America:
a  narrative and analytical
history. Geological Society, London,
Special Publications, 442(1): 155-
169.

SG, Garcia, R, Espinoza, E, Alvarado,
GE, Hurtado de Mendoza, L, Vega,
E. 2008. The fossil mammals of
Nicaragua. New Mexico Museum of
Natural History and Science Bulletin,
44: 417-429

SG, Alvarado, GE, Vega, E. 1997. The
Pleistocene mammals of Costa Rica.
Journal of Vertebrate Paleontology,

17(2): 413-427.

SG, McLeod, SA, Barnes, LG,
Alvarado, GE, Garcia, R, Espinoza,
E. 2009. A baleen whale from the
Pliocene of Nicaragua. Revista

Geologica de América Central, 41:
17-24.

Luo, ZX, Ji, Q, Wible, JR, Yuan, CX. 2003.

An Eartly Cretaceous tribosphenic
mammal and Metatherian Evolution.
Science, 302(5652): 1934-1940.

MacFadden, BJ. 1997. Origin and evolution

of the grazing guild in New World
terrestrial mammals. Trends in



36

Jordan Journal of Natural History, 10 (1), 2023

Ecology & Evolution, 12(5): 431-
486.

MacFadden, BJ. 2005. Terrestrial mammalian
herbivore response to declining
levels of atmospheric CO, during
the Cenozoic: Evidence from North
American fossil horses (Family
Equidae). In: Ehleringer, JR, Cerling,
TE, Dearing, MD. (Eds), A History of
Atmospheric CO, and Its Effects on
Plants, Animals, and Ecosystems.
Springer-Verlag, New York, USA,
Pp. 273-292.

MacFadden, BJ. 2006. Extinct mammalian
biodiversity of the ancient New
World tropics. Trends in Ecology &
Evolution, 21(3): 157-165.

MacPhee, RDE. 2005. First” appearances in
the Cenozoic land-mammal record
of the Greater Antilles: significance
and comparison with South American
and Antarctic records. Journal of
Biogeography, 32(4): 551-564.

Marshall, LG. 1988. Land mammals and
the great American interchange.
American Scientist, 76 (4): 380-388.

McKenna, MC. 1973. Sweepstakes, filters,
corridors, Noah’s arks, and beached
Viking funeral ships. In: Tarling, DH,
Runcorn, SK. (Eds), Implications
of Continental Drift to the Earth
Sciences. Academic Press, London,
UK, Pp. 295-308.

McLoughlin, S. 2001. The breakup history
of Gondwana and its impact on pre-
Cenozoic floristic  provincialism.
Australian Journal of Botany, 49(3):
271-300.

Meredith, RW, Westerman, M, Case, JA,
Springer, MS. 2008. A phylogeny
and timescale for marsupial evolution
based on sequences for five nuclear
genes. Journal of Mammalian
Evolution, 15(1): 1-36.

Montes, C, Bayona, G, Cardona, A, Buchs,
DM, Silva, CA, Morén, S, Hoyos,
N, Ramirez, DA, Jaramillo, CA,
Valencia, V. 2012a. Arc-continent
collision and orocline formation:
Closing of the Central American
seaway. Journal of Geophysical

Research: Solid Larth, 11'7(B4): 1-25.

Montes, C, Cardona, A, McFadden, R, Moron,
SE, Silva, CA, Restrepo- Moreno,
S, Ramirez, DA, Hoyos, N, Wilson,
J, Farris, D, Bayona, GA, Jaramillo,
CA, Valencia, V, Bryan, J, Flores,
JA. 2012b. Evidence for middle
Eocene and younger land emergence
in central Panama: implications for
Isthmus closure. Geological Society
of America Bulletin, 124(5-6): 780-
799.

Montes, C, Cardona, A, Jaramillo, CA, Pardo,
A, Silva, JC, Valencia, V, Ayala, C,
Pérez-Angel, LC, Rodriguez-Parra,
LA, Ramirez, V, Nino, H. 2015.
Middle Miocene closure of the
Central American Seaway. Science,
348(6231): 226-229.

Mora, JM, Garcia Céspedes, J, Lopez, LI,
Chaves, G. 2021. Altitudinal range
extension of the long-tailed singing
mouse  Scotinomys  xerampelinus
(Bangs, 1902), Rodentia: Cricetidae,
in the Chirripé National Park, Costa
Rica. Check List, 17(2): 339-345.

Oliveira, EV, Goin, FJ. 2011. A reassessment
of bunodont metatherians from
the Paleogene of Itaborai (Brazil):
systematics and age of the Itaboraian
SALMA. Revista Brasileira de
Paleontologia, 14(2):105-136.

Patterson, BD. 2000. Patterns and
trends in the discovery of new
Neotropical mammals. Diversity and
Distributions, 6(3):145-151.

Patterson, B, Pascual, R. 1972. The fossil
mammal fauna of South America.
In: Keast, A, Erk, FC, Glass, B.
(Eds), Evolution, Mammals, and
Southern Continents. State Univ.
New York Press, Albany, New York,
USA, pp 247-3009.

Pelegrin, JS, Gamboa, S, Menéndez, I,
Fernandez, MH. 2018. El gran
intercambio bidtico americano: una
revision paleoambiental de evidencias
aportadas por mamiferos y aves
neotropicales. Ecosistemas, 27(1):
5-17.

Pérez, EA. 2013. Los mamiferos fosiles



Lucia Isabel Lopez and José Manuel Mora

37

del distrito de Puente de Piedra
(Xenarthra, Glypodontidae;
Artiodactlyla, Camelidae, Lamini),
Grecia. Revista Geologica de América
Central, 49: 33-44.

Pérez, SI, Postillone, MB, Rindel, D, Gobbo,

Pillay,

D, Gonzalez, PN, Bernal, V. 2016.
Peopling time, spatial occupation
and demography of Late Pleistoce-
Holocene human population from
Patagonia. Quaternary International,
425: 214-223.

R, Venter, M, Aragon-Osejo, J,
Gonzalez-del-Pliego, P, Hansen,
AJ, Watson, JE, Venter, O. 2022.
Tropical forests are home to over
half of the world’s vertebrate
species. Frontiers in Ecology and the
Environment, 20(1): 10-15.

Pindell, JL, Kennan, L. 2009. Tectonic

Piper,

evolution of the Gulf of Mexico,
Caribbean and northern South
America in the mantle reference
frame: an update. In: James, KH,
Lorente, MA, Pindell, JL. (Eds), The
Geology of the Caribbean Plate.
Geological Society, London, Special
Publications, 328: 1-55.

R. 2009. Extinct Animals: An
Encyclopedia of Species that
Have Disappeared during Human
History: An Encyclopedia of
Species that Have Disappeared
during Human History. Greenwood
Press, Westport, Connecticut, USA,
204 pp.

Prevosti, FJ, Forasiepi, A, Zimicz, N. 2013.

The evolution of the Cenozoic
terrestrial mammalian predator guild
in South America: competition or
replacement? Journal of Mammalian
Evolution, 20(1): 3-21.

Prothero, DR, Campbell, Jr, KE, Beatty, BL,

Frailey, CD. 2014. New late Miocene
dromomerycine artiodactyl from
the Amazon Basin: implications for

interchange dynamics. Journal of

Paleontology, 88(3): 434-443.

Reguero,MA,Candela,AM,Alonso,RN.2007.

Biochronology and biostratigraphy of
the Uquia Formation (Pliocene-early

Pleistocene, NW Argentina) and its
significance in the great American
biotic interchange. Journal of South
American Earth Sciences, 23(1): 1-16

Rich, PV, Rich, TH. 1983. The Central

American dispersal route: biotic
history and paleography. /n: Janzen
DH. (Ed). Costa Rican Natural
history. The University of Chicago
Press. Chicago, USA, Pp. 12-34.

Rincon, AF, Bloch, JI, MacFadden, BJ,

Jaramillo, CA. 2013. First Central
American record of Anthracotheriidae
(Mammalia, Bothriodontidae) from
the early Miocene of Panama. Journal
of Vertebrate Paleontology, 33(2):
421-433.

Rincon, AD, Valerio, AL, Laurito, CA.

Rull,

2020. First fossil record of a
Megatheriidae-Megatheriinae in the
Early Hemphillian (Late Miocene)
from San Gerardo de Limoncito,
Curré Formation, Costa Rica. Revista
Geologica de América Central, 62:
1-24.

V. 2008. Speciation timing and
neotropical biodiversity: The
Tertiary— Quaternary debate in the
light of molecular phylogenetic
evidence. Molecular Ecology, 17(11):
2722-2729.

Rylands, AB, Mittermeier, RA. 2009. The

Simpson, GG. 1935.

diversity of the New World primates
(Platyrrhini): an annotated taxonomy.
In: Garber, PA, Estrada, A, Bicca-
Marques, JC, Heymann, EW, Strier,
KB.(Eds),SouthAmericanPrimates.
Comparative Perspectives in the
Study of Behavior, Ecology, and
Conservation. Springer, Chicago,
USA, Pp. 23-54S.

Occurrence and
relationships of the Rio Chico fauna
of Patagonia. American Museum
Novitates, 818: 1-21.

Simpson, GG. 1950. History of the fauna

of Latin America.
Scientist, 38(3): 361-389.

American

Simpson, GG. 1977. Too many lines; the

limits of the Oriental and Australian
zoogeographic regions. Proceedings



38

Jordan Journal of Natural History, 10 (1), 2023

of the American  philosophical
society, 121(2): 107-120.

Simpson, GG. 1980. Splendid isolation: the
curious history of South American
mammals. Yale University Press, New
Haven, Connecticut, USA, 266 pp.

SINAC (Sistema Nacional de Areas de
Conservacion). 2014. V Informe
Nacional al Convenio sobre la
Diversidad Bioldgica, Costa Rica.
GEF-PNUD, San José, Costa Rica,
192 pp.

Slaughter, BH. 1978. Occurrences of
didelphine marsupials from the Eocene
and Miocene of the Texas Gulf Coastal
Plain. Journal of Paleontology, 52:
744-746.

Smith, BT, Klicka, J. 2010. The profound
influence of the Late Pliocene
Panamanian uplift on the exchange,
diversification, and distribution of New
World birds. Ecography, 33(2): 333-
342.

Soibelzon, LH. 2011. First description
of milk teeth of fossil South
American procyonid from the lower
Chapadmalalan  (Late =~ Miocene—
Early Pliocene) of “Farola Monte
Hermoso,” Argentina: paleoecological
considerations. Paldontologische
Zeitschrift, 85(1): 83-89.

Springer, MS, Meredith, RW, Janecka, JE,
Murphy, WIJ. 2011. The historical
biogeography of Mammalia.
Philosophical Transactions of the
Royal Society of London B: Biological
Sciences, 366 (1577): 2478- 2502.

Tews, J, Brose, U, Grimm, V, Tielborger, K,
Wichmann, MC, Schwager, M, Jeltsch,
F. 2004. Animal species diversity
driven by habitat heterogeneity/
diversity: the importance of keystone
structures. Journal of Biogeography,
31(1): 79-92.

Uhen, MD, Coates, AG, Jaramillo, CA,
Montes, C, Pimiento, C, Rincon,
A, Strong, N, Velez-Juarbe, J. 2011.
Marine mammals from the Miocene
of Panama. Journal of South American
Earth Sciences, 30(3-49): 167-175.

Upham, NS, Patterson, BD. 2012.
Diversification and biogeography of
the Neotropical caviomorph lineage
Octodontoidea (Rodentia: Hystricog-
nathi). Molecular Phylogenetics and
Evolution, 63(2): 417-429.

Valerio, AL, Laurito, CA. 2012. Cetaceos
fosiles (Mammalia, Odontoceti,

Eurhinodelphionoidea, Inioidea,
Physeterioidea) de la Formacion
Curre, Mioceno Superior

(Hemphilliano Temprano Tardio) de
Costa Rica. Revista Geologica de
Ameérica Central, 46: 151-160.

Valerio, AL, Laurito, CA. 2020. Primer
registro de  pecaries  fosiles
(Artiodactyla, Tayassuidae)
para el Mioceno Superior (Hh3:
Hemphilliano tardio) de Costa Rica,
América Central. Revista Geologica
de América Central, 62: 25-47.

Vaughan, TA, Ryan, JM, Czaplewski, NIJ.
2015. Mammalogy. 6™ ed. Jones
& Bartlett Publishers, Burlington,
Massachusetts, USA, 1729 pp.

Veevers, JJ. 2004. Gondwanaland from
650-500 Ma assembly through 320
Ma merger in Pangea to 185-100 Ma
breakup: supercontinental tectonics
via stratigraphy and radiometric
dating. Earth-Science Reviews, 68(1):
1-132.

Vizcaino, SF. 2009. The teeth of the
“toothless”:  novelties and key
innovations in the evolution of
xenarthrans (Mammalia, Xenarthra).
Paleobiology, 35(3): 343-366.

Webb, SD. 1985. Late Cenozoic mammal
dispersals between the Americas.
In: Stehli, FG, Webb, SD. (Eds),
The Great American Interchange.
Plenum Press, New York, USA, Pp.
357-386.

Webb, SD. 1991. Ecogeography and the great
American interchange. Paleobiology,
17(03): 266-280

Webb, SD. 2006. The Great American Biotic
Interchange: patterns and processes.
Annals of the Missouri Botanical
Garden, 93(2): 245-257.



Lucia Isabel Lopez and José Manuel Mora

39

Webb, SD, Perrigo, SC. 1984. Late Cenozoic
vertebrates from Honduras and El
Salvador. Journal of Vertebrate
Paleontology, 4(2): 237-254.

Webb, SD, Stehli, FG. 1995. Selenodont
artiodactyla (Camelidae and
Cervidae) from the Leisey shell pits,
hillsborough county, Florida. Bulletin
of the Florida Museum of Natural
History, 37(19): 621-643.

Westbury, M, Baleka, S, Barlow, A,
Hartmann, S, Paijmans, JLA.,
Kramarz, A, Forasiepi, AM, Bond,
M, Gelfo, JN, Reguero, MA, Loépez-
Mendoza, P, Taglioretti, M, Scaglia,
F, Rinderknecht, A, Jones, W, Mena,
F, Billet, G, de Muizon, C, Aguilar,
JL, Ross, MacPhee, DE, Hofreiteret,
M. 2017. A mitogenomic timetree for
Darwin’s enigmatic South American
mammal Macrauchenia patachonica.
Nature Communications 8(1): 15951.

White, J, Macphee, RDE. 2001. The sloths
of the West Indies: a systematic and
phylogenetic review. In: Woods, CA,
Sergile, FE. (Eds), Biogeography
of the West Indies: Patterns and
Perspectives. 2* ed., CRC Press,
Boca Ratoén, Florida, USA, Pp. 201-
236.

Wilson, GP, Ekdale, EG, Hoganson, JW,
Calede, JJ, Vander Linden, A. 2016.
A large carnivorous mammal from
the Late Cretaceous and the North
American origin of marsupials. Nature
communications, 7(1): 1-10.

Winston, ME, Kronauer, DJC, Moreau, CS.
2016. Early and dynamic colonization
of Central America drives speciation
in Neotropical army ants. Molecular
Ecology, 26(3): 859-870.

Wood, AE. 1980. The origin of the
caviomorph rodents from a source in
Middle America: Clue to the area of
the origin of the platyrrhine Primates.
In: Ciochon RL, Chiarelli AB. (Eds),
Evolutionary biology of the New
World monkeys and continental
drift. Plenum press, New York, USa,
Pp. 79-91.

Woodburne, MO, Cione, AL, Tonni, EP. 2006.
Central American provincialism
and the Great American Biotic
Interchange. Advances in late Tertiary
vertebrate paleontology in Mexico
and the Great American Biotic
Interchange. Publicacion Especial
del Instituto de Geologia y Centro
de Geociencias de la Universidad
Nacional Autonoma de Meéxico, 4:
73-101.

Woodburne, MO. 2004. Late Cretaceous
and Cenozoic mammals of North
America: Dbiostratigraphy and
geochronology. Columbia University
Press, New York, USA, 400 pp.

Woodburne, MO. 2010. The Great American
Biotic  Interchange:  dispersals,
tectonics, climate, sea level and
holding pens. Journal of Mammalian
Evolution, 17(4): 245-264.

Woodburne, MO, Case, JA. 1996. Dispersal,
vicariance, and the Late Cretaceous
to early Tertiary land mammal
biogeography from South America
to Australia. Journal of Mammalian
Evolution, 3(2): 121-161.

Wroe, S, Argot, C, Dickman, C. 2004. On
the rarity of big fierce carnivores
and primacy of isolation and area:
tracking large mammalian carnivore
diversity on two isolated continents.
Proceedings of the Royal Society
of London B: Biological Sciences,
271(1544): 1203.



