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ABSTRACT. Recent advances in understanding the tectonic and paleoenvironmental history of the Caribbean region allow 
formulation of biogeographic and evolution/speciation models within an improved physical context. Support is developing 
for a new 'maximist' model of geological history suggesting that the Greater Antilles originated as a submerged volcanic 
island arc in the present Isthmian region during the Early Cretaceous [Valanginian; -130 m.y. (million years ago)] and 
moved more than 1000 km to their present location. Geologic investigations are not always concerned with whether an arc 
is submerged or emergent, but the proto-Greater Antillean arc began colliding with the Bahamas Platform in the Paleocene/ 
earliest Eocene (-56 m.y.), and the principal period of emergence allowing terrestrial flora and fauna to colonize was in the 
middle Eocene (-49 m.y.). Early emergence was during the later phases of the hothouse interval of the Late Cretaceous 
through the early Eocene, which was followed by an intermediate period when climates fluctuated between non-glacial and 
(marginally) glacial conditions (middle Eocene through the early Miocene), and culminated in the icehouse interval of the 
late Tertiary and Quaternary Periods. The recent geological/paleoenvironmental models still constitute, however, a broad 
spectrum of possibilities for biogeographic-evolutionary-speciation events within which specialists must formulate the most 
probable pathway(s) for individual taxa. 

The biotic history of a region must ultimately be 
reconstructed within the context of a physical history 
provided by geologic/tectonic models, and paleocli- 
matic reconstructions now possible through a wide 
range of methodologies. The flexibility implied by the 
caveat, 'ultimately', is because no single model has 
been established for many parts of the Earth, and cer- 
tainly not for the Caribbean Basin. This opens the pos- 
sibility for poorly constrained geological data sets to 
misdirect biogeographic scenarios, and provides lee- 
way for selecting from the different versions of the 
physical history the one(s) that appear most compati- 
ble with the biogeographic evidence or that support a 
particular viewpoint. Considerable progress has been 
made within the last decade, however, and together 
with over 500 years of observations on geologically- 
related features of the Antilles, and over 200 years of 
more detailed study, there is emerging a model around 
which some consensus is developing. 

GEOLOGIC HISTORY 

On his first voyage to the New World Columbus ob- 
served gold in ornaments worn by the natives, and in 
January 1493, small pieces were found lodged in the 
metal hoops of barrels used for collecting water. The 
water came from the Rio Yaque del Norte that drains 
the Cibao Valley of northern Hispaniola. Pueblo Viejo 
in central Hispaniola, the largest gold mine in the 
Western Hemisphere, was the site of early Spanish dig- 
gings, and alluvial gold is still panned from streams 
flowing down the southern flanks of the valley. Anoth- 
er observation that focused attention on the geologic 
strata of the Caribbean region was an oil seepage on 
the island of Cubagua off the coast of Venezuela noted 
by the Spaniard Juan de Castellanos in 1589. 

These and other early observations eventually led 
to the first detailed study of Caribbean geology, which 
was on Saint Domique (now Haiti) by the Frenchman 
Dupuget (1796; Draper and Dengo 1990). Other stud- 
ies included those of Sawkins (1869, Jamaica), Cleve 
(1871, the Virgin Islands), Gabb (1873, Hispaniola), 
Fernandez de Castro (1884, Cuba), Jukes-Brown and 
Harrison (1891, 1892, the Lesser Antilles), and Hill 
(1894, Cuba, Jamaica, and Puerto Rico). The British ge- 
ologist Henry Thomas de la Beche visited family es- 
tates on Jamaica between 1823-1825 and prepared 
what is quite likely the first geologic map for the West- 
ern Hemisphere (de la Beche 1827). An important in- 
novation of the map for the Caribbean region was that 
he followed William "strata" Smith in showing for- 
mations and ages rather than just rock types (Win- 
chester 2001). 

The modern era was ushered in with Schuchert's 
(1935) synthesis of Antillean geology that became the 
standard reference until evidence from plate tectonics 
began accumulating in the 1970s (e.g., Bader et al. 
1970; Freeland and Dietz 1971). Other contributions 
were made by Weyl (1961, 1966, 1973, 1980) who was 
the first to emphasize the tectonics (vertical and hori- 
zontal movements) of the basin. This important aspect 
of Caribbean geology, and one essential to understand- 
ing biotic migrations through the region, received fur- 
ther impetus from the first successful drilling opera- 
tion in the deep ocean, which was on the Nicaraguan 
Rise (Emiliani 1982; Fig. 1). This operation served as 
the basis for the Deep Sea Drilling Project (DSDP) and, 
indeed, the first DSDP site was also in the Caribbean 
Sea in the Venezuelan Basin (Bader et al. 1970; Fig. 1). 

These collective studies demonstrated that the Ca- 
ribbean Basin is a geologically complex region. Three 
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FIG. 1. Index map of the structural features of the Caribbean Basin. Dots indicate Deep Sea Drilling Project sites. 

plates border on the Caribbean plate-the North 
American, the South American, and the Cocos plate 
along the western margin-and it has been proposed 
that the Caribbean plate itself may consist of two or 
more subplates (Dewey and Pindell 1985; but see We- 
ber et al. 2001, p. 77) that have had related but inde- 
pendent histories. An inevitable result has been a suc- 
cession of models proposed to explain the tectonics of 
the basin and its surrounding lands. Until recently, no 
single model has been supported sufficiently to pro- 
vide a dependable basis for speciation/evolution, dis- 
persal/vicariance, and biogeographic interpretations, 
with the result that each interpretation of the biological 
history of the region could claim support from one or 
more versions of the geological history. To assess ar- 
guments presented in the existing literature, and to 
formulate new biotic theories within a sound geologic 
context, it is desirable to organize the various pro- 
posed models of Caribbean tectonics into categories 
that reflect their similarities, differences, and relevancy 
to understanding the origin of the present flora and 
fauna. 

One category may be characterized as 'fixist mod- 
els' (for references see summary below); that is, they 
suggest that the islands of the Greater and Lesser An- 
tilles originated close to their present positions. Within 
this group of models there are those that maintain 
plate tectonics played no role in the origin of the is- 
lands, and although somewhat anachronistic, there is 
still minority adherence to this viewpoint. In the other 
category are 'mobilist models' that depict transport of 
the islands to their present positions via plate tectonic 
mechanisms. Within this group there are those that 

suggest transport has been on the order of only several 
kilometers to -130 kms. Proponents of this version 
worked primarily on the on-land contact between the 
North American and Caribbean plate along the Pol- 
ochic/Matagua fault system across central Guatemala, 
and they saw eastward displacement of the proto- 
Greater Antilles from the vicinity of the Yucatan Pen- 
insula/northern Central America. Others, including 
geophysicists working on the off-shore continuation of 
the North American/Caribbean contact along the Cay- 
man Ridge, see evidence for displacement of 1,000 km 
or more from the present region of southern (Isthmian) 
Central America. Within the latter group there are old- 
er versions that have figured prominently in the bio- 
geographic literature, and a newer version that is gar- 
nering support from a wide variety of recent geologi- 
cal investigations. These different models and the re- 
lated literature may be summarized as follows: 

I. Fixist models-the islands originated at or near 
their present position 
A. Plate tectonic events were not involved in their 

origin (e.g., Woodring 1954; Weyl 1966, 1973; 
Meyerhoff and Meyerhoff 1972; Morris et al. 
1990) 

B. Plate tectonics were involved (Meschede and 
Frisch 1998) 

II. Mobilist models-the islands originated elsewhere 
and were transported to their position 
A. Minimalists-transported -130 km from the vi- 

cinity of Yucatan/northern America (Burkart 
1978, 1983; Donnelly et al. 1990), or less (Ander- 
son et al. 1985) 
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B. Maximists-transported 1000 km or more from 
the vicinity of the present Isthmian region 
1. Hess and Maxwell (1953), Freeland and Dietz 

(1971), Malfait and Dinkelman (1972), Wadge 
and Burke (1983), Burke et al. (1984); Iturral- 
de-Vinent and MacPhee (1999) 

2. Pindell and Barrett (1990; Pindell 1994) 

There is now general agreement that the Greater 
Antilles originated near the present Isthmian region 
and moved through a portal existing between North 
and South America in the Late Cretaceous and Paleo- 
gene. There are numerous versions of the subsequent 
sequence of events, however, and, indeed, Pindell and 
Barrett (1990) list 13 variations of the maximist model. 
The one most familiar to biologists is probably that of 
Malfait and Dinkelman (1972) because it is the one 
adopted in many early discussions on vicariance in the 
region (Croizat et al. 1974; Nelson 1978; Nelson and 
Platnick 1980, 1981; Nelson and Rosen 1981; Nelson 
1978; Rosen 1976, 1985). According to this and similar 
models, the proto-Greater Antilles originated in the 
Cretaceous in the Isthmian region and early-on were 
(or were interpreted by biologists to be) an emergent, 
continuous or nearly continuous land mass that con- 
nected or nearly connected the North and South Amer- 
ican continents. During the early Tertiary the land 
mass attained a progressively easterly position relative 
to North and South America and fragmented in the 
Paleogene into lands that eventually formed the pre- 
sent Greater Antilles. This model and related ones pro- 
vided an ideal basis for proposals that speciation and 
the distribution of organisms through the Antilles oc- 
curred by vicariance. 

In recent years information has accumulated on the 
geology of individual islands (e.g., Cuba; Iturralde-Vi- 
nent 1994), on-shore and off-shore fault systems (Mann 
1999), basin floor structure (see papers in Dengo and 
Case 1990), and on absolute movements from satellite 
surveying (Weber et al. 2001). Geological data are com- 
ing together into a new version of the mobilist model 
by Pindell and Barrett (1990; Pindell 1994), and it is 
the one around which consensus is developing (Mann, 
pers. comm., 2000). According to this model, the proto- 
Greater Antilles originated in the present Isthmian re- 
gion, probably as a submerged (Iturralde-Vinent and 
MacPhee 1999) volcanic island arc in the early Creta- 
ceous (Valanginian, -130 m.y.). The island arc attained 
an easterly position vis-a-vis North and South America 
likely through a combination of absolute and relative 
movement of the Caribbean plate. Absolute movement 
is defined in relation to the mantle or deep Earth, 
while relative movement is defined in relation to ad- 
jacent plates and it is the motion involved in state- 
ments about the Caribbean plate 'moving eastward'. 
Earlier models (NUVEL-1 and 1A; DeMets et al. 1990, 

1994) predicted that the Caribbean plate is moving 
eastward at 1.3 cm/yr relative to South America, while 
new GPS (Global Positioning System) data indicate 
that the rate is 2.0 cm/yr (Weber et al. 2001). Addi- 
tional geophysical and geological evidence (Russo et 
al. 1996; Dixon and Mao 1997) indicate that this rate 
has been steady for the past 10 Ma. Eastward move- 
ment of the Caribbean plate relative to North America 
was estimated at 1.1 + 0.3 cm/yr (DeMets et al. 1990, 
1994), while the new GPS data "show eastward motion 
of the Caribbean plate at a rate of 2.1 + 0. 3 cm/yr (1 
standard error) in the vicinity of southern Dominican 
Republic, a factor of 2 higher than the NUVEL-1A 
plate motion model... " (Dixon et al. 1998). These fast- 
er current rates, if projected over most of the existence 
of the Caribbean plate, are more consistent with the 
models proposing extensive relative eastward move- 
ment more than with those proposing movement of 
130 km or less. A rate of 2.0 cm/yr since the middle 
Eocene (-55 m.y.) calculates to an offset of 1100 km. 

An aspect of this history that is still unsettled is the 
emergent/submergent status of individual land frag- 
ments during transport. This is because for many geo- 
logical investigations it is not important whether an 
island arc was mostly emerged or submerged, and this 
facet of its history is not always emphasized or clearly 
stated in the geological study, while to the biologist 
this is vital information (Donnelly 1989). 

The leading edge of the Caribbean plate began col- 
liding at an oblique angle (transpression) with the sta- 
ble Bahamas Platform during the late Paleocene and 
earliest Eocene (-56 m.y.). As noted earlier, each frag- 
ment has had a related but independent history. Even 
so, the principal time of emergence for the proto-Great- 
er Antilles generally was in the middle Eocene (49 
m.y.): "the existing Greater Antillean islands, as is- 
lands, are no older than Middle Eocene. Earlier islands 
may have existed, but it is not likely that they re- 
mained as such (e.g., as subaerial entities) due to re- 
peated transgression, subsidence, and (not incidental- 
ly) the K/T [Cretaceous/Tertiary] bolide impact and 
associated mega-tsunamis. Accordingly, we infer that 
the on-island lineages forming the existing Antillean 
fauna [and flora] must all be younger than the Middle 
Eocene" (Iturralde-Vinent and MacPhee 1999). 

This scenario is quite different from that of Malfait 
and Dinkelman (1972). According to the model of Pin- 
dell and Barrett (1990; Pindell 1994), focusing on the 
position of the different geological units, and aug- 
mented by studies cited previously under the maximist 
models, the Greater Antilles originated as a sub- 
merged volcanic island arc and remained mostly so 
until the middle Eocene; it was never a continuous or 
near-continuous land mass; and it never connected or 
nearly connected the North and South American con- 
tinents. This history allows a greater role for dispersal 
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in plant and animal migrations through the Caribbean 
region, either over water (Hedges 1996a, 1996b; Hedg- 
es et al. 1992, 1994) or over more continuous land (Itur- 
ralde-Vinent and MacPhee 1999), than permitted in the 
early dialogues and diatribes on vicariance: "conti- 
nent-island vicariance sensu Rosen appears to be ex- 
cludable for any time since the mid-Jurassic. Even if 
vicariance occurred at that time, its relevance for un- 
derstanding the origin of the modern Antillean biota 
is minimal (Iturralde-Vinent and MacPhee 1999, p. 3)". 

With this broad outline of tectonic history estab- 
lished, it is possible to consider in greater detail land- 
sea relationships and the movement of individual land 
fragments through the Caribbean Basin. In Cuba, the 
Cauto Fault zone runs between the western/central 
and the eastern (Oriente) part of the island. The fault 
probably represents the contact where eastern Cuba- 
northern Hispaniola-Puerto Rico was added on to cen- 
tral Cuba in the early to middle Eocene. There is a 
curvature in the Bahamas Platform and when the pro- 
to-Antilles began colliding with the platform, the west- 
ern and central parts slowed first, while the eastern 
parts continued to move with the Caribbean plate. This 
eventually caused the separation of Hispaniola from 
Cuba, and Puerto Rico from Hispaniola. Dry land was 
established between the various parts of Cuba in the 
late Miocene with disappearance of the Havana-Ma- 
tanzas Channel (Iturralde-Vinent and MacPhee 1999, 
p. 35; Lewis and Draper 1990, p. 93). Almost all of 
Cuba was emergent, in its present position, and essen- 
tially modem in configuration by the late Miocene (19- 
12 m.y.). 

Western and northern Hispaniola + proto-Puerto 
Rico separated from Cuba in the early to middle Mio- 
cene (25-20 m.y.), while southern Hispaniola (the 
southern peninsula) was added on to northern His- 

paniola in about the middle Miocene (-15 m.y.). The 
contact is represented by the Cul-de-Sac/Enriquillo 
Basin. The southern peninsula was fully emergent by 
Plio-Pleistocene time. Continued compression of the is- 
land against the Bahamas Platform, together with the 
arrival of southern Hispaniola, caused a down-warp- 
ing to form the Cibao Basin beginning in the early 
Miocene (Gordon et al. 1997, p. 10,078). The basin was 

subsequently uplifted and this converted the 225 km- 
long seaway into the present alluvium-filled valley. 
The present Cordillera Central (Dominican Republic)- 
Massif du Nord (Haiti) as an uplifted (subaereal) en- 

tity formed in the middle-late Eocene and has re- 
mained uplifted into modern times (Iturralde-Vinent, 
pers. comm., 2002; Iturralde-Vinent and MacPhee, 
1999; Lewis and Draper 1990). The eastern peninsula 
(Llanos Costeros del Seibo) is a coral reef that was 
raised in the Pleistocene. 

A feature of Jamaican geology that is important to 
its biotic history is that there are few rocks of terrestrial 

origin known from the middle Eocene to the late Mio- 
cene. The island was submerged for most of this in- 
terval (42-10 m.y.; Lewis and Draper 1990), and this 
means that the modem biota is of relatively recent or- 
igin and arrived by dispersal (Buskirk 1985). There is 
no evidence that Jamaica was ever connected to any 
land mass after the Miocene, and this precludes vicar- 
iance as a means of distribution and as a evolutionary 
mechanism in the origin of the modern biota. 

Puerto Rico originated as part of the original sub- 
merged volcanic island arc. The central igneous prov- 
ince was probably emergent by the middle-late Eocene 
(Iturralde-Vinent, pers. comm., 2002). It was near its 
present position during the late Eocene to early Oli- 
gocene (21-13 m.y.), and separated from Hispaniola 
later in the Oligocene/early Miocene. Lewis and Drap- 
er (1990, p. 120) state that between the middle Eocene 
and the middle Oligocene, and later in the middle O1- 
igocene to the Pliocene, subsidence occurred and that 
most of Puerto Rico was submerged for the entire in- 
terval. However, lignites from the middle Oligocene 
San Sebastian Formation on the north side of the island 
contain a diverse assemblage of spores and pollen 
(Graham and Jarzen 1969), and fragmentary megafos- 
sils are known from the Juana Diaz Formation of sim- 
ilar age on the south side (Jorge Velez, pers. comm., 
2001), so some parts of the island were emergent and 

supported an extensive upland vegetation. The oldest 
rocks on the Virgin Islands belong to the marine Water 
Island Formation of Cretaceous (Albian) age, and the 

principal period of emergence was in the late Eocene. 
The Lesser Antilles had a different origin from that 

of the Greater Antilles. They formed where the Atlantic 
seafloor of the North American and South American 

plates subduct under the Caribbean plate (at the pre- 
sent rate of 2-4 cm/yr; MacDonald et al., 2000). From 
the Virgin Islands south to Martinique, the Lesser An- 
tilles consist of a double arc system of an older north- 
eastern outer arc (Antigua, Barbuda, St. Bartholomew, 
and others; the Leeward Islands; middle Eocene to Ol- 

igocene in age), and a northwestern inner arc of youn- 
ger volcanic islands (Dominica, Monteserrat, St. Kitts, 
and others; the Windward Islands; late Miocene and 

younger in age). A single line of islands extends from 

Martinique to northeastern South America (Grenada, 
Grenadines, St. Vincent, St. Lucia, Martinique), and 
most of these islands probably emerged in the Oligo- 
cene to early Miocene or possibly later (see Speed et 
al. 1993). Barbados is the single emergent peak of the 
Barbados Ridge that is separated from the other Lesser 
Antilles by the Tobago Trough. The ridge began its 

development -50 m.y. and Barbados emerged as an 
island in the Pleistocene (-1 m.y.; Speed and Keller 
1993). 

According to this scenario based on the model of 
Pindell and Barrett (1990; Pindell 1994), a fragmented 
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migrational pathway existed between South America 
and North America via the Greater and Lesser Antilles 
beginning in the middle to late Eocene. However, Itur- 
ralde-Vinent and MacPhee (1999) have proposed a dif- 
ferent model for a segment of the pathway, and believe 
that an essentially continuous, emergent arc of land, 
now represented by the submerged Aves Ridge, exist- 
ed for -3 Ma (million years) at the Eocene-Oligocene 
boundary (35-33 m.y.) connecting northern South 
America with the Greater Antilles. Vigorous assess- 
ment of the geological and biological plausibility of 
this proposal is underway. 

Many aspects of the geologic history of the Carib- 
bean Basin are still unsettled, but the general model of 
Pindell and Barrett (1990; Pindell 1994), supplemented 
by detailed studies of the individual islands, provides 
the best predictive tectonic model for evolutionary/ 
speciation/biogeographic investigations. The essential 
events and the approximate times may be summarized 
as follows: 

1. Origin of the proto-Greater Antilles as a sub- 
merged volcanic island arc in the present-day Isth- 
mian region in the Early Cretaceous (Valanginian, 
-130 m.y.). 

2. Collision of the mostly submerged volcanic island 
arc with the Bahamas Platform in the late Paleo- 
cene and earliest Eocene (-56 m.y.). 

3. Early and sustained emergence of most of the pro- 
to-Greater Antilles in the middle Eocene (-49 
m.y.). 

4. Eastern Cuba (with northern Hispaniola + Puerto 
Rico) added to western/central Cuba in the early 
to middle Eocene. 

5. Western and central Cuba structurally connected 
by the late middle Eocene, but land surfaces dis- 
rupted by the Havana-Matanzas Channel 

6. Dry land across the various parts of Cuba estab- 
lished in the late Miocene. 

7. Western and northern Hispaniola + Puerto Rico 
separated from eastern Cuba in the early to mid- 
dle Miocene. 

8. Southern Hispaniola added on to northern His- 
paniola in the middle Miocene. 

9. Puerto Rico separated from Hispaniola in the 01- 
igocene/early Miocene. 

10. Jamaica re-emerged in the late Miocene. 
11. The Virgin Islands emerged in the late Eocene. 
12. The Lesser Antilles emerged between the middle 

Eocene (in the north) and the Oligocene (in the 
south). 

A characteristic of Antillian vegetation is ende- 
mism. Borhidi (1996, p. 216) cites 3,178 plant taxa en- 
demic to Cuba constituting 49.9% of the total present 
flora and 53% of the natural flora. There are -3,300 
species of vascular plants reported for Jamaica, and 

923 (27.9%) are endemic. Geographic/reproductive 
isolation is essential to the formation of endemics, and 
although it is difficult to document, the past geologic 
history of the Antilles may have played a role. For ex- 
ample, 26 endemic genera are shared between Cuba 
and Hispaniola, known to have been connected and 
emergent in the middle Eocene. They were not sepa- 
rated until the early to middle Miocene (20-25 m.y.), 
and are still only 72 km apart across the Windward 
Passage. In comparison, only 2 genera are shared be- 
tween Cuba and Jamaica, which may never have been 
directly connected, and Jamaica re-emerged only in the 
late Miocene (10 m.y.). Cuba and Jamaica are presently 
150 km apart across the Cayman Trench. 

After the Greater and Lesser Antilles were in po- 
sition, and while details of their physiography were 
being refined, a second set of islands developed in the 
Isthmian region where the edge of the Cocos plate 
subducts under the Caribbean plate along the Middle 
American trench. The history of this connection has 
been discussed extensively (e.g., Stehli and Webb 1985; 
Graham 1992; Jackson et al. 1996; Coates 1997; Bum- 
ham and Graham 1999) and only a few points, also 
relevant to the Antillean land bridge, need be made. 
One is that when an arc is formed or a connection is 
established in a geological sense, it is often necessary 
to distill from the literature whether the land was sub- 
merged or emergent. As noted earlier, this is often of 
less significance to geologists than to biologists and it 
is not always emphasized or explicit in the geological 
literature. It is also essential to know the paleoelevation 
of the land. Again, this is not always a part of a geo- 
logical investigation, and its importance is not always 
considered in biogeographical studies. When islands 
or connections first emerge, they initially provide a 
pathway only for the migration of lowland elements, 
and their presence is to some extent irrelevant to two 
categories of plants-those with effective means of 
long-distance dispersal, and those of upland habitats. 
In the case of the Central American connection, a gen- 
eral timetable of events of biogeographic importance 
is as follows: 

1. During the middle Miocene (-15 m.y.) a sub- 
merged sill formed in the southern Isthmian region. 
By the late Miocene (7-6 m.y.) marine portals were 
fewer, narrower, and mostly shallow. By the late Pli- 
ocene (-3 m.y.) they existed only across the eastern 
and western Isthmus, and the connection was es- 
sentially complete (Coates and Obando 1996). Pa- 
leobotanical evidence indicates that around 3 m.y. 
and earlier, elevations through most of the eastern 
Isthmian region were low and the route provided 
habitats mostly for coastal, lowland communities 
(Burnham and Graham 1999, pp. 558-559). 

2. The final segment of the Isthmian land bridge to be 
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completed was through the Atrato Trough (Dari6n 
part of Panama/adjacent northwestern Colombia) 
and this was at -2.5 m.y based on faunal evidence 
(e.g., Webb and Rancy 1996). 

3. After this time (i.e., near the beginning of the Pleis- 
tocene Epoch) upland habitats developed (faunal 
evidence, Webb and Rancy 1996; somewhat earlier 
by paleobotanical evidence, Graham 1992) that were 
sufficient to support a cool temperate element. Al- 
nus first appears in northern South America -1 
m.y., and Quercus at -330 kyr (thousand years ago; 
Hooghiemstra and Ran 1994). 

Thus, even though the Isthmian land bridge was 
essentially complete (emergent) by 3.5 m.y., it was se- 
lective and it did not provide a pathway for all groups 
of plants and animals. It was not until after 2.5 m.y., 
or slightly before, that elevations were sufficient to pro- 
vide habitats for the interchange of temperate elements 
and those lacking effective means of long-distance dis- 
persal. Physical connection between North and South 
America presently consists of discontinuous land 
through the Antilles available since about the middle 
Eocene (49 m.y.; highest elevation presently Pico Duar- 
te, Dominican Republic, 3175 m), and continuous land 
through southern Central America available since 
about the late Pliocene (3.5-3.1 m.y.; highest elevation 
presently Cerro Chirrip6, Costa Rica, 3,819 m). 

PALEOCLIMATES 

In addition to tectonic events, another aspect of the 
Cenozoic environment influencing evolution and mi- 
gration through the Caribbean region is climate. This 
has also been extensively reviewed (Graham 1994; 
Burnham and Graham 1999 and papers cited therein). 
The general sequence begins with a hothouse interval 
between the Late Cretaceous (70 m.y.) and the end of 
the early Eocene (52 m.y.), reaching maximum warmth 
in the late Paleogene (the LPTM; Late Paleocene Ther- 
mal Maximum; Schmitz et al. 2000; Huber et al. 2000), 
favoring introduction, expansion, and migration of 
tropical elements. This was followed by an intermedi- 
ate period from the middle Eocene through the middle 
Miocene (-15 m.y.) when conditions approached and 
fluctuated between glacial and non-glacial climates in 
the high and low latitudes. The icehouse interval began 
with cooling temperatures that led to the formation of 
permanent ice on Antarctica and glacial climates in the 
Arctic, and culminated in the Quaternary glaciations 
that began in the middle to late Pliocene (3-2.4 m.y.) 
and were well underway by -1.6 m.y.; see summary 
in Graham 1999, pp. 86-92, fig. 3.1). A recent revision 
in concepts about tropical climates involves the extent 
to which these fluctuations, evident in the high north- 
ern and southern latitudes, extended southward and 
northward and affected the biota of the middle lati- 

tudes. Part of the answer is based on evidence from 
the Antilles. The first extensive investigations of gen- 
eral climates in the lower latitudes were CLIMAP 
(1976, 1981, 1984; Climate Long-Range Investigation 
and Mapping Program), concerned with the last gla- 
cial and interglacial climate, and COHMAP (1988, Co- 
operative Holocene Mapping Project), concerned with 
Northern Hemisphere climates for selected intervals of 
the Holocene (-12 kyr to the present). The conclusions 
were that while high-latitude climates cooled by 12?- 
14?C at the recent glacial maximum at 18 kyr, tropical 
climates cooled from 0?C to a maximum of 2?C. The 
consequence of these results for biology was that spe- 
ciation and biogeographic models had to be construct- 
ed within the constraint of a mostly stable climate. 
However, new evidence from geochemical (strontium/ 
calcium) studies on Acropora palmata coral reefs on Bar- 
bados indicates that temperatures were lower by -5?C 
at 18 Kyr (Guilderson et al. 1994). Schubert and Me- 
dina (1982) suggested from analysis of aerial photo- 
graphs that geomorphic structures ('modest cirques, 
inferred moraine deposits'; Orvis et al. 2002) on the 
highest peaks of the Dominican Republic may be gla- 
cial in origin, and recent field studies (Orvis et al. 1997) 
indicate that this possibly may be true. In addition, it 
is now established through the Greenland and Antarc- 
tic ice core projects that Quaternary temperatures fluc- 
tuated at a far more rapid pace than earlier recognized 
(see discussions in Graham 1999, chapter 2, p. 40). If 
during each of the numerous glacial cycles, tropical 
MATs (mean annual temperatures) were several de- 
grees lower than at present, the biota then experienced 
a far more dynamic environment than previously as- 
sumed. 

Although considerable progress has been made in 
understanding the physical and climatic history of the 
Caribbean islands, it is unlikely that this history will 
ever be reconstructed in sufficient detail to provide ex- 
planation for the speciation and migration of specific 
plant taxa. Other variables are involved, and they in- 
clude the dispersal potential of each species, and the 
probabilities of chance dispersal over the short dis- 
tances involved, given (in some cases) -49 million 
years of time. Cuba is separated from Florida by only 
160 km; from the Yucatan Peninsula by 210 km; and 
from Haiti by 72 km; the Dominican Republic from 
Puerto Rico by 96 km; and the Virgin Islands from the 
Lesser Antilles (Anguilla) by 112 km. It is impossible 
to determine from the physical and climatic history 
whether individuals of a species presently in eastern 
Cuba arrrived: 1) when that part of the island was 
sutured on to western/central Cuba in the early to 
middle Eocene; 2) crossed the relatively minor marine 
barriers from western/central Cuba in the Oligocene; 
3) arrived by gradual overland range expansion from 
western/central Cuba sometime after the marine bar- 
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riers disappeared in the Miocene; or 4) arrived there 
multiple times from several sources by a combination 
of events. It is also possible that progenitors of a lin- 
eage arose by vicariance when, for example, Hispan- 
iola separated from Cuba, or when Puerto Rico sepa- 
rated from Hispaniola, and were later re-introduced 
back onto these islands or elsewhere by dispersal. 

An aspect of Caribbean vegetation that is receiving 
renewed attention is the presence of taxa with African 
affinities, and the timing and routes of their arrival 
(e.g., Ginoria, Lythraceae, S. Graham 2002, this volume; 
Hymenaea, Leguminosae, Hueber and Langenheim 
1986). In the absence of an adequate (or in some cases, 
any) fossil record for most of the taxa, innovative sce- 
narios may be imagined for their movement across the 
North Atlantic connection, or even Beringia, into the 
Caribbean region based on molecular evidence and bi- 
ological clocks. However, such migrations must be con- 
structed within the same constraints of dispersal po- 
tential, suitable climates, timing of continuous/discon- 
tinuous periods of land surfaces, and the coordination 
of these events with the age and proposed timing/ 
direction of movements of the taxon, as was discussed 
for the Isthmian connection (see Graham 1999, pp. 60- 
64 re the history of the North Atlantic and Beringian 
land connections). 

Regarding the origins of African elements in the 
Caribbean region, Darwin early commented on Afri- 
can dust falling on the HMS Beagle (Cadee 1998), and 
now large amounts of dust are known to be periodi- 
cally transported from Africa into the Caribbean re- 
gion. Although the current focus of these studies is on 
coral bleaching and human health (Prospero 2001; 
Ryan 2001; Griffin et al., 2002), the implications for the 
dispersal of plants with small dissemules is obvious, 
particularly when tied to two aspects of geological and 
environmental history. One is that when the Antilles 
first emerged and were in about their present position 
(viz., in the middle Eocene), the distance between Af- 
rica and the New World tropics was less than at pre- 
sent (Scotese and Sager 1989, fig. 7, p. 34). The other 
is that recent studies have shown that hurricane fre- 
quency and intensity in the Atlantic Ocean have in- 
creased in recent times (a doubling in activity in the 
past 6 years compared to the previous 24 years, and a 
2.5-fold increase in major huricanes). The suspected 
cause is increased global warming (Bengtsson 2001; 
Goldenberg et al. 2001). In model simulations for the 
Pacific Ocean specifying a 2.20C increase in tempera- 
ture, wind speed increased by 3-7 m/sec (5-12%) and 
sea-surface pressure increased by 7-20 millibars 
(Knutson et al., 1998). Given that the Antilles emerged 
near the time of maximum global warmth, and that 
the distance between Africa and the Caribbean re- 
gion/South America was less, this may have afforded 
opportunity for the introduction of a broader array of 

plants from Africa than would seem plausible under 
modem conditions. 

The physical, climatic, migrational, and chance 
events over 49 Ma yrs of time can be reconstructed to 
a level of resolution that can only suggest opportuni- 
ties or best-case scenarios for migrational or evolution- 
ary pathways. Which (or what combination) of these 
pathways were actually utilized by individual taxa 
must be assessed by the taxonomic specialists, ac- 
knowledging, in some cases, that this may be impos- 
sible to determine with certainty. 
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