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A B S T R A C T

In this paper we draw on the wealth of biological and geological knowledge derived from over a century of work
on the rich fauna and complex geology of Trinidad and Tobago, and the surrounding region, through petroleum
exploration, academic research, and other studies. We use molecular studies from the last 20 years that address
phylogeography, phylogenetics, population genetics, morphology, and biogeography to link biological events to
the geology, neotectonics, and geomorphology of this area of the southeast Caribbean and northern South
America. We focus on studies that provide molecular timings of speciation, vicariance, and dispersal events to
compare these to geological data. We first develop and review two relatively clear-cut biology-geology con-
nections; we then review and speculate on other possible yet-unknown connections.

1. Introduction

Trinidad and Tobago display the highest biodiversity observed in the
Caribbean islands. In the current study we explore the geological basis
for some of this diversity and do so by applying the principles of geo-
genomics. Geogenomics is an emerging field that exploits connections
between biology and geology to paint a holistic picture of how our living
planet functions (Baker et al., 2014). Genetics can now provide
geological-time-scale clocks that can precisely (± 5 ka) date the timing
of key vicariance (isolation) and dispersal events that, in part, drive
biotic evolution. Such biological events may, in turn, be driven by
geological processes that can be studied using paleogeography which
relies largely on the stratigraphic and fossil record of deep time to date
surface landscape evolution. Biogeography is a key and allied field that
existed long before genetic analyses were available.

Geogenomics sensu stricto, uses dates estimated from divergences in
DNA sequences among isolated populations to estimate the age of the
key geological events that may have shaped species distributions (Baker

et al., 2014). Conversely, geological events can be used to calibrate key
vicariance and dispersal events and hence help to calibrate genetic trees.
Jowers et al. (2024a) referred to this “two-way street” type of geo-
genomics as a “geological-molecular” approach.

The Great American Biotic Interchange is a well-documented
example of how geological processes, in this case, the development of
the Isthmus of Panama by subduction, arc volcanism, obduction, colli-
sion, and accretion, affect biology (Fig. 1) (Stehli and Webb, 1985;
Bacon et al., 2015). Precisely and accurately dating the timing of these
geological events has been a major achievement in understanding the
timing of faunal and floral dispersal between the two Americas (Montes
et al., 2012a; Montes et al., 2012b; Montes et al., 2015). A similar but
less well-documented story, dispersal across the Greater Antilles-Aves
Ridge land bridge (GAARlandia), has been proposed to explain the
distribution of mammals in Cuba and in the eastern Caribbean (Fig. 1)
(MacPhee and Iturralde-Vinent, 1994). As new geological data come in,
the GAARlandia hypothesis is being challenged (Ali and Hedges, 2021).
This controversy is ripe for, and may ultimately be resolvable by, using a
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geogenomics approach.
Recent advances have clarified disputes regarding the history of

tectonic events surrounding Trinidad and Tobago (Fig. 1). Here, we aim
to integrate genetic and recent geological information with the goal of
developing zoogeographical hypotheses to describe select faunal ele-
ments of Trinidad and Tobago.

1.1. Motivation for Trinidad and Tobago geogenomic case studies

Located at about ten degrees north latitude, Trinidad sits in the
tropics, where biodiversity is generally the highest of all ecological
biozones on the planet. The combination of its latitude and its conti-
nental island status makes for a rich and diverse set of terrestrial or-
ganisms that can be used to study the timing and causes of Trinidad's
vicariance and dispersal events (Figs. 2, 3). Tobago, roughly 25 km to
the north, is on the other hand, an oceanic island (Figs. 2, 4). The largely
South American flora and fauna on the two islands have been the focus
of intensive study for well over a century.

One motivation for this work was the surprising result that emerged
from two early efforts to apply genetic tools (electrophoresis and PCR
based sequencing of individual genetic loci) to characterize the genetic
diversity of guppy (Poecilia reticulata) populations in Trinidad (Carvalho
et al., 1991; Alexander et al., 2006). Both studies revealed an unex-
pectedly large genetic divergence between guppies from the Oropuche
River drainage in northeast Trinidad, which drains eastward into the
Atlantic Ocean, and those from the Caroni River drainage in northwest
Trinidad, which flows to the west into the Caroni swamp and Gulf of
Paria (Figs. 2, 3). The difference is surprising andmay be related to some
combination of surface uplift, subsidence, and sea-level change. The
authors of these guppy papers recognized that in the previous decade,
Hans Boos (1984) had acknowledged a similar east-west divide in some
species of reptiles. He proposed a “two arcs” hypothesis, suggesting that
the colonization of Trinidad from the mainland had come from at least
two distinct sources.

From a geologic perspective, as we began to study and understand
the geomorphology of Trinidad and Tobago (e.g., Ritter and Weber,

2007; Arkle et al., 2017a, 2017b), we began to envision possible con-
nections between Trinidad's evolving landscape and its evolving or-
ganisms. Northern Trinidad's landscape contains tectonically affected
elements, including flights of uplifted marine terraces, buried and
exposed alluvial fans, and both submerged and emergent shorelines. The
distribution of these features, i.e., Trinidad's “megageomorphology”,
demonstrates that the surface of northeastern Trinidad is uplifting
whereas that of northwestern Trinidad and eastern Venezuela is sinking
(Weber, 2005; Ritter andWeber, 2007; Arkle et al., 2017a, 2017b, 2021)
(Fig. 2). The active sinking in western Trinidad and eastern Venezuela
occurs across the Gulf of Paria pull-apart basin but may ultimately be
related to deep lithospheric tearing (Govers and Wortel, 2005; Levander
et al., 2014; Arkle et al., 2021) (Fig. 2).

A second motivation for this review stemmed from recognizing that
the east-to-west differences in northern Trinidad's “mega-
geomorphology” discussed above could also be used to explain a
vicariance event that isolated neighboring populations of Phytotriades
auratus (Hylidae), which are high-elevation tree frogs, and their egg
hosts, deep tanks in the cloud-forest giant bromeliads G. erectiflora in
northwestern Trinidad and north-eastern (Paria Peninsula) Venezuela
(Jowers et al., 2024a).

Trinidad and Tobago are of biogeographic interest in several other
ways. These islands sit in the SE corner of the Caribbean Sea just off the
coast of Venezuela and, as such, form a major stepping-stone archipel-
ago between continental South America and the modern and emergent
Lesser Antilles, as well as possibly also from the mainland to the Aves
Ridge, a submerged and ancient island arc volcanic chain (Fig. 1). What
role did these two stepping-stone islands play in the northward migra-
tion of South American continental life fauna and flora? What can ge-
ology, genetics, and distributions of extant organisms tell us about the
timing and causes of migrations? Further, as the Caribbean plate pushed
eastward through the gap between North and South America a marine
continental borderland was progressively replaced by a coastal moun-
tain belt that is generally referred to as the Southern Caribbean orogen.
How did this geographic change affect biological evolution?

Other distributional anomalies exist that we explore here include

Fig. 1. Map showing the basic geography of the Caribbean plate (Ca), its plate boundaries, and surrounding plates: North American (NA), South American (SA), and
Cocos (CO). Transform (sliding) boundaries are shown as thick lines; subduction zones and convergent boundaries are shown as solid lines with sawtooth patterns on
upper (non-subducting) plate; significance of the short Cayman trough (CT) spreading center is discussed in the text. Large arrows show schematically how
neighboring plates move relative to an arbitrarily fixed (stationary) Ca plate. AR - Aves Ridge submerged arc; LA - Lesser Antilles modern arc. The map highlights the
location of the Trinidad-Tobago and eastern Venezuela study area which straddles the Ca-SA active transform (sliding) plate boundary: EP-El Pilar and CR-Central
Range transform faults; GC-Gulf of Cariaco and GP-Gulf of Paria pull-apart basins. With strong geological and biological links to South America, Trinidad has been
long considered to be a continental island, whereas Tobago's geology – largely a Mesozoic volcanic arc and forearc – demonstrates that it is an oceanic island which
has traveled eastward and been accreted to South America.
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amphibians found in Venezuela and Tobago, but not Trinidad, which lies
between the two. How could an amphibian leapfrog Trinidad, which lies
between Tobago and the mainland, then colonize Tobago? Are such
distributions due to Boos' (1984) “two arcs” mechanism, tectonics, or
other factors? Can genetics and geology be used together to form a more
coherent picture of how the region evolved and developed?

Furthermore, much high-caliber genetics work has been done in the
southeastern Caribbean, but to date, this has only been done on a study-
by-study basis. In this review we attempt to integrate those results into a
more coherent regional picture that is connected to the geology and
geomorphology when appropriate.

Trinidad's sedimentary geology and paleontology have been inten-
sively studied since the discovery of oil in 1857–1866, early in the
British colonial period (Persad, 2011; Carr-Brown, 2008). In addition,
even before plate tectonics had been formalized, Wilson (1966a, 1966b)
suggested that Trinidad straddles the Caribbean-South American trans-
form (sliding or shearing) plate boundary as we know it today (e.g.,
Weber et al., 2001a) (Figs. 2, 3). Active transform tectonics not only
shears and shifts landmasses laterally but also causes local sinking and
rising due to the local extension and contraction that occurs where
transform faults bend or end and connect across fault step-overs. The
tectonically driven rising and sinking of land is one of several major
factors that can drive the vicariance and dispersal of terrestrial organ-
isms. Other important ones include paleogeographic changes due to sea
level rise and fall, and isolation and speciation events that occur due to
ecological competition or gradients (e.g. Haffer, 1997). Trinidad strad-
dles the South American continental shelf and is separated from the
mainland only by shallow seas. This defines it as a continental island

that has been repeatedly joined to and separated from the mainland in
response to sea level fluctuations, e.g., driven by glacial cycles during
the Pleistocene.

2. Geology and paleogeography

2.1. Review of Trinidad's tectonics, geology, and landscape
(geomorphology) as key paleogeographical issues

The geological history of Trinidad and the southeast Caribbean is
rich and complex. Many aspects of this history have been extensively
studied, but significant gaps in our knowledge and differences in inter-
pretation still exist, even in the most recent syntheses (e.g., see Bartolini,
2021 and papers therein). These gaps and differences impact re-
constructions of Trinidad's Neogene paleogeography. Differences center
mainly around these three issues: 1) whether the Caribbean plate moved
essentially parallel to the E-W-trending Caribbean-South American plate
boundary throughout the entire Neogene, or whether it involved a
component of convergence in the Early Neogene and then later (~10
Ma) turned to move parallel to the boundary, 2) which plate boundary
faults were active at which time, and 3) the past positions of Tobago and
the metamorphic Northern Range-Paria mountains relative to south
Trinidad. Plate tectonic reconstructions vary significantly in these ways;
this can be seen by comparing the reconstructions of Pindell et al.
(1998), Erlich and Barrett (1990), Speed (1985), Meschede and Frisch
(1998), and Escalona et al. (2021). In assessing the paleogeographic
evolution of our study area through time, not all tectonic models,
structural restorations, and facies assessments will be compatible:

Fig. 2. Map showing southern Caribbean- northern South America tectonic elements and structures modified from Bouysse et al., 2021; Lugo and Audemard, 2021;
Alvarez et al., 2021; Duerto and McClay, 2011 and using topo-bathymetry from Global Multi-Resolution Topography (GMRT) v.4.1.1 (Ryan et al., 2009) and ESRI
Ocean Basemap. Ca-SA plate boundary dextral (right-handed) transform (sliding) faults (thick lines), the El Pilar (EPF) and Warm Springs (WS)-Central Range (CRF)
faults step to the right and link up across normal faults (thin lines with tick marks on down-dropped sides) defining a zone of stretching (extension) and subsidence in
the Gulf of Paria pull-apart basin. The Columbus Basin (CB) forms a second zone of extension that occurs due to offshore, shelf-edge collapse of the Orinoco delta
southeast of Trinidad. Trinidad sits on and helps to define the South American continental shelf, whereas Tobago island forms an uplifted horst block surrounded by
normal and strike-slip faults (thin lines). Zone of contraction, likely associated with current subsurface location of deep lithospheric STEP tear, and subsea subduction
zone – due to Ca-SA plate convergence, both east of Trinidad, are shown using solid lines with sawtooth patterns. Modern eastward ~20 mm/yr Caribbean plate
motion from GPS study of Weber et al. (2001a).
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Fig. 3. a) Map showing the on-land topography and geology and offshore bathymetry in and around Trinidad. Modified from Arkle et al. (2017b).

Fig. 4. a) Map showing the on-land topography and geology and offshore bathymetry in and around Tobago. Modified from Arkle et al. (2017b).
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producing a single unified interpretation thus requires making choices.
We next review and discuss some of the key issues related to this exercise
and we outline the choices that we make below.

2.1.1. Review of Caribbean plate tectonics
An understanding of the Caribbean-South American (Ca-SA) plate

tectonic framework (Fig. 1) is the foundation needed to recreate an
accurate paleogeographic history for the SE Caribbean. The long history
of attempts made to reconstruct the plate tectonic history of the Carib-
bean (Ca) and its surrounding plates, the North American (NA), South
American (SA), Cocos (Co) and Nazca (Na) plates, has fortunately
recently reached an unprecedented level of certainty. This certainty is
due to clear imaging of the historic archive of subducted oceanic plates
(“slabs”) in the deep mantle beneath Ca and, in addition, due to the
advent of a robust new technique for slab unfolding (van Benthem,
2013; Allen et al., 2019; Braszus et al., 2021; Chen et al., 2021; Chen
et al., 2024).

Prior to this breakthrough, plate reconstructions were fraught with
controversy and contention, mainly because the principal oceanic
geological features that are classically used to determine plate motion –
transform fault azimuths and isochrons along spreading ridges – are not
present along most of the margins of the Caribbean plate (i.e., along the
boundaries with neighboring plates). For example, the active transform
fault was only recently identified in Trinidad, and it is an on-land, and
continental, not oceanic transform (Weber et al., 2001a). We next briefly
discuss two distinct generations of plate motion models as context for
the development and construction of our paleogeographic
reconstructions.

The Caribbean plate (Fig. 1) is a mosaic of several different types and
ages of oceanic lithospheres and includes several different arc litho-
spheres as well. Being surprisingly unlike “normal” seafloor created at
spreading ridges, most of the Caribbean plate's oceanic lithosphere does
not contain magnetic stripes, i.e., isochrons (Bouysse, 1988). Most of
this isochron-free lithosphere is also anomalously thick and is thus
generally thought to have formed as an oceanic plateau (i.e., a large
igneous province, or LIP) somewhere in the Pacific Ocean basin. Near
consensus suggests that this LIP was then subsequently “rafted” across
some kind of trench barrier into a gap between the Americas that
developed during the break-up of the supercontinent Pangaea (e.g.,
Wilson, 1966a; Burke, 1988). Other attached lithospheric domains that
make up today's Caribbean plate, most notably the Grenada Basin, are
smaller and younger ocean sub-basins that formed behind active (Lesser
Antilles) and ancient (Aves) volcanic arcs, at the modern and older,
respectively, leading eastern edges of Ca (Bouysse, 1988; Allen et al.,
2019).

Only the Cayman “trough”, a short (~100 km) spreading center in
the northern Caribbean, preserves isochrons fromwhich Ca plate motion
(i.e., Ca-NA) rates (15–20 mm/yr) can be classically determined
(Rosencrantz et al., 1988; Leroy et al., 2000; Van Avendonk et al., 2017)
(Fig. 1). The oldest Cayman isochrons are Late Eocene in age. This limits
how far back in time (45–50 Ma) we can track Ca motion using the
traditional geological isochron-transform (rate-direction) technique.
Spreading on the Cayman ridge feeds into N65◦E-N85◦E sliding on the
large Swan Island, Motagua, Polochic, Oriente, Walton, and Septentri-
onal transform faults from which the history of direction and rate of
Eocene-Recent Ca-NA plate motion, and, or that of the Gonave micro-
plate, can be determined (Rosencrantz and Mann, 1991; Leroy et al.,
2000). All generation 1 Caribbean plate motion models use the Cayman
data as an important, but somewhat limited, constraint. First-generation
Ca-NA and Ca-SA plate motion and geometry studies then depart from
one another on the issue of determining the relative distance that the Ca
plate has traveled. Did it evolve largely in situ between the two Amer-
ican plates (Speed, 1985; James, 2009; Meschede and Frisch, 1998)? Or,
has it traveled ≥1000 km from today's Pacific ocean basin into its cur-
rent location in the gap between North and South America (Speed, 1985;
Pindell et al., 1998)? Early on, key lines of evidence seemed to point

most strongly to a far-traveled origin and long-distance transit.
First-generation Ca-SA plate motion models fall broadly into three

groups based on the amount of prescribed boundary-normal conver-
gence in the plate boundary zone (pbz): 1) collisional Ca-SA pbz (Speed,
1985), 2) transform pbz (Robertson and Burke, 1989; Burke, 1988), or a
3) hybrid with components of both convergent and transform motion
(Pindell et al., 1998). Recent deep lithospheric imaging, modeling, and
thermochronology suggests a fourth alternative model, the STEP (sub-
duction-transform edge propagator) model (Govers and Wortel, 2005;
Arkle et al., 2021; Alvarez et al., 2021). Accordingly, surface transform
motion follows behind a migrating wave of surface contractile defor-
mation as a deep, lithospheric STEP fault propagates eastward and
progressively tears off the oceanic edge of rifted and stretched conti-
nental northern South America (Mann, 1999; Govers and Wortel, 2005;
Clark et al., 2008; van Benthem, 2013). An understanding of Trinidad-
Tobago neotectonics obtained using GPS (GNSS) and InSAR (Weber
et al., 2001a, 2015, 2020; Higgins et al., 2021) provides key critical
“time zero” (i.e., current) information regarding our understanding of
the plate-scale tectonics of the Ca-SA pbz. Accordingly, today in Trini-
dad and Tobago, the pbz experiences little to no plate-boundary-normal
relative plate convergence and experiences nearly pure transform
tectonics.

Subsurface subducted slabs of oceanic material beneath the Carib-
bean plate's trench boundaries, i.e., those along the eastern and western
edges of the Caribbean plate, in principle, provide a near complete
archive of the history of Ca plate motion. New slab unfolding results led
to a new generation (Generation 2) of Caribbean plate motion models by
providing a leap forward in our understanding. They allow Ca motion to
be tracked much further back in time (back to the Late Cretaceous) than
was previously possible in Generation 1 models, and with a high degree
of certainty (Allen et al., 2019; Braszus et al., 2021; Chen et al., 2024).
This advance resolves ambiguities in interpreting the plate tectonics of
the proto-Caribbean oceanic lithosphere that was present in the inter-
American gap before the Caribbean plate entered. These new re-
constructions demonstrate that there probably had never been an in-
dependent proto-Caribbean plate (which had been moved ad hoc in
some earlier models). Rather, only oceanic lithosphere formed during
Jurassic rifting attached to the NA and SA plates existed in the gap. We
build our paleogeographic model and time slices using the GPS, InSAR,
and high-resolution Generation 2 tomography and slab unfolding plate
tectonic constraints as our plate tectonic foundation.

First clearly recognized by Speed (1985), there is now a substantial
body of literature indicating that NNW-to-SSE thrusting of the Jurassic-
Paleogene South American passive margin rocks and associated foreland
basin loading is Paleogene-Neogene in age and gets younger from west
to east in the Ca-SA plate boundary zone (e.g., Pindell and Kennan,
2009). This suite of tectonic process converted the paleogeography of
the South American continental borderland from marine to terrestrial.
This conversion is central to geogenomics and the study of extant
terrestrial organisms. Ascribing a cause to this eastward propagating
“wave” of contractile deformation and associated foreland basin loading
and filling remains contentious. Was it due to an early (pre-15Ma) phase
of oblique plate-scale Ca-SA convergence as advocated by Speed (1985)
and Pindell et al. (1998)? Or, was it due to a pre-STEP-related flexural
down-warping and an advancing wave of associated contractile defor-
mation that passed from west to east as the Caribbean plate and deep
STEP tear propagated eastward (Govers and Wortel, 2005; Clark et al.,
2008; van Benthem, 2013)? Based largely on the recent slab unfolding
results discussed above (Braszus et al., 2021; Chen et al., 2021; Chen
et al., 2024), and for the Oligocene to Recent time interval that we study,
we ascribe to the pure transform kinematic model of Caribbean-South
American plate motion, with no north-south relative plate conver-
gence, but rather first contraction and loading, followed by deep STEP
tearing.
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2.1.2. Review of geology and geomorphology
Given our current understanding of the plate tectonics and the plate

kinematic framework, geology and geomorphology next provided
additional and more granular constraints on paleogeography. Below, we
briefly discuss some of the key geological and geomorphic elements
incorporated into our paleogeographic analysis and models. Fig. 2, an
annotated regional digital elevation and bathymetry map, references the
geography of the geological features discussed below.

Trinidad sits on the eastern margin of the Eastern Venezuela Petro-
leum System, a globally significant and prolific oil-producing region (see
e.g., Erlich and Barrett, 1992). Due to the large number of high-quality
petroleum exploration and production studies that have been done over
the past century in Trinidad and Venezuela, a great deal is known about
its Cretaceous-Neogene sedimentary geology (see e.g. the summary by
Summa et al., 2003). For creating paleogeographic reconstructions,
sedimentary features such as conglomerates, unconformities, facies and
biofacies, and mapped sequence boundaries, together with the synthe-
sized record of eustatic global sea-level, provide key constraints. Con-
glomerates allow the analyst to decipher the “where and when” of past
surface uplift. Unconformities allow one to determine where and when
periods of erosion took place. Facies refers to an assemblage of rocks
with distinct and particular characteristics. Continental facies, for
example, those containing coal beds, record the growth and accumula-
tion of terrestrial plant material in coastal dry-land-edge settings.
Additionally, the fossil record of benthic organisms, notably foramini-
fers but also other groups, permit determination of paleobathymetry,
and other environmental features such as salinity and turbidity. For
example, fossil pollen, algae, and organic palynofacies are particularly
useful for delineating transitions from marine to non-marine conditions
(Batten, 1996). Global sea-level curves and the mapping of sedimentary
sequence boundaries allow reconstruction of the ancient shorelines. We
extracted such critical geological information from Kugler's Treatise on
the Geology of Trinidad (Kugler, 2001) together with his geological map
of Trinidad (Kugler, 1959), from significant revisions to this map by
Saunders et al. (1997) and de Verteuil et al. (2005), and from the pub-
lished literature produced by the many research groups working in this
region.

With a focus on its petroleum geology and its related sedimentary
rocks, Trinidad and Tobago's igneous and metamorphic geology have,
until recently, received significantly less attention than their sedimen-
tary counterpart (Figs. 3, 4). Exceptions include the excellent mapping
and geochronology analyses done by Professor Arthur Snoke and col-
leagues in Tobago (e.g., Frost and Snoke, 1988; Cerveny and Snoke,
1993; Snoke et al., 2001), which built on the early work of Maxwell
(1948). Similarly, Trinidad's Northern Range's metamorphic geology
received much less attention than that of the oil-rich rocks of central and
south Trinidad, with notable exceptions that include early contributions
from Barr (1963), Potter (1968, 1973), and Algar (1993). In this review,
we rely heavily on the Northern Range metamorphic mapping and an-
alyses of Weber and associates (Weber et al., 2001b; de Verteuil et al.,
2005; Arkle et al., 2021; Genarro et al., 2022). These works provide
hard, new constraints on both Northern Range tectonics and paleoge-
ography. Yet limitations still exist. For example, thermochronology is a
robust technique that has been successfully applied to determine the
history of cooling and exhumation in Trinidad and Tobago's crystalline
rocks (Cerveny and Snoke, 1993; Weber et al., 2001b; Arkle et al., 2014,
2021). But thermochronology gives information on rock exhumation,
the difference between rock and surface uplift (England and Molnar,
1990), not on surface uplift, which is the desired quantity in paleoge-
ography. Surface uplift must therefore be inferred using the thermo-
chronology results in conjunction with additional geological constraints,
such as the presence, age, sedimentology (provenance, paleocurrents),
and clast composition of conglomerates.

Similarly, with such a huge spotlight on Trinidad's subsurface sedi-
mentary and petroleum geology, until recently, the geomorphology of
Trinidad and Tobago had received only minimal attention (Figs. 3, 4).

Geomorphology informs paleogeography by constraining the modern
time slice and by giving the modern sense (i.e., signs,+ or -, up or down)
of surface uplift and subsidence, and also the rates of surface processes.
Geomorphic constraints are thus critical for informing our understand of
extant faunal distributions. As an example, and reviewed in more detail
below, understanding Trinidad's and Tobago's geomorphology provides
the basic context for understanding the modern distribution and ge-
netics in guppies (Poecilia reticulata), tree frogs (Phytotriades auratus)
(Hylidae), and their host bromeliads (G. erectiflora).

Ritter and Weber (2007) and Weber (2005), in an initial attempt to
determine whether Trinidad's neotectonics have left a signal in the
landscape, began to investigate, recognize, and interpret, patterns in
Trinidad's mega-geomorphology. Trinidad has a submergent north-
western coastline and additional indications of sinking in the west, and
an emergent northeastern coastline with exposed and elevated marine
terraces that indicate recent surface uplift in the northeastern Northern
Range (Fig. 3). Similarly in Tobago, Moonan et al. (2017) used subsur-
face industry data to begin mapping and interpreting Tobago's mega-
and paleo-geomorphology (Fig. 4). Recent work by Arkle and colleagues
(Arkle et al., 2017a, 2017b, 2021) has filled in many but not all
knowledge gaps. Arkle et al. (2017a) used catchment-wide 10Be to
measure modern erosion rates in Trinidad's Northern Range. They
observed slow erosion rates in the west and high rates in the east, which
supported that western Trinidad sinks while eastern Trinidad rises.
Arkle et al. (2021) then related this pattern to a deep lithospheric cause,
the passing STEP. Finally, Arkle et al. (2017b) provides a comprehensive
and fairly up-to-date summary of Trinidad and Tobago's
geomorphology.

There are now several robust studies that have applied apatite and
zircon helium (U–Th)/He (AHe and ZHe, respectively) and apatite and
zircon fission-track (AFT and ZFT, respectively) thermochronometers to
evaluate bedrock cooling and exhumation histories and rates in both
Trinidad and Tobago (Cerveny and Snoke, 1993; Weber et al., 2001b;
Arkle et al., 2014, 2021). Thermochronology exploits the principle that
retention of radiogenic decay (daughter) products – fission tracks and
helium – in minerals that move upward and experience a decrease in
temperature as they “daylight” at Earth's surface are highly temperature
sensitive. The retention of these daughters for each specific mineral
species occurs through specific ranges of “blocking” temperatures.
Additional details can be found in Dodson (1973), Green et al. (1986),
Brandon et al. (1998), Farley (2000), Reiners (2005), and Flowers et al.
(2009). Because exhumation is the difference between rock uplift and
surface uplift, thermochronology alone cannot tell us what the paleo-
topography looked like, nor is it alone diagnostic of which process (e.g.,
erosion versus tectonic extension) caused the cooling, exhumation, and
rock exposure. Thermochronology data must therefore be used together
with additional geological constraints to infer the vertical (paleogeo-
graphic) component of topography.

2.2. Paleogeography methods and issues

Paleogeography is the disposition of land and water in times past, its
topography and bathymetry, and its gross climate and oceanography.
Paleogeography attempts to establish what Earth's surface looked like at
specified times in the past and is largely determined by the geological
history of an area. Analysts must integrate the dynamic interplay be-
tween tectonics and climate. While tectonic movement along plate
boundaries and their subsidiary faults raises, lowers, and deforms
Earth's crust, climate wears down elevated regions, sedimentary de-
posits build new land, and climate largely controls regional sea level
fluctuations through time.

For this study, we developed a set of new semi-quantitative 2D
paleogeographic maps using ESRI's ArcGIS Pro v. 3.3 software. Our
paleogeographic maps consider a smaller region and a shorter and more
recent time span than many previously published reconstructions do.
Those generally more broadly cover the entire Caribbean basin and
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surroundings, and a Jurassic to present time interval (e.g. Pindell et al.,
1998; Mann, 1999; Müller et al., 1999; Escalona et al., 2021a; Escalona
et al., 2021; Watson and Escalona, 2021). Our narrower windows of time
and space are needed for relating tectonics to geogenomics and to the
extant biology; these narrow widows have the advantage of allowing us
to use more precise plate kinematic constraints and more robust local
geological datasets that those used in the region-wide reconstructions.
For our new maps to be best appreciated in the context of biogeography
and geogenomics, we introduce readers to key concepts and constraints,
provide a general overview of our workflow, and provide citations to the
published sources used to derive these maps. Notably, these maps are a
snapshot of our current knowledge and can evolve as studies in this
region continue.

The paleogeography of the Trinidad and Tobago region that we cover
fits into a broader context of the tectonic evolution of South America, the
Caribbean, and the Atlantic Ocean (Fig. 1). Until about 200 Ma ago,
Pangea, a supercontinent comprising North and South America, Africa,
Eurasia and other continents blocked passage of the Caribbean plate
through an inter-American gap (e.g., Wilson, 1966a, 1966b). The break-
up of Pangea, the opening of the north and south Atlantic, and the plate
tectonic evolution of the Caribbean, occurred over time scales of tens to
hundreds of millions of years, and together form the broadest geological
context in which to set Trinidad and Tobago paleogeography. In addi-
tion, such deep-time tectonic events are important in the present context
because many have left fundamental lithospheric-scale discontinuities
that impact the younger paleogeography. Notably, Jurassic rifting be-
tween the Americas resulted in relatively thinned, transitional conti-
nental crust fringing the Guiana shield of South America (e.g., Speed,
1985; Alvarez et al., 2021), which continues to be a fundamental
element in the style and kinematics of lithospheric-scale deformation in
this region.

The elements that went into creating our paleogeographic restora-
tions include data and interpretations from across a broad range of
scales, from deep lithospheric tomography, to thin-section petrography,
but mainly those from intermediate scales, including stratigraphic,
geochemical, geophysical, and geochronological data. Results from
computational modeling also influenced our mapping (e.g., Govers and
Wortel, 2005). In compiling such maps, the decisions we made in
choosing among geologic models, were based on our syntheses of pub-
lished data, and are justified in the Paleogeographic Map Results section
(Section 2.3 below). There, we provide a general overview of their
development, introduce readers to key concepts and constraints, and
provide citations to our sources.

Each of our paleogeographic maps covers a specified and relatively
limited interval of time. Our time slices span from the latest Oligocene to
the Pleistocene. The Guiana shield was used as the stationary reference,
given the relatively minor latitudinal and longitudinal movement of this
Precambrian cratonic interior during the time periods mapped (e.g.,
Escalona and Mann, 2011). Following today's plate kinematics back-
ward in time, we assumed pure E-directed transform Caribbean-South
American plate movement at 20 km/m.yr. (e.g., Weber et al., 2001a,
2015, 2020) from the latest Oligocene-Recent relative to the Guiana
shield, and also propagate STEP tearing (e.g., Govers and Wortel, 2005;
Clark et al., 2008) along the rifted-oceanic subsurface edge of conti-
nental South America at this same rate.

The boundaries of rigid crustal blocks and deformable crustal zones
were defined generally along major faults/fault zones or, where lacking,
major structural transitions. Assumed rigid crustal blocks to the north
and west of the CA-SA boundary (e.g., the Tobago and Araya blocks)
were translated at the same rate and direction as that of the rigid
Caribbean plate and block rotations were not accounted for due to the
small map scale. South of the Caribbean plate, instead of translating
rigid crustal blocks we deformed a broad zone in homogeneous simple
shear by establishing and distorting a Cartesian grid (see Fig. 5). Major
blocks and zone boundaries in Venezuela include the edges of the
Maturin and Guarico sub-basins, the Serrania del Interior deformation

front, and the Urica fault. In Trinidad the South Coast fault zone as
defined by Weber et al. (2020) is taken as the southern edge of the
deforming zone which extends north to the Tobago block.

Our method thus involved diachronous passage of: 1) a ~ 200 km
wide zone of early dextral shear that produced the magnitude and
timing of SSE-directed shortening and thin-skinned contractile tectonics
observed in the foreland fold-thrust belt, followed by: 2) a narrower,
30–50 km wide, zone of dextral shearing, deep STEP tear fault passage,
and exhumation. We propagated all elements at a rate of 20 km/my
eastward relative to our Guiana shield reference frame. This method
provides a paleogeographic solution that in a qualitative sense jointly
best-fits the rock record (e.g., facies, conglomerates, benthic forami-
nifera paleobathymetry, etc.), structural geology, geochronology and
thermochronology, and the plate kinematic constraints. Shortening
percentages in the fold-thrust belt were determined from published
balanced cross-sections, seismic sections, and tomography. For example,
cross-section balancing in eastern Venezuela by Duerto and McClay
(2011) suggests shortening of ~20 % across the fold-thrust belt. That of
Lingrey (2007) in Trinidad gives ~35 % shortening, and that of Parra
et al. (2011) in central Venezulea's Monagas belt gives values ranging
from ~37–49 %. The distributed dextral shear we applied resulted in
shortening of this approximate magnitude along a finite azimuth of 334◦

(N26W). Our broad and narrow zones of shearing also produced dia-
chronous and regional E-W extension that initiates in the latest Miocene
west of Trinidad and moves through to the present in the Gulf of Paria
and in the offshore Columbus Basin. Some of the observed extension
however could be related to STEP tearing and deep asthenospheric flow
rather than the lithospheric shearing we apply.

Differential tectonic uplift and subsidence in the region makes it
extremely difficult to locally and empirically determine the absolute
magnitude of local sea-level fluctuations and the timing of when the
islands were connected and disconnected to mainland South America.
We decouple absolute sea level from vertical land motion by assuming a
direct connection with global eustatic sea-level change such that the
Caribbean Sea was ~120 m lower than present during the Late Pleis-
tocene (20 ka) global last glacial maximum (LGM) (e.g. Muhs et al.,
2011; Rohling et al., 2022). Ultimately land surfaces were placed in
context of relative regional sea level using the determinations of the
Rohling et al. (2022) Main Model, combined with paleobathymetry
determined from lithofacies and biofacies. From the Oligocene to the
late Miocene, absolute sea level was higher than present and the
amplitude of eustatic sea level change between highstands and low-
stands was <30 m (Rohling et al., 2022). Our first three maps use mean
eustatic sea levels for this time interval (Fig. 5a-c), during which the
Columbus Channel was deep and connections between emergent
northern Trinidad with the mainland to the south were unlikely. During
the Pliocene to Recent the amplitude of eustatic cycles increased to
40–120 m. During this time interval, sedimentation kept pace with
subsidence in the Gulf of Paria and the Columbus Channel foredeep
progressively filled as the Orinoco delta arrived into this area (Chen
et al., 2016, 2017). During Plio-Pleistocene lowstands and as recently as
the Holocene, Trinidad and much of the Gulf of Paria was thus likely
repeatedly emergent and in subaerial communication with South
America across the Columbus Channel. Tobago was also likely con-
nected to the mainlandmultiple times during Pleistocene lowstands (e.g.
Boomert, 2000).

The paleotopography, including paleobathymetry, of uplifted rigid
crustal blocks and that in our deforming zones was derived by inte-
grating multiple datasets to capture a holistic picture of competing
processes that build up and wear topography including: vertical slip (i.
e., dip slip) on major faults; surface uplift, subsidence, exhumation, and
erosion. Data that we integrate include mainly thermochronology,
diagnostic sedimentary rock facies (e.g., conglomerates, coals, etc.) and
biofacies, unconformities, geomorphology, and several additional data
sources, as cited in the following section. Sedimentary basins require
back-stripping, sediment decompaction, and (growth) fault restoration
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to rigorously determine subsidence rates. The basin subsidence we
determined and used on our maps, however, was estimated only semi-
quantitatively. We categorize land surface elevation qualitatively in
each time slice on a scale ranging from lowland, to land, to highland
(mountains). The paleobathymetry that our maps depict was inferred
predominantly from: biofacies (e.g. Kugler, 2001; Sanchez-Zambrano,
2010), sedimentary facies, qualitatively back-stripping sedimentary fill
inferred frommarine seismic reflection profiles and time-structure maps
(e.g., Wenxiu and Escalona, 2011; Castillo and Mann, 2021), and lith-
ostratigraphy datasets (e.g., Chen et al., 2018; Martinius et al., 2013).
Our maps show two gross categories of depths: shallow (likely shelfal,
<200 m) and deep marine (likely bathyal, >200 to +1000 m).

2.3. Paleogeographic map results

After considering the key and relevant aspects of both the geology
(above) and the biology (below), the paleogeographic time slices that we
choose to develop, and that we present below are: 1) Present (Figs. 2–4),
2) Latest Pleistocene last glacial maximum (LGM) (20 ka), 3) Early
Pleistocene (1.5 Ma), 4) Early Pliocene (3.7 Ma), and 5) Late Miocene (9
Ma), 6) Early middle Miocene (15 Ma), and 7) Oligocene (28 Ma)
(Fig. 5a-f).

A key component of these maps, which differs markedly from most
past reconstructions, is that we interpret the protoliths of the Araya-
Paria Peninsula and the Northern Range metamorphic rocks as being
parautochthonous, having moved horizontally only about 100 km east
and 30 km south from their original pre-deformational Mesozoic depo-
sitional sites. This contrasts with most of the previous restorations that
derive these rocks 250 km to >400 km from the west (e.g. Escalona
et al., 2021a, Escalona et al., 2021; Pindell and Kennan, 2007; also see
additional references in Audemard, 2009). These previous re-
constructions all assumed that large displacements were required the on
the El Pilar fault system to the south of these ranges. Displacement along
the El Pilar is however likely <100 km (e.g., Audemard, 2009). The
reduced lateral offset between Paria Peninsula – Northern Range and the
Eastern Venezuela Basin – Trinidad greatly simplifies biogeographic
modeling between the Northern Range, eastern Venezuela, and southern
Trinidad.

2.3.1. Present
Figs. 3 and 4 show the present-day topography and geology of Tri-

nidad and Tobago. We take these configurations as partial starting
points for our paleogeographic reconstructions. The modern picture of
relative Caribbean-South American plate motion and its result in the
deep lithosphere have increasingly become well-defined (e.g., Weber
et al., 2001a, 2020; van Benthem, 2013; Allen et al., 2019; Braszus et al.,
2021; Chen et al., 2021; Chen et al., 2024; Bezada et al., 2010; Levander
et al., 2014). GPS, InSAR, and earlier GPS-to-triangulation analyses all
consistently indicate eastward Ca plate motion relative to SA at 20 mm/
yr (Weber et al., 2001a, 2015, 2020; Pérez et al., 2001; Higgins et al.,
2021). A deep STEP tear is clearly imaged today beneath Trinidad (Clark
et al., 2008). We assume and use today's rates of 20 km/my.yr. as con-
stant and we propagate plate motion, bow wave contraction, and STEP
tearing westward back in time into our earlier paleogeographic time
slices.

Today, the Guiana Current is the principal ocean current that impacts
Trinidad and Tobago's coastal ecology and morphology (Van Andel,
1967). The Guiana Current flows northward along South America and
then bifurcates with a branch flowing to the west through the Columbus
Channel along southern Trinidad, and a second branch flowing to the

north along the coastlines of eastern Trinidad and SE Tobago (Van
Andel, 1967) (Fig. 2). These currents carry vast quantities of nutrients,
suspended sediment, and terrestrial plant detritus from the Orinoco and
Amazon river deltas into the study region. This critically impacts coastal
sedimentation and erosion, and, in large part, inhibits reef formation
around much of Trinidad (Van Andel, 1967; Laydoo, 1991; Lapointe
et al., 2010). Boos (1984) speculated on a “two source” biogeographic
pattern in Trinidad that correlates with the splitting of the Guiana
Current at Trinidad's southeastern coast. One branch of this current
flows west into the Gulf of Paria; the other flows north along Trinidad's
east coast and on to Tobago (e.g., Van Andel, 1967) (Fig. 2). Many cases
exist in which oceanographic effects are well-known and well-
documented to affect the distribution of terrestrial organisms. The
water in the Guiana Current is loaded with sediment and debris from the
Orinoco delta and might have also rafted organisms into Trinidad,
possibly in two arcs. This configuration of the Guiana Current, however,
has existed during the present inter-glacial highstand for only the last
approximately 9 ka, and perhaps for short (~10 ka) periods during
similar inter-glacials during the last 800 ka. For the majority of the late
Pleistocene, during falling and lowstand glacial periods, the Gulf of
Paria together with a broad swath of the continental shelf off eastern
Trinidad would have been emergent coastal plain and wetlands. At such
times the Guiana Current would flow primarily north off Trinidad's
widened lowstand east coast, with Boos' western “arc” absent or greatly
diminished. Then, rather than rafting by marine currents, the species
discussed by Boos (1984) could have achieved a similar distribution by
multi-generational dispersal along with their dynamic migrating habi-
tats. Each mechanism predicts a distinctly different genetic pattern.

To the north of continental South America and Trinidad, Tobago is
emergent as a structurally and topographically high-standing horst
block within a series of regional horst and graben blocks on the stretched
and extended southern edge of the Caribbean plate (Fig. 4) (Robertson
and Burke, 1989; Snoke et al., 2001). Tobago's Mesozoic oceanic forearc
and arc rocks form the easternmost subaerial exposure of a series of
allochthonous terranes that were accreted between the Caribbean and
South American plates. Today, Tobago rises to 572 m above mean sea
level. The uplifted footwall of the Tobago horst block creates the Main
Ridge mountains (Snoke et al., 2001). The offshore North Tobago fault
dips steeply north (~55–80◦), cuts the seafloor and so is demonstrably
neotectonically active, and forms the northern boundary of the Tobago
horst block. Recent earthquake activity along the sub-Tobago terrane
boundary and coeval northward slip on a low angle (28◦), north-
dipping, normal fault between Trinidad and Tobago marks the reac-
tivation and inversion of the Ca-SA oceanic/arc-continental suture
(Weber et al., 2015).

2.3.2. Quaternary: Late Pleistocene (20 ka) and Middle Pleistocene (1.5
Ma)

Despite the modest horizontal rate of plate motion and a sustained
near-equatorial position for much of the region's geologic history, sig-
nificant changes in the nature and style of vertical tectonism, climatic
shifts, and associated sea-level fluctuations have shaped the paleoge-
ography of the SE Caribbean region throughout the Quaternary (e.g.,
Arkle et al., 2017b; Speed and Cheng, 2004, 2021). From the Pleistocene
to the present, tectonism around the northeastern margin of continental
South America underwent significant changes (Babb and Mann, 1999).
However, it is still incompletely understood how this transform fault
system has evolved through the Quaternary into its present
configuration.

During this time, the Caribbean-South American plate boundary

Fig. 5. Original topographic map series showing the paleogeographic evolution of the Trinidad-Tobago and eastern Venezuela study area at approximately: 28 Ma
(Oligocene); 15 Ma (early middle Miocene); 9 Ma (late Miocene); 3.7 Ma (Pliocene); 1.5 Ma (Pleistocene); and 20ka (latest Pleistocene, last glacial maximum). Sea
levels indicated relative to modern. MSL = mean sea level; LST = lowstand sea level; HST = highstand sea level. See text for explanation of methods and con-
straints used.
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transform fault likely stepped southward, initially from along faults near
the Serranía del Litoral and in Trinidad's North Coast marine area, across
the Caroni Fault and perhaps the El Pilar Fault extension into Trinidad,
finally to the Central Range Fault, where the majority of dextral shear,
~12–15 mm/yr, is presently accommodated (Weber et al., 2001a, 2020;
Higgins et al., 2021). The Central Range Fault strikes ~N72◦E through
Trinidad and continues offshore to both the east and west. To the east, it
connects through the Scorpion Fault offshore in the Angostura oil field,
and then ultimately somehow still-to-be-determined to thrust faults and
folds in the Barbados accretionary prism at the eastern leading edge of
the Caribbean plate (e.g., Soto et al., 2007). To the west, it joins the
Warm Springs Fault immediate offshore, then steps across a series of
normal faults in the active Gulf of Paria pull-apart basin to merge ulti-
mately with the El Pilar Fault in Venezuela (Van Andel and Sachs, 1964;
Flinch et al., 1999; Higgins et al., 2021). Given this configuration, the
southern half of Trinidad is currently on and moving with the South
American plate, while land north of the Central Range fault, including
northern Trinidad and Tobago, travels with the (relatively) east-moving
Caribbean plate.

We assume that current plate motion rates (~20 mm/yr eastward)
apply through the Quaternary, therefore the latitudinal position of Tri-
nidad and Tobago have both remained in relatively close proximity to
mainland South America. In eastern Venezuela, as seen today, the Ser-
ranía del Interior and the eastern Coastal Cordillera were topographi-
cally high, whereas the Maturin Basin likely remained topographically
low due to earlier subsidence of this structural (loaded, foreland) basin
(Duerto and McClay, 2011; Parra et al., 2011; Martinius et al., 2013). In
southern Trinidad, we infer that Quaternary contractile tectonism is a
result of the passing of the pre-STEP bow wave which is the cause of
Quaternary thrusting and folding and positive topographic development
in the Southern Range (e.g., Trinity Hills) (Hippolyte and Mann, 2021).

Both Trinidad and Tobago are positioned on a relatively shallow
continental shelf (Figs. 2, 3, 4). Tobago and the northern SA mainland
and north coast offshore were alternately emergent/exposed and likely
connected multiple times (e.g., Fig. 5e, f). This is based on the shallow
offshore structure (Robertson and Burke, 1989; Lugo and Audemard,
2021; Punnette et al., 2021) and high sedimentation during this time
period in the north coast marine area (Punnette et al., 2021), de-
terminations of localized surface uplift and erosion of the highlands
(Arkle et al., 2017a, 2021) and estimates of magnitudes of sea level
(Rohling et al., 2022). The overall slow rates and shallow magnitudes of
Quaternary exhumation in the coastal Northern Range-Paria meta-
morphic belt (Arkle et al., 2021) are consistent with low rates of surface
erosion measured over millennial-timescales (Arkle et al., 2017a), and
are associated with subsidence (particularly in western Trinidad) into
the Gulf of Paria pull-apart basin (Babb and Mann, 1999; Flinch et al.,
1999).

The time slice shown in Fig. 5f, captures a scenario of maximum land
exposed during the LGM (sea levels of − 120 m bmsl) using the highest
estimates of surface uplift and sedimentation. In this case, connections
between SA, Trinidad, and Tobago may have been ubiquitous spatially,
yet gradually imposed over ~100 ka, as global sea level fluctuations
alone (not considering tectonism and sediment supply to the basin) are
asymmetric on the fall toward full glaciation and relatively rapid on the
rise to inter glacial ice melt (Rohling et al., 2022). Even during the LGM,
an area west of Tobago remained inundated (Fig. 5f). This is because the
Tobago Basin is under-filled and is an area of general deeper water. This
may have biogeographic implications for migration from Tobago to
Grenada. Note that during the LGM lowstand Grenada was, however,
nor far from the exposed shelf off Venezuela and could perhaps have
received migrations from there. During late Pleistocene lowstands
Margarita was likely connected to the continent, but to the west the Gulf
of Cariaco pull-apart remained inundated.

The Pleistocene sediment record north of Trinidad and west of
Tobago, the North Coast Marine Area (NCMA), is well characterized by
Punnette et al. (2021). It consists of mostly shallow (shelfal) marine

muds with carbonate lime mudstone intervals, and two prominent clean
sand units near the top of the section. The five carbonate horizons are
thin (1–3 m) and occur down to the base of the 1800 m thick Pleistocene
section, separated by intervals of clay. On seismic reflection profiles they
are laterally continuous and are thus used as correlation markers among
wells 10's of km apart. These limestone horizons represent highstand
deposits of lime mud deposited on the NCMA shelf. Punnette et al.
(2021) report middle to deep neritic (mid to outer shelf) paleo-
bathymetry and environmental conditions for this entire ~2 Myr
Pleistocene interval based on foraminiferal assemblages. At the very top
of the interval, there is a thick, compositionally and texturally mature
sand sheet in which cross-cutting fluvial meander channels can be seen
in 3D reflection seismic images. This unit was deposited during the LGM,
indicating subaerial emergence, and it is currently being transgressed by
thin clays in about 150 m of water depth. There is a second ~70 m thick
sand sheet about 150 m lower in the section which is similarly mature
and continuous. Punnette et al. (2021) date this lower sand unit using
nannofossils to the base of the Emiliania huxleyi zone and estimate that it
was deposited during marine oxygen isotope stage 6, that is, during the
penultimate glacial maximum lowstand. Other than these two very
young sheet sands, there are no indications of continental shelf exposure
during the Pleistocene on the shelf off the north coast of Trinidad.

Tobago's Pleistocene limestone platform includes the modern Buccoo
Reef as well as the ~125 ka Pleistocene reef cover termed the Booby
Point Formation and forms the southern lowlands of Tobago. This
Quaternary fossil reef complex likely formed during the last several in-
terglacials over the underlying oceanic arc and forearc bedrock of
Tobago in the structural position of a structurally low, down-dropped
half-graben (Wadge and Hudson, 1986; Snoke et al., 2001; Donovan
and Jackson, 2010). Subsequent uplift and tilting have exposed the reef
platform to heights of up to ~10 m amsl along the SSW coast and up to
~30 m amsl in NE Tobago (Donovan and Jackson, 2010).

Fig. 5f shows that in the late Pleistocene LGM (20 ka) a broad
expanse of low-gradient continental shelf was exposed in what today lies
offshore east of Trinidad. Soto et al. (2007) and others have noted and
studied the presence of large abandoned and buried river paleo-channels
just below the seafloor that are incised into the underlying Pliocene to
Pleistocene strata. These must have developed during Pleistocene low-
stand events and indicate that large, now-extinct river systems once
flowed in this area. We hypothesize that the exposed Pleistocene shelf
was drained by a river system that was able to physically connect NE
Trinidad (Oropouche drainage system) to Suriname-Guyana and
allowed for a Quaternary biological connection and dispersal of fresh-
water guppies and likely other fish species from the mainland into
northeastern Trinidad.

2.3.3. Early Pliocene (3.7 Ma)
By the latest Miocene to Pliocene, the Caribbean-South American

transform plate boundary began to step southward as the current phase
of transform plate motion propagated through the region following the
passing of the pre-STEP contractile deformation (Algar and Pindell,
1993; Pindell et al., 1998; Flinch et al., 1999; Weber et al., 2001a).
Transform motion during this time was likely accommodated on the El
Pilar fault south of the Paria Peninsula and then began to propagate
eastward and shift southward possibly from along the El Pilar extension
and Caroni Faults in Trinidad to the Central Range, Los Bajos, and South
Coast fault zones in Trinidad (Fig. 2) (Flinch et al., 1999; Babb and
Mann, 1999; Weber et al., 2020). Deformation, associated with the
advance and passage of the deep STEP tear would have caused flexure
loading and imbricate thrusting of the South American margin that
progressed and migrated eastward (Fig. 5). This eastward progression
may coincide with the eastward deceleration of exhumation observed in
thermochronology data from the hinterland. Deceleration first occurred
in the Paria Peninsula at ~7 Ma and then in the western Northern Range
at ~5 Ma (Arkle et al., 2021). Synchronously, at ~4 Ma, exhumation
accelerated in the eastern Northern Range (Arkle et al., 2021). It is likely
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that once STEP tearing occurred lithospheric strength was greatly
reduced and flexural tectonic processes were replaced by isostatic and
dynamic processes.

As a result of the shift from contractile to transform tectonics, the
Tobago ophiolitic-arc terrane, which had previously overthrust the
coastal metamorphic hinterland (Northern Range-Paria), became grav-
itationally unstable and began to slip northward (Weber et al., 2015).
This gravitational collapse, following late Miocene convergence, led to
shallow crustal extension in Trinidad's north coast marine area.
Pliocene-Pleistocene crustal extension in Tobago, documented by fault
kinematic data from the Rockley Bay Formation and Pleistocene reef
cover, indicates ongoing N-S stretching along E-W normal faults since
the Pliocene (Snoke et al., 2001; Ringerwole et al., 2011). Subsidence
associated with these tectonic processes resulted in accommodation
space for a thick accumulation of shallow marine sediments, primarily
mudstones with intermittent clean sandstones (Cross et al., 2015). Four
significant 30–70 m thick Pliocene sandstone units are present, which
are reasonably continuous and represent shingled lowstand prograding
shelf deposits redistributed by west-directed shallow marine currents.
These sandstones form the gas reservoirs in Trinidad's North Coast
Marine Area and in Dragon and other gas fields to the west in Venezuela.
Pliocene eustatic amplitudes were moderate (30–70 m; Rohling et al.,
2022) and given active Pliocene subsidence, marine disconnection of
Tobago and its surrounding landmass frommainland South America was
predominant. Brief (e.g., several ka) intervals of connection, however,
might have been established during maximum lowstands. Barbados and
the Lesser Antilles, however, would have certainly been isolated at this
time (Fig. 5d).

Extension and subsidence of the Gulf of Paria pull-apart basin began
in the early Pliocene, continued into the Pleistocene, and is active today
(Fig. 5d) (e.g., Flinch et al., 1999; Babb and Mann, 1999; Jowers et al.,
2024a). This caused major vicariance events in organisms living in the
coastal ranges. At times a coastal plain with fringing mangroves (e.g., as
recorded in Telemaque member of Manzanilla Fm. exposed along the
present day Central Range flanks) extended south from the coastal
range; at other times shallow marine embayments, as recorded in the
Springvale Fm, extended up toward the southern range flank from the
subsiding Gulf of Paria. The coastal ranges provided much of the clastic
sediment deposited in this location. To the south of the Paria Peninsula,
half-grabens developed along steeply dipping normal faults and
accommodated a large influx of early Pliocene sediment (Flinch et al.,
1999). As a direct or indirect (i.e., STEP-related) response to subsidence
in the Gulf of Paria, the east-side-up tilting observed in the Northern
Range is generally constrained to the Pliocene and Quaternary (Fig. 3;
Weber, 2005; Ritter and Weber, 2007; Arkle et al., 2017a, 2021); this
differential vertical motion resulted in both dispersal and vicariance
events.

By about 5.8 Ma eustatic amplitude swings were 30–50 m and the
difference in land area between highstand and lowstand conditions in
lowland areas was significant, with shoreline retreat of 10s of km. By the
early Pliocene, as shown in our 3.7 Ma map (Fig. 5d), eustatic fluctua-
tions of 50–70 m were transitional to even higher-amplitude cycles in
the Pleistocene.

The paleo-Orinoco delta reached Trinidad in the early Pliocene, and
perhaps even as early as the latest Miocene (e.g., Chen et al., 2014, 2016,
2017; Osman et al., 2021). Southern Trinidad and the southern Gulf of
Paria area were then dominated by low salinity, high turbidity deltaic
sedimentation associated with the prograding Orinoco delta. During
Pliocene highstands, tidally dominated coastlines were present in SW
Trinidad, and are preserved for example in the Morne L'Enfer Fm, with
SE Trinidad having been located further offshore in a shallow marine
setting. During Pliocene lowstands dry land was exposed on the eastern
shelf edge, at or just beyond the present-day east coast of Trinidad.

The Pliocene paleo-Orinoco flowed through the Meso-Cenozoic
cover of continental SA along a generally eastward trend and carried a
combination of sediments sourced from: 1) the topographically high

Andes in the west, 2) the northern Cordillera metamorphic mountains
along the north coast, and 3) the Paleozoic cover and Precambrain
crystalline cratonic basement from the south (Wenxiu and Escalona,
2011; Escalona et al., 2021; Diaz de Gamero, 1996). It's arrival in Tri-
nidad is marked by the Cruse andMorne L'Enfer Formations. These sand-
mud sediment packages are found today as dry land exposure of Orinoco
deltaic sediment that have subsequently to their deposition been uplif-
ted to ~300 m and tilted to near vertical (e.g., in the Trinity Hills) (Chen
et al., 2014, 2017; Osman et al., 2021). During the Pliocene and Pleis-
tocene 12 km of Orinoco sediment accumulated in basinal areas around
the shallow marginal self (Wenxiu and Escalona, 2011; Jaramillo et al.,
2017). In the SE offshore the Columbus Basin is a continental-margin
sedimentary prism that accumulated and prograded 500 km seaward
and is laterally 200 km wide (Wood, 2000). High sedimentation rates of
the Orinoco system caused not only deltaic shelf edge progradation and
foredeep infill, but also east-facing gravity-driven detachment and
extension (Chen et al., 2018; Wenxiu and Escalona, 2011; Escalona
et al., 2021; Osman et al., 2021). The shifting loci of sediment deposi-
tional centers were driven by high sediment supply, tectonic subsidence
producing accommodation space, and glacio-eustatic, climate-driven
sea-level changes that repeated on ca. 100 ky and even higher frequency
time scales (Chen et al., 2016, 2017, 2018; Osman et al., 2021). With
such high sedimentation rates, particularly during relative sea-level
falls, significant areas of Trinidad would have been exposed and con-
nected to mainland South America, and then drowned and disconnected
during sea level rises.

Throughout the late Pliocene and Pleistocene, transitions between
highstand tidal deltas in south Trinidad and in the subsiding Gulf of
Paria, and lowstand shelf-edge deltas east of present-day Trinidad,
played out continuously for a total duration of ~3.5 million years.
During this time the shelf edge east of Trinidad built out >100 km into
the Columbus Basin (Chen et al., 2018), and at each lowstand a broad
coastal plain would have extended almost to the shelf edge. The uplift of
the Darian Ridge and Central and Southern Ranges during the late
Pleistocene however complicates this picture. We also have limited data
for the eastern extension of the Northern Basin, and how that might
relate to lowland eastern migration routes from the Guianas to Tobago.
These eustatic driven transgression/regression cycles did, however,
result in multiple (>25; Chen et al., 2018; Rohling et al., 2022) radical
transformations of the lowland landscape of the whole eastern Ven-
ezuelan and Trinidad area. In a single ~40 ka lowstand cycle event, full
migration of tropical lowland forest and mangrove systems, together
with their associated terrestrial ecosystems, occurred across the coastal
plain to the geomorphic shelf edge (Figs. 5d-f).

2.3.4. Late Miocene (9 Ma) and early Middle Miocene (15 Ma)
The Caribbean plate was ~300 to 200 km west of its present position

in the mid- to late Miocene, respectively (Fig. 5b, c). During this time,
the Barbados Ridge likely represented an emergent area that contributed
sediment to both the developing Tobago Basin and the Barbados
accretionary prism (Aitken et al., 2011; Cedeño et al., 2021). By
approximately 15 Ma, Tobago had emerged and included a landmass
extending to the west and south based on offshore structure and sedi-
ment records (Robertson and Burke, 1989; Punnette and Mann, 2021;
Punnette et al., 2021). Although connections between landmasses in the
northern offshore during this period remain uncertain, it is possible that
Tobago was connected to the Barbados Ridge and potentially to the
southwest, via the offshore KK-Patao high to the Araya Peninsula.
However, it is also plausible that a narrowmarine channel separated the
KK-Patao high from the coastal mountain ranges. Such scenarios suggest
the existence of possible “stepping stone” islands between Tobago,
Barbados, and by 9 Ma, perhaps Margarita Island, which may have been
emergent and surrounded by a shallow shelf extending toward mainland
South America.

During the early Miocene (~22 Ma), the northern Venezuelan
orogeny intensified, as reflected in the mid-late- Miocene (~15–9 Ma)
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maps. The rocks exposed in the northern hinterland proto-ranges at this
time were not yet metamorphic, however, but were the unmetamor-
phosed Paleogene and upper Cretaceous cover rocks above them (see e.
g., Elling et al., 2021). Conglomerates and sediments derived from this
cover were shed northward offshore and to the south as the Cunapo and
Capiricual formations across a coastal plain and onto a shallow shelf that
then deepened into the Eastern Venezuelan foredeep (e.g., Sanchez-
Zambrano, 2010; Parra et al., 2011; Wenxiu and Escalona, 2011; Mar-
tinius et al., 2013; Castillo and Mann, 2021).

SSE-directed thin-skinned thrusting ahead of the advancing STEP
produced foreland basin loading (Duerto and McClay, 2011; Martinius
et al., 2013). This was followed, during the late Miocene and through the
Pliocene, by STEP-tear-associated rapid vertical exhumation of crustal
material north of the El Pilar-Trinidad transform fault system (Weber
et al., 2001a; Cruz et al., 2007; Arkle et al., 2021). Arkle et al.'s (2021)
thermal modeling of rocks from the metamorphic hinterland shows that
the onset of rapid exhumation was first initiated in eastern Paria at ~13
Ma, then in the western Northern Range at ~9 Ma and finally in the
eastern Northern Range at ~4 Ma. During this 13–9 Ma period of rapid
exhumation, the eastern Paria Peninsula and western Northern Range
were assumed, respectively, to have been positioned in front of the edge
of the deep STEP tear (Fig. 5) by using the current plate motion rates
(~20 mm/yr) as a proxy for the tear propagation rate.

By the mid-Miocene the emergent proto-coastal mountains in the
western Trinidad area were connected to those of the Araya-Paria
Peninsula (i.e., the Serranía del Litoral) and could facilitate west-to-
east interchange of biota. Biotic movement to Trinidad's eastern
Northern Range, however, was perhaps limited until that region became
progressively emergent through the latest Miocene to Pliocene (Fig. 5b
to d).

The growth of the topographically high Serranía del Litoral along
northeastern South America and the fold-thrust belts of the Serranía del
Interior caused load-induced (i.e., flexural) subsidence and the forma-
tion of a foredeep fringing the cratonic interior (i.e., the Guarico and
Maturin sub-basins of the Eastern Venezuelan Basin; Parra et al., 2011;
Wenxiu and Escalona, 2011; Martinius et al., 2013; Lugo and Audemard,
2021; Duerto and McClay, 2011). This foredeep separated the northern
highlands from the Guiana Shield across a deep and broad marine basin,
which was at times over >100 km wide (Fig. 5b; Hoorn et al., 2010a,
2010b; Jaramillo et al., 2017). Eustatic sea levels remained high be-
tween 23 and 14 Ma (40–60 m above present levels), with relatively
minor fluctuations of only 10–20 m between highstands and lowstands,
and cyclicities of 20,000 and 40,000 years dominating (Rohling et al.,
2022). Tectonics, therefore, was dominant in determining the paleoge-
ography. The development of an expansive structural foredeep in
northern South America effectively isolated the emergent northern
mountains from terrestrial biotic migration from the plains and uplands
of the Guiana Shield to the south. Marine inundation in the region was
also influenced by the presence of the Espino Graben, a deep basement
low that underlies the Barcelona Embayment and trends SW below the
Guarico sub-basin (Lugo and Audemard, 2021; Duerto and McClay,
2011; Hoorn et al., 2010a, 2010b; Wesseligh, 2008; Jaramillo et al.,
2017). The Espino Graben terminates southward against the NW
trending El Baúl Arch which separates the Guarico sub-basin from the
Barinas Basin to the SW (Duerto and McClay, 2011; Fig. 2). This
configuration fragmented the region, such that the western Coastal
Cordillera and inboard Lara Nappes were separated from the proto-
Serranía del Litoral and Serranía del Interior, by a shallow Barcelona
Embayment and western littoral (Hoorn et al., 2010a, 2010b; Wesseligh,
2008; Jaramillo et al., 2017). The Barinas and Eastern Venezuela fore-
deeps separated the whole orogen from the Guiana Shield. Fig. 5b rep-
resents a maximum highstand during the Miocene Climatic Optimum;
during lowstands prior to the infilling of the western Guarico sub-basin,
the El Baúl Arch might potentially have provided a mountains-to-shield
north-to-south migratory route.

By the late Miocene (Fig. 5c, 9 Ma) the Serranía del Litoral was a

prominent topographic high and the western end of the Eastern Ven-
ezuelan basin (the Guarico sub-basin) filled and became emergent as a
lowland (Parra et al., 2011; Martinius et al., 2013; Duerto and McClay,
2011). Connections between the western Coastal Cordillera and the
mainland above the Espino Graben through the Barcelona Embayment
region may have been disrupted by periodic marine flooding over a low
gradient drainage, yet the sedimentological evidence for this remains
speculative, perhaps occurring only during sea level highstands as
mapped in Fig. 5c (Hoorn et al., 2010a, 2010b). Nonetheless, at some
point during the late Miocene with the western infill of the Guarico sub-
basin, there first developed what might be called a “long way around”
route to populate proto-Trinidadwith terrestrial species from the Guiana
mainland.

The uplifted northern Cordillera hinterland also created a significant
topographic barrier that inhibited drainages from the South American
craton from flowing directly northward into the Caribbean Sea. As a
result, the paleo-Orinoco River was progressively deflected eastward,
ultimately establishing an eastward flow path into what became a
shallow continental shelf in the proto-Trinidad region (Diaz de Gamero,
1996; Wenxiu and Escalona, 2011; Castillo and Mann, 2021). The WSW-
ENE flowing proto-Orinoco along the margin of the Guiana Shield likely
posed a physical barrier to dispersal of some organisms, e.g., similar to
that recognized by A.R. Wallace in 1852 in the Amazon basin (Wallace,
1852).

SSE-directed mid- to late Miocene contractile tectonics in eastern
Venezuela, due to the combined flexural downwarping and advancing
“bow wave” ahead of the STEP fault, migrated progressively eastward to
reach the Trinidad region (Fig. 5b,c). The presence of a mid-Miocene
angular unconformity across much of southern Trinidad marks an
intense but short-lived episode of erosion, which in the onshore South-
ern Basin occurred at ~12 Ma (Dyer and Cosgrove, 1992). This so called
Middle Miocene unconformity has been interpreted to indicate subariel
exposure (Payne, 1991; Pindell et al., 1998), but was more likely
generated as a submarine tectonic unconformity in a deep water fold and
thrust belt. The deep water of the Southern Basin foredeep would have
been a significant barrier to terrestrial species dispersal and, with no
marine opening to the north exiting the incipient Gulf of Paria, there was
likely no strong westward directed arm of the Guiana current running
through the proto-Columbus Channel as there is today (in Fig. 5c note
the ~1000 m depths of the Columbus Channel).

Transformmotion during the late Miocene was likely accommodated
along the El Pilar fault south of the Paria Peninsula and then began to
propagate eastward and shift southward with strike slip extension in the
Gulf of Paria (Fig. 5c; Flinch et al., 1999; Babb and Mann, 1999; Weber
et al., 2020). A thick stratal succession of Cunapo conglomerate accu-
mulated in the Northern Basin immediately south of the Northern Range
largely during the Middle Miocene (Kugler, 2001; Elling et al., 2021).
This period of exposure and erosion of the coastal mountains likely also
resulted in the removal of upper Cretaceous source rocks from the floor
of today's Northern Basin and was related to contractile tectonics that
preceded exhumation accompanying passage of the STEP fault.

2.3.5. Oligocene (28 Ma)
Subsequent to Jurassic rifting of North and South America, no

landmass was present in the general Trinidad area (e.g., Russo and
Speed, 1992, 1994; Castillo and Mann, 2021). From the Oligocene to the
Miocene, the Tobago terrane, an allochthonous island arc and forearc
terrane that formed in the eastern Pacific as part of the “Great Arc of the
Caribbean”, was transported eastward along the leading edge of the
Caribbean plate (Pindell et al., 1998; Speed and Smith-Horowitz, 1998;
Snoke et al., 2001; Neill et al., 2014) and thrust over or wedged into the
northern South American coastal metamorphic hinterland (Burke, 1988;
Speed and Smith-Horowitz, 1998; Snoke et al., 2001). By the Oligocene,
proto-Tobago was located west and north of the burgeoning western
Cordillera de la Costa orogen. Thermochronology analyses (Snoke et al.,
2001; Arkle et al., 2014) suggest that exhumation of Tobago's arc rocks
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began in the late Cretaceous. A proto-Tobago island may have been
emergent as early as the Oligocene, and parts of the metamorphic
basement surrounding it may have been connected by land to the coastal
cordillera (e.g., see Fig. 5a). Evidence of Tobago's subaerial exposure is
further supported by subsurface data from the north coast offshore (Lugo
and Audemard, 2021; Punnette et al., 2021; Punnette and Mann, 2021),
where ~10 km of Miocene-Pliocene clastic fill, derived from Tobago and
the Northern Range, covers a now-submerged, previously subaerial
paleo-topography.

Our Oligocene time slice captures the Caribbean plate's approach
from the west with a “bow wave” migrating ahead of the Ca plate's
leading edge and STEP system (Fig. 5a). This wave drove contractile
deformation (i.e., thrusting and folding), imbricating Late Cretaceous to
early Neogene passive strata into a SSE-verging thin skinned fold-and-
thrust belt in Venezuela and Trinidad (Erlich and Barrett, 1990, 1992;
Escalona andMann, 2011; Giorgis et al., 2017). This eastward-migrating
Caribbean-South American fold-thrust orogen includes the Lara Nappes,
the Serranía del Interior and its extension into Trinidad., and associated
pro- and retro-foreland basins (Speed and Smith-Horowitz, 1998; Gior-
gis et al., 2017). Latest Oligocene to early Miocene 40Ar/39Ar meta-
morphic mica ages demonstrate that the Cordillera de la Costa
metamorphic hinterland (today's Northern and Paria Ranges) is an in-
tegral part of this orogen that was subsequently exhumed via STEP
tectonics (see e.g., Genarro et al., 2022 and Arkle et al., 2021, and dis-
cussions and references therein).

Assuming a constant eastward relative plate motion rate of 20 mm/
year, the Caribbean plate would have been positioned approximately
600 km west of its current location around 28 Ma in the middle Oligo-
cene (Fig. 5a). From the Late Cretaceous to the Oligocene, the “Great Arc
of the Caribbean”, which is now extinct (e.g., the sunken Aves Ridge),
was the active island arc (Aitken et al., 2011). As the slab hinge of the
subducting Atlantic oceanic plate rolled back toward the east, the locus
of active volcanism shifted and jumped to the Lesser Antilles arc by the
late Oligocene (Aitken et al., 2011; Allen et al., 2019). The continued
westward-directed subduction of the Atlantic oceanic plate from the late
Oligocene through the mid-Miocene resulted in intrusion and uplift of
the Lesser Antilles Arc and uplift of the Barbados Ridge, which pushed
these topographic features toward shallowmarine depths (Cedeño et al.,
2021). This process also led to the separation of the Grenada and Tobago
Basins (Aitken et al., 2011; Allen et al., 2019) (Figs. 5a-5c).

During and prior to the Oligocene there was no land in the Trinidad
area. By the late Oligocene, thrusting responsible for the formation of
the Serranía del Interior had commenced, but the range was not yet
emergent (Fig. 5a; Duerto and McClay, 2011; Zavala et al., 2011; Parra
et al., 2011). Low mountains or hills north of the developing Serranía
began emerging. Whether these landmasses were connected to the west,
across the Barcelona Embayment and Espino Graben, remains uncertain
but possible. South of this young and subdued orogen, the Guiana Shield
was emergent, although high sea levels (+40–50 m above present) and
relatively small Milankovitch eustatic fluctuations (<20 m between
maximum highstands and lowstands; Rohling et al., 2022) maintained a
> 50 km wide interior seaway separating the shield from the emergent
highlands of the northern Andes (Hoorn et al., 2010a, 2010b; Jaramillo
et al., 2017). The retro-foreland basins within the interior of continental
South America were infilled by clastic sediments from the Andes, as well
as by marine sediments during transgressions (Bajolet et al., 2022). This
developing Andes foredeep system, represented by the Llanos, Barinas,
and Guarico Basins, effectively cut off the Guianas from the Andes and
the emerging Serranías to the north and likely had a significant influence
on biotic interchange (Fig. 5a).

3. Biology, phylogenetics, and genetic divergence results

In this section, we now turn from geology to biology and introduce
the key Trinidad and Tobago taxa for which robust genetic data exist and
for which we attempt to establish geological connections. A detailed

discussion of our proposed connections (i.e., the geogenomics) then
follows in the Discussion section (Section 4) below.

3.1. Fishes

3.1.1. Guppies, Poecilia reticulata and Poecilia (Acanthophacelus) obscura
in South America and Trinidad and Tobago

Populations of the common guppy, Poecilia reticulata, in Trinidad,
have been models for studies of evolutionary ecology and sexual selec-
tion for approximately 70 years. Following on Fajen and Breden's (1992)
early mtDNA study, Alexander et al. (2006) present a nested clade
analysis of mtDNA collected from guppies in locations across Trinidad,
Venezuela, Guyana, and Suriname that revealed phylogenetic diver-
gence between guppies in the east-flowing Oropuche drainage and west-
flowing Caroni drainage of Trinidad, with guppies from west Trinidad
and Venezuela nesting within one clade and east Trinidad guppies in
another (Fig. 6). The affinities among these populations reveals the
marked phylogenetic divergence between guppies in the east-flowing
Oropuche drainage and west-flowing Caroni drainage of Trinidad.
Guppies from the Caroni and north slope drainages nest with those from
the Orinoco Basin, Cumana and Margarita Island. Those from the Oro-
puche drainage are instead more closely affiliated with samples from
rivers that drain the Guyana highlands, southeast of the Orinoco basin
(Fig. 6). Alexander et al. (2006) inferred from these results that Trinidad
had been colonized by two different lineages of guppies derived from
different rivers in South America. These results have been repeated and
confirmed in the more recent, higher resolution phylogeny, based on
>800 single nucleotide polymorphisms, constructed by Willing et al.
(2010).

Oropuche guppies are so genetically distinct from Caroni guppies
that some have advocated for designation as a separate species called
Poecilia obscura (Schories et al., 2009) that was likely separated from
P. reticulata before Trinidad's repeated periods of isolation from the
mainland (Fajen and Breden, 1992; Meredith et al., 2010). However,
Caroni and Oropuche populations readily interbreed if given the op-
portunity (Baillie, 2012; Willing et al., 2010). Tobago guppy populations
appear to be nested in Trinidad's Caroni (P. reticulata) clade, and were
thus likely ultimately derived from Venezuela, not from Guyana and
Suriname (Baillie, 2012; Fajen and Breden, 1992).

3.1.2. The Killifish Rivulus hartii (Cyprinodontidae) from Trinidad, Tobago
and the Paria Peninsula

The first molecular dating of a freshwater fish in Trinidad and
Tobago employed cytochrome b mitochondrial DNA sequence dating in
Rivulus hartii (Jowers et al., 2008). The low genetic divergence (0.5 %)
between one northwestern Trinidad (Blue Basin, Diego Martin, Northern
Range) haplotype (H1) and Rivulus hartii from north-western Venezuela
(Paria Peninsula) and the high genetic divergence (~ 11 %) between
these and the remaining other Trinidad and Tobago haplotypes (H2-H8;
Trinidad: from additional Northern Range, Central Range, and Southern
Range localities; Tobago: Main Range) suggested to the authors that that
the islands may have been colonized by two lineages. Their dating of
~11 % divergence between the two Blue Basin-Paria haplotypes and all
other haplotypes suggests that the lineages split circa 7 Ma. The authors
argue that the low genetic differentiation between Blue Basin and Paria
Peninsula R. hartii reflects recent dispersal from northern Venezuela to
western Trinidad. These data are consistent with the bromeliad-tree frog
scenario developed below.

3.2. Frogs and Toads

3.2.1. The Golden tree Frog Phytotriades auratus (Hylidae), western
Trinidad and Paria Peninsula

The latest study to assess the genetic divergence of Trinidad and
Northern Venezuela frog populations is that of Jowers et al. 2024a. The
authors date a vicariant event through the mutualistic relationship of a
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Fig. 6. Maps of Alexander et al.'s (2006) sampling sites in northeastern South America (A) and Trinidad (B), colour coded for the Caroni (purple) vs. Oropuche (blue)
affinity groups. Note the genetic split between those in the Caroni (western) drainage basin on the sinking side of Trinidad island and those in the Oropouche
(eastern) on the rising side of the island. C) Phylogenetic tree from Alexander et al. (2006). These results illustrate the clear split between Trinidad's eastern
(Oropuche drainage) and western (Caroni drainage) populations placed in the context of samples from Venezuela, Guyana and Suriname. Here we can see the clear
affinity between the Caroni drainage, sites in the Orinoco River system, Cumana, from northeast Venezuela, and Margarida Island. The Oropuche drainage instead
has a closer affinity to the Cuyuni River, which originates in the Guyana highlands, in the vicinity of the town of Guasipati and rivers to the southeast in Guyana and
Surname. It is this indication of the affinity of the Caroni and Oropuche guppies on Trinidad with very different regions of northeast South America that sustains our
hypotheses for the different paths taken by guppies from what is now South America to the island of Trinidad. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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hylid frog and its bromeliad host found in two isolatedmountain ranges -
one in Trinidad Northern Range and in the other on the Paria Peninsula
(Venezuela) - as part of an island–continental split (Figs. 9, 10). Their
calibration is based on the strict association of P. auratus with high-
elevation cloud-forest giant bromeliads G. erectiflora as its habitat, as
well as the dependency of tadpoles for feeding on its phytotelmata
microalgae. This calibration is supported by ecological data suggesting a
connective corridor between these mountain ranges in the past com-
bined with geological evidence, including estimates of dates of the
submergence of the connecting corridor. Because Phytotriades auratus is
a cloud forest species that requires cool temperatures, high humidity,
and bromeliad plants for laying eggs, it is unlikely this frog could
disperse over water.

3.2.2. Collared Frogs, genus Mannophryne (Aromobatidae) in Venezuela,
Trinidad and Tobago

Manzanilla et al. (2006, 2009) performed phylogenetic analyses of
collared frogs (Anura: Aromobatidae: Mannophryne) using partial se-
quences of mitochondrial 16S rRNA and cytochrome oxidase I genes.
They focused on Mannophryne, a genus exclusively found in Venezuela,
Trinidad and Tobago.Mannophryne is never found far from a stream. It is
unlikely to disperse over salt water (saltwater is lethal to most am-
phibians); nor, are they likely to disperse through dry, savannahs. Eggs
are laid on the ground, guarded by one parent, and the parents of some
species transport tadpoles to water.

Mazanilla et al. found that Mannophryne could be divided into three
distinct clades – western Andes, central and eastern Serranía and Tri-
nidad/Tobago - which likely diverged “relatively quickly” from each
other. Their proposed sequences of divergence from common ancestors
(three possible scenarios are proposed) occurred 27–18 Ma, largely in
the Miocene. They appear to follow the eastward propagation and
development of fold-thrust mountain belts that created appropriate
habitat, separated by dry savannah, as the Caribbean corner STEP
transform and contractile wave passed eastward across a swath of con-
tinental borderland that had previously been subsea and a marine shelf
(Fig. 5a,b).

These initial data further supported the taxonomic legitimacy of
M. olmonae, an endemic species on Tobago Island. Surprisingly,
M. olmonae is more closely related to the continental (South American)
species M. riveroi than to the Trinidad endemic M. trinitatis. This
observation mirrors a common finding seen in other tropical frog clades,
where molecular evidence suggests that species often found in
geographical proximity are not closely related to neighboring species
(Jowers et al., 2021a, 2021c).

The original timing constraints discussed above were supported, and
a more targeted genetic analyses undertaken, in a subsequent investi-
gation by Jowers et al. (2011). In that study mitochondrial DNA se-
quences were employed to explore the phylogenetic relationships and
intraspecific genetic variations within Mannophryne trinitatis, specif-
ically from Trinidad. Molecular clock estimates indicated that speciation
of M. trinitatis and its sister species,M. venezuelensis have diverged from
a common ancestor during the late Miocene (approximately 7.5 million
years ago (95% HPD, 3.67–14.23).

Population analyses ofM. trinitatis from ten Northern Range and four
Central Range localities unveiled three distinct, well-resolved largely
Pleistocene clades that do not seem to be purely geographic in nature.
The largest clade encompassed haplotypes from Northern Range local-
ities, while the other two clades consisted of haplotypes from a combi-
nation of both Central Range and Northern Range localities, with one
single isolated haplotype from the Central Range. These findings implied
that genetic diversity within M. trinitatis could be due to multiple
admixture events triggered by climatic and sea level changes and/or
tectonically-driven landscape changes during the Pleistocene (Fig. 5e, f).
For example, the loci of fold-thrust deformation and the development of
positive topography would have shifted to south Trinidad at this time;
the sinking of the western Northern Range and the Northern Basin would

have been ongoing. The Jowers et al. (2011) study sheds light on the
granular and intricate evolutionary history of Mannophryne species,
which seems particularly ripe for further geogenomic investigation.

3.2.3. The Glassfrog Hyalinobatrachium orientale (Centrolenidae) in
Tobago and Paria Peninsula

Hyalinobatrachium imposes strict paleogeographic restrictions: it is
never found far from a stream; it is unlikely to survive dispersal over salt
water; nor are individuals likely to disperse through savanna-like hab-
itats. On Tobago, individuals live on vegetation bordering streams. Eggs
must be on leaves overhanging the water. The presence of Hyalinoba-
trachium orientale in both Tobago and northeastern Venezuela raises
intriguing questions, particularly given its absence from Trinidad, which
has often been proposed as the stepping-stone island for mainland fauna
to reach Tobago. The possibility of an extended period of isolation on the
“oceanic” island of Tobago has led to speculation that the Hyalinoba-
trachium population there might have undergone distinct evolutionary
changes compared to its mainland counterpart (Jowers et al., 2015).

To shed light on this phenomenon, Jowers et al. (2015) used genetic
data from 12S, and 16S rDNA gene fragments obtained from nine Hya-
linobatrachium orientale specimens, encompassing both Tobago and
mainland populations. The primary objectives were to elucidate their
genetic relationships and taxonomy and unravel the tempo and mode of
speciation. The study's findings indicate that H. orientale populations
from Venezuela and Tobago share a common ancestor. The genetic
divergence between these two populations from their common ancestor
is estimated to have occurred at approximately 3.1 Ma (95% HPD,
0.8–7.8). However, the study acknowledges that the genetic divergence
observed, while significant, does not merit recognizing the Tobago
population as a distinct species.

Our discussion of Pliocene paleogeography (Subsection 2.3.3) spec-
ulates on the reasonable possibility of occasional short-lived land
bridges between Tobago and the South American mainland during
maximum lowstands at this time. The concomitant development of
lowland tropical rainforest and drainage watersheds across these con-
nections could have provided the narrow set of necessary conditions for
the successful colonization of Tobago by H. orientale, accompanying its
migrating ecosystem. Such a scenario provides an instance of geo-
genomics sensu stricto, whereby genomic data supply supporting evi-
dence for a geological hypotheses.

3.2.4. Pristimantis frogs (Ceuthomantinae) from Trinidad, Tobago and
northern Venezuela (Paria Peninsula)

Pristimantis are terrestrial, leaf litter-dwelling forest species unlikely
to disperse over marine environments or through savanna-like habitats.
Individuals live on the ground but climb into vegetation, sit on under-
story plants, and call. In general, eggs are laid in terrestrial situations,
are often guarded by one parent, and undergo direct development,
hatching into miniature adults. The specific habits of three species in
Trinidad and Tobago are not well known, but they likely have similar
reproductive traits. As with Hyalinobatrachium, the dispersal of founding
populations of Pristimantis to previously uncolonized areas, therefore,
could have likely occured in conjunction with changes in climate and, or
eustasy that facilitated migration and expansion of their habitat.

Only one study has assessed the genetic divergence of Pristimantis
frogs in Trinidad and Tobago and compared island species divergence to
that from the mainland in northern Venezuela. Jowers et al. (2021a)
sequenced fractions of the mitochondrial genes 12S and 16S rDNA of the
Trinidad and Tobago endemic Pristimantis urichi from both islands, as
well as the Tobago endemics P. charlottevillensis and P. turpinorum. In
addition, they sequenced geographically closely related species
(P. pariagnomus and P. nubisilva) from the nearby Paria Peninsula in
Northern Venezuela. The time tree analyses found that only the northern
Tobago species P. turpinorum is closely related to mainland Pristimantis,
with a genetic split dating to the Late Miocene, suggesting a vicariant
event of mainland and island species (Fig. 5c). Pristimantis urichi,

J.C. Weber et al. Palaeogeography, Palaeoclimatology, Palaeoecology 662 (2025) 112682 

15 



although identical between the two islands, remains highly divergent
from the mainland species. Similar results were found for
P. charlottevillensis. In addition, there was a high level of divergence
between P. urichi and P. charlottevillensis. These findings suggest
different island colonization events by different lineages.

The shared most common ancestor of P. charlottevillensis clade dates
to 1 Ma (95% HPD, 0.24–2.5), showing a mean genetic divergence split
to the shared most common ancestor of P. gutturalis from French Guiana
at 5.3 Ma (95% HPD, 1.6–11). Pristimantis urichi's clade dates to 0.84 Ma
(95% HPD, 0.17–2.14) and is highly divergent to all other Pristimantis
species. Pristimantis turpinorum is basal to the sister clade composed of
P. pariagnomus + P. nubisilva. This clade dates to 6.41 Ma (95% HPD,
1.8–14.7). The authors conclude that the genetic distances detected
between P. pariagnomus and P. nubisilva with the Tobago endemic
P. turpinorum require land connections between the Paria Peninsula and
Tobago, probably as far back as the Late Miocene before sinking and
segmentation across the Gulf of Paria. The time tree suggests that the
presence of P. turpinorum in Tobago is likely the result of a vicariant
event perhaps followed by a stepping-stone colonization event to
Tobago (Fig. 5d, e, f).

3.2.5. Elachistocleis frogs (Gastrophryninae) in Trinidad and Venezuela
Elachistocleis are a terrestrial, leaf litter-dwelling savanna species

unlikely to disperse over salt water, nor are they likely to disperse
through forest habitats, but the degree to which forests are a barrier is
unknown. In Trinidad and Tobago, individuals live on the ground and
call from the ground or shallow water. Eggs are aquatic, and tadpoles do
not receive parental care as far as is known.

Jowers et al. (2021c) used mtDNA and nuclear data together with
morphological analyses of this extant group and found clear evidence for
an Oligocene Andean origin for the genus with subsequent colonization
in Trinidad by two different clades at 2.1 and 0.5 Ma, respectively,
arriving from different mainland source regions (Venezuela and Guy-
ana), most likely facilitated by sea-level drops during Pleistocene low
stands (Fig. 5e, f). The time since the most recent common ancestor of
E. nigrogularis from Venezuela and Trinidad dates to the Pleistocene
(2.17 Ma, 95% HPD, 0.9–3.6) and is consistent with prolonged isolation
between mainland and island populations. E. surinamensis shows a much
more recent divergence between its Guyanese source and Trinidad
conspecifics at approx. 0.5 Ma (95% HPD, 0.25-0.79). Elachistocleis,
therefore, colonized Trinidad after its separation from Venezuela across
the Gulf of Paria. Surprisingly, the Venezuelan individuals that showed
close genetic affinities to Elachistocleis nigrogularis from Trinidad were
from the geographically most distant localities for Elachistocleis in
Venezuela.

3.2.6. Beebe's toad Rhinella beebei (Bufonidae) from Trinidad and
Venezuela

Beebe's Toad is terrestrial with aquatic eggs. It is a savanna species
that occurs in agricultural habitats, including orchards and plantations.
Toads in the genus Rhinella tend to be saltwater tolerant. They lay
aquatic eggs, and tadpoles are aquatic. As far as we know, they receive
no parental care. Using 12S and 16S rDNA partial sequences, Murphy
et al. (2017) calculated the genetic divergences between Trinidad's most
recent common ancestor and its sister clade, in Venezuela and East
Colombia, dates to 1.8 Ma. (95% HPD, 0.8–33 Ma). The molecular clock
estimates indicated the time of the split from their most recent common
ancestor for the Trinidad R. beebei and the mainland R. humboldti to have
occurred about 9 Ma in the Miocene. Subsequent eastward speciation
events may have followed the eastward migration of the Caribbean plate
(relative to the mainland) and the development of its associated pre-
STEP corner transform/contractile wave replacement of a marine con-
tinental borderland with high fold-thrust terrestrial topography.

3.3. Reptiles

3.3.1. Coral Snakes (Elapidae) in Trinidad and Northern South America
Coral snakes are fossorial (underground dwelling) and, as such, are

poor colonizers of islands that are not close to the mainland. They lay
eggs; some are forest-dwelling, while others are savanna species (e.g.,
M. circinalis is likely mostly a savanna species, while the largerM. diutius
is mostly a forest dweller). Coral snakes tend to feed on other snakes and
on elongated prey. Jowers et al. (2019) developed a phylogenetic
framework utilizing an expanded molecular dataset for NewWorld coral
snakes. This dataset included newly acquired sequences for the only two
sympatric species found on Trinidad; coral snakes are completely absent
on Tobago. They included the two Trinidadian species in a larger-scale
coalescent, phylogenetic reconstruction of the genus Micrurus. Micru-
rus diutius specimens from Guyana and Trinidad shared the same hap-
lotypes, suggesting a vicariance event that occurred during the Late
Pleistocene to Holocene period. Additionally, M. lemniscatus, a separate
lineage resembling diutius-like snakes was identified in Guyana, thereby
providing a voucher specimen and narrowing down the type locality for
this species. This Pleistocene-Holocene Trinidad-Guyana connection
that this study established may be yet another example of an eastern
dispersion corridor that developed on the eastern shelf during low-stand
events (Fig. 5f).

3.3.2. The Black Headed-Snake Tantilla melanocephala (Colubridae) in
Trinidad and Northern South America

Tantilla melanocephala is a terrestrial semi-fossorial (semi-under-
ground-dwelling) species that feeds on centipedes and spiders, lays eggs,
and is known to prefer disturbed habitats, particularly coffee planta-
tions. Jowers et al. (2020) sequenced mitochondrial and nuclear gene
fragments from T. melanocephala from Guyana, Venezuela, Trinidad,
and Tobago. Their phylogenetic and BEAST tree analyses recovered a
strongly supported T. melanocephala Venezuela-Trinidad clade. The
divergence between Guyana-French Guiana and Venezuela-Trinidad-
Tobago dates to 1.8 Ma (95% HPD, 1.2–2.4 Ma). The divergence be-
tween the Tobago lineage and that of Trinidad plus Venezuela dates to
1.4 Ma (95% HPD, 0.91–2.03). A more recent TMRCA toward the end of
the Pleistocene is recovered between Trinidad and Venezuela
T. melanocephala (0.2 Ma, 95% HPD 0.014–0.48 Ma). Overall, their
phylogenetic findings and time tree recovered close associations be-
tween Trinidad, Venezuela, and Guyana that date to the Pleistocene
connections in the region (eg., Fig. 5f).

3.3.3. The Three-Lined Snake Atractus trilineatus (Colubridae) in Trinidad,
Tobago and Venezuela

Atractus trilineatus is a terrestrial-fossorial species that feeds on soft-
bodied invertebrates. They lay eggs in small clutches. They are probably
forest-dwelling. Murphy et al. (2019a) examined the phylogenetic
relationship and cladogenic events of Atractus trilineatus from eight lo-
calities in Trinidad, Tobago, and Guyana (but none from Venezuela)
using several mitochondrial markers and one nuclear marker. They
found that the populations from Trinidad and Tobago show close genetic
affinity with the Guyanese mainland populations. Within A. trilineatus,
the split between samples from Trinidad and Tobago dates to ~180,000
yr ago (95% HPD, 60–370 ka). The oldest split between Guyana and
both Trinidad and Tobago A. trilineatus dates to ~1 Ma (95% HPD,
0.62–1.72 Ma). The most recent split between the mainland (Venezuela/
Guyana) and Trinidad and Tobago dates to 410,000 yr ago (95% HPD,
180–690 ka).

3.3.4. The Reduced Limb Lizards of the genus Bachia (Gymnophthalmidae)
in Trinidad and Venezuela

Bachia are leaf-litter-dwelling (cryptozoic) lizards (both species in
Trinidad are forest-dwelling) that feed on small invertebrates. They lay
eggs and have greatly reduced limbs. It is difficult to imagine these
lizards moving significant distances. As such, enduring population
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migrations would need to accompany habitat migration over multiple
generations, in line with landscape transformation due to climatic/
eustatic perturbations. Murphy et al. (2019b) assessed for the first time
the phylogenetic and systematic relationships of the reduced limbed
lizards of the genus Bachia from a broadly distributed set of samples
ranging from west of the Andes, across the mainland, through Trinidad
and Tobago, and up into the Lesser Antilles using mitochondrial and one
nuclear marker. They sampled populations from Trinidad and Tobago
and Monos Island (NW Trinidad). The results supported changing the
name of Bachia heteropa trinitatis to B. trinitatis which is found on Tri-
nidad, Tobago and Monos Island, and the description of a new species
formerly considered part of Bachia flavescens to B. whitei is presumed to
be a Tobago endemic. The divergences dates were: B. flavescens + B.
whitei -B. trinitatis 26.67 Ma (95% HPD, 11.0–48.2 Ma); B. trinitatis from
Tobago-Monos Island 2.68 Ma (95% HPD, 0.27–8.06); B. trinitatis
Trinidad-Monos Island plus Tobago dates to 6.98 Ma (1.37–17.54); and
the South American B. flavescens-B. whitei 12.7 Ma (95% HPD,
2.88–28.18). The study was somewhat limited by calibration ranges that
were too broad to point to any mode(s) or precise period(s) of
colonization.

3.3.5. The Neotropical Day Geckos of the genus Gonatodes
(Sphaerodactylidae) in Trinidad and Tobago

Gamble et al. (2008) found that the Trinidad gecko, Gonatodes ceci-
liae, and Tobago gecko Gonatodes ocellatus shared an ancestor 3.8 Ma.
The authors relate the latter event to a cooling climate. Still, this late
speciation event could be related to local Pliocene tectonics in the plate
boundary and the related landscape response (see Subsection 2.3.3;
Fig. 5d). Both Trinidad-Tobago geckos tend to be forest dwellers, found
in deep shade of moist forests, particularly G. ceciliae. They overheat and
die quickly in direct sun. G. ocellatus may be adapted to slightly more
open habitats and higher temperatures than G. ceciliae.

3.3.6. Hallowell's Ground Snake Atractus fuliginosus (Dipsididae) in
Tobago and Eastern Venezuela

The enigmatic presence of this rare and relatively poorly known
fossorial (underground-dwelling) snake, Atractus fuliginosus, in Tobago,
Western Venezuela and Colombia, but absent in Trinidad and Eastern
Venezuela, raises interesting questions regarding its biogeography,
mode, and timing of colonization on Tobago. Jowers et al. (2021 b)
sequenced mitochondrial and nuclear loci from three specimens from
Venezuela and one from Tobago. The low genetic divergence between
island and mainland specimens was surprising, especially considering
that today more than 1000 km separates them, and genetics suggest that
the split occurred only 550,000 years ago (95% HPD, 270–960 ka) in the
middle Pleistocene (e.g., Fig. 5e, f). Jowers et al. (2021b) assess possible
scenarios to account for the species' low genetic differentiation and its
presence in Tobago and absence in Trinidad. We concur that the most
likely dispersal route could have been one of the dry land bridges that
existed at times of high amplitude (>100 m) sea-level low stands that
would have allowed for connections between mainland Venezuela and
Tobago (e.g., Fig. 5f).

3.3.7. Rutherford's Vine Snake Oxybelis rutherfordi (Colubridae) from
Trinidad and Tobago

Oxybelis rutherfordi is a forest and forest-edge snake that uses un-
derstory vegetation and small trees and bushes. It is mostly a diurnal
ambush predator that feeds on lizards. Squamata that use bushes and
small trees may be a likely species to be dispersed by flooding events and
find their way to other islands or locations (Inger and Voris, 2001).

Using mitochondrial and nuclear markers Jadin et al. (2019) showed
that Oxybelis aeneus from Trinidad and Tobago (Lineage 4 in their study,
later named Oxybelis rutherfordi from Trinidad-Tobago) were mono-
phyletic and with low genetic divergence between the populations on
these two islands. Species of Oxybelis are extremely widespread, ranging
from the SW USA through Mexico and Central America and into South

America and the SE Caribbean (i.e., Trinidad and Tobago). Genetic splits
from common ancestors have a tendency eastward and mirror the
eastward rafting of the Caribbean plate through the inter-American gap.
However, the time split from the Trinidad-Tobago (Lineage 4) to its
sister clade of Lineage 3 from Panama (Isla of Coiba) occurred at a mean
age of 3.02 Ma (95% HPD, 0.5–5.58 Ma), and to its sister clade of
Lineage 2 from northern Central America at 4.23 Ma (95% HPD,
1.55–6.85) which are both much younger than even the proposed 13–15
Ma (Middle Miocene) closure of the Panama arc (Montes et al., 2015) in
the wake of the entry of the Caribbean (e.g., see Fig. 1), so an east-to-
west dispersal across northern mainland South America seems like a
better fit to the data. Although the authors did not specify the exact
timings of arrival to the islands or how, the low genetic divergence and a
more basal ancestral clade of Trinidad suggests very recent colonization
from Trinidad toward Tobago.

3.3.8. Sipo snakes, Chironious cochrane and C. nigelnoriegai (Colubriadae)
from Trinidad, Tobago and Northern Venezuela (Paria Peninsula)

Chironius are slender snakes adapted to a diurnal and arboreal life-
style. Using a multilocus sequence molecular data set using mitochon-
drial and nuclear DNA Jadin et al. (2024) inferred that the two Chironius
species present on Trinidad were distantly related and both species differ
in their colonization routes to Trinidad. More specifically, the sister-
group relationship between C. nigelnoriegai from Trinidad and
C. flavopictus from Ecuador may have resulted in a colonization event
from the west. These two species appear to have diverged in the early
Pliocene (4.2 Ma, 95% HPD, 1.7–7.3 Ma), an estimate congruent with
most of Trinidad's isolation from the mainland (Murphy et al., 2023) and
suggesting a vicariant speciation event (see, e.g. Fig. 5b, c). The other
Trinidadian species, Chironius cochranae is composed of populations
from Suriname, Guyana, Trinidad, and Venezuela (Paria Peninsula) and
is sister to a clade of South American C. foveatus, C. laurenti and
C. multiventris with a divergence between clades dating to 9.5 Ma (95%
HPD, 6.6–12.4 Ma) (Fig. 5c). Trinidad and Paria populations similarity
suggest ongoing gene flow.

3.3.9. Hallowell's coffee snake Ninia atrata species complex (Colubridae)
from Trinidad, Tobago and Northern Venezuela (Paria Peninsula)

Ninia atrata is a small terrestrial snake that inhabits low and mid
altitude elevations. It is believed to feed on insect larvae and termites
and is a common snake. Jowers et al. (2024b) used a multilocus
sequence molecular data set using mitochondrial and nuclear DNA from
South American populations of Ninia atrata from South America,
including Ecuador, Colombia, Trinidad, Tobago, and Venezuelan local-
ities from near Caracas and the Paria Peninsula to examine its evolu-
tionary history as well as to evaluate the possible existence of cryptic
lineages.

The study confirms from a molecular perspective that the species
from Trinidad and the Paria Peninsula are the same species, Ninia
franciscoi. This clade is very recent, dating to 0.17 Ma (95% HPD,
0.31–0.07 Ma). The split between the Tobago and Trinidad lineages is
estimated to have occurred 2.26 Ma (95% HPD, 1.84–2.74 Ma). The
presence of species in Trinidad and Tobago suggests the existence of
terrestrial corridors that connected the islands with the continent for at
least brief periods during the Pliocene (ca. ~10 ka, see Subsection 2.3.3;
Fig. 5d), corresponding with the drier climates and lower sea levels of
the Pleistocene glaciation periods (Fig. 5f). A subsequent period of
prolonged isolation in Trinidad and Tobago could explain why these
Ninia populations are genetically distinct from those on the mainland.
The data and morphological evidence points toward a different species
in Tobago and further taxonomic work is ongoing.

The authors concluded that at the time of the split between the
N. atrata lineages of Trinidad and Tobago, about 2.26 Ma, the island of
Tobago was located north of Trinidad, about 50 km west of its current
position (Jowers et al., 2015), moving along the edge of the South
American plate to its current location to the northeast of Trinidad at a
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rate of 20 mm per year due to the movement of tectonic plates (Weber
et al., 2001a, 2001b; Weber et al., 2015; Pindell and Kennan, 2007). Sea
level rises during the interglacial periods of the Pleistocene may have
restricted gene flow between the islands of Trinidad and Tobago (e.g.,
Fig. 5e), probably allowing the accumulation of some degree of genetic
differentiation between these populations.

3.4. Mammals

3.4.1. Marmosa robinsoni (Didelphidae) from Trinidad and Venezuela
Robinson's mouse opossum, Marmosa robinsoni, is known to inhabit

xeric shrublands, savannas, and deciduous forests spanning a
geographical range from Panama through Colombia and Venezuela to
the islands of Trinidad, Tobago, and Grenada. Gutiérrez et al.'s (2014)
extensive geographic sampling unveils the species' phylogeographic
structure. These authors utilized genetic data from the cytochrome-b
gene and the X-linked intron O-linked N-acetylglucosamine trans-
ferase. Gutiérrez et al. (2014) revealed an interesting genetic pattern
within isolated populations from the Península de Paraguaná in north-
western Venezuela. Despite their geographical proximity to mainland
populations, these isolated populations were found to be more closely
related to populations far to the west in Colombia and Panama.
Conversely, populations in central and eastern Venezuela exhibited a
close genetic affinity with those inhabiting the islands of Trinidad and
Tobago with an estimated TMRCA dating to 0.35 Ma (95% HPD,
0.12–0.71 Ma).

4. Discussion

As outlined in the Introduction, in principle, genetic divergence –
which can ultimately result in speciation events – can result from either:
1) vicariance, 2) dispersal, or 3) ecological “pressure”. Vicariance, or
isolation, is generally chiefly driven by Earth processes (i.e. geology),
such as sea-level rises and falls, land uplift or subsidence, etc. Dispersal
may be driven by either geology or ecology, or combinations of the two.
Ecological “pressures”, on the other hand, are largely biological and
encompass a broad variety of factors including climate change,
competition, opening and availability of new environments to colonize,
for example by extinction events. Cause and effect are generally difficult
to prove and those offered below are of course more suggestive than
proven.

In this review, we nonetheless tried to build compelling geological
cause and biological effect (i.e., geogenomics in its broad sense) cases for
several groups of organisms, mostly amphibians and reptiles. Our pro-
posed connections are discussed thematically below where we attempt
to make some broad statements on the geogenomics (i.e., speciation
events) of the organisms discussed in Section 3 above.

4.1. Biogeographical connections between the Venezuelan Cordilleras, the
Guiana Shield, and Trinidad

The guppy genetic data presented above (Section 3.1.1) may have
been anticipated by Boos' (1984) speculation that fauna colonized Tri-
nidad in a “two-arc” pattern. The two arcs are possibly physically
coincident with the two branches of inflow of the Guiana Current, or the
divergent outflow of east- versus west-draining mainland waterways. In
addition, genetics tells us that guppy populations in Trinidad's Caroni
and Oropuche watersheds have separate origins on the South American
mainland (Magurran, 2005) and have likely been separated for at least
200 kyr and perhaps as long as 1.2 Myr (Fajen and Breden, 1992;
Alexander et al., 2006). Fig. 6 shows that the Caroni guppy sub-group or
sub-species is present on today's western sinking side of the Northern
Range. Whereas the Oropuche sub-group or sub-species is found on the
uplifting eastern Northern Range. This correlation does not appear to be
a simple coincidence and suggests that a STEP tectonic driver could be a
reasonable cause for this surprising distribution pattern. The difference

might for example be related to a “rolling” geomorphic divide, which is
today coincident with the Guatapajro Anticline (Kugler, 1959).

The subsurface geology in the Gulf of Paria pull-apart basin shows
that differential vertical motion across the Trinidad-Venezuela coastal
mountain range began in the early Pliocene (Fig. 5d) (Flinch et al., 1999;
Babb andMann, 1999; Jowers et al., 2024a). Geology thus permits that a
post-early-Pliocene vicariance event isolated taxa. We hypothesize a
second possible “two arc” scenario based on generally established re-
lationships between rivers and surface uplift that is consistent with both
Trinidad's geomorphology and the guppy genetics. A key genetic
constraint that must be met is that the two sub-populations have sepa-
rate origins in South America and have been separated for 200 ka or
more (Fajen and Breden, 1992; Alexander et al., 2006). On today's
submergent eastern Trinidad continental shelf, Soto et al. (2007) and
others mapped and noted the presence of large abandoned buried river
paleo-channels that cut into underlying early Pleistocene (?) to Pliocene
strata. These paleo-rivers must have flowed during Pleistocene low-
stands. We hypothesize that these large now-drowned river systems
that once flowed on the submerged offshore shelf grew in length via
headward erosion toward the uplifting eastern side of the Northern
Range (e.g., see Fig. 5f). In principle, this uplifting side of the range
could have acted as a river/erosion “attractor”. Possible timing for large
eastern shelf rivers that may have connected eastern Trinidad to the
mainland and that honor both the geologic and genetic data include
those that occurred during high amplitude lowstands during the odd-
numbered marine isotope stages (MISs) 7, 9, 11, 13, 15, 17, 19 21,
etc., which occurred regularly from 200 ka to 1.2 Ma during the major
Pleistocene glaciations. Additional genetic data are needed to narrow
this wide range of ages and to zero in on a more specific geological
cause.

The two arc hypothesis is not exclusive to guppies and has been
demonstrated in other vertebrates, although population structure data
analyses have been more limiting than on guppies. A good example is
the presence of two Elachistocleis frogs in Trinidad, with a TMRCA of the
E. nigrogularis clade dating to 2.1 Ma, with genetic affinities to northern
Venezuela and the TMRCA of the E. surinamensis clade to the Guianas
dating to 0.5 Ma. This, we suggest may be due to a similar scenario to
that proposed for the Oropuche guppies (Poecilia reticulata). Pleistocene
low-stand connections by paleo-rivers flowing across Trinidad's eastern
shelf eroded headward via attraction to the uplifting landscape in NE
Trinidad (Fig. 5f). Their associated periodically wet and dry alluvial
floodplains might have allowed E. surinamensis to disperse from Guyana
into Trinidad. Studying the geography and genetics of this group of
organisms at a more granular level may reveal additional insights. A
very similar example to Elachistocleis species is the two NewWorld Coral
Snakes Micrurus from Trinidad. Micrurus diutius is distributed from the
Guianas to Trinidad and M. circinalis is found in Trinidad and northern
Venezuela. These two species show contrasting ancestral origins and
likely contrasting colonization routes (Jowers et al., 2019). Similarly,
two other snakes in Trinidad, the Sipo snakes, have colonized Trinidad
from different routes at different times, Chironious nigelnoriegai from the
west and C. multiventris from the Guianas.

4.2. Biogeographical connections between Paria Peninsula and Tobago
and excluding Trinidad

The presence of the Glass Frog Hyalobatrachium orientale in Tobago
and the Paria Peninsula and non-presence in Trinidad suggests that
during at least some Pliocene lowstands, land-bridge formations likely
connected the mainland with Tobago, creating a habitat corridor that
facilitated the colonization of Tobago by H. orientale at a time when
Tobago was proximal to the Paria Peninsula. The 95% HPD interval for
this population separation event ranges to 7.8 Ma, in the late Miocene,
suggesting a considerable window for such connections to occur. This
colonization event likely occurred west of Trinidad, explaining its
absence on the latter island (Jowers et al., 2015). The estimated
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divergence time (3.1 million years) post-dates the separation of north-
western Trinidad from the northeastern mainland during the early
Pliocene (e.g., Fig. 5d). This divergence could imply that Trinidad's
amphibian fauna was affected by extinction events, making it chal-
lenging to rule out the possibility of H. orientale's former presence on
Trinidad, albeit currently unrecorded, but this hypothesis seems un-
likely as this species has never been reported in the island despite vast
herpetological surveys. Discrimination between possible causes for the
distribution and evolution of this species awaits further coordinated
biological and geological investigations.

The late Miocene divergence found by Jowers et al. (2011) between
the TMRCA of Mannophryne olmonae from Tobago and the Paria
Peninsula (M. venezuelensis) and Trinidad (M. trinitatis) sister clade,
similarly suggests an ancient presence in Tobago, and possibly indicates
a connection between Venezuela and Tobago as suggested for
H. orientale (Fig. 5c).

The other example with molecular dating with populations present
in Tobago and Northern Venezuela and absence in Trinidad derives from
Hallowell's Ground Snake Atractus fuliginosus. Here, however, the tim-
ings differ to those estimated from H. orientale, and suggest 550 ka
despite the >1000 km distance between populations (Jowers et al.,
2021b). We concur that the most likely dispersal route would have been
one on the dry land bridges that existed at times of Pleistocene high
amplitude (>100 m) sea-level lowstands that would have allowed for
connections between mainland Venezuela and Tobago (e.g., Fig. 5f). For
additional examples and for a broad and synthetic overview on distri-
bution patterns of snakes in Trinidad and Tobago we refer the reader to
Murphy et al. (2023).

Although unlike the above where we comment upon examples at the
population level, the frogs of the genus Pristimantis show similar patterns
of distributions between species. Examples are the Tobago endemic frog
Pristimantis charlotevillensis and closest known phylogenetic relationship

to French Guiana dating to 5.3 Ma, and the Tobago endemic Pristimantis
turpinorum with closest phylogenetic relationships to Pristimantis par-
iagnomus and P. nubisilva, both endemic from the Paria Peninsula, with
aa divergence of the TMRCA of 6.4 Ma. These dates suggest that late
Miocene land connections between the Paria Peninsula and Tobago
might explain the genetic divergence between species following vicari-
ance isolation. The time tree suggests that the presence of P. turpinorum
in Tobago is likely the result of a vicariant event roughly at the time of
the isolation of northern Trinidad from northern Venezuela circa 4–5
Ma, perhaps followed by a stepping-stone colonization event to Tobago
(e.g., during a Pleistocene lowstand) with extinctions of intermediate
populations in Trinidad thereafter (Jowers et al., 2021a) (Fig. 5d, e, f).

4.3. Pliocene and Miocene vicariance events and STEP tectonics

The high genetic divergence of the Killifish Rivulus hartii from north-
eastern Venezuela (Paria Peninsula; ~11 %) and those in Trinidad and
Tobago, suggests circa 7 million years of genetic split. This date would
have predated the opening of the northern Gulf of Paria and the sym-
metric sinking event that later (~4Ma) isolated the organisms in eastern
Paria from those on the western Northern Range. According to our
paleogeography, the Paria Peninsula and Northern Range mountains
would have been a continuous mountain range 7 million years ago,
enabling a free exchange of R. hartii among neighboring streams
draining the mountain slopes (Fig. 5c) (Jowers et al., 2008). Themystery
to be solved is defining the origin of the second, more widespread
lineage in Trinidad and Tobago. This question remains open and is ripe
for further geogenomics (i.e., genetics and paleogeographic) evaluation.
Another remaining puzzle is to understand why the genetics of Killfish
and guppies, both freshwater aquatic species, give results that are
incongruent.

Estimate dates of TMRCA between the collared frog Mannophyne

Fig. 7. Schematic diagrams showing modern day topographic swath profile and mean and maximum elevations across the Northern Range-Paria coastal mountain
range and the proposed evolution of this range across the Gulf of Paria pull-apart basin and its effect on the biology, i.e., on golden tree frog (Phytotriades auratus) sub-
populations as determined genetically and host bromeliads (Glomeropitcairnia erectiflora). Modified from Jowers et al. (2024a).
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trinitatis and its sister species M. venezuelensis to around 7.5 Ma concur
with the above example of Rivulus hartii. The observed divergence points
to vicariance as the primary mechanism of speciation (Jowers et al.,
2008). But as stated above, the separation and isolation of northwestern
Trinidad from northeastern Venezuela did not occur until ~4 Ma
(Jowers et al., 2024a) so we again suggest that divergence could have
occurred as a bow wave of fold-thrust-related dry land and high
topography passed eastward through the continental borderland in the
late Miocene (see, e.g., Fig. 5c, d).

The mutualistic relationship of the hylid Golden Tree frog of Trini-
dad Phytotriades auratus and physiological adaptation to its host giant
bromeliad Glomeropitcairnia erectiflora, and the strict association of that
plant to cloud forest above 700 m in altitude, suggests that both pop-
ulations can were isolated when submergence of the range was below
700 m (Figs. 7, 8). This timing is linked to ~4Ma Gulf of Paria pull-apart
tectonics (Jowers et al., 2024a). Other species not restrained to high
altitude localities (ie., Mannophyne) should have been able to cross
through this lowered mountain range much later and should be
corroborated by even younger vicariance dates <4 Ma.

The reduced Limb Lizards Bachia trinitatis from Tobago-Monos Island
recovered a divergence of 2.68 Ma, while B. trinitatis Trinidad-Monos
Island plus Tobago dates to circa 7 Ma (95% HPD, 1.37–17.54 Ma),

with Guyana B. flavescens-B. whitei dating at 12.7 Ma. These genetic
results suggest limited dispersal opportunities for these leaf litter specieś
between the Trinidad-Tobago clades, followed by multiple vicariance
events between South America and Trinidad and Tobago from late
Miocene (circa 5 Ma) through the Pliocene and into the Pleistocene
(Fig. 5d, e, f) (Murphy et al., 2019b). Similarly, Gamble et al. (2008)
estimates of divergence between the Trinidad gecko, Gonatodes ceciliae,
and Tobago gecko Gonatodes ocellatus shared ancestor dating to 3.8 Ma
suggest a connection between the islands during the Pliocene. The two
Sipo snakes present in Trinidad (Chironius nigelnoriegai and C. cochranae)
have also diverged in around the late and Middle Miocene (4.2 and 9.5
Ma) from their most recent common ancestors in western and eastern
localities respectively suggesting vicariant speciation (Jadin et al.,
2024).

4.4. Pleistocene eustatic sea level changes and STEP tectonics

Arrival of species to insular localities after flooding of the Paria Gulf
indicates some sort of available topographically and environmentally
suitable corridors or alternatively, and less likely, marine dispersal. As
already discussed, an example of such a colonization to Trinidad is that
of the two Elachistocleis frogs (at 2.1 and 0.5 Ma) suggesting likely

Fig. 8. Schematic time-series showing proposed evolution of the Northern Range-Paria coastal mountain range across the Gulf of Paria pull-apart basin and its effect
on the biology, i.e., on golden tree frog (Phytotriades auratus) sub-populations as determined genetically and host bromeliads (Glomeropitcairnia erectiflora). Modified
from Jowers et al. (2024a).
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colonization following eustatic sea level drops that might have allowed
for the establishment of suitable conditions for the frogs to disperse.
Beebe's toad Rhinella beebei in Trinidad is another example of an ancient
divergence from the mainland Venezuela and Eastern Colombia, dating
to 1.8 million years ago (Murphy et al., 2017). A similar date was
recovered for the divergence between Ninia franciscoi from Trinidad and
N. atrata from Tobago, dating to 2.2 Ma (Jowers et al., 2024b). Other
ongoing unpublished studies on several taxa (i.e. Pseudoboa neuwiedii,
Ameiva atrigularis, Micrurus circinalis) similarly suggests low level of
genetic divergence in the region (Fig. 9).

Similar timings are recovered from the monophyletic clade of the
Black Headed-Snake Tantilla melanocephala from Venezuela, Trinidad,
and Tobago, which exhibits a 1.8 Ma divergence from its southern
Guyana populations, and a 1.4 Ma divergence between the sister clade
composed of Trinidad, Venezuela, and Tobago populations. The timing
between Trinidad and Venezuela dates to 200 ka. These Pleistocene
dates point to timely connections during lowstand dry periods con-
necting Venezuela to western Trinidad and Guyana to eastern Trinidad
(e.g., Fig. 5f). This dating is in agreement with the clade composed of
Coffee snakes from the Paria Peninsula and Trinidad, Ninia franciscoi,
with a 170 ka divergence (Jowers et al., 2024b).

Phylogenetic work on the Three-Lined Snake Atractus trilineatus
shows a split between the TMRCA of samples from Trinidad and Tobago
dating to ~180 ka, while the Guyana and both Trinidad and Tobago
A. trilineatus dates are older (~1 Ma). The most recent split between the
mainland (Venezuela/Guyana) and Trinidad and Tobago dates to 410
ka. Murphy et al. (2019a) further argue for dispersal during Pleistocene
lowstand event(s) (e.g., Fig. 5f) but, based on such recent dates, over-
water dispersal events could not be ruled out, especially for the colo-
nization of Tobago. The genetic similarity observed among presently
disjunct populations from Venezuela and Trinidad of Robinson's mouse
opossum, Marmosa robinsoni, is believed to be a consequence of recent
Pleistocene fragmentation dating to 340 ka for the clade composed of
specimens from the islands and Venezuela following a more extensive
Pleistocene dispersal on coastal plains exposed during the last glacial
maximum and older lowstand events (Gutiérrez et al., 2014).

The Smooth-Skinned Ditch Frog Leptodactylus validus in Trinidad and
Tobago similarly shows molecular dating between the islands to be
rather recent. Carmargo et al. (2009) found a mainland origin for
L. validus that colonized Trinidad at 1.4 Ma, with subsequent and in-
dependent colonization of Tobago and the Lesser Antilles (at 0.4 Ma)
from Trinidad. These results indicated a historical vicariant event

Fig. 9. Summary diagram showing terrestrial taxa reported in the text with dating of divergence between pairs of source and extant regions (see legend). The blue
line represents 95 % High Posterior Density intervals (HPD). The nodes represent mean values of timing of divergence between pairs of regions. HPDs are not shown
where those intervals fall close to the means. Taxa with initials are used to clarify species within the same genus; Elachistocleis n. (=nigrogularis), Pristimantis u.
(=urichi), Chironius c. (=cochranae), Atractus f. (=fuliginosus), Atractus t. (=trilineatus), Bachia t. (=trinitatis). Species with asterisks (*) have no reported genetic dating
but with dating inferred approximately by the reported divergences. The reported timing of Bachia trinitatis is that in between Monos Island, a now-sunken, former
Trinidad Northern Range mountain top, and Tobago (Pliocene); the second Bachia dating corresponds to the divergence between that in Trinidad and on Monos
Island and Tobago (Miocene). All divergences are intraspecific except when marked with a “b” which demarks divergence between species. The blue sinusoidal curve
diagramatically represents Pleistocene sea-level changes which frequently dropped to − 50 m below sea level and on three occasions to − 120 m below sea level and
resulted in multiple dry land connections between Venezuela, Trinidad, and Tobago. GP – vertical dashed line gives approximate inception age of opening in the Gulf
of Paria pull-apart basin (Jowers et al., 2024a). BG – vertical dashed line gives approximate inception age of opening in the Boca Grande sub-basin (data extracted
from Alvarez et al., 2021) beneath the modern Dragon's Mouth channel (see Fig. 3) in the Gulf of Paria. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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between populations in Trinidad and Tobago from those in the Lesser
Antilles.

Interestingly, the low levels of genetic divergence between Trinidad
coral snakes to the Guianas (Micrurus diutius) and northern Venezuela
populations (M. circinalis) suggests a vicariance event that occurred
during the late Pleistocene to Holocene period. This Pleistocene-
Holocene Trinidad-Guyana connection and the Trinidad-Venezuela
(M. circinalis, MJJ unpublished) connection that this study established
may be yet another example of an eastern dispersion corridor that
developed on the eastern shelf during lowstand events (Fig. 5f) (Jowers
et al., 2019). Comparably low genetic species divergence between Ela-
chistocleis surinamensis from Guyana, French Guiana, and Trinidad also
suggests Pleistocene colonization events along today's eastern shelf re-
gion through eustatic sea-level falls. Reconstruction of Pleistocene
habitat and vegetation suggests that northern Venezuela and Trinidad
were dry forests bordered by savannah to the south during that period.
Similarly, Guyana and coastal Venezuela were covered by dry forests,
surrounded by savanna (Melo França et al., 2015) throughout.
E. nigrogularis and E. surinamensis in Trinidad today are found in similar
habitats, such as tropical evergreen forest, marsh forests, and savannas,
including anthropogenic savannas.

Many species show similar patterns of low genetic differentiation
between the Paria Peninsula and Trinidad and Tobago. Evidence of this
are the multiple endemics found either sharing populations in Trinidad
and Tobago and in the Paria Peninsula and Trinidad (Rivas et al., 2021).
An example is the frog Pristimantis urichi, endemic to both islands and
with low genetic differentiation between populations. Jowers et al.
(2021a) suggested recent connectivity between the islands, possibly
through Pleistocene lowstand land-bridges and/or human introductions.

Another example that could indicate recent colonization via Holo-
cene connections and/or human introductions is the Threadsnake Epictia
tenella (Leptotyphlopidae) in Trinidad and northern South America.
Murphy et al. (2016) compared Trinidad and mainland (Guyana) pop-
ulations and found minimal genetic diversification between island and
mainland specimens. Because Epictia tenella is a fossorial (underground-
dwelling) snake that rarely comes to the surface it is unlikely to be an
efficient colonizer, and this species could not conceivably move nor
swim any great distance (< a few 100 m), during a single lifetime; it
inhabits forests as well as more open habitats. Despite other hypotheses
for its arrival in Trinidad (e.g., over-water rafting via flood-stage floating
Orinoco and Amazon delta vegetation mats via the Guiana/North
Equatorial current, human-mediated dispersal, and avian-mediated
dispersal), low divergence and widespread geographic distribution
seem to require very recent (i.e., Holocene) dispersal, but recent colo-
nization via a land bridge cannot be ruled out entirely. A similar dis-
tribution is found in the until recently supposed endemic frog,
Letpdactylus nesiotus, to the Icacos Peninsula of Trinidad (Ponssa et al.,
2010), which was recently found in Guyana, Suriname and French
Guiana with very low genetic differentiation between the island and the
mainland populations (99 % identical based on the 16S rDNA gene
fragment) (Jairam and Fouquet, 2018).

The Dwarf Marsupial frog Flectonotus fitzgeraldi from Trinidad,
Tobago and the Paria Peninsula recovered very low genetic differenti-
ation, reflecting low genetic variability (Smith et al., 2021). But,
whereas the data showed highly similar genetic divergence between
populations, the Trinidad and Tobago animals were more closely related
to one another than they were to those from Venezuela. The lack of
shared haplotypes suggests some degree of genetic isolation among all
three localities but remains low, suggesting recent gene flow between
populations. Further genomic studies of this group should focus on
establishing the timing of speciation events, branching from last com-
mon ancestors, and the paleogeography of origin and dispersion.

Although Murphy et al. (2019a) did not conduct a time tree, their
phylogenetic work on the Haw's dark ground snake Erythrolamprus
melanotus from Trinidad and Tobago recovered the populations in a
clade with very low genetic differentiation. Thus, the data would suggest

recent gene flow. Similarly, the clade composed of the two Trinidad and
Paria Peninsula individuals of Chironius cochranae reflects recent gene
flow, and suggests a very recent colonization (Jadin et al., 2024).
Rutherford's Vine Snake Oxybelis rutherfordi shows again a similar
pattern of low genetic divergence between the two islands (Jadin et al.,
2019, 2020) with a likely colonization from Trinidad toward Tobago.

5. Conclusions

Geogenomics provides an exciting new tool to explore and refine our
understanding of the interplay between geology and biology. This pos-
sibility is revealed in our southeastern Caribbean study area through a
relatively complex narrative of how geological events have shaped the
evolutionary trajectories of a diverse set of rapidly evolving organisms.
Ultimately both data sets must resolve into coherent stori of how the
Earth and its organisms evolve and change. Combing both geological
and biological (genetic) chronometers should make for the most robust
stories.

The findings presented in this review highlight the intricate interplay
between geological processes and biological diversification in the
southeastern Caribbean, focusing on the mechanisms of genetic diver-
gence and speciation. The concepts of vicariance, dispersal, and
ecological pressures are key to understanding how geological events,
such as tectonic movements and sea-level changes, have influenced the
distribution and evolution of various organisms in Trinidad, Tobago,
and the surrounding regions. Our conclusions include:

1) The genetic data from guppy populations in Trinidad suggest a
colonization pattern from two geographic sources, likely driven by pull-
apart tectonics and sea-level change. The separate Caroni and Oropuche
guppy populations align with Pleistocene vicariance and dispersal
events that affected these two groups sometime between 200 ka and 1.2
Ma. Similar pull-apart tectonic processes also affected the Golden Tree
frog Phytotriades auratus hylid frog and its host giant bromeliad Glom-
eropitcairnia erectiflora of Trinidad and eastern Venezuela earlier in the
Pliocene. 2) The presence of species such as the Glass Frog and Hallo-
well's Ground Snake in Tobago but absent in Trinidad indicates histor-
ical mainland to island land bridges during periods of low sea levels,
allowing for migration and colonization. This pattern is corroborated by
molecular dating, suggesting that vicariance and colonization events
were influenced by geological changes over millions of years. 3) The
divergence of species like Rivulus hartii and Mannophryne trinitatis re-
flects ancient geological connections between the Paria Peninsula and
Trinidad, disrupted by more recent STEP and pull-apart tectonic activ-
ity. 4) Numerous species exhibited genetic divergences dating back to
Pleistocene lowstand events, pointing to recurring opportunities for
dispersal between landmasses as sea levels fluctuated. This connection
emphasizes the importance of environmental changes in facilitating or
restricting species movement and again, highlights opportunities for
geologic insights. 5) Despite significant historical divergences, low
levels of genetic differentiation among certain species between Trinidad
and Tobago suggest ongoing gene flow and possible recent colonization
events, likely influenced by both natural geological processes and
human activities.
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