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ABSTRACT

Geological uplift along the Central American Arc began in the Eocene with 
extensive development of emergent terrains by the early Miocene. Nevertheless, 
three independent lines of evidence are consistent with abundant seawater exchange 
between the oceans until about 4.7–3 Ma. (1) Isotopic and sedimentary data from 
ocean cores demonstrate that divergence in surface salinity and deep-sea carbonate 
accumulation between the Caribbean and eastern Pacific did not occur until 4.7–
4.2 Ma. Moreover, strong upwelling comparable to the Pacific today persisted in 
Caribbean shelf environments until 4.5–3.5 Ma. (2) North and South American 
terrestrial mammals and tropical forest bird faunas remained overwhelmingly 
isolated until about 3 Ma. Some birds flew across the seaway and numerous small 
amphibians and plants began mixing millions of years earlier as expected due to 
their high probability of rafting. The rarity and ambiguity of reported exceptions to 
these result after a century of intensive sampling strengthen the general pattern. (3) 
Bathyal foraminifera first separated across the developing Isthmus approximately 
13 Ma but numerous mollusks and cheilostomes are known from both oceans until 
the Middle Pliocene. Some species now restricted to the Pacific persisted in the 
Caribbean until the Pleistocene, but no species known to have originated after the 
Early Pliocene occurs in both oceans except for dispersal by shorebirds or human 
introductions. Molecular clock estimates for the timing of divergence of taxa 
strongly support these patterns. Isolation of the Caribbean from the Pacific about 3 
Ma provides a robust model system for the study of vicariance in the oceans. 

The timing of the formation of the Isthmus of Panama and the consequent isola-
tion of the Caribbean Sea from the tropical eastern Pacific (TEP) have long been of 
fundamental interest to geologists, biologists, and oceanographers (Schuchert 1935, 
Mayr 1954, Woodring 1966, Lessios 1981, 2008, Stehli and Webb 1985, Vermeij and 
Petuch 1986, Coates et al. 1992, Jackson et al. 1993, 1996a, Schmidt 2007). The con-
sensus view is that isolation began about 20–25 Ma with the initial development 
of the Central American island arc with subsequent gradual restriction of the con-
necting seaways until final closure of the last seaway about 3.5–3 Ma (Coates et al. 
2004, Coates and Stallard 2013). This view is strongly supported by a wide variety 
of paleoceanographic, paleontological, and molecular phylogenetic data. More re-
cently, however, extensive new and detailed geological, geochemical, and geophysi-
cal analyses have provided a much more detailed picture of the early formation and 
uplift of the Central American island arc that resulted in extensive emergent terrains 
between 25 and 15 Ma (Farris et al. 2011, Montes et al. 2012a,b). This discovery has 
led to speculation that the oceans were entirely isolated about 15 Ma, >10 Ma earlier 
than the consensus view.

Reconciliation of these very different perspectives for the timing of isolation of the 
oceans is complicated by differences in the central questions posed by geologists, 
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oceanographers, and biologists, the kinds of evidence most relevant to their solu-
tion, and the inherent limitations in the different proxies employed to estimate past 
geographic and environmental conditions. Geologists use the composition of rocks 
and minerals, the timing and extent of volcanic events, structural and stratigraphic 
evidence, and geochemical calculations of rates of cooling to determine the tim-
ing of the collision among tectonic blocks of North and South America with the 
neighboring oceanic plates to reconstruct the formation and uplift of the Central 
American island Arc. However, the inherent incompleteness of the geological rock 
record precludes paleogeographic reconstruction on the scale of a few tens to hun-
dreds of kilometers that are sufficient for significant oceanographic and marine bio-
logical exchange.

Oceanographers use variations in stable isotopes of carbon and oxygen from skel-
etons, biological proxies, and changes in sediment composition to calculate changes 
in the properties of ancient seawater and implied rates of restriction of seawater 
exchange between the oceans. Estimates of changes in paleobathymetry based on 
assemblages of benthic foraminifera and stratigraphic evidence are used to corrobo-
rate the divergence in seawater properties. Proxies for seawater properties are power-
ful indicators of oceanic conditions on a grand scale of thousands of kilometers. It 
is not always clear, however, what the proxies are measuring, as in the well-known 
example of fluctuations in δ18O that reflect both changes in temperature and salinity.

Paleontologists and biologists use the fossil record of the first appearance of ter-
restrial taxa north and south of the Isthmus, as well as molecular phylogenetic data 
from extant populations at varying distances from the Isthmus, to estimate when the 
physical connection between the continents was sufficiently established for the ex-
change of northern and southern biotas. Occurrences of marine taxa and their mor-
phological and molecular genetic divergences between the oceans provide estimates 
of the timing and rates of the isolation of Caribbean and TEP biotas and their eco-
logical and evolutionary divergence. Fossils provide direct biogeographic evidence of 
occurrence but are notoriously patchy in time and space raising problems of missing 
data. In contrast, molecular phylogenies provide indirect evidence of rates of diver-
gence. The resulting estimates of divergence are hampered, however, by assumptions 
of static geographical distributions (that source populations were always where we 
find their descendants today) and low levels of extinction (few missing lineages), nei-
ther of which are likely to be true.

Here we address the history of the seaway connection between the TEP and 
Caribbean with regard to the gradual restriction and ultimate isolation of oceanic 
and biological exchange between the two oceans. Our emphasis is on paleoceano-
graphic and biological data that pertain directly to the question of marine biological 
exchange.

Paleoceanographic Evidence

Compelling evidence for divergence in properties of seawater from opposite 
sides of the developing isthmus, and thus the isolation of the oceans, comes from 
multiple independent lines of evidence. These include estimates of (1) variations 
in temperature and salinity based upon stable isotopic fractionation from the 
skeletons of foraminifera from deep ocean cores (Keigwin 1982a,b, Haug and 
Tiedemann 1998, Haug et al. 2001), (2) changes in sediment chemistry (L Collins 



jackson and o’dea: oceanographic and biological isolation of caribbean from pacific 781

1996, Collins et al. 1996a, Haug and Tiedemann 1998, O’Dea et al. 2007), (3) sea-
sonal fluctuations in temperature derived from morphological and isotopic vari-
ability measured within the skeletons of individual bryozoan colonies and mollusk 
shells (Teranes et al. 1996, O’Dea and Jackson 2002, O’Dea et al. 2007, Robbins 
et al. 2012, Tao et al. 2013), and (4) proxies for planktonic productivity based on 
growth rates of oysters (Kirby and Jackson 2004) and the relative abundance of 
different taxa of benthic foraminifera (L Collins 1996). In addition, estimates of 
stratigraphic changes in paleobathymetry based on the occurrence of benthic for-
aminifera provide a record of the shallowing of seaway connections between the 
oceans (Duque-Caro 1990, Coates et al. 2004) that can be compared to estimates 
of changes in seawater conditions.

Keigwin (1982a,b) analyzed interoceanic differences in oxygen isotopes from 
skeletons of the planktonic foraminifera Globigerinoides sacculifer (see Online 
Appendix for species authorities) from Deep Sea Drilling Project (DSDP) Site 502 
in the southwestern Caribbean and Site 503 in the TEP from 6 to 2 Ma (Fig 1). 
Divergence in values of δ18O between the oceans began approximately 4.2 Ma 
and persisted thereafter. Keigwin interpreted these results as a signal of rising 
Caribbean salinity relative to the TEP due to constriction of the isthmian sea-
way. He also observed increased differences in δ13C from the benthic foraminifera 
Cibicidoides from the same cores at 6 Ma and again at 3 Ma that he interpreted as a 
signal for decreased deep-water exchange between the oceans. Keigwin concluded 
that modern circulation patterns within the Caribbean and eastern Pacific were 
fully established by about 3 Ma.

Others have repeated Keigwin’s approach with denser isotopic sampling of dif-
ferent pairs of cores. Haug et al. (2001) analyzed oxygen isotopes in G. sacculifera 
from Ocean Drilling Program (ODP) Site 999 in the southwest Caribbean and 
Site 851 in the TEP. Values of δ18O began to diverge at approximately 4.7 Ma and 
reached modern levels equivalent to a difference in salinity between the oceans 
of approximately 1.5 by 4.2 Ma. Subsequent studies of cores extending from the 
equatorial Atlantic through the Caribbean to the Florida Straits further support 
the model of decreased seawater exchange through the Central American Seaway, 
the concomitant build-up of the salinity contrast between the Atlantic and Pacific, 
and fundamental reorganization of Caribbean circulation patterns with increased 
transport of high salinity water into the North Atlantic (Steph et al. 2006).

Haug and Tiedemann (1998) also calculated deep-sea carbonate sand fraction 
mass accumulation rates at ODP Site 999 and a different TEP core from ODP Site 
846. Accumulation rates were near zero in both the Caribbean and TEP up to 4.6 
Ma, after which accumulation rates sharply increased in Caribbean samples for 
reasons the authors attribute to changes in deep ocean circulation consistent with 
Keigwin’s δ14C results. Increased accumulation of Caribbean carbonate is also 
supported by disproportionate increases in the diversification of carbonate as-
sociated benthic foraminifera and reef corals during the Late Miocene (L Collins 
1996, Collins et al. 1996a).

Molnar (2008) suggested that differences in salinity do not of themselves re-
quire closure of the seaway connection between the oceans that might also be 
explained by a shift from a permanent El Niño-like state to the modern El Niño-
Southern Oscillation (ENSO) state today. However, the hypothesis that the TEP 
experienced permanent El Niño conditions in the Pliocene (Wara et al. 2005) 
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remains unresolved (see Rickaby and Halloran 2005, Haywood et al. 2007, von der 
Heydt et al. 2011, Okamura et al. 2013), and the question remains as to what would 
have caused such a large-scale shift in climatic regimes in the first place? 

Independent morphological data for seasonal variations in seawater tempera-
ture recorded within the skeletons of bryozoans also support the interpretation of 
complete seaway closure by about 3.5 Ma (O’Dea et al. 2007). Data are estimates 
of seasonal ranges in seawater temperature calculated from changes in the sur-
face area of zooids within individual colonies of cupuladriid bryozoans (O’Dea 
and Okamura 2000a,b). Variation in zooid size in living bryozoans is significantly 
correlated with the mean annual range in temperature (MART) of the seawater 
in which the colony grew due to the inverse relationship between zooid size and 
ambient temperature (references in O’Dea et al. 2012). Adequately replicated mea-
surements of variance in zooid frontal area within colonies provide estimates of 
MART in seawater within a few degrees centigrade of error (O’Dea and Jackson 
2002, O’Dea 2003, Okamura et al. 2011). 

Estimates of MART were calculated from 218 colonies from 25 faunal samples 
of Caribbean fossil cupuladriids ranging in age from 9.0 to 1.4 Ma and 38 Recent 

Figure 1. Section of tropical America (A) and the Isthmus of Panama (B) with principal locations 
discussed in the text and approximate position of key Ocean Drilling Program (ODP) and Deep 
Sea Drilling Program (DSDP) sites.
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colonies from five Caribbean locations (O’Dea et al. 2007). Sample depths ranged 
from about 20 to 175 m. Average values of MART decreased by more than half 
from 6.4 °C (range 5.2–8.7 °C) for samples older than 4.3 Ma to just 3.0 °C (range 
1.8–4.2 °C) for samples younger than 3.45 Ma, with intermediate and highly er-
ratic values for samples of intermediate age (mean 5.2 °C, range 2.7–7.2 °C) (Fig. 
2A). In contrast, average carbonate content of sediments from the same samples 
more than doubled from 17.7% for samples older than 4.3 Ma (range 14.3%–24.6%) 
to 46.7% (range 19.6%–84.2%) for samples younger than 3.5 Ma (Fig. 2B). Seasonal 
variation in δ18O from closely spaced samples of mollusk shells suggests similar 
seasonal patterns in temperature (Teranes et al. 1996, Robbins et al. 2012, Tao et 
al. 2013).

The only mechanism for strong seasonal variations in tropical sea-surface tem-
perature is upwelling that must, therefore, have collapsed along with the reduc-
tion in MART in concert with the inferred final closure of the seaway between the 
oceans approximately 3.5 Ma (O’Dea et al. 2007). Collapse in upwelling implies 
a similar reduction in planktonic productivity that is further supported by dra-
matic shifts in the composition of Caribbean benthic communities (Jackson et 
al. 1993, 1999, Johnson et al. 2007, 2008, O’Dea et al. 2007, Smith and Jackson 
2009, Leonard-Pingel et al. 2012) and by sharp reductions in the growth rates of 
oysters that are suspension feeders on phytoplankton (Kirby and Jackson 2004). 
Fast growing Crassostrea cahobasensis dominated oyster faunas in the Miocene, 
but was replaced in the Pliocene by slower growing Crassostrea virginica. Growth 
in biomass and shell carbonate in C. cahobasensis was 2.5–5 times faster than in 
C. virginica. Further evidence for reduced productivity comes from changes in the 
composition of benthic foraminiferal paleocommunities from Caribbean ocean 

Figure 2. Chronology of environmental and ecological changes in coastal southwestern Caribbean 
faunules over the last 9 myr. (A) Strength of upwelling revealed from estimates of mean annual 
range of temperature (MART) calculated by using the zooid size profiling technique on fos-
sil cupuladriid bryozoans. (B) Percent carbonate of ≤2 mm fraction of coastal sediments. (C) 
Ecological structure of biotic assemblages estimated by principal components analysis of relative 
weights of fossil guilds (bivalves, gastropods, corals, bryozoans, fish and echinoid). Horizontal 
error bars indicate 95% confidence intervals. Vertical error bars indicate maximum and minimum 
age estimates of faunules. Modified from O’Dea et al. (2007) with permission.
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core site 999, most importantly a sharp increase in the abundance of Nuttalides 
umbonifera that is a proxy for oligotrophy (Jain and Collins 2007).

Estimates of paleobathymetry based on assemblages of benthic foraminifera in 
the pre-Atrato and Atrato Basins of western Colombia (Duque-Caro 1990) are in 
good agreement with estimates of the timing of constriction and closure of the 
Panama Seaway based on isotopes and estimates of MART. Water depths >1000-
500 m persisted until the end of the Middle Miocene about 13 Ma and shallow 
water connections >150–100 m only began to be restricted about 7 Ma. However, 
major changes in current patterns associated with strengthening of the north-
south California Current may have effectively severed exchange between the 
oceans about 13–7 Ma (Duque-Caro 1990). The Atrato marine record ends with 
the beginning of terrestrial sequence toward the beginning of the Late Pliocene 
about 3.5 Ma.

A similar scenario exists for all the remaining Neogene sedimentary basins to 
the west of the Atrato Basin from the Canal Basin in central Panama to the three 
sedimentary basins of the Chorotega Block comprising most of Costa Rica (Coates 
and Obando 1996, Coates et al. 2004). In each case, the base of the stratigraphic 
sequence comprises bathyal sediments as determined by the composition of ben-
thic foraminiferal assemblages, then shallows upwards to shelf depth sediments 
in the Upper Miocene and Early Pliocene, and ends with marginal marine and 
terrestrial sediments in the middle to Late Pliocene (Fig. 3). 

The most detailed analysis is for the Gatun and overlying Chagres forma-
tions along the Caribbean side of the Panama Canal Basin (Collins et al. 1996b). 
Uppermost Middle Miocene to Upper Miocene Gatun sediments are character-
ized by shallow water (approximately 25 m) benthic foraminifera and shallow-wa-
ter mollusks indicating considerable isolation between the oceans. However, the 
overlying 6 Ma Chagres Formation includes bathyal benthic foraminifera and fish 
remains of strong Pacific affinity (Collins et al. 1996b, De Gracia 2012). Moreover, 
the basal Toro Member of the Chagres Formation consists of a cross-laminated 
sandstone and a shallow-water fauna coquina containing Pacific faunal elements 
that wedges out to the west with decreasing sediment grain size. This strongly 
suggests that high-energy currents or tidal waves passed from the Pacific to the 
Caribbean 6 Ma (Collins et al. 1996b). 

In summary, diverse paleoceanographic evidence and the shallowing-upward 
stratigraphic sequence of bathyal-shelf depths to marginal marine and terres-
trial sediments in all of the sedimentary basins of the Chorotega and Choco 
Blocks consistently corroborate the persistence of bathyal connections between 
the Caribbean and TEP throughout the Middle Miocene and subsequent gradual 
shoaling of the remaining seaways to shelf depths of 100–150 m from about 13 to 
5 Ma. Subsequent constriction and eventual disappearance of shallow seaways oc-
curred between about 5 to 3 Ma, when values of salinity, temperature, carbonate 
deposition, and seasonal fluctuations in temperature all strongly diverged. 

Terrestrial Biogeographic Evidence

The formation of a dry land connection between the continents triggered 
rapid intermingling of the long-isolated biotas of North and South America in 
what stands as one of the most dramatic examples of how regional geological 
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processes may dramatically alter the composition and distribution of life on earth 
over continental scales (Stehli and Webb 1985). The overall extent and timing of 
this Great American Biotic Interchange (GABI) have long been well constrained 
(Webb 1976, Marshall et al. 1982) and are even more strongly supported by new 
paleobiological research (MacFadden 2006, Webb 2006, Woodburne et al. 2006, 
Woodburne 2010, MacFadden et al. 2012). Most of the data are for the fossil oc-
currences of mammals and other vertebrates from north and south of the Atrato 
basin in Colombia with more recent contributions from molecular phylogenetic 
analyses of modern species (Weir et al. 2009, Pinto-Sánchez et al. 2012). 

A very few so-called “herald” taxa reached the opposite continent between 7 
and 9 Ma, but the overwhelming majority of species failed to make the crossing 
until about 3.0–2.6 Ma (Webb 2006). This is well after the estimated dates based 
on paleoceanographic evidence for the final constriction of the shallow-water 
seaway(s) separating the continents about 3.5 Ma.

Two ground sloths with South American affinities, Thinobadistes and 
Pliometanastes, arrived in North America approximately 9 Ma (Tedford et al. 
2004). Two other South American sloth genera may have arrived about 4 Ma, al-
though they may have evolved from taxa already in North America (Webb 2006). 
Moving in the opposite direction, the procyonid (related to modern raccoons) car-
nivore Cyanosura closely related to the North American procyonid Arctonasua 
arrived in northwest Argentina about 7 Ma (Marshall 1985, Flynn and Swisher 
1995). Living sloths and raccoons “are particularly adept at floating and swim-
ming, so that they are the most likely groups of land mammals to make water 
crossings” (Webb 1985, 2006). There are scattered reports that sigmodontine ro-
dents also arrived in South America 6–5 Ma but this is largely discounted due to 
poor documentation (Webb 2006).

There is a subsequent hiatus of some 5 Ma in the very rich North American 
mammalian fossil record before the first appearance of several new South 
American immigrants into central Mexico between 4.6 and 3.1 Ma. These include 
the armadillo Plaina, tank-like edentate Glyptotherium, and capybara Neochoerus 
(Miller and Caranza-Castaneda 2001, Flynn et al. 2005, Montellano-Ballasteros 
and Jimenez-Hidalgo 2006). Then the GABI exploded with the invasion of 21 
South American families into southwest North America between 3.04 and 2.58 
Ma, and 17 North American families into Argentina 2.7–2.5 Ma (Webb 2006).

The timing of the GABI is all the more remarkable because of the increasing-
ly well-documented occurrence of a diverse, entirely North American mammal 
fauna in the Early to Middle Miocene (25–14 Ma) Las Cascadas and Cucaracha 
formations in the Panama Canal Basin (Whitmore and Stewart 1965, Kirby and 
MacFadden 2005, MacFadden 2006, Kirby et al. 2008, MacFadden et al. 2012). 
The pace of new discoveries in central Panama is rapidly increasing and the New 
World tropics may well have been a “cradle of biodiversity” of North American 
mammals in the Early Miocene (MacFadden et al. 2012). All known Miocene 
mammals elsewhere in Mesoamerica also show “strict North American affinities” 
(Ferrusquia-Villfranca 2003). 

The fossil record in northern South America is comparatively sparse. However, 
recent work in the Guajira Peninsula in northeast Colombia has produced a rich 
Early Miocene to Early Pleistocene fauna of entirely South American affinities 
and North American migrants are rare throughout the northern South America 
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region until the Pleistocene (Carrillo et al. 2012). One persistent claim for an ear-
lier Miocene invasion of South America is based on a fauna of proboscideans, 
tapirs, camelids, and peccaries from Peru underlying an ash deposit dated at 9 Ma 
(Campbell et al. 2010). The validity of this early date seems highly improbable, 
however, given the absence of any of these large herbivores from the nearby rich 
and well-studied Miocene mammalian faunas from Argentina and Bolivia (Webb 
2006).

Birds have an extremely poor fossil record compared to mammals so that most 
of what we know about their migrations north and south of the former seaway is 
based upon molecular genetic evidence. Weir et al. (2009) analyzed four fami-
lies of passerines that together comprise about 30% of all New World passerines. 
Estimated first dates of divergence for generalist species of blackbirds and tana-
gers (Icteridae and Thraupidae) are about 9–8 Ma. Blackbirds and tanagers also 
occur on Caribbean islands that, despite considerable disagreement, have not 
been geologically connected to either the Central or South American mainland 
for tens of millions of years (Graham 2003, Chackrabarty 2006, Hedges 2006). 
In contrast, the earliest estimates of divergence for antbirds and woodcreepers 
(Thamnophilidae and Dendrocolaptidae) that are restricted to tropical forest 
environments are 4–3 Ma. Forest specialists apparently failed to cross the nar-
rowing seaway until the land connection was complete. These groups have also 
failed to colonize Caribbean islands. In a similar study, Smith and Klicka (2010) 
analyzed 135 intraspecific to interfamilial branching events crossing the Isthmus. 
Diversification between the continents ranged in age from the mid-Miocene to 
Late Pleistocene, but a remarkable 76% of all the events compiled occurred within 
the last 4 Ma. Thus, despite being able to fly, the pattern for birds is remarkably 
similar to that of mammals. 

Molecular phylogenetic analyses strongly suggest much earlier divergence 
across the seaway for numerous frogs, freshwater fishes, and plants that are of 
uncertain paleogeographic significance because of the absence of a fossil record 
and the high likelihood of major post-divergence extinction. Moreover, oceanic 
dispersal is widespread among small animals and plants (de Queiroz 2005). Thus 
phylogeography is highly inferential based upon modern distributions and in ig-
norance of where divergence took place. 

The túngara frog Physalaemus pustulosus first invaded Central America from 
South America about 6–10 Ma (Weigt et al. 2005). Likewise, at least eight of 11 
hypothesized invasions by the South American frog Pristimantis into Central 
America most likely occurred >4 Ma (Pinto-Sánchez et al. 2012). Most remark-
ably, the very large assemblage of 801 known species of eleutherodactyline frogs 
have been inferred to have dispersed over water from South America northwards 
into North America and the Caribbean in the early Cenozoic 47–29 Ma (Heinicke 
et al. 2007). Eleutherodactylines are notable for breeding out of water and laying 
their eggs directly on land. Their very early appearance in North America and the 
Caribbean may reflect dispersal along an early island arc between the continents 
as the nascent Greater Antilles moved into the Caribbean, dispersal over open 
water, or both. Rafting of small animals represents an important dispersal mecha-
nism that needs to be taken into account in all such analyses (de Queiroz 2005), as 
demonstrated by the considerable levels of gene flow amongst Anolis lizards across 
islands in The Bahamas over hundreds of kilometers (Calsbeek and Smith 2003).



BULLETIN OF MARINE SCIENCE. VOL 89, NO 4. 2013788

The story is even less certain for freshwater fishes because of considerable taxo-
nomic and phylogenetic uncertainties that are only beginning to be analyzed and 
because many so-called secondary freshwater fishes are tolerant (or may have been 
tolerant in the past) of a considerable range of salinities. Molecular evidence sug-
gests that invasions of South American stocks into Central America occurred well 
before 4 Ma, but it is difficult to relate these patterns to the timing of the closure 
of the seaway because so many of the taxa involved have also colonized Caribbean 
islands (Bermingham and Martin 1998, Concheiro Pérez et al. 2006) that have 
long been geologically isolated from either continent (Graham 2003). Likewise, 
several groups of South American plants that reached Central America >4 Ma are 
well known to have greater dispersal abilities over water than animals (Cody et al. 
2010) and to have colonized Caribbean islands as well as North America (Bacon et 
al. 2013). Thus, their divergence times based on molecular phylogenies are of little 
use for establishing the time of the final connection of the continents.

In summary, the terrestrial fossil record for mammals unequivocally supports 
the existence of a significant barrier between North and South America until 4–3 
Ma (Webb 2006), a pattern strongly supported by ecological specialist tropical 
forest birds (Weir et al. 2009, Smith and Klicka 2010). In contrast, molecular data 
for lower vertebrates and plants are more complex and indecisive for reasons that 
are still poorly understood, but almost certainly reflect differences in dispersal 
ability, the generally underappreciated role of rafting (De Queiroz 2005), and the 
possible Cretaceous to Paleogene vicariance associated with the movement of the 
proto–Greater Antilles through the nascent Central American Seaway (Graham 
2003, Hedges 2006).

The GABI story for the long isolation of North and South American mammals is 
also strikingly consistent with everything we know about the recent and fossil dis-
tributions of terrestrial vertebrates extending from Southeast Asia through the vast 
Malay Archipelago island arc to New Guinea and Australia. There, strong biogeo-
graphic boundaries have persisted across narrow bathyal gaps of only a few tens to 
hundreds of kilometers for millions of years (Wallace 1869, Mayr 1944, Simpson 
1977). Details vary, but the pattern for mammals is generally well established. 
Mammals on the large western Indonesian islands of Sumatra, Java, Borneo, and 
Bali exhibit strong affinities with the continental faunas of Southeast Asia. Just to 
the east across Wallace’s Line, the mammalian fauna on Sulawesi, Lombok, the 
Lesser Sunda Islands, Timor, and all the other small eastern Indonesian islands 
exhibits a varying mixture of Asian and Australian elements. The Asian compo-
nents of this intermediate fauna apparently originated from across the Sunda Sea 
to the north, and throughout the Quaternary remained virtually isolated from the 
faunas just to the west across the narrow Makassar and Lombok Straits (van den 
Bergh et al. 2001). Finally to the east across Lydekker’s line, the mammals of New 
Guinea and Australia are strikingly different descendants of the predominantly 
marsupial Gondwanan fauna. Yet the distances across the water separating these 
three great regions are nowhere as great as 200 km.

Narrow seaways are clearly effective barriers to mammalian dispersal, but the 
existence of North American mammals in central Panama in the Middle Miocene 
does not require the existence of a peninsula connecting Panama to mainland 
North America as proposed by Kirby and colleagues (Kirby and MacFadden 2005, 
Kirby et al. 2008). They based their interpretation on the body size distribution 
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of fossils from Panama that is similar to that of congeners in mainland North 
America rather than exhibiting dwarfing as would be expected according to 
the “island rule” for size distributions of mammals on islands (Van Valen 1973, 
Lomolino 1985, Kirby and MacFadden 2005). The island rule is generally strongly 
supported (Lomolino 2005), but remains somewhat controversial because of in-
consistent patterns for different taxa (e.g., Schillaci et al. 2009). 

Nevertheless, the question remains as to how large an island needs to be for 
dwarfing to disappear? Data for the tricolored squirrel as a function of island area 
in Southeast Asia show that the diminishment of body size disappears for islands 
larger than a few hundred to 1000 km2 (Heaney 1978). Moreover, body size for in-
sular carnivores is inconsistent with the island rule, although 86% of the data were 
obtained from islands larger than 2590 km2 (Meiri et al. 2004, Lomolino 2005). 
To put this in perspective, the area of the Province of Panama, where the Middle 
Miocene fossils described by Kirby and MacFadden (2005) are located, is 9633 
km2. That is nearly four times larger than the area at which the island effects for 
carnivores virtually disappear (Meiri et al. 2004). Thus, while there is little doubt 
that the large terrestrial animals that reached central Panama must have arrived 
there dry-footed, their large size in no way excludes the more likely geological 
scenario that they arrived there by migration along a highly dynamic landscape 
of rising and sinking islands along the Central American Island Arc (Coates and 
Obando 1996), rather than a continuously persistent peninsula stretching all the 
way to Mexico (Kirby and MacFadden 2005).

Marine Biogeographic Evidence

The youngest examples of transisthmian species provide the most important ma-
rine biological evidence for the final closure of the isthmian seaway. Identification of 
such occurrences is based on fossil occurrences or inferences on the timing of spe-
cies divergence from molecular phylogenies (Lessios 2008).

The most complete paleontological data are for bathyal to abyssal benthic foramin-
ifera and neritic to bathyal deposits in the Atrato, Panama Canal, Bocas del Toro, and 
Limon sedimentary basins (Duque-Caro 1990, L Collins 1996, Collins et al. 1996a,b). 
The fossil record for Caribbean marine invertebrates is also generally well sampled 
but the TEP record has large gaps that hamper detailed interoceanic comparison of 
lineages (Coates et al. 1992, Cheetham et al. 1999, Smith and Jackson 2009). Very few 
taxa have been investigated using both fossil and molecular data (Marko and Jackson 
2001, Marko 2002, Marko and Moran 2009, Jagadeeshan and O’Dea 2012). 

Most studies of hypothesized transisthmian evolutionary divergence have fo-
cused upon so-called “geminate” species that are morphologically similar presum-
ably sister species that occur on either side of the Isthmus today (T Collins 1996, 
Lessios 2008). But when fossil data are lacking, it is difficult to know whether the 
emerging isthmus or some other isolating mechanism was responsible for evolu-
tionary divergence. This is because there is no way of knowing whether the appar-
ent geminates were actually divided by the emerging isthmus or are descendants 
of species that diverged in one or both oceans due to earlier unrelated events. 
Without fossils there is also no way to calibrate the molecular clock for calculat-
ing divergence times based on data for the specific taxa of interest.
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For example, six geminate pairs of arcid bivalves are clearly distinguishable 
by quantitative morphological techniques (Marko and Jackson 2001). However, 
both species of one of the pairs, eastern Pacific Arca mutabilis and Caribbean A. 
imbricata, were identified using the same quantitative morphological techniques 
from the Middle Miocene Cantaure Formation in Venezuela as well as younger 
Caribbean fossil deposits. Moreover, molecular phylogenetic data suggest that 
divergence between these two species occurred 63.5 ± 16.4 Ma, long before the 
suggested time of final isolation of the oceans (Marko 2002). Molecular data for 
three of the other five geminate species pairs also suggest divergence more than 
10 Ma, with only two pairs consistent with separation >3.5 Ma. An important 
caveat, however, is the possibility of cryptic species that are pervasive among ma-
rine invertebrates, especially groups that have not been investigated genetically 
(Jackson and Cheetham 1990, Knowlton 1993). Indeed, Marko and Moran (2009) 
have shown that at least one of the previously recognized geminate pairs of ar-
cids, Barbatia (Acar) gradate  and Barbatia (Acar) domingensis, is composed of 15 
clades. These include four transisthmian lineages of Acar, two of which split >14 
Ma according to molecular data, and two of which divided about 4–2 Ma. Cryptic 
species may also be lurking in the other arcid geminate pairs. 

Other studies of traditionally defined morphological species of fossil and Recent 
mollusks suggest exchange between the oceans as recently as about 3 Ma. Beu 
(2001) reviewed fossil and Recent occurrences of 146 species of tonnoidean gas-
tropods from both sides of the emerging isthmus. He identified numerous pu-
tative examples of fossil geminate species pairs extending back to the Miocene 
and species known as Miocene to Pliocene fossils in the Caribbean that also oc-
cur in Pliocene or Pleistocene deposits along the Pacific coast of the Isthmus and 
in the recent eastern Pacific. Among strombinid gastropods (Jackson et al. 1993, 
1996b), Recent Cotonopsis (Cotonopsis) mendoza  from the TEP is morphologi-
cally virtually identical to five specimens of C. (C.) c. f. mendoza from the Late 
Pliocene Caribbean Escudo de Veraguas Formation in Bocas del Toro. Similarly, 
seven specimens of Strombina (?Strombina) aff. pumilio  from the Late Pleistocene 
eastern Pacific Armuelles Formation in the Burica Peninsula are extremely simi-
lar to Late Pliocene and Recent Caribbean S. (S.) pumilio. Lastly, just two out of 82 
Miocene to Recent scallop species from the Caribbean and TEP are common to 
both oceans between 12.6 to 2.8 Ma (Smith and Jackson 2009).

Molecular and morphologically based phylogenies of fossil and Recent cupu-
ladriid bryozoans provide additional examples of apparently quite recent inter-
oceanic exchanges of species (Dick et al. 2003, Herrera et al. 2006, 2008, O’Dea 
and Jackson 2009, Jagadeeshan and O’Dea 2012). Cupuladria pacificiensis and 
Cupuladria exfragminis are common today in the eastern Pacific but also occur as 
Caribbean fossils, the former from Early Pliocene to Early Pleistocene Caribbean 
deposits in Panama and Costa Rica, and the latter from the Early Miocene Chipola 
Formation in Florida and Late Miocene to Late Pliocene deposits in Panama. 
However, the equivalence of Caribbean fossil C. exfragminis and the Recent TEP 
species remains unresolved. Fossil records and molecular phylogenies of extant 
cupuladriid species in three clades suggest species divergences in the Late Neogene 
to Pleistocene (Jagadeeshan and O’Dea 2012), with inferred interoceanic diver-
gences occurring around 7–4 Ma (there are few Neogene fossils from the TEP) 
and subsequent divergences within the Caribbean occurring later as Caribbean 
habitats diversified (Jagadeeshan and O’Dea 2012). 
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Morphologically based phylogenetic analysis of the intensively sampled chei-
lostome genus Metrarabdotos also suggests quite recent speciation across the 
emerging isthmus (Jackson and Cheetham 1994, Cheetham and Jackson 1996). 
Metrarabdotos pacificum evolved from Caribbean M. lacrymosum 2.5 Ma, and its 
closely related Caribbean sister species Metrarabdotos unguiculatum  has no fossil 
record despite extensive sampling, suggesting that it also originated quite recently. 

An exceptionally detailed global phylogenetic analysis of rocky intertidal snails 
in the genus Echinolittorina revealed six cases of transisthmian divergence, all 
considerably >4–3 Ma (Williams and Reid 2004). But there are no fossil data and 
the authors point out that the apparent geminates are likely to be end points of 
much earlier divergence unrelated to the emerging isthmus, as shown for species 
of Arca (Marko and Jackson 2001, Marko 2002). However, two additional, solely 
molecular phylogenetic studies provide especially strong evidence for very recent 
divergence of species because of the large numbers of species pairs sampled, the 
exceptional consistency of results, and the strict concordance of different kinds 
of genetic measures of divergence with the habitats of the species (Knowlton et al. 
1993, Knowlton and Weigt 1998, Miura et al. 2010). 

Patterns of divergence for allozymes and the COI gene are highly concordant 
for 15 pairs of snapping shrimp in the genus Alpheus (Knowlton and Weigt 1998). 
Calculations of divergence times based on a molecular clock range from 18 to 3 
Ma based on calibration of final closure of the seaway at 3 Ma. These estimates are 
consistent with molecular clock rates from numerous other well-calibrated mo-
lecular studies of divergence. Most importantly, the species pairs with the least, 
and presumably most recent, genetic divergence occur in marginally marine man-
grove environments, whereas species with the greatest, and presumably oldest, 
genetic divergence are restricted to offshore islands or deeper water environments 
(Fig. 4). Moreover, aggression among different species within each geminate 
pair was much less than for species pairs exhibiting stronger genetic divergence 
(Knowlton et al. 1993). This implies that the isolating mechanisms in species pairs 
that have been isolated for shorter times have not evolved to be as strong as those 
for species separated for many more millions of years.

Similar results were obtained for 20 species of coastal marine snails in the gen-
era Cerithidea and Cerithium (Miura et al. 2010). The authors identified four puta-
tive species pairs out of the 20 species. Genetic divergence between geminate pairs 
varied two-fold with times of divergence based on a molecular clock ranging from 
3.1–2.8 to 6.4 Ma. Once again, species pairs with the smallest genetic divergence 
were from high intertidal and mangrove habitats, whereas those with the highest 
divergence inhabit low intertidal to subtidal habitats. There is also strong evidence 
for more recent transisthmian dispersal of one of the geminate pairs by shorebirds 
(Miura et al. 2011). Eastern Pacific Cerithideopsis californica were collected from 
Santa Barbara to the Gulf of Panama and Caribbean Cerithideopsis pliculosa from 
Texas to Colon, Panama. (These snails were identified as Cerithidea by Miura et 
al. 2010.) Ancestral area analysis combined with molecular dating suggest that 
dispersal from the eastern Pacific to the Caribbean occurred 750 Ka and a reverse 
introduction from the Caribbean to the eastern Pacific 72 Ka. Juvenile Cerithidea 
may have been transported on the feathers of wading birds, and adults are known 
to survive swallowing and subsequent regurgitation by willets days to weeks af-
ter feeding (Proctor 1968), which is ample time for transport across the isthmus 
(Miura et al. 2011).
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Discussion

Our analysis shows that paleoceanographic, terrestrial biogeographic, and marine 
biogeographic data are in striking agreement with the long-established consensus 
view (Coates and Stallard 2013) regarding the timing of the final isolation of the 
Caribbean Sea from the TEP approximately 4–3 Ma. Different paleoceanographic 
proxies demonstrate that seawater properties in the two oceans were virtually identi-
cal until 4.7 Ma when they begin to substantially diverge. Numerous examples of ex-
change of biotas between North and South America occurred 10 Ma or more, but the 
vast majority of exchanges of mammals, birds, amphibians, and fish occurred about 
4 to 2 Ma. This is especially striking for mammals, which have an extensive and well-
studied fossil record, and for tropical forest birds that failed to cross the seaway until 
the continents were connected by dry land. Likewise, numerous lineages of tropical 
American marine taxa including foraminifera, mollusks, bryozoans, crustaceans, 
and fishes began to diverge as much as 10–20 Ma, often within the same ocean, but 
there are also numerous well-documented examples of biological exchange between 
the oceans as recently as 3 or possibly even 2 Ma. In many cases, these patterns are 
documented by fossils as well as by molecular phylogenies that are therefore inde-
pendent of potentially circular assumptions of the time of isolation of the oceans.

So how are we to resolve the apparent disagreement between all these different 
kinds of oceanographic and biological evidence with the assertion based on geo-
logical evidence (Montes et al. 2012a,b) that the barrier between the Caribbean 

Figure 4. Divergences between 15 pairs of transisthmian snapping shrimp in the genus Alpheus 
as revealed by allozymes and the mitochondrial COI gene. Greatest genetic divergence occurs 
in species from offshore or deeper water environments while species with minimal genetic di-
vergence inhabit marginally marine mangrove environments. Nei’s Genetic Distance (D) is the 
accumulated number of gene substitutions per locus. Modified from Knowlton and Weigt (1998) 
with permission.
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and tropical eastern Pacific was established ten or more million years before? To 
some extent the argument is semantic, because in their second paper Montes et al. 
(2012b) softened their assertion to severing of “the deep water connection” between 
the oceans. This conclusion is entirely consistent with earlier studies by the Panama 
Paleontology Project (Coates and Obando 1996, Coates et al. 2004). More funda-
mentally, however, we believe the disagreement is more apparent than real because 
geological data cannot possibly resolve paleogeographic landscapes and seaways on 
the scale of the few 10s of kilometers that can provide for extensive oceanographic 
exchange (Coates and Stallard 2013). 

We need only to examine the geological history and geography of the Malay 
Archipelago to understand the fundamental oceanographic and biological signifi-
cance of very small connections between oceans (Coates and Stallard 2013). The 
Lombok and Ombai Straits and Timor Passage range in depth from 300 to 1450 m and 
a mere 35 to 160 km in width, dimensions comparable to those reconstructed for the 
sedimentary basins of the emerging Isthmus of Panama (Coates and Obando 1996, 
Coates et al. 2004). Yet these three passages accommodate a massive 15 Sverdrups 
of net throughflow of relatively low salinity water from the Pacific to Indian oceans 
that is recognizable throughout the entire Indian Ocean basin (Sprintall et al. 2009) 
and is equivalent to half the flow of the Florida Current just before it joins the Gulf 
Stream (Larsen and Sanford 1985, Baringer and Larsen 2001). Moreover, patterns 
of terrestrial and marine biogeography and evolution in the Malay Archipelago ex-
hibit striking parallels with those in tropical America. Numerous mammalian taxa 
have made their ways east and west across these narrow channels (van den Berg et 
al. 2001), but the vast majority of Asian and Australian faunas have failed to cross 
(Wallace 1869, Mayr 1944, Simpson 1977), just as most mammals failed to cross the 
Central American Seaway between North and South America until 2–3 Ma. Marine 
taxa also differ widely in their extent of evolutionary divergence through the chan-
nels across the Malay Archipelago (Barber et al. 2002, 2006, Nuryanto and Kochzius 
2009, Carpenter et al. 2011), just as different taxa have varied widely in their extent 
of differentiation across the emerging Central American Isthmus.

The validity of the final isolation of the Caribbean from the tropical eastern Pacific 
about 3 Ma as an example of vicariance in the oceans is strongly supported by the 
available paleoceanographic and biogeographic evidence.
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