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ABSTRACT

Studies of the effects of the Central American Seaway’s closure on microfossil 
taxa and stable isotopes of foraminifera previously addressed the timing of 
emplacement of the Caribbean–tropical eastern Pacific sill, changes in marine 
nutrients, evolutionary and paleobiogeographic events associated with closure, and 
rates of uplift in Central America. However, there have been no quantitative studies 
of the transisthmian divergence of whole biotas. Here we assess biogeographic 
effects of the closing Central American Seaway by comparing middle Miocene to 
Pliocene, neritic benthic foraminiferal assemblages from Falcón State, Venezuela, 
to those of coeval deposits with similar paleoenvironments from Panama, Costa 
Rica, and Ecuador. Benthic foraminiferal assemblages from the Urumaco, Codore, 
Caujarao, and La Vela formations of Venezuela’s central coast were compared to 
other Caribbean and tropical eastern Pacific assemblages with Simpson’s, Dice, and 
Jaccard similarity coefficients. Results of the Simpson’s Coefficient indicate that 
the Caribbean inner neritic faunas of Venezuela, Costa Rica, and Panama became 
significantly more similar from the late Miocene to Pliocene, as mixing with Pacific 
waters was reduced and modern oceanic conditions of the Caribbean Sea were 
established. 

Twenty million years ago, according to all paleoceanographic evidence, the Central 
American Seaway connected Caribbean and tropical eastern Pacific waters. Over the 
next 15 My, the movement of tectonic plates and uplift caused shoaling of the seaway 
to depths that restricted deepwater flow between the tropical Atlantic and Pacific 
until complete emergence of Central America approximately 4 Ma. Paleontological 
research on evolution and biogeographic changes resulting from seaway closure has 
focused on shallow-water invertebrate and protist fossils in land-based deposits, and 
deepsea or open-ocean, surface-water protists preserved in deepsea cores. Here we 
briefly review the physical cutoff of Caribbean from tropical Pacific waters and the 
microfossil response, then quanitatively compare whole tropical American benthic 
foraminiferal assemblages through the late Miocene and Pliocene.

Uplift of the Isthmus of Panama and Paleoceanographic Changes

The southern Central American arc on the southwestern edge of the oceanic 
Caribbean plate has been moving generally eastward since at least 65 Ma, to final-
ly collide with continental South America. Coates et al. (2004) used the regional, 
land-based microfossil record of paleobathymetry and regional unconformities of 
southern Central America and northwestern South America to put the time of their 
collision at approximately 15–13 Ma, within the range of all estimates other than 
Farris et al. (2011), who suggested 20 Ma. After intial collision, marine basins from 
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northwestern Colombia to southeastern Costa Rica generally shallowed to neritic 
depths. A regional unconformity suggests collision was completed by approximately 
7 Ma (Duque-Caro 1990, Collins et al. 1995, 1996b, Coates et al. 2003, 2004), al-
though there were localized uplift events such as that caused by the subduction of 
the Cocos Ridge beneath Central America (Collins et al. 1995). 

The progressive closure of the Central American Seaway and resulting oceano-
graphic changes have been studied primarily with proxies of physical oceanography 
and general circulation models. As of 8 Ma, a reduction of eastward-flowing Pacific 
bottom water into the tropical Atlantic was indicated by low Nd and high Pb radio-
isotopes at North Atlantic sites (Frank et al. 1999, Reynolds et al. 1999). Throughout 
the late Miocene, the Caribbean was poorly ventilated, as seen from amounts of fora-
minifer shells and δ13C (Bickert et al. 2004). About 8 Ma mesotrophic conditions 
with little ventilation of bottom waters and low current velocity were indicated by 
benthic foraminiferal proxies (Jain and Collins 2007). Between 8 and 7 Ma, nutri-
ent-rich bottom waters flowing into the Atlantic were reduced, based on diverging 
Caribbean–eastern Pacific δ13C values (Billups 2002, Spezzaferri et al. 2002). By 
about 6 Ma, benthic foraminiferal faunas show that bottom-water masses on either 
side of the isthmian deep-water sill had diverged, because Antarctic Deep Water was 
replaced in the Caribbean by North Atlantic Deep Water and in the Pacific by Pacific 
Deep Water (McDougall 1996).

Seaway closure decreased Atlantic primary productivity and reduced the inflow of 
high-nutrient, subsurface Pacific water, according to a climate-ocean model of differ-
ing sill depths and vertical diffusivity (Schneider and Schmittner 2006). For the east-
ern equatorial Pacific, the same model predicted increasing productivity, agreeing 
with foraminiferal δ13C gradients that suggested an increase in surface-water nutri-
ent concentrations during the last 5 My (Cannariato and Ravelo 1997). Foraminiferal 
proxies show decreased paleoproductivity after about 4 Ma (Bornmalm et al. 1999, 
Jain and Collins 2007, Jain et al. 2007). About 3 Ma, Caribbean surface waters be-
came oligotrophic and the thermocline/nutricline deepened, based on calcareous 
nannofossil assemblages (Kameo 2002). 

Most paleoceanographic proxies agree that the Central American Seaway closed 
completely about 4 Ma (although Pleistocene sea-level rises may have breached 
the isthmus; Keller et al. 1989). Whereas recent lithologic studies of the Central 
American volcanic arc proposed seaway closure by 15 Ma (Farris et al. 2011, Montes 
et al. 2012), their direct evidence is for the geological collision of elements of the 
Isthmus of Panama rather than the vertical changes in land vs sea that directly 
caused seaway closure (Coates and Stallard 2013). Studies of foraminiferal δ18O in 
deepsea cores indicated that the modern Caribbean–eastern Pacific salinity contrast 
of 2 began to develop around 4.5 Ma (Keigwin 1982a, Haug et al. 2001) as a result of 
higher evaporation in the Caribbean and reduced mixing with the Pacific. Although 
Molnar (2008) suggested that an early Pliocene change from a permanent El Niño-
like state to the modern El Niño-Southern Oscillation state could also explain trans-
isthmian divergence in δ18O, the proposed changeover has not been explained. In 
any case, after accounting for changing salinities, δ18O also reflects North Atlantic 
surface warming as shown by Mg/Ca ratios that indicated an increase of 2 °C in the 
central Caribbean at about 4.5 Ma (Groeneveld et al. 2008). 
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Efffects of Changes in Seaway Depth on Microfossils

During the Paleogene, the gap between Central America and South America was 
bordered by a shallow carbonate platform extending north to central Panama (Cole 
1952, 1957). In the early Eocene, bathyal to abyssal facies existed in present central 
to eastern Panama, as indicated by mollusks (Woodring 1970), foraminifera, and 
radiolarians (Bandy 1970, Bandy and Casey 1973). Other deeper, bathyal facies of 
southern Central America (Collins 2007) possibly resulted from local basin subsid-
ence or down-dropped grabens. By late-early to early-middle Miocene, the southern 
Central American volcanic arc became more emergent, with foraminiferal faunas 
that shallowed from lower-middle bathyal to outer neritic depths (Collins et al. 1995, 
Coates et al. 2004), but a lower bathyal-abyssal seaway in eastern Panama–south-
west Colombia still existed as indicated by benthic foraminifera (Duque-Caro 1990). 
Late-middle to early-late Miocene foraminifera of the Gatun Formation (Cushman 
1918, Collins et al. 1996b), central Panama, were inner-middle neritic, indicating a 
closed Panama Canal strait. However, bathyal foraminifera of the overlying Chagres 
Formation suggest re-opening of the strait about 6 Ma (Collins et al. 1996b). 

Microfossil paleobiogeography agrees with the early-middle Miocene history of 
Central American Seaway depths. In the early Miocene, radiolarian taxa that had 
been distributed across the tropical Pacific and Atlantic gradually declined to virtual 
disappearance while their Pacific counterparts remained (Maurrasse 1979). Early-
middle Miocene, bathyal benthic foraminiferal faunas of Venezuela and Ecuador 
were very similar with a broad tropical distribution (Cushman 1929, Hasson and 
Fischer 1986, Whittaker 1988), although Duque-Caro (1990) noted that Caribbean 
and Pacific faunas of Colombia were different. By middle Pliocene, Ecuador foramin-
ifera had “much closer affinities” to those of California than the Caribbean, resulting 
from a Caribbean-Pacific barrier by this time (Hasson and Fischer 1986). 

The late Miocene was a time of great evolutionary and paleogeographic change 
in Caribbean-tropical eastern Pacific microfossils. Origination in common, shal-
low-water benthic foraminifera of southern Central America increased in the late 
Miocene (Collins et al. 1996a). Late Miocene outer neritic foraminiferal faunas of 
coastal Ecuador had less similarity with the Caribbean than did shallower, middle 
neritic faunas of the same formation, possibly reflecting development of tropical 
Pacific-Caribbean endemism with the rising sill (Collins 2006). In the deep east-
ern equatorial Pacific, amounts of middle Miocene, transported neritic species with 
Caribean affinities decreased in the late Miocene (McDougall 1985). The diversity of 
deepsea Caribbean foraminifera peaked around 8 Ma during high paleoproductiv-
ity and declined thereafter (Jain et al. 2007), although the diversity of shallow-water 
taxa of southern Central America has increased until today (Buzas et al. 2002). 

Complete closure of the Central American Seaway about 4 Ma apparently had 
less effect on benthic microfossil evolution than did late Miocene events (Collins 
et al. 1996a). The occurrence in both the tropical Atlantic and eastern Pacific of the 
planktic foraminifera Globorotalia pertenuis Beard, 1969 and Globorotalia mioce-
nica Palmer, 1945 (Keigwin 1982b) that originated about 3.5 Ma confirms surface-
water exchange across the isthmus. Also occurring in planktic foraminifera at about 
3.5 Ma are discordant patterns between the Atlantic and Indo-Pacific oceans in the 
coiling direction of Pulleniatina (Saito 1976), and an abrupt increase in the average 
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number of supplementary apertures in the Sphaeroidinella lineage (Kucera 1998); 
both events are ascribed to complete seaway closure.

The Present Study

Microfossils are well suited to the study of paleobiogeographic change through 
time because they are generally well preserved from shallowest to deepest marine 
settings for a comprehensive regional study, and easily sampled in quantities suf-
ficient for statistical analysis. In comparing the similarity of faunas to ascertain pa-
leobiogeographic differences across regions through time, we compare assemblages 
from comparable paleoenvironments to exclude the possibility of differences due to 
depositional settings alone.  

This study of the similarities between Venezuelan benthic foraminiferal assem-
blages and those of Caribbean Panama–Costa Rica and Ecuador is the first to use 
similarity indices to compare directly whole paleocommunities across Central 
America through the time of the closure of the Central American Seaway. Neritic 
assemblages collected from formations and members of the Falcón Basin, Venezuela 
(Smith 2008, Smith et al. 2010), were compared to previously studied assemblages of 
late middle Miocene to Pliocene deposits of the Panama Canal and Bocas del Toro 
basins of Caribbean Panama, Limón Basin of Caribbean Costa Rica, Chucunaque 
Basin of Pacific Panama, and Manabí and Borbón basins of coastal Ecuador. 

We test three hypotheses: (1) Late Miocene, neritic faunas of Venezuela became 
more similar to those of other Caribbean sites than to those from the Pacific, as 
constriction of the Central American Seaway increased. (2) The rise of the isthmus 
in the late Miocene resulted in the biogeographic divergence of deep neritic biotas, 
followed by successively shallower faunas. (3) The gradual separation of Caribbean 
and tropical eastern Pacific waters and faunas resulted in an increase in homogeneity 
within the Caribbean as mixing with Pacific waters decreased.

Methods

One-hundred-and-twenty-one samples were collected from outcrops along the Urumaco 
River and several small, ephemeral creeks in Falcón State, Venezuela, for paleoenvironmen-
tal analysis and paleobiogeographic comparison of foraminiferal assemblages with those of 
Panama, Costa Rica and Ecuador. The localities, stratigraphy, paleoenvironments, sample 
preparation, and distribution of foraminiferal taxa among Venezuelan samples were de-
scribed by Smith (2008) and Smith et al. (2010). The lithology, biostratigraphy, and foramin-
ifera of the formations of Panama, Costa Rica, and Ecuador were described by Whittaker 
(1988), Coates et al. (1992, 2003, 2004), Collins (1993, 2006), and Collins et al. (1995, 1996b). 
All foraminifera were taxonomically standardized.

Selection of Assemblages from Comparable Paleoenvironments
Nineteen foraminiferal assemblages from Venezuela were selected for paleobiogeographic 

study on the basis of the abundance and preservation of the fossils, their ages, and their pa-
leoenvironments. Of the 121 samples, 102 were barren of microfossils or contained poorly 
preserved, unidentifiable species. Samples with common to abundant foraminifera with min-
imal recrystallization, quartz overgrowths, or replacement, and from sections restricted to 
the middle Miocene–middle Pliocene and inner-outer neritic depths, were chosen for com-
parison with assemblages of Panama and Costa Rica. The 19 assemblages were distributed 
across formations and ages as follows: two from the lowermost (middle Miocene) Urumaco 
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Formation, nine from the lower-upper (late Miocene) Urumaco Formation, three from the 
early-middle Pliocene Chiguaje Member of the Codore Formation, three from the lower, mid-
dle, and upper parts (late Miocene) of the Taratara Member of the Caujarao Formation, and 
two from the lowermost (late Miocene) La Vela Formation (Smith et al. 2010). 

For foraminifera of the southwestern Caribbean (Fig. 1, Table 1), inner neritic assemblages 
of the middle Miocene lower Gatun Formation of Panama were compared to inner nerit-
ic assemblages of the basal unit of the Urumaco Formation. The middle and upper Gatun 
Formation of late Miocene age has both inner and middle neritic assemblages that were com-
pared with those of the same paleobathymetry from the Urumaco, Caujarao, and La Vela 
formations. Middle neritic assemblages of the Rio Indio facies of the late Miocene Chagres 
Formation of Panama were compared to middle-shelf assemblages of the Urumaco, Caujarao, 
and La Vela formations. Outer neritic assemblages of the late Miocene Caujarao Formation 
were not compared with the Caribbean formations mentioned, as no outer shelf assemblages 
from Caribbean Panama or Costa Rica were available for analysis. From the Pliocene, middle 
neritic assemblages of the northeast section of the Cayo Agua Formation of Caribbean Costa 
Rica and the Chiguaje Member of the Codore Formation were compared.

Formations comparable in paleoenvironment to the Venezuela collections from the tropi-
cal eastern Pacific (Fig. 2, Table 1) are confined to the late Miocene; assemblages prepared 
from the middle Miocene and Pliocene are from different paleoenvironments, usually deeper 
paleobathymetries. From Ecuador, inner and middle neritic assemblages of the Punta Ballena 
section of the Jama Formation, and middle and outer neritic assemblages of the Punta Verde 
and Rio Santiago sections of the Angostura Formation, were compared with those from the 
Urumaco, Caujarao, and La Vela formations. Outer neritic assemblages from the Punta Pajonal 
section of the Bahia Formation and Rio Santiago section of the lower Onzole Formation were 
compared with outer neritic assemblages from the Urumaco and Caujarao formations.

Statistical Analyses
Similarity Coefficients.—To quantify the similarity between each pair of assemblages, the 

Simpson, Dice, and Jaccard coefficients were calculated. The Simpson Coefficient (Simpson 

Figure 1. Formations and paleobathymetries of Venezuela, Caribbean Panama, and Caribbean 
Costa Rica to demonstrate the paleobiogeographic comparisons that are possible for the ages and 
paleoenvironments of the studied sections.
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1943), one of the simplest indices for bioassociational studies, is calculated by C ⁄N1, where N1 
equals the number of taxa in the formation with the smaller number of species, and C equals 
the number of taxa in common between the two formations. Dice’s index (Dice 1945) is ex-
pressed as 2C ⁄(N1 + N2), where N2 equals the number of species in the region with the higher 
diversity. Jaccard’s Coefficient of similarity (Jaccard 1912) is represented by C ⁄(N1 + N2 − C). 
Because equivalent quantities are considered in each of these coefficients they are function-
ally related. However, each provides a distinct assessment of the relationship between faunas. 
The coefficients are often expressed as percentage similarity.

Because the Dice and Jaccard coefficients take into account the number of species, they 
are sensitive to large discrepancies in the diversity of two faunas, and the resulting effect on 
values may even produce the opposite similarity trend than expected or observed (Fallaw 
1979). The Simpson measure was devised to minimize this effect, as only the number of spe-
cies in the fauna with the smaller amount of taxa is used. Simpson’s measure is particularly 
useful for paleontological collections where poor preservation can have a large negative effect 
on the species present in an assemblage. In our comparisons, even with the well-preserved 
faunas, there can be large differences in diversities that may reflect original values rather than 
localized preservation. For example, benthic foraminiferal diversities of Caribbean Panama 
and Costa Rica are almost always higher than those from the Falcón Basin, which tend to be 
more equal with the lower-diversity Pacific assemblages (Online Appendix 1). We present all 

Table 1. Paleobiogeographic comparisons of Caribbean and Pacific benthic foraminiferal assemblages. Site numbers 
in rightmost columns are from the Panama Paleontology Project (PPP; Collins and Coates 1999). Venezuelan localities 
and stratigraphy described in detail by Smith et al. (2010).

Venezuela Caribbean Pacific
Age Paleobathym.

(neritic)
Site no. Formation Section Formation and PPP site 

numbers
Formation and PPP site 

numbers
Early-
middle 
Pliocene

Middle LC461 Codore Chiguaje Cayo Agua Fm NE: 59, 60, 
61, 62

Inner LC464 Codore Chiguaje Rio Banano Fm Quitaria 
Section: 679, 680, 681, 
682, 683

Inner LC465 Codore Chiguaje

Late 
Miocene

Outer PPP2972 Urumaco Middle Angostura Fm Punta Verde: 
3321, 3325         
L. Onzole Fm Rio Santiago: 
3307, 3312, 3314 
Bahia Fm Punta Pajonal: 
3577, 3579, 3581
Chucunaque Fm Rio 
Tuquesa: 888

Outer LC453 Caujarao M. Taratara

Middle LC460 La Vela Basal Chagres Fm Rio Indio: 24, 
26, 1645     
Upper Gatun Fm: 17, 28

Angostura Fm Rio Santiago: 
3297, 3302, 3304          
Jama Fm Punta Ballena: 
3564   
Favio Alfaro: 3583

Middle LC458 La Vela Basal
Middle LC456 Caujarao U. Taratara
Middle LC446 Caujarao L. Taratara
Middle PPP2974 Urumaco Middle
Inner PPP2977 Urumaco Upper Upper Gatun Fm: 20, 27, 

160, 1660   
Middle Gatun Fm: 18, 34

Tuira Fm Rio Tupisa: 1633, 
1634                
Yaviza Fm Rio Tupisa:1144    
Jama Fm Punta Ballena: 
3559

Inner LC489 Urumaco Upper
Inner LC487 Urumaco Middle
Inner LC483 Urumaco Middle
Inner LC440 Urumaco Lower
Inner LC439 Urumaco Lower
Inner LC437 Urumaco Lower

Middle 
Miocene

Inner LC493 Urumaco Basal Lower Gatun Fm: 6, 14, 15, 
16, 35, 1037, 1038, 1040

Inner LC492 Urumaco Basal
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three biogeographic coefficients to more fully explore the comparisons, although we focus on 
Simpson’s coefficient.

Analysis of Variance.—To determine the statistical significance of differences in the mean 
similarity of assemblages, analysis of variance (ANOVA) tests were performed. Goodall 
(1973) determined sampling characteristics of these measures and their bias under statistical 
testing, whereas Morey and Agresti (1984) provided the adjustments for chance agreement. 
For all data sets, a Levene’s test of the homogeneity of variance (Green and Salkind 2003) was 
insignificant.

The variation in the similarity between assemblages (response variable) can be “explained” 
by the effects of differing regions, environments, or time (i.e., classification variables or fac-
tors). For each comparison, the generalized linear model (GLM) predicts the mean response, 
and the difference between the actual and predicted response as residual error. We used the 
method of least squares in which ANOVA models fit parameters to minimize the sum of 
squares of residual errors. The variance of the random error, σ2, is estimated by the mean 
squared error, MSE or s2 (Wilkinson 1989). If the resulting P-values of the ANOVA were 
significant at the P ≤ 0.05 test level, a Bonferroni correction was applied for post-hoc testing. 
SYSTAT and SPSS statistical software packages were used in all calculations.

Results

The Simpson, Dice, and Jaccard coefficients were calculated for 168 pairwise com-
parisons of assemblages from Venezuela to Panama, Caribbean Costa Rica, and 
Ecuador (Online Appendix 1, Table 2), and the values were plotted (Online Appendix 
2A,B). When the number of species in the paired assemblages was approximately 
equivalent (e.g., N1 = 40 and N2 = 50), the three coefficients were comparable, es-
pecially the Simpson and Dice values (Online Appendix 2A). However, when they 

Figure 2. Formations and paleobathymetries of Pacific Panama and Ecuador. One sample from 
the late Miocene Favio Alfaro beds of the Manabí Basin, Ecuador, used in the present study, is not 
included. Venezuela formations are included to show the paleobiogeographic comparisons that 
are possible with Pacific units of the same paleoenvironments and ages.
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differed greatly (e.g., N1 = 10 and N2 = 110), the Dice and Jaccard coefficients pro-
duced relatively low similarity values as compared to Simpson’s (Online Appendix 2B). 

In comparing the indices, the Dice and Jaccard indices agree well as is expected 
(Online Appendix 2) since these are equivalent indices, one based upon the har-
monic mean and one upon the proportional data (Hayek 1994). The mean Dice and 
Jaccard values tend to display no change in similarity, or the opposite trend of the 
Simpson values (Table 2). Where Simpson’s shows a decrease in similarity of inner 
neritic faunas across regions during the late Miocene, the Dice and Jaccard values 
reveal no change in similarity when comparing Venezuela and Caribbean Panama, 
and Venezuela and Ecuador (Dice = 18%; Jaccard = 10%), and an increase in faunal 
similarity with Pacific Panama (Dice = 25%; Jaccard = 14%). Although the Simpson 
values for Venezuela vs Ecuador decrease from inner to middle and then outer neritic 
environments during the late Miocene, the Dice and Jaccard coefficients have the 
same values for both inner and outer paleodepths (Dice = 18%; Jaccard = 10%), and an 
increase of faunal similarity between middle neritic biotas (Dice = 23%; Jaccard = 13%). 

The Dice and Jaccard coefficients produce another opposite trend from Simpson’s 
when comparing assemblages within the Caribbean. Where Simpson’s values show 
an increase in similarity of Caribbean inner neritic assemblages from the middle 
Miocene to Pliocene, the Dice and Jaccard coefficients show no change during the 
Miocene (Dice = 18%; Jaccard = 10%), and a decrease in inner neritic Caribbean fau-
nal similarity during the Pliocene (Dice = 10%; Jaccard = 5%). The similarity of mid-
dle neritic assemblages also decreases when examining the mean Dice and Jaccard 
values from the late Miocene (Dice = 23%; Jaccard = 13%) to Pliocene (Dice = 18%; 
Jaccard = 10%). According to these coefficients (Table 2), the late Miocene, middle 
neritic faunas of Venezuela are as similar to those of Caribbean Panama as to faunas 
of Ecuador (Dice = 23%; Jaccard = 10%).

Three trends can be seen in the mean Simpson Coefficient values (Table 2, Fig. 3). 
The first is a small decrease in faunal similarity with distance from Venezuela of in-
ner neritic assemblages during the late Miocene (Fig. 3A). Venezuelan assemblages 
show a 42% similarity with the other Caribbean assemblages, a 40% similarity with 
Pacific Panama, and a 32% similarity with Ecuador assemblages. The second trend is 
a decrease in faunal similarity with water depth, where inner neritic assemblages are 
more similar than the middle or outer neritic assemblages of the same age. This is 
particularly noticeable when examining the mean Simpson values for Venezuela and 
Ecuador during the late Miocene; outer neritic assemblages are 25% similar, middle 

Table 2. Mean Simpson (S), Dice (D), and Jaccard (J) coefficients of similarity for benthic foraminiferal 
assemblages*.

Paleobathym. 
(neritic)

Venezuela vs Caribbean 
Panama/Costa Rica

Venezuela vs 
Pacific Panama

Venezuela vs Ecuador 

Age S D J S D J S D J
Early-middle Pliocene Middle 0.26 0.18 0.10

Inner 0.58 0.10 0.05
Late Miocene Outer 0.27 0.19 0.11 0.25 0.18 0.10

Middle 0.26 0.23 0.13 0.28 0.23 0.13
Inner 0.42 0.18 0.10 0.40 0.25 0.14 0.32 0.18 0.10

Middle Miocene Inner 0.33 0.18 0.10
 * Shading = no assemblages from comparable depositional settings
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neritic assemblages are 28% similar, and inner neritic assemblages are 32% similar 
(Table 2, Fig. 3B). Thirdly, inner neritic assemblages of the Caribbean show an in-
crease in homogeneity (Table 2, Fig. 3C) from the middle Miocene (33%), to the late 
Miocene (42%), and then to the Pliocene (58%). 

There are several unexpected trends (Table 2). The mean Simpson Coefficient stays 
constant (26%) for the Caribbean middle neritic assemblages from the late Miocene 
to Pliocene. There is also a slightly greater similarity of late Miocene, middle neritic 
faunas across regions than within the Caribbean: the mean similarity of Venezuela 
and Caribbean Panama is 26%, and the mean similarity of Venezuela and Ecuador 
is 28%. 

Because Simpson’s Coefficient is not overwhelmed by the large differences between 
N1 and N2 sometimes present in this study, we focus on that coefficient in testing 
the significance of changes in mean similarity. Analyses of variance were performed 
across regions, environments and time (Table 3, Fig. 3). The difference in mean simi-
larity of Upper Miocene assemblages across regions (Fig. 3A) was not significant (P 
= 0.340). Likewise, the similarity of Venezuela and Ecuador assemblages across en-
vironments (Fig. 3B) was not significantly different (P = 0.085). However, the third 
trend of increasing similarity of Caribbean inner neritic environments from the 
middle Miocene to early-middle Pliocene (Fig. 3C) was significant (P < 0.001). To ex-
amine differences in the mean similarity of each unit of time, a Bonferroni post-hoc 
test was applied (Table 4). The Bonferroni-adjusted hypothesis-driven results show 

Figure 3. Least squares means for similarity (A) with Venezuela across other regions, (B) across 
paleoenvironments of Venezuela and Ecuador, and (C) across ages of inner neritic faunas of 
Venezuela and Caribbean Panama/Caribbean Costa Rica.

Table 3. Analysis of variance of similarity, Simpson’s Coefficient, P-values for significance testing 
of differences across regions, paleoenvironments, and times.

Similarity analysis Significance
Similarity across region† 0.340
Similarity across environment‡ 0.085
Similarity through time†† <0.001
† Upper Miocene inner neritic comparisons of Venezuela, Caribbean and Pacific Panama, and Ecuador
‡ Upper Miocene inner, middle and outer neritic comparisons of Venezuela and Ecuador
†† Miocene and Pliocene inner neritic comparisons of Venezuela and Caribbean Panama and Costa Rica
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that the difference in the mean similarity of Caribbean inner neritic faunas from the 
middle to late Miocene is not significant (P = 0.136). However, there were significant 
differences in the mean similarity of Caribbean inner neritic faunas from the middle 
Miocene to early-middle Pliocene (P < 0.001), and from late Miocene to early-middle 
Pliocene (P = 0.005). Thus, mean Simpson Coefficients indicate that inner neritic 
faunas of the southwestern Caribbean (Venezuela, Costa Rica, and Panama) became 
more similar from the Miocene to the Pliocene.

Discussion

As the Dice and Jaccard coefficients reveal similar trends that are often opposite to 
the trends illustrated by Simpson’s Coefficient, one might conclude that their results 
should be given more consideration. However, when comparing faunas of very dif-
ferent diversities, the Dice and Jaccard values are strongly influenced by taking into 
account both faunal sizes (Online Appendix 2A,B). When the diversity of the assem-
blages is fairly equal, the coefficients tend to correlate with one another, but greatly 
unequal diversities may give uninformative results. For example, trends in Simpson’s 
vs Dice/Jaccard for lower Miocene, middle-neritic assemblages of Venezuela, and 
Ecuador are fairly similar, but they are very different for early-middle Pliocene, in-
ner-neritic assemblages of Venezuela, and Costa Rica (Online Appendix 2B) because 
of the large disparity in numbers of species between the two groups. Because the 
Simpson Coefficient was devised to minimize this effect, below we mainly discuss 
those results. 

Values of the Simpson Coefficient are generally consistent with what one might 
expect of assemblages from two epochs (Miocene–Pliocene) and a single tropical 
region, with relatively moderate ranges from 0.09 to 0.91 and most in the 0.20–0.39 
range (Online Appendix 1). In comparison, Jurassic dinoflagellate cysts of Bulgaria 
are 100% similar to distant England, but 0% similar to nearby Greece (Palliani and 
Riding 2003), and modern and Cretaceous bivalves across the North Atlantic and 
eastern Pacific are 1%–94 % similar (Schmachtenberg 2008). Both of these other 
studies included more dissimilarity than ours, consistent with their larger geograph-
ic ranges and separate ocean basins. As might be expected, Miocene subtropical os-
tracodes off southwest Africa, from a single epoch and region, have less range in 
similarity, 24%–38% (Dingle et al. 2001). 

Table 4. Analysis of variance of similarity through time, Bonferroni post-hoc test, P-values (right 
column) for significance testing.

(A) Time (B) Time Mean difference (A − B) Standard error Significance
1† 2‡ −0.084 0.0434 0.1360

3†† −0.252* 0.0596 0.0001
2 1 0.084 0.0434 0.1360

3 −0.168* 0.0520 0.0050
3 1 −0.252* 0.0596 0.0001

2 −0.168* 0.0520 0.0050
† Mean Simpson’s Coefficient for Venezuela vs Caribbean Panama, middle Miocene inner neritic samples
‡ Mean Simpson’s Coefficient for Venezuela vs Caribbean Panama, late Miocene inner neritic samples
†† Mean Simpson’s Coefficient for Venezuela vs Caribbean Costa Rica, early-middle Pliocene inner neritic samples
* Pairs of means that differ significantly
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Although the late Miocene, neritic Caribbean assemblages were more similar to 
each other than to those from the Pacific, the differences between Caribbean and 
Pacific assemblages were not significant (Hypothesis 1), demonstrating that shallow-
water environments and their faunas were still relatively similar during late Miocene 
constriction of the Central American Seaway. Collins et al. (1996b) showed that 
benthic foraminifera of the late-middle to early-late Miocene Gatun Formation of 
Caribbean Panama were strongly cosmopolitan, with 78% of species found in both 
Caribbean and tropical eastern Pacific Neogene sediments. Yet Gatunian species 
had a stronger Caribbean than Pacific affinity because 21% of them have not been 
found either living or as fossils in the Pacific. Apparently, some divergence in tropical 
Atlantic and Pacific deep inner neritic to shallow middle neritic faunas had occurred 
by the late Miocene, but not enough to significantly affect our biogeographic indices.

We reasoned (Hypothesis 2) that deeper faunas may have been affected first by 
the progressive rise from the ocean bottom of the sill that severed the connection 
between Caribbean and tropical eastern Pacific faunas. McDougall (1996) found 
that bottom-water masses on either side of the isthmus had diverged by about 6 Ma, 
based on benthic foraminiferal faunas. Collins (2006) showed that deeper, outer ne-
ritic faunas of the late Miocene Angostura Formation of Ecuador were less similar 
with Caribbean Panama and Costa Rica than the shallower, middle neritic faunas 
from the same formation, possibly reflecting a progressive divergence from deeper 
to shallower faunas as the isthmian sill rose. In the present study, late Miocene, in-
ner neritic assemblages of Venezuela and Ecuador were more similar than middle 
and outer neritic faunas, which might at first appear to support this hypothesis, but 
their mean similarities did not differ significantly. Paleobathymetric studies of the 
Central American isthmus summarized by Collins in Coates et al. (2004) show that 
in the latter part of the late Miocene, tropical Atlantic and Pacific waters mixed to 
upper bathyal depths in the major isthmian straits including northern Costa Rica, 
northwestern Panama, far eastern Panama, and northwestern Colombia. Thus, our 
results agree with mixing witihin neritic depths across the isthmian sill during the 
late Miocene.

There are two unexpected trends (Table 2), both in middle neritic faunas: the 
slightly (2%) greater similarity of late Miocene faunas between Venezuela and 
Ecuador than between Venezuela and Panama, and the same similarity of Venezuela 
and Caribbean Panama from the late Miocene to Pliocene. In both cases, the differ-
ences are minimal, and the same is true for the Dice and Jaccard coefficients between 
regions. In the Caribbean, the constancy from the late Miocene to Pliocene suggests 
that divergence at these depths, about 30–100 m, had already taken place so that a 
middle neritic Caribbean fauna had already become established in the late Miocene. 
The regional differences could be due to the similarity of a stronger siliciclastic influ-
ence in Venezuela and Ecuador than in Caribbean Panama; on the other hand, a 2% 
difference is slight. The trends in the middle neritic faunas will be tested in the future 
with comparisons between Caribbean Central America and Ecuador, and between 
late Miocene to Pliocene middle neritic faunas of Panama and Costa Rica. 

Finally, the results are consistent with our Hypothesis 3 that Caribbean inner ne-
ritic faunas became more similar from Miocene to Pliocene time, as mixing with 
Pacific waters and faunas became reduced. The average longevity of Caribbean ben-
thic foraminiferal species (Collins 1996) and warm temperate northeastern Atlantic 
taxa (Culver et al. 1987) is approximately 20 My; thus, the observed patterns are 
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unlikely due to macroevolutionary shifts in faunal assemblages caused by specia-
tion and extinction, but instead resulted from decreasing migration of taxa through 
the Central American Seaway, as well as paleoceanographic changes. The increase 
in faunal similarity within the Caribbean can be attributed to both the geographic 
isolation of the Caribbean and tropical eastern Pacific marine biotas, and changes in 
Caribbean temperature and sedimentation patterns as the isthmus rose and severed 
the connection between tropical waters of the two oceans. Future studies will incor-
porate additional samples from the tropical eastern Pacific to test the prediction of a 
progressive differentiation of the transisthmian tropical faunas through time.

In conclusion, we found Simpson’s Coefficient to be more useful than the Dice and 
Jaccard indices for analyzing biogeographic trends across all assemblages, because 
Simpson’s is less affected by large disparities in the total number of species. Inner 
neritic benthic formanifera faunas of Venezuela, Panama, and Ecuador were still 
relatively similar during late Miocene restriction of the Central American Seaway. 
When comparing inner, middle, and outer neritic assemblages of the late Miocene 
of Venezuela to those of Ecuador, no significant differences in similarity were found, 
suggesting that the seaway was not yet restricted enough to cause significant di-
vergence of neritic assemblages of the Caribbean and tropical eastern Pacific. As 
the Central American Seaway constricted and closed in the late Miocene to early 
Pliocene, which progressively changed circulation and cut off the influence of the 
tropical eastern Pacific, Caribbean inner neritic faunas of Venezuela and southern 
Central America increased in their similarity. 
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