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ABSTRACT 
 

 
 
A STATISTICAL ANALYSIS OF MARINE MAMMAL DISPERSAL ROUTES 
ACROSS MAJOR OCEAN REGIONS USING BETA DIVERSITY AT THE GENERIC 
LEVEL 
 
Carlos Mauricio Peredo, M. S. 
 
George Mason University, 2015 
 
Thesis Director: Dr. Mark D. Uhen 
 
 

Using the Paleobiology Database, the distribution of marine mammal genera was 

analyzed across geologic time in an effort to isolate dispersal routes. Measurements of 

beta diversity were used to quantify the overlap between different ocean basins at 

different points in time. A recently introduced measurement of overlap was analyzed and 

found to be highly correlated with traditional methods, although conditions causing a 

deviation from this correlation are presented. Overlap is used to test existing marine 

mammal dispersal hypotheses. The Strait of Gibraltar was found to play a significant role 

in the dispersal of cetaceans and sirenians. Conversely, the Central American Seaway 

was found to play only a minor role in the high overlap values between the Atlantic and 

Pacific oceans seen in extant taxa. Instead, it is asserted that this overlap is largely the 

result of Arctic dispersal pathways in the Quaternary.  
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INTRODUCTION 

 

MARINE MAMMAL ORIGINS AND DISPERSAL 

Mammals have returned to a predominantly marine lifestyle in at least seven 

separate events. These include Ursus maritimus (Polar bear), marine mustelids (Sea 

otters), Thalassocnus (aquatic sloth), Desmostylia, Sirenia (manatees and dugongs), 

Pinnipedimorpha (seals, sea lions, and walruses), and Cetacea (whales, dolphins, and 

porpoises). The return to a marine environment has prompted notable changes in 

morphology that have facilitated the occupation of a wide variety of niche space among 

marine mammals (Cooper, 2009; Dawson, 1993; Deméré et al., 2003; Deméré et al., 

2008; Fahlke et al., 2013; Koepfli et al., 2008; Marx, 2009; Uhen, 2007; Uhen and 

Pyenson, 2002). Despite the extensive work done on the morphology of marine 

mammals, studies on the points of origin and subsequent dispersal of each taxonomic 

remain inconsistent. Several different hypotheses exist for cetaceans (Gingerich and 

Uhen, 1996, 1998; Harington, 2008), sirenians (Domning, 1978, 1982, 2001), 

pinnipedomorphs (Deméré et al., 2003; Koretsky, 2002a), polar bears (Cronin et al., 

2014; Kurtén, 1964), and sea otters (Berta and Morgan, 1985). This work will enrich the 

existing literature and provide a new perspective on existing hypotheses. In this thesis I 

outline the existing hypotheses for marine mammal dispersal routes and test them using 

ecological methods of measuring beta diversity. 
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Polar Bears  

Ursus maritimus is a species of bear that split from the lineage including Ursus 

arctos (brown bear) and Ursus americanus (black bear), though the timeframe for this 

remains poorly understood. The fossil record indicates that a brown bear + polar bear 

lineage split from the black bear lineage approximately two million years ago (Kurtén, 

1968; Wayne et al., 1991). Unfortunately, molecular studies attempting to bolster this 

hypothesis have varied widely, suggesting a split anywhere from 0.6 – 6.7 Ma (Goldman 

et al., 1989; Hailer et al., 2012; Lindqvist et al., 2010; Waits et al., 1999; Yu et al., 2004; 

Yu et al., 2007). This wide variation in molecular divergence dates makes it difficult to 

interpret in context with the fossil record.  

The tenuous disagreement between the fossil record and the molecular data makes 

it even more difficult to place the subsequent splitting of this lineage into brown bears 

and polar bears. Kurtén put forth that polar bears and brown bears evolved from a 

common ancestor in the Pleistocene (Kurtén, 1964, 1968), a hypothesis that is supported 

by the fossil record (Alexanderson et al., 2013). Unfortunately, the molecular dates again 

varies widely depending on the genetic markers used. These estimates range from as 

recent as 0.11-1.7 million years ago (Yu et al., 2004; Yu et al., 2007) to as far back as 4-5 

million years ago (Miller et al., 2012) 

This disagreement amongst the different interpretations of the molecular data can 

partially be attributed to interbreeding between brown bears and polar bears following 

their original speciation (Cronin et al., 2014). Brown bears from Admiralty, Baranof, and 
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Chichagof islands (known as ABC bears) have been found to share more of their nuclear 

genome with polar bears (Miller et al., 2012). This hybridization is hypothesized to be 

partially responsible for the variability in molecular analyses. The most recent study runs 

the molecular data of ABC bears separately and concludes that brown bears and polar 

bears split from a common ancestor approximately 1.2 million years ago (Cronin et al., 

2014).  

Unfortunately, the relatively small number of polar bear fossils has made study of 

their dispersal difficult. With the exception of one specimen in the United Kingdom and 

one in Northern Germany, all other fossil occurrences have an arctic distribution (Kurtén, 

1964). It remains unclear whether this dispersal south into Europe is the only dispersal 

event by polar bears outside of the arctic. 

 

Sea Otters 

Enhydra lutris is a species of fully marine otter endemic to the North Pacific and 

is the only extant species of the genus Enhydra. The genus is thought to have split from 

other otters five million years ago (Koepfli et al., 2008). Two million years ago, the 

genus became isolated in the North Pacific. This isolation gave rise to the species 

Enhydra macrodonta (now extinct) and Enhydra lutris (Love, 1992). A third species, 

Enhydra reevei, has been named based on dental samples from the United Kingdom 

(Willemsen, 1989, 1992). 

Two other genera of otter have been speculated as being related to Enhydra, 

Enhydritherium and Enhydriodon. Enhydriodon is a wide-ranging genus found in east 
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and central Africa, India and Pakistan, and Southeast Asia (Geraads et al., 2011; 

Repenning, 1976; Verma, 1992; Villalta Cornella and Crusafont Pairo, 1945). However, 

as all of the fossils have been recovered from terrestrial deposits, the genus is not 

included in this study. Enhydritherium was named in 1985 from specimens found in 

Florida and California (Berta and Morgan, 1985; Lambert, 1997). Berta and Morgan 

(1985) noted affinities of the genus to other specimens from Spain and hypothesize 

dispersal to North America from Eurasia, either through a Bering land bridge or across 

the North Atlantic. 

This unusual biogeography is exacerbated by the presence of two specimens of 

Enhydra reevei from the United Kingdom. The first, (Newton, 1890), has been lost, 

although a cast is located in the British Museum (Natural History) (Willemsen, 1989, 

1992). It has been suggested that this specimen more accurately belongs to Enhydriodon 

(Repenning, 1976). As Repenning was at the time neither aware of Enhydritherium in 

North America, nor of the second specimen found twelve years later, his reevaluation of 

the first specimen led to a hypothesis where the Eurasian Enhydriodon gave rise to the 

Pacific Enhydra. Willemsen, however, confidently reassigns this specimen to Enhydra 

and chooses not to comment on the biogeography of the taxa (Willemsen, 1992).  

Thus, the origin and dispersal of sea otters remains poorly understood. Two 

distinct groups dominate in the Late Miocene and Early Pliocene: Enhydritherium in 

North America and the seemingly terrestrial Enhydriodon in Africa and Eurasia (Berta 

and Morgan, 1985; Geraads et al., 2011; Lambert, 1997; Verma, 1992; Villalta Cornella 

and Crusafont Pairo, 1945). Enhydra appears in the Pleistocene in the North Pacific, and 
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is also mysteriously present in the United Kingdom. It remains unclear which of the two, 

if any, Miocene groups gives rise to the North Pacific population of Enhydra (Willemsen, 

1992).  

A separate lineage of otter, the Marine otter of Chile, is unrelated to the Sea Otter 

lineage and is not included in this study. This lineage has only a single species, and, 

similar to some Northern European river otters that occasionally venture into marine 

environments, is less specialized and not exclusively marine (Larivière, 1998).  

 

Thalassocnus 

The genus Thalassocnus is an aquatic sloth that inhabited shallow marine 

environments (Canto et al., 2008). Moreover, it is not thought to have ever dispersed out 

of the southeastern Pacific. To date, Thalassocnus is known only from Peru and Chile. 

Five species are recognized today, and they succeed one another in time with little 

overlap beginning in the Late Miocene (T. antiqus) and ranging through the Late Pliocene 

(T. yaucensis). No evidence has ever been found to suggest that Thalassocnus dispersed 

beyond the Southeast Pacific (Canto et al., 2008).  

 

Desmostylia 

Desmostylia are a group of semi-aquatic herbivorous marine mammals thought to 

be related to Sirenia and Proboscidea and are endemic to the North Pacific. They were 

originally placed within Sirenia, but were reassigned as sister taxa to Sirenia and 

Proboscidea in 1953 (Reinhart, 1953). This placement has been widely accepted (though 
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rarely, if ever, tested) and appears in the literature frequently (Domning et al., 1986; 

Fischer and Tassy, 1993; McKenna, 1975 among many others). In 1975, the name 

Tethytheria was proposed to include Sirenia, Desmostylia, Proboscidea, and 

Embrithopoda (McKenna, 1975).  

Recently, however, this phylogeny has come into question. A phylogenetic 

analysis originally undertaken to reassess the placement of Anthracobunidae as ancestral 

to Tethytheria incidentally consistently grouped Desmostylia as stem perissodactyls 

(Cooper et al., 2014). While the authors are cautious in their interpretation of the results, 

they raise an interesting possibility that calls into question the phylogenetic position of 

Desmostylia that have as yet lacked rigorous testing. However, both stem perissodactyls 

and tethytherians are interpreted as having an origin near the Tethys Sea. Thus, regardless 

of their phylogenetic position, their dispersal path from the Tethys to the Pacific remains 

unknown.  

Desmostylia first appear in the fossil record in the Late Oligocene and persist 

through the Late Miocene (Barnes, 2013). The order is restricted to the margins of the 

North Pacific Ocean (Barnes, 2013). The oldest specimens of Desmostylia are in the 

Rupelian of Oregon and Washington, suggesting a Northeast Pacific origin and 

subsequent dispersal along the Aleutian-Kamchatka archipelago to the Northwest Pacific 

(Barnes, 2013; Inuzuka, 2000). Because both basal perissodactyls and tethytheres are 

thought to have an old world origin, the dispersal of Desmostylia from the old world to 

the North Pacific is a great mystery.  
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Sirenia 

Sirenia is an order of herbivorous marine mammals that includes modern 

manatees and dugongs. There are only four extant species (three in the manatee genus 

Trichechus and one in the dugong genus Dugong), though a fifth (Hydrodamalis gigas) 

was extant as recently as the eighteenth century (Crerar et al., 2014; Domning, 1982).  

As mentioned, Sirenia have long been considered members of Tethytheria along 

with Proboscidea and Desmostylia (McKenna, 1975). Though this phylogeny has come 

into question for Desmostylia, the position of Sirenia is still supported (Cooper et al., 

2014). Tethytheria is considered to originate on the shores of the Tethys Sea, and 

sirenians are presumed to have originated in North Africa. Despite this, for many years 

the oldest fossil Sirenia were known from the middle Eocene of Jamaica. This 

juxtaposition between an old world origin but new world fossils implied a gap in the 

fossil record (Domning, 2001).  

This conflict was mitigated with the discovery of a prorastomid from the Eocene 

of Senegal (Hautier et al., 2012). The presence of an early sirenian in Senegal confirmed 

that they inhabited the old world African shores and lead to two hypotheses for their 

dispersal to the new world. One hypothesis involves the sirenians following the 

continuous, warm climate North Atlantic shoreline in the same fashion as other Eocene 

land mammals (McKenna, 1975). This hypothesis is favored because it implies that the 

only semi-aquatic sirenians would not have needed to cross wide or deep water. 

However, the lack of sirenians in Eocene deposits from the east coast of the United States 

makes this unlikely. Instead, Hautier et al. (2012) favor a hypothesis similar to the one 
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put forth for whales by Uhen (1999) involving a direct transatlantic dispersal from West 

Africa to South America (Figure 1).  

 

 
 
Figure 1: Prorastomids of the Middle Eocene. Hypotheses by McKenna (1975) and Geisler et al. (2005) 

predict a dispersal to the new world via the continuous coastline in the far North Atlantic. An alternative 

hypothesis by Uhen (1999) instead puts forth a direct dispersal across the Atlantic from western Africa to 

eastern South America. Map courtesy of fossilworks.org, copyright John Alroy. 
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 By the end of the Eocene, sirenians had dispersed from their African origin to 

inhabit Europe, and the east coasts of North, Central, and South America (Domning, 

2001). In the Early Miocene sirenians entered the Pacific through the Central American 

Seaway and colonized the west coasts of South and North America as well (Domning, 

1976). Domning (1976) leaves little doubt that this dispersal happened through the 

Central American Seaway, citing the established populations in the Caribbean and the 

warm climate of California in the early Miocene as an ideal habitat for Sirenia.  

Curiously, however, the Pacific sirenians develop very unique morphological 

characters not seen in any Atlantic forms, indicating little gene flow between the two. 

Domning infers the emergence of an ecological barrier shortly after the dispersal, 

isolating the Pacific and the Atlantic sirenians (Domning, 1976, 1978). Domning notes 

that, while the California coasts would serve as ideal habitat, the Mexican and South 

American coasts were likely too exposed and too warm for abundant growth of kelp as 

expected in the California coasts (Domning, 1976). Domning terms this the “Mexican 

barrier”, and suggests that, after the original dispersal event to California, the Central 

American Seaway would have become an uninviting route that would have discouraged 

subsequent dispersal events for Sirenia (Domning, 1976, 1978). A marine regression in 

the Pliocene resulted in the Pacific Honduran and Mexican coasts becoming rocky and 

uninhabitable to sirenians, reinforcing the significance of this “Mexican barrier” 

(Domning, 1978). 

This regression in the Pliocene is coupled by an orogenic event in the Andes 

(Domning, 1978; Hynek, 2011). The orogenic event is considered the trigger for the 
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evolution of modern trichechids (manatees) (Domning, 1976, 1978, 1982, 2005). Until 

this point, trichechids had been restricted in habitat to coastal rivers and estuaries of 

South America, while dugongids (dugongs) inhabited the marine waters of the Atlantic 

and the Caribbean (Domning, 1982). The Pliocene orogenic event dumped massive 

amounts of silt and dissolved nutrients into the South American river systems (Figure 2); 

this in turn triggered the evolution of supernumerary, continuously replaced molars in 

manatees (Domning, 1982, 2005). The combination of this added stress in the food 

supply, as well the competition from the better adapted manatees, resulted in the 

extinction of Caribbean and western Atlantic dugongs (Domning, 1982).  

By the end of the Pliocene, the Central American Seaway closed entirely and fully 

isolated the Pacific dugongs from the Atlantic manatees (Domning, 1978). Near the 

Pliocene-Pleistocene boundary, manatees dispersed back across the Atlantic to Africa and 

very quickly replaced the remaining, eastern Atlantic dugongs in the fossil record 

(Domning, 1982). In the Pacific, dugongs continued to disperse north, eventually leading 

to the hydrodamaline lineage becoming the only known sirenians to ever adapt to cold 

water environments (Domning, 1976; Takahasi et al., 1986). This lineage, including 

Dusisiren and Hydrodamalis, includes records on both halves of the Pacific. 

Hydrodamalis first appeared in the Northeast Pacific and then dispersed around the 

Aleutian-Kamchatka archipelago to the Northwest Pacific before it was hunted to 

extinction in the 18th century (Domning, 1978, 1982).  
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Figure 2: Schematic diagrams showing the evolution of the Amazonian drainage basin (Domning, 1982). 

During the Middle Miocene (A), the drainage was equally split westward into the Pacific and eastward into 

the Atlantic. During the Early Pliocene (B) the Pacific drainage had closed, creating an enclosed basin ideal 

for early manatees. By the Plio-Pleistocene (C) modern drainage patterns appeared and manatees dispersed 

north and east to Africa and the eastern United States. P indicates the presence of Potamosiren in the 

Magdalena basin. (T) denotes Trichechus-like sirenains, where T denotes Trichechus,  

 

Pinnipedimorpha  

Pinnipedimorpha is a monophyletic group that is nested within Caniformia within 

Carnivora. Pinnipedimorpha includes three main groups: Otariidae (fur seals and sea 

lions), Phocidae (true seals), and Odobenidae (walruses) as well as a handful of ancestral, 

extinct forms (Davies, 1958; Deméré et al., 2003). Due to a poor fossil record, the time 
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and location of origin for Pinnipedimorpha is poorly understood. A single specimen has 

been said to represent an Eocene phocid (Diedrich, 2011), though this is highly unlikely. 

This specimen is nothing more than the flattened head of a single, unidentifiable femur. 

Moreover, Diedrich (2011) claims the sediment has been dated to the Ypresian or 

Lutetian, but provides no citation. 

Similarly, two femora from the Oligocene of South Carolina have been identified 

as phocids (Koretsky, 2002a). These specimens have some derived traits indicative of 

phocids, but also share several primitive traits with the otters Enhydra and Lutra 

(Koretsky, 2002a). Here, they are regarded as merely indeterminate carnivorans, as they 

share an equal number of traits with phocids and mustelids. It has been suggested that 

these specimens, in conjunction with another questionable old world fossil (Koretsky, 

2002e), may point to polyphyletic origin of Pinnipedimorpha with an Atlantic origin for 

Phocidae (Arnason et al., 2006; Koretsky, 2002a, e). This diphyletic origin has gained 

little support in the literature and largely disagrees with molecular evidence (Arnason et 

al., 2006; Arnason and Widegren, 1986; Berta and Wyss, 1994; Dasmahapatra et al., 

2009). 

The oldest fossils that can be confidently attributed to Pinnipedimorpha are those 

of Enaliarctos barnesi and Enaliarctos tedfordi, which appear in the Late Oligocene of 

California (Berta, 2009; Berta et al., 1989; Deméré et al., 2003). Pinnipedimorpha are 

thought to remain restricted in the North Pacific during the Early Miocene, when all three 

major groups arise before dispersing out of the North Pacific (Deméré et al., 2003).  
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Deméré et al. (2003) considered the otariids to split from ancestral 

pinnipedimorphs eleven million years ago, when they quickly dispersed to either side of 

the North Pacific. This date was pushed back with the discovery of an otariid from Japan 

dated around 12 Ma and implying a ghost lineage even further back (Kohno et al., 2007). 

A very recent discovery of an otariid dated to between 15 and 17.1 Ma eliminates the 

ghost lineage (Boessenecker and Churchill, 2015).  

Deméré et al. (2003) hypothesized a Southern Hemisphere dispersal event near 

the end of the Pliocene, in which otariids traveled down the west coasts of North and 

South America, passed through Drake’s Passage into the Atlantic coast of South America 

and diversified in the Antarctic, achieving a circumpolar distribution. Finally, they 

hypothesized a Pleistocene reinvasion event back up the Pacific coasts of the Americas 

by the now derived southern otariids (Deméré et al., 2003).  

Deméré et al. (2003) considered the origin of Odobenidae to occur before 18 Ma. 

They hypothesize that, after dispersing to either side of the North Pacific, walruses 

diversified and dispersed up into the Arctic and down to either side of the Atlantic in the 

Late Pliocene (Deméré et al., 2003). 

Deméré et al. (2003) considered the phocids split within Pinnipedimorpha to 

occur before 18 Ma as well. They hypothesize an early, major dispersal in which phocids 

travelled through the Central American Seaway, down the African and South American 

coasts and through Antarctica to achieve a circumpolar distribution. They hypothesize 

that these Atlantic phocids then dispersed up into and around the Arctic, followed by 

several events during the Pleistocene glaciation fluctuations back down to lower latitudes 
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in which they reinvaded the North Pacific, the North Atlantic, and the Eurasian continent 

(Deméré et al., 2003).  

 

Cetacea 

The name Cetacea refers to a group of marine mammals within Artiodactyla, most 

closely related to Hippopotamidae (Geisler and Uhen, 2003, 2005). The oldest cetacean is 

from the Ypresian (about 52.5 Ma). There is some debate over whether or not the oldest 

whale is Himalayacetus (Bajpai and Gingerich, 1998) or Pakicetus (Thewissen et al., 

2001). Regardless, these two indicate an origin in the Tethys Sea (Uhen et al., 2010). In 

the early Eocene, only these earliest whales, in the family Pakicetidae, were present and 

had not yet left the Tethys Sea. Pakicetidae is followed by two other families of Tethyan 

archaeocetes, Ambulocetidae and Remingtoncetidae in the Middle Eocene. However, by 

the middle Eocene, Protocetidae and Basilosauridae (more derived archaeocetes) had 

dispersed out of the Tethys and reached Europe, Africa, and the Americas (Geisler et al., 

2005; Uhen, 1999; Uhen and Berndt, 2008; Uhen et al., 2010; Uhen et al., 2011). The 

most derived of these, Basilosauridae, includes the first fully aquatic cetaceans and is the 

only archaeocete family that survived to the late Eocene (Gingerich and Uhen, 1998; 

Uhen, 2010). 

 It is thought that around the Eocene-Oligocene boundary, the dominant cetacean 

fauna transitions from archaeocetes to Neoceti, the group that includes the two extant 

cetacean suborders (Mysticeti and Odontoceti). This transition is poorly understood 

because the fossil record at the Eocene-Oligocene boundary is poor (Uhen and Pyenson, 
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2007). Neoceti derived from Basilosauridae and each suborder is presumed monophyletic 

(Geisler and Sanders, 2003).  

The oldest fossil mysticete is from the latest Eocene of Antarctica (Mitchell, 

1989), though by the Oligocene they are found throughout most of the Pacific 

(Fitzgerald, 2004; Fitzgerald, 2006, 2010) as well as the eastern United States (Sanders 

and Barnes, 2002). Odontocetes appear in the fossil record quite suddenly in the Rupelian 

in both the Pacific (Fordyce, 2002) and the Atlantic (Sanders and Barnes, 2002; Uhen, 

2008). Thus, the diversification and subsequent dispersal of both Odontoceti and 

Mysticeti is too sudden to be properly captured by the relatively poor fossil record of the 

Eocene-Oligocene boundary (Uhen, 2010). 

 

BETA DIVERSITY AND MEASURING DISPERSAL 

Measures of Biodiversity 

In order to accurately assess the dispersal of one group among regions, it becomes 

necessary to have a quantifiable measurement. Whittaker defined the three main 

components of diversity, as well as one smaller one (Whittaker, 1960, 1972). Alpha 

diversity is the total number of taxa present in a given community. Beta diversity is the 

number of unique taxa between sites or communities, and gamma diversity is a 

combination between the two. Whittaker also mentions a “delta diversity”, which he 

defined as the number of unique taxa between larger, geographic regions. In 1988 

Sepkoski embraced Whittaker’s definitions of alpha and beta diversity, but adopted the 

definition of delta diversity as gamma diversity and does away with delta diversity 
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entirely (Sepkoski, 1988). In 2002, Hunter returned to Whittaker’s definitions and 

described gamma diversity as the overall measure of diversity for different ecosystems in 

a region (Hunter, 2002; Hunter and Gibbs, 2009). Thus, the components of diversity as 

they stand now are: 

• Alpha Diversity – Total number of taxa 

• Beta Diversity – Number of unique taxa across ecosystems 

• Delta Diversity* – Number of unique taxa across geographic regions 

• Gamma Diversity – Overall diversity for different ecosystems within a region 

*Delta diversity is considered a subset of beta diversity, as the size of an ecosystem and the size of a 

geographic region are highly variable. 

 

Beta diversity measures the number of unique taxa across two (or more) regions. 

High beta diversity means that two regions have very different taxonomic distributions; 

very few of the taxa overlap, or appear in both regions. Similarly, low beta diversity 

indicates that the two regions have many of the same taxa present. Thus, beta diversity 

provides a better understanding of the taxonomic richness than does alpha diversity 

alone. Two regions can have a great number of total taxa (and thus have high alpha 

diversity), however, if a large amount of those taxa are present in both regions, than there 

is high overlap, and thus very low beta diversity. 
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Figure 3: Relationship between alpha (local), gamma (regional), and beta (similarity) diversity. Alpha 

diversity measures the number of unique taxa within a given region. Beta diversity measures the number of 

similar taxa across two regions. Gamma diversity measures the overall diversity for all of the regions in 

question.  

 

Beta diversity is particularly useful as it provides three primary insights. Beta 

diversity indicates the degree to which habitats have been partitioned by taxa, allows for 

the comparison of diversity between regions, and can be combined with alpha diversity to 

assess the overall diversity of a region (Wilson and Shmida, 1984).  

Because beta diversity measures the number of unique taxa across regions, its 

inverse (taxonomic overlap) can be used to measure dispersal. High overlap between 

regions will indicate strong similarity between their faunal compositions, implying a 

greater likelihood of dispersal across the regions by the aforementioned fauna.  
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This is crucial, as previous studies have measured dispersal only through 

presence-absence data (Webb, 2006; Woodburne, 2010). Dispersal in the fossil record is 

typically measured by noting the first occurrence of each taxon in a given region. In this 

way, regions have the amount of dispersal compared as a function of alpha diversity. In 

Webb’s study, the total number of taxa that disperse from North America to South 

America are compared to the total number of taxa that disperse from South America to 

North America. The total number of taxa that have dispersed to a region are added (alpha 

diversity) and compared to the total number of taxa that have dispersed to another region 

(Webb, 2006). 

This method provides a good overview of where dispersal is taking place, but it 

fails to account for the existing taxonomic make up; it relies heavily on the initial 

populations being of similar size and diversity. Measuring dispersal instead as a function 

of beta diversity (with high beta diversity indicating little overlap, and thus little 

dispersal) adjusts for the original population make ups. Using beta diversity also allows 

for the measurement of any diversification (shown by a subsequent decrease in overlap) 

following a dispersal (shown by an increase in overlap) event. The challenge lies in 

finding reliable measures of beta diversity. 

 

Measures of Beta Diversity  

Three of the most common measurements of beta diversity are the Sørensen-Dice 

Coefficient, the Jaccard Index, and a pure probability (the probability that 2 specimens 

chosen at random are the same taxon) (Condit et al., 2002). 
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The Jaccard Index, developed by Paul Jaccard in 1901, measures beta diversity by 

dividing the taxa in common by the difference of the taxa in each group and the taxa in 

common (Jaccard, 1901): 

1)   

𝐽 =   
𝑇!

𝑇! −   𝑇! −   𝑇!
 

  

where J is the Jaccard Index, Tc is the total taxa in common, and T1 and T2 are the total 

taxa in region one and two respectively.  

The Sørensen-Dice coefficient, sometimes just called the Sørensen Index, was 

developed independently by Lee Dice in 1945 and Thorvald Sørensen in 1948. This index 

multiplies the taxa in common by two, and then divides the product by the sum of the 

taxa in each group (Dice, 1945; Sørensen, 1948). Its formula is as follows:  

2)     

𝑆𝐷 =   
2 ∗   𝑇!
𝑇! + 𝑇!

 

 

where SD is the Sørensen-Dice Coefficient, Tc is the total taxa in common, and T1 and T2 

are the total taxa in region one and two respectively. Sørensen-Dice Coefficient thus is an 

inverse measurement of beta diversity, as it measures the amount of overlap between two 

regions, not the amount of difference. 

The Sørensen-Dice Coefficient and the Jaccard Index were seen as alternate, 

viable methods of assessing beta diversity. In 1988, however, Sepkoski pointed out that 
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the two are actually redundant. It can be shown that the Sørensen-Dice Coefficient is 

actually twice the Jaccard Index divided by the Jaccard Index plus one. This is shown as: 

3)    

𝑆𝐷 =   
2 ∗ 𝐽
𝐽 + 1 

  

where SD is the Sørensen-Dice Coefficient and J is the Jaccard Index.  

Thus, the two indices are actually analogous and interchangeable. They are, 

nevertheless, still useful for assessing dispersal. The Sepkoski study used beta diversity to 

analyze faunal dispersal across six environmental habitats from the Cambrian through the 

Cenozoic. However, as Sepkoski pointed out, it is dangerous to use beta diversity in the 

fossil record to make comparisons through time. It becomes necessary to also assess 

origination and extinction, as unusually high rates of either can skew the similarity 

values.  

High rates of origination will increase beta diversity (decrease similarity) because 

all taxa must originate at a single location. If a single region experiences unusually high 

origination rates in a single time bin, the result will be that it will be less similar to any 

other region. This is also the case for vicariance, the process by which the geographic 

range of a taxon is split by a geographic barrier and a physical barrier to gene flow forms. 

This phenomenon will result in increased beta diversity, as it can only create less 

similarity, not more. Fortunately, at the spatial and temporal scale used, there are no 

significant physical barriers formed expected to result in vicariance. 
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High rates of extinction, in contrast to origination, have a less predictable effect 

on the data. Extinction can either lower, or drive similarity, depending on which taxa are 

affected. If most of the cosmopolitan taxa go extinct, leaving primarily endemic taxa, 

global similarity will be very low. In contrast, if many endemic taxa go extinct, leaving 

primarily those with broad or cosmopolitan ranges, then global similarity will be very 

high. Therefore, to properly interpret the data, it is necessary to quantify both origination 

and extinction rates so that global similarity values can be placed into proper context 

(Sepkoski, 1988). 

Recently, an alternate, yet forgotten, method of assessing similarity has resurfaced 

(Alroy, 2015). This formula, originally proposed in 1907 by Stephen Forbes, has been 

largely ignored because it requires knowing the number of taxa absent in each sample 

being compared. As this is an unrealistic expectation in the fossil record, Forbes’s 

method was largely ignored in the literature in favor of the aforementioned Sørensen-

Dice coefficient or the Jaccard index (Alroy, 2015).  

The original Forbes equation for similarity was calculated as: 

4)    

𝐹 =   
𝑎 ∗ 𝑁

𝑎 + 𝑏 ∗ (𝑎 + 𝑐) 

 

where a represents the number of taxa found in both samples, b the taxa in only the first 

sample, c the taxa in only the second, d the number of taxa found in neither sample, and 

N the sum of a, b, c, and d. As mentioned, this formula is unique, if problematic, because 
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it includes the number of shared absences. Alroy adds a heuristic correction to Forbes’s 

original equation that allows the troublesome variable to be excluded.  

Alroy sets d equal to zero, and instead uses n, which represents the sum of a, b, 

and c. Doing so allows for the equation to be more comparable to other indices. However, 

Alroy notes that this comparison is still limited because F scales with an upwards bias. If 

there are twenty taxa between two regions, and ten are shared, then SD and J are each 

0.5, but F is 0.75. Thus, Alroy adds the heuristic correction and establishes what he calls 

the corrected Forbes index (F’) (Alroy, 2015). 

5)   

𝐹! =   
𝑎(𝑛 +    𝑛)

(𝑎 + 𝑏 ∗ (𝑎 + 𝑐))+ (𝑎 ∗    𝑛)+   𝑏 ∗ 𝑐2
 

Alroy’s study indicates that the corrected Forbes index may outperform the 

Sørensen-Dice coefficient when used on samples of regions with known overlap, and 

may be especially useful when the two samples exhibit a great size disparity or when 

sampling is incomplete. 

This study quantifies similarity of faunal overlap between adjacent ocean regions 

through geologic time using both the Sørensen-Dice coefficient and the corrected Forbes 

index. It tests Alroy’s hypothesis that the corrected Forbes index outperforms the 

Sørensen-Dice coefficient and also assess any correlation between the two. It also 

measures origination and extinction in the fossil record. Thus, it identifies time periods of 

faunal dispersal between regions and major geographic features abetting or inhibiting 

dispersal. 
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HYPOTHESES 

 

Broadly, this study analyzes beta diversity and faunal turnover of marine 

mammals resulting in a quantitative comparison of notable patterns across different ocean 

regions and through geologic time. These patterns are used to evaluate the role of several 

geographic features in marine mammal dispersal. The following four hypotheses are 

tested: 

• Hypothesis One – Overlap is greater between adjacent regions of the same ocean 

(intraoceanic) than between regions of different ocean basins (interoceanic).  

• Hypothesis Two – The Aleutian-Kamchatka archipelago is the primary pathway 

by which marine mammals disperse across the Pacific. 

• Hypothesis Three – The Strait of Gibraltar serves as the passageway through 

which cetaceans and sirenians leave their point of origin in the Mediterranean-Tethys. 

• Hypothesis Four – The Central American Seaway is the pathway through which 

modern high overlap values between the Atlantic and Pacific are attained.  

In addition to these four hypotheses, the study also looks to compare overlap 

values of Alroy’s corrected Forbes index to the traditional Sørensen-Dice coefficient and 

comment on any discontinuity between the two methods. 

Recently, a new hypothesis on the age of closure of the Central American Seaway 

has gained traction in the literature. This new hypothesis has pushed back the established 
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date of closure of 3-4 Ma (Coates et al., 2004) to 15 Ma (Farris et al., 2011; Hoorn and 

Flantua, 2015; Montes et al., 2012). The new model is still treated with healthy 

skepticism, and it has been suggested that the modern day Indonesian Australian 

Archipelago may serve as an appropriate analog for what they Central American Seaway 

may have looked like in the aforementioned period (Coates and Stallard, 2013). In 

addition to the hypotheses mentioned above, this study specifically searches for evidence 

of an open seaway through the 15-3 Ma time span during which the new hypothesis 

proposes no such seaway occurs. Thus, this study also assess the viability of the new 

model for the Central American Seaway as described by Farris et al. (2011) and Hoorn 

and Flantua (2015). 
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METHODS 

 

All data collected for this study were downloaded from the Paleobiology 

Database on October 13, 2014. While it has been questioned whether database work 

could provide accurate analyses (Prothero, 2012, 2014), studies have shown that the 

results are sound so long as the dataset is representative of the fossil record (Alroy, 2003; 

Peters and Heim, 2010; Peters et al., 2014; Plotnick and Wagner, 2006; Quirin, 2003). 

The first stage of this project was to ensure these records serve as an accurate portrayal of 

the fossil record. 

Efforts by researchers to include every marine mammal publication in the 

database have been exhaustive and largely successful. Based on these efforts the 

Paleobiology Database’s data set is representative of the marine mammal fossils 

published in the literature (Alroy et al., 2003; Uhen, 2014; Uhen et al., 2013; Uhen and 

Pyenson, 2007; Varela et al., 2014). While the published literature is not necessarily 

representative of the entire fossil record, this study restricted itself only to published 

occurrences because of the dubious taxonomic identification often associated with 

unpublished museum occurrences. 

While the records for marine mammals were nearly exhaustive through the 

Pliocene, they were underrepresented in the Quaternary. This was particularly the case 
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with occurrences near the Pleistocene-Holocene boundary, where the occurrences were 

scattered across a much wider range of literature (archaeological, stranding data, etc.).  

In order to ensure that the records pertaining to the Quaternary were thorough and 

complete, I conducted an exhaustive review of the literature searching for entries that 

may have been omitted from the database. In doing so, I added 72 collections containing 

cetaceans, 11 collections containing pinnipeds, and 11 collections containing polar bears 

to the Paleobiology Database.  

It also proved necessary to add an occurrence for each geographic region from 

which the extant fauna are known from today. The database had previously had a single 

collection added to the Holocene for each extant taxa; this served to anchor the extant 

taxa in time. However, these efforts had not been made for each ocean basin that a taxon 

appears in today. Thus, while efforts had been made to anchor the extant taxa in time, 

they were not previously anchored in space as well. The distribution of extant taxa were 

derived using aquamaps.org, an organization that models the distribution of marine taxa 

based on their potential suitable habitat and then corrects the range by excluding regions 

where the taxon is known not to occur. This model was originally pioneered specifically 

for marine mammals by Kaschner et al. (2006). From this, one occurrence was added to 

the Paleobiology Database for each region that each extant taxon appears in. This served 

to accurately capture the known modern distribution of extant taxa in the dataset. 

Once the systematic addition of missing Quaternary data was finished, the next 

step was to download the occurrences and assign each occurrence an ocean region. Ocean 

regions were divided geographically: the Atlantic and Pacific were divided into 
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quadrants, the Indian Ocean divided vertically in half, and the Arctic, Antarctic, and 

Mediterranean-Tethys Oceans represented single regions (see Figure 4). These thirteen 

regions served as the regions across which diversity and overlap were measured. These 

divisions are largely consistent with document S-23 titled “Limits of Oceans and Seas” 

published by the International Hydrographic Organization (IHO). The third edition of this 

document, published in 1953, is still the official reference. Any deviation from this 

document was done for the purpose of extrapolating the divisions put forth within 

document S-23 to their relevant locations throughout geologic time. One example of such 

a deviation is the Mediterranean Sea, which in this study was enlarged to include the 

Tethys Sea as well (Fourcy and Lorvelec, 2012; IHO, 1953). The other notable deviation 

was the division between the Indian and Pacific oceans. This division was moved 

westward, from the southern most tip of Australia to the center of the continent, in an 

attempt to keep a collection of localities analogous in geologic time and faunal 

composition together in the same region. 

In total, fifteen time bins were used, primarily analogous to the stage levels of the 

geologic time scale. The single deviation from this system was pertaining to the 

Quaternary, which was treated as a single “stage”. This was done partly because it is a 

more comparable length of time to the other stages, and partly because few occurrences 

were identified to specific stages in the Quaternary. 

Alpha diversity was measured both regionally as well as globally. Time bins 

exhibiting abnormal origination or extinction events were noted to properly place the 

similarity values into context. 
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Values for overlap were calculated for all regions having a large enough sample 

size. Due to the strong northern hemisphere bias in the dataset (figure 4), overlap for the 

southern hemisphere was calculated but not included in the analysis for the discussion. 

Beta diversity was measured at each geologic stage from the Ypresian through the 

Piacenzian; with the Quaternary treated as a single, final “stage” as it represents a 

comparable amount of absolute time. Beta diversity was measured using both the 

Sørensen-Dice coefficient, as the literature agrees it is the most accurate method of doing 

so (Condit et al., 2002; Sepkoski, 1988), as well as Alroy’s newly corrected Forbes index 

(Alroy, 2015). 

The entire study was conducted at the genus level, as opposed to the species level, in 

an effort to use the most relevant taxonomic level. Uhen and Pyenson (2007) vetted the 

literature for cetaceans ( 70% of occurrences in the dataset) and synonymized names not 

based on diagnostic material. They eliminated nomenclature based on poor type material 

and left a rigorously critiqued taxonomy. Following their efforts, they conclude that the 

generic level is now free of bias attributed to bad taxonomic practice (Uhen and Pyenson, 

2007).  
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Figure 4: Global map showing ocean regions as they were divided based on modern geography with 

consideration to paleogeography. Solid lines represent regions as delineated by the IHO (1953). Dashed 

lines demonstrate divisions used for this study where they deviate from already established IHO divisions. 

In the case of the division between the Southwest Pacific and the East Indian Ocean, the boundary was 

moved west to keep an analogous collection of fossil localities together. Map courtesy of fossilworks.org, 

copyright John Alroy. Each dot represents an occurrence included in our dataset, throughout all time bins. 
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RESULTS 

 

Alpha Diversity 

In total, the dataset consisted of 2,991 occurrences that comprised 414 unique 

taxa. These data were distributed across 13 distinct ocean regions as demonstrated above 

in Figure 4. Both total occurrences and alpha diversity (unique taxa) was consistently 

skewed towards the five major northern hemisphere regions (MET, NEA, NWA, NEP, 

NWP) as shown in Figure 5. The mean number of occurrences amongst these five regions 

was 464.8 (σ = 124), in contrast to 83.4 (σ = 40) for the other eight regions. Similarly, the 

mean number of unique taxa for these five regions was 116 (σ = 11), in contrast to only 

44 (σ = 11.4) for the other eight regions. Due to the extreme concentration of occurrences 

and taxa into five specific regions, interpretation of overlap results was restricted to 

comparisons amongst the regions in question (the raw data available in Appendix I).  

 

Table 1: Breakdown of all 2,991 occurrences by taxonomic group. 

	  	   Occurrences	   Taxa	  
Ursus	  maritimus	   30	   1	  
Marine	  mustelids	   43	   3	  
Thalassocnus	   6	   1	  
Desmostylia	   54	   8	  
Sirenia	   357	   31	  
Pinnipedimorpha	   401	   48	  
Cetacea	   2100	   322	  
Total	   2991	   414	  
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Table 1 shows the breakdown of the entire dataset by taxonomic group. There is a 

strong bias towards cetaceans, both in total occurrences and in the number of unique taxa. 

From the data presented in table 1, it is shown that cetaceans drive the majority of the 

results. Polar bears, sea otters, Thalassocnus, and Desmostylia appear in the dataset in 

such minor quantities that they are deemed to have little to no affect on the overall 

patterns in the data.  

 

 

Figure 5: The number of occurrences of marine mammals in each of the thirteen ocean regions. Those 

shown in blue are the five regions of sufficient biodiversity to be included in the analysis. Those shown in 

red had insufficient diversity to be included in the analysis of the overlap data. 
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Figure 6: Global origination and extinction through time. Darkest blue represents the total number of taxa 

(genera) present globally in each stage. Middle blue represents origination, measured as the number of taxa 

whose first appearance is recorded in each given stage. Lightest blue represents extinction, measured as the 

number of taxa whose last appearance is recorded in each given stage.   

 

Figure 6 demonstrates the global origination and extinction and is used to identify 

notable time bins where origination or extinction may abnormally influence similarity. 

Origination was measured in each time bin as the number of taxa that make their first 

appearance in the fossil record during that stage. Similarly, extinction was measured as 

the number of taxa that make their last appearance in the fossil record during that stage. It 

is important to note that extinction values for the Quaternary are skewed as the modern 

taxa could still go extinct. 
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Notably, the origination and extinction are often close in value, indicating that 

origination and extinction are not driving major trends. One major exception is the steep 

origination rate in the Rupelian. This origination is consistent with the sudden 

diversification of Neoceti, which occurs at or near the Eocene-Oligocene boundary. The 

only other major exception is in the Tortonian, where there is an especially high 

extinction rate. This is not unexpected, as the following stage, the Messinian, has long 

been associated with marine extinctions. Global sea level is known to have fallen 

drastically in the Messinian, and the Mediterranean is presumed to have dried almost 

entirely. This event, known as the Messinian Salinity Crisis, is undoubtedly responsible 

for the high number of taxa experiencing their last occurrence in the Tortonian.  

 

Beta Diversity (Sørensen-Dice coefficients) 

The mean SD value for the MET-NEA is 0.28 with a standard deviation of 0.13 

(Figure 7). Overlap is nonexistent until the Lutetian, when the value rises to near the 

mean and remains there through the Aquitanian. After a sharp peak in the Burdigalian, 

overlap regresses to approach the mean through the rest of the Miocene. Beginning with 

the Zanclean, overlap increases, dips again in the Piacenzian, before eventually peaking 

at 0.54 in the Quaternary. 
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Figure 7: Sørensen-Dice coefficient values for ocean regions in the Northern hemisphere from the Eocene 

through the Quaternary. Dashed lines represent the epoch boundaries.  

 

The mean SD value for the NEA-NWA is 0.23 with a standard deviation of 0.21 

(Figure 7). The data cluster around the mean for nearly the entirety of geologic time, with 

three notable exceptions. The Priabonian shows a spike (up to 0.55), followed by a 

dramatic plunge well below the mean in the Rupelian and further still in the Chattian. 

Overlap recovers and returns to the mean quickly, and remains there until a drastic drop 

to zero in the Messinian. As in the previous comparison, the Zanclean sees a sharp rise, 
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followed by a small decline in the Piacenzian, finished off by a huge peak in the 

Quaternary (0.83). 

The mean SD value for the NWA-NEP is 0.11 with a standard deviation of 0.20 

(Figure 7). However, the mean values for all comparisons involving the Pacific are highly 

skewed, as no overlap exists until the Chattian (Figure 7). No overlap exists between the 

NWA and the NEP whatsoever through the Burdigalian. Overlap first appears in the 

Langhian (0.14) and remains near the mean until a sharp drop to zero in the Messinian. 

Overlap then rises constantly from the Zanclean through the Piacenzian up to a peak in 

the Quaternary (0.76).  

The mean SD value for the NEP-NWP is 0.15 with a standard deviation of 0.23 

(Figure 7). Overlap first appears in the Chattian (0.19), but disappears again entirely in 

the Aquitanian. Overlap recovers slowly through the middle Miocene, peaking in the 

Serravallian (0.32), before dropping in the Tortonian and disappearing entirely a second 

time in the Messinian. Overlap recovers almost immediately in the Zanclean (0.28), drops 

in the Piacenzian (0.19) and then spikes to its highest value in the Quaternary (0.91).  

The mean SD value for the NWP-MET is 0.07 with a standard deviation of 0.13 

(Figure 7). Overlap appears in the Chattian, disappears again in the Aquitanian, and then 

climbs steadily through the Serravallian (0.16). It disappears entirely in the Tortonian and 

Messinian. Once again, overlap recovers quickly in the Zanclean, but drops to zero in the 

Piacenzian before it rises drastically to its maximum value in the Quaternary (0.49). 
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Alroy’s Corrected Forbes Index 

Alroy’s corrected Forbes index were calculated for comparison within the five 

previously identified regions of relevant alpha diversity. A full table of all the F’ values, 

as well as region specific graphical comparisons of the corrected Forbes index to the 

Sørensen-Dice coefficient can be found in Appendix II.  

Figure 8 shows that Alroy’s corrected Forbes index is strongly correlated with the 

Sørensen-Dice coefficient (the data can be seen broken down by regional data series in 

Appendix II). Generally speaking, the corrected Forbes index yields a slightly higher 

value than the Sørensen-Dice coefficient (as Alroy intends), a conclusion also shown by 

the graphs in Appendix II. While some data points appear as slight outliers, the 

correlation is quite strong (R2 = 0.90). 

 

 

Figure 8: Correlation of Alroy’s corrected Forbes index to the traditional Sørensen-Dice coefficient.  
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DISCUSSION 

 

Comments on Alroy’s Corrected Forbes Index 

As the results show, Alroy’s corrected Forbes index is strongly correlated with the 

traditional Sørensen-Dice coefficient (Figure 8). Using a quadratic regression, as opposed 

to linear, further increases the correlation value to an R2 value of 0.96. This is because 

Alroy’s corrected Forbes Index was designed to specifically correct for incomplete 

sampling of the fossil record. Thus, the index will approach a value of one at a faster rate 

than traditional methods, resulting in a tail towards the right of the graph.  

 The slight deviations from the curve seen in Figure 9 led to speculation over 

conditions that may lead to the appearance of true outliers. A theoretical dataset was 

created to test the correlation under the most extreme of conditions. Specifically, the 

correlation was tested for its response to high directionality of the overlap (all of the taxa 

from one region overlap to another, but the reverse is not true). Table 2 displays this 

theoretical dataset.  
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Table 2: Theoretical dataset used to test the effects of directionality on the correlation between Alroy’s 

corrected Forbes index and the Sørensen-Dice coefficient. Values were specifically chosen to highlight 

extremes caused by discrepancies in alpha diversity or bias in the direction of overlap. 

Point	  #	   Area	  1	   Area	  2	   Overlapping	   SD	   F'	  
1	   1	   20	   1	   0.10	   1.00	  
2	   5	   20	   1	   0.08	   0.20	  
3	   5	   20	   5	   0.40	   1.00	  
4	   10	   20	   10	   0.67	   1.00	  
5	   10	   20	   5	   0.33	   0.57	  
6	   10	   20	   10	   0.67	   1.00	  
7	   15	   20	   1	   0.06	   0.09	  
8	   15	   20	   5	   0.29	   0.44	  
9	   15	   20	   10	   0.57	   0.80	  

10	   15	   20	   15	   0.86	   1.00	  
11	   20	   20	   1	   0.05	   0.08	  
12	   20	   20	   5	   0.25	   0.38	  
13	   20	   20	   10	   0.50	   0.70	  
14	   20	   20	   15	   0.75	   0.92	  
15	   20	   20	   20	   1.00	   1.00	  
16	   10	   100	   10	   0.18	   1.00	  
17	   50	   100	   50	   0.67	   1.00	  
18	   75	   100	   75	   0.86	   1.00	  

 

 

This dataset strongly supports the hypothesis that the deviations between the two 

indexing methods are the result of directionality. The dataset is presented graphically 

below in Figure 9.  
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Figure 9: Correlation between Alroy’s corrected Forbes index and the traditional Sørensen-Dice 

coefficient for the theoretical dataset.  
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points highlighted in red are points that were deemed outliers based on the following 

criteria: (1) Overlap was perfect in one direction and (2) the area with higher alpha 

diversity had more than double the taxa of the area with lower alpha diversity. 

 

y	  =	  0.7881x	  +	  0.3705	  
R²	  =	  0.48966	  

0.00	  

0.20	  

0.40	  

0.60	  

0.80	  

1.00	  

0.00	   0.20	   0.40	   0.60	   0.80	   1.00	  

Al
ro
y'
s	  
Co
rr
ec
te
d	  
Fo
rb
es
	  In
de
x	  

Sørensen-‐Dice	  Coef@icient	  



 
 

40 

 

Figure 10: Correlation between Alroy’s corrected Forbes index and the traditional Sørensen-Dice 

coefficient for the theoretical dataset after removal of the aforementioned outliers. 

 

With the removal of these outliers (Figure 10), the correlation is drastically 

improved (R2 = 0.92). The further removal of points where the area of higher alpha 

diversity had exactly double the number of taxa as the area with lower alpha diversity 

(not shown) resulted in an even higher correlation value (R2 = 0.95). Once again, in both 

cases, the R2 value was further improved by employing a quadratic regression as it better 

reflected the tail seen towards the right of the plots.   

Based on this analysis, it is concluded that directionality of overlap plays a 

substantial role in the deviation between Alroy’s corrected Forbes index and the 

traditional Sørensen-Dice coefficient. Therefore, it is put forth that the traditional 
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Sørensen-Dice coefficient is superior when there is complete overlap in one direction and 

the area with higher diversity as more than double the taxa of the area with lower 

diversity. In all other situations, the two methods are analogous.  

 

Hypothesis One – Rejected for the Atlantic, not rejected for the Pacific 

The null hypothesis states that overlap is greater between adjacent regions of the 

same ocean (intraoceanic) than between regions of different ocean basins (interoceanic). 

As a result of limiting our interpretation of results to only the five regions exhibiting 

sufficient alpha diversity, only two intraoceanic comparisons remained (NEA-NWA; 

NEP-NWP). Despite this, sufficient evidence persists to assess the null hypothesis.  

When comparing intraoceanic overlap in the Atlantic to interoceanic overlap 

between the Atlantic and either of the adjacent oceans, the intraoceanic comparison 

(Figure 7) represents the highest overlap during only three stages (Priabonian, 

Aquitanian, Quaternary). Moreover, only during the Priabonian is the value beyond one 

standard deviation from the next closest comparison. For the remaining eleven stages the 

MET-NEA comparison is highest. Thus, the dominant comparison in the Atlantic Ocean 

is between the MET and the NEA, not between the NEA and the NWA. 

When comparing intraoceanic overlap in the Pacific to interoceanic overlap 

between the Pacific and either of the adjacent oceans, the NEP-NWP (Figure 7) 

represents the highest overlap involving the Pacific during seven stages. Moreover, all 

eight stages in which the NEP-NWP does not represent the highest overlap, its value is 
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zero. Thus, it can be said that, when overlap exists across the Pacific, it is the dominant 

comparison.  

Based on this, hypothesis one is rejected for the Atlantic, but not for the Pacific. 

The Atlantic exhibits high interoceanic overlap with the Mediterranean-Tethys region, 

whereas the Pacific exhibits low interoceanic overlap but occasionally exhibits high 

intraoceanic overlap.  This conclusion is supported by visual inspection of Figure 7.  

 

Hypothesis Two – Inconclusive 

The null hypothesis states that following the Aleutian-Kamchatka archipelago is 

the primary pathway by which marine mammals disperse across the Pacific. The results 

are insufficient to accept or reject the null, partially because the overlap across the Pacific 

appears to be sporadic and inconsistent. Although the NEP-NWP overlap (Figure 7) 

appears in the Oligocene, it is most consistent in the Miocene, where a peak in the 

Serravallian is bracketed by a rise from zero in the Early Miocene and a drop back to zero 

in the Late Miocene (Table 3).  

 

Table 3: Genera overlapping across the Pacific in the Oligocene and Miocene.  

Chattian	   Aquitanian	   Burdigalian	   Langhian	   Serravallian	   Tortonian	   Messinian	  

Aetiocetus	  
	  

Desmostylus	   Desmostylus	   Allodesmus	   Dusisiren	  
	  Behemotops	  

	   	  
Paleoparadoxia	   Desmostylus	   Paleoparadoxia	  

	  

	   	   	  
Parietobalaena	   Paleoparadoxia	  

	   	  

	   	   	   	  
Scaldicetus	  
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In some cases, these taxa have occurrences that are in the Aleutian Islands or the 

Kamchatka Peninsula (such as Desmostylus) and clearly imply a use of the Aleutian-

Kamchatka archipelago to cross the Pacific. Others, such as Aetiocetus, have further 

south and are less indicative. It is also worth noting that overlap is restricted to cetaceans 

in the Oligocene, but is dominated by desmostylians for much of the Miocene. The 

Burdigalian has no overlapping cetacean, the Langhian and the Serravallian only one, and 

the Tortonian one again zero.  

The lack of overlapping sirenians is not surprising, as sirenians of the 

hydrodamaline lineage are thought to be the only cold water adapted members of the 

family (Domning, 1978, 1982; Takahasi et al., 1986).  

The lack of overlapping pinnipeds is also not surprising, as pinnipeds have a 

much later origin and are not thought to disperse until the Late Miocene. The presence of 

Allodesmus as the only overlapping pinniped is curious in that it disappears in the 

Tortonian and Messinian; though pinnipeds reappear as overlapping taxa in the Pliocene 

(Table 4). Thus, it is unclear whether pinniped overlap persists through the end of the 

Miocene undetected in the fossil record, or if pinnipeds disperse across the Aleutian-

Kamchatka archipelago on two separate occasions. The overlap in the Pliocene (Table 4) 

and Quaternary is more diverse, with cetaceans, pinnipeds, and sirenians all represented.  
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Table 4: Genera overlapping across the Pacific in the Pliocene. 

Zanclean	   Piacenzian	  
Balaenoptera	   Callorhinus	  
Herpetocetus	   Hydrodamalis	  
Hydrodamalis	   	  
Thalassoleon	  

	  
	   	   

 

Thus, the data for hypothesis two is difficult to interpret. Some taxa, such as 

desmostylians, pinnipeds, and Hydrodamalis show clear distribution patterns that support 

dispersal through the Aleutian-Kamchatka archipelago. Other taxa, such as many of the 

cetaceans, have an unclear distribution.  

 

Hypothesis Three –Accepted 

The null hypothesis states that the Strait of Gibraltar serves as the passageway 

through which cetaceans and sirenians leave their point of origin in the Mediterranean-

Tethys. Results for sirenians are inconclusive; though the fossil record captures their 

arrival to the new world in the Eocene they exhibit no overlap at the generic level. This is 

likely attributed to the dispersal event having resulted in enough morphological changes 

to establish a new genus, resulting in zero overlap values. However, there is strong 

evidence to support the hypothesis that the passageway was the primary exit point for 

cetaceans. 
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Figure 11: Sørensen-Dice coefficient values comparing the Mediterranean-Tethys to the Atlantic and 

Pacific oceans. 

 

With the exception of the Ypresian (before any overlap has occurred globally), 

the Mediterranean-Tethys Ocean shows higher overlap with the Atlantic than it does with 

the Pacific in all fourteen of the remaining stages (Figure 11). Additionally, the overlap 

with the Atlantic is higher by at least one standard deviation in all of these stages except 

for the Lutetian and the Quaternary (the standard deviation for the MET-NEA and the 

MET-NWP is 0.15 and 0.14 respectively).  

A closer look at the taxa that do overlap between the NWP and the MET in the 

Oligocene and the Miocene further supports Hypothesis Three. This overlap (Table 5) is 
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represented by four taxa (Squalodon, Eurhinodelphis, Scaldicetus, and Cetotherium). All 

four genera also appear in the Atlantic in the same stage. Thus, the only genera that 

overlap between the NWP and the MET are genera that also appear in the Atlantic, 

indicating that this overlap is made up of taxa with a cosmopolitan distribution and is not 

indicative of any dispersal directly from the Mediterranean-Tethys into the Northwest 

Pacific. 

 

Table 5: NWP-MET overlapping genera in the Oligocene and Miocene. 

Chattian	   Aquitanian	   Burdigalian	   Langhian	   Serravallian	  
Squalodon	  

	  
Eurhinodelphis	   Eurhinodelphis	   Cetotherium	  

	   	   	   	  
Scaldicetus	  

	   	   	   	  
Squalodon	  

 

 

Hypothesis Four – Strong Rejection 
 

The null hypothesis states that the Central American Seaway is the pathway 

through which modern high overlap values between the Atlantic and Pacific are attained. 

No overlap is recorded between the NWA and the NEP (Figure 12) until the Langhian. 

From the Langhian through the Zanclean, values fluctuate slightly but remain well within 

one standard deviation of one another, except during a drop to zero in the Messinian. A 

recovery in the Zanclean is followed by a sizeable jump in the Piacenzian, which is 

followed in turn by a huge peak in the Quaternary. Thus, despite evidence that the 

Central American Seaway is used in a minimal capacity by some marine mammals at 

certain points, high overlap values are not achieved until after the closing of the seaway. 
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Figure 12: Sørensen-Dice coefficient values comparing the Northwest Atlantic to the Northeast Pacific. 

 

A closer look at the overlapping taxa (Table 6) leads to several conclusions about 

existing marine mammal dispersal hypotheses. In total, seven genera overlap in the 

Miocene. Of these, five are cetaceans, one a sirenian, and one a sea otter. The Pliocene 

continues to exhibit this pattern, with four cetaceans and a single sirenian represented. In 

the Quaternary, however, the drastic increase in overlap sees the pattern broken. The 

thirty-two overlapping taxa in the Quaternary are represented by twenty-five cetaceans, 

six pinnipeds, and polar bears. 
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Table 6: NWA-NEP overlapping taxa in the Miocene and Pliocene. The vertical divide between the 

Zanclean and Piacenzian represents the closing of the Central American Seaway. 

Langhian	   Serravallian	   Tortonian	   Messinian	   Zanclean	   Piacenzian	  

Delphinodon	   Metaxytherium	   Enhydritherium	  
	  

Balaenoptera	   Balaenoptera	  
Kentriodon	   Scaldicetus	   Lophocetus	  

	  
Herpetocetus	   Megaptera	  

Metaxytherium	  
	   	   	  

Megaptera	  
	  Parietobalaena	  

	   	   	  
Nanosiren	  

	  
	   	   	   	  

Scaldicetus	  
	   

 

These results lend strong support to the existing hypotheses for the dispersal of 

cetaceans, sirenians, and otters. The results support a dispersal event by sea otters from 

the Northeast Pacific through the Central America Seaway into the Northwest Atlantic 

prior to the closing of the seaway in the Pliocene. Similarly, there is evidence that 

sirenians pass through the seaway from the Atlantic into the Pacific. However, because 

only two sirenian taxa overlap at all, and only ever one at a time, Domning’s hypothesis 

of an ecological barrier is supported as well.  

Curiously, however, there is no evidence whatsoever to support any pinniped 

dispersal events through the seaway. No pinnipeds overlap between the NWA and the 

NEP at all in the Miocene or the Pliocene. However, six pinniped taxa overlap in the 

Quaternary. These results are interpreted as indicating that all pinniped overlap occurs in 

the Quaternary, well after the closing of the Central American Seaway. 

A closer examination of the overlapping taxa in the Quaternary lends further 

support to the rejection of hypothesis four. Of the thirty-two taxa that overlap in the 

Quaternary, only Balaenoptera and Megaptera also overlap in the Zanclean (prior to the 



 
 

49 

closure of the seaway). Additionally, of these thirty-two taxa, twenty-two also appear in 

the arctic during the Quaternary (Figure 13). All together, the data leads us to strongly 

reject hypothesis four and conclude that the Arctic Ocean is the pathway through which 

modern high overlap values between the Atlantic and Pacific are attained. 

 

 

Figure 13: Overlap between the Northwest Atlantic, the Northeast Pacific, and the Arctic. 
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The Pull of the Recent 

As noted in the results section, the overlap values are always at their highest point 

during the Quaternary. Moreover, these values are always at least one, and in some cases 

two or more, standard deviations greater than the mean. This is hypothesized to be the 

effect of the pull of the recent, a bias that has been well established and discussed 

throughout studies pertaining to the fossil record (Alroy, 2014; Jablonski et al., 2003; 

Sepkoski, 1997). This bias is the result of Holocene taxa having “perfect” sampling, and 

therefore none of the gaps present in the fossil record (Jablonski et al., 2003). 

In 1997 Sepkoski attempted to quantify this phenomena by studying marine 

bivalves (Sepkoski, 1997). Sepkoski amassed a large dataset and calculated the number 

of modern bivalves that had fossil records extending back into the Pliocene or 

Pleistocene. From this, Sepkoski concluded that the pull of the recent accounted for as 

much as 50% of the increase in biodiversity at the genus level (Sepkoski, 1997). 

Recently however, Sepkoski’s study was revisited (Jablonski et al., 2003). This 

reanalysis of the data found that Sepkoski’s results were driven by an incomplete dataset 

as well as an over split taxonomy. After making corrections, it was reported that of the 

958 genera of bivalves with a fossil record, 906 extended back into the Pliocene or 

Pleistocene. Thus, they conclude that only about 5% of the increase in biodiversity is 

attributable to the pull of the recent (Jablonski et al., 2003).  

Similar methods were used to determine the effect of the pull of the recent on the 

data reported here. Of the 66 extant genera of marine mammals, 23 were found to have a 
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record dating back to the Pliocene (it was essential to use the Pliocene as the Pleistocene 

was already included in the Quaternary). Following this method seen in the literature 

(Jablonski et al., 2003; Sepkoski, 1997) it is concluded that 65% of the increase in 

biodiversity is due to the pull of the recent.  

 

 

Figure 14: A total of 414 genera were present in the dataset. Figure 14 demonstrates the number of species 

that are currently attributed to each genus (by percentage). Over 60% of the genera have only a single 

species, with another 20% having only two. This led to speculation that the modern species level may be 

more comparable to the fossil record’s generic level. 

 

Additionally, it was found that, of the 414 genera in the dataset, only 19% were 

represented by three or more species (Figure 14). This led to speculation that, with 
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regards to the recent, the species level may be more analogous to the generic level in the 

fossil record. Based on this, an attempt to correct for the pull of the recent was made by 

recalculating Sørensen-Dice coefficient values for the Quaternary at the species level 

(Table 7). 

 

Table 7: Sumary of data resulting from attempting to correct for the pull of the recent. Row 1 represents 

the overlap values in the Piacenzian (the most recent and, in most cases, the next highest overlap value). 

Row 2 represents the overlap values already reported at the generic level for the entire Quaternary. Row 3 

represents the overlap values for the Quaternary using only extant genera. Row 4 represents the overlap 

values for the Quaternary using only extant species. Row 5 represents the overlap values at the species 

level for the entire Quaternary.  

	   	  	   MET-‐NEA	   NEA-‐NWA	   NWA-‐NEP	   NEP-‐NWP	   NWP-‐MET	  
1	   Piacenzian	  SD	   0.45	   0.40	   0.31	   0.22	   0.28	  
2	   Quaternay	  Genera	  SD	   0.55	   0.85	   0.76	   0.89	   0.49	  
3	   Extant	  Genera	  SD	   0.72	   0.99	   0.78	   0.94	   0.55	  
4	   Extant	  Species	  SD	   0.62	   0.97	   0.66	   0.89	   0.41	  
5	   Quaternary	  Species	  SD	   0.53	   0.85	   0.64	   0.84	   0.40	  

 

 

Rows 2 and 3 in Table 7 confirm the effect of the pull of the recent on the 

Sørensen-Dice coefficient values. All five comparisons exhibit higher overlap when 

measuring only extant taxa. This indicates that the high overlap values of the Quaternary 

are primarily driven by the uncharacteristically high overlap values seen within the extant 

taxa. This result is consistent with the previous result reported attributing 65% of the 

increase in biodiversity to the pull of the recent.  
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Row 4 confirms that, among extant taxa, overlap at the species level is more 

analogous to the generic level in the fossil record. All five comparisons exhibit lower 

overlap values. Based on this conclusion, overlap values were calculated at the species 

level for the entire Quaternary. 

Row 5 represents a largely unsuccessful attempt to correct for the pull of the 

recent by measuring overlap at the species level. While four of the five comparisons at 

the species level (row 5) demonstrate a decrease in overlap from the genus level (row 2), 

all of the comparisons remain well within a single standard deviation. Based on this 

result, it is concluded that, while the species level among extant taxa is more comparable 

to the generic level in the fossil record, calculating the overlap values at the species level 

does not serve to correct the bias created by the pull towards the recent.  

It is worth noting that, for the extant taxa, calculating the overlap at the species 

level demonstrated it to be a more effective analog for the generic level in the fossil 

record. When the calculations were expanded to include the entire Quaternary, however, 

the overlap values at the species level were only marginally lower than at the generic 

level. This unusual phenomenon is most likely attributed to a very high number of single 

species genera in the Pleistocene.  

Overlap values measured at the species level can never be greater than their 

equivalent at the generic level, as any species overlapping means the genus overlaps as 

well. Therefore, calculating the overlap values at the species level can only result in a 

decrease in the value; the amount of this decrease is proportional to the amount of 

difference in the data between the two levels. If every genus were a single species genus, 
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then the resulting values would be identical at each level. From this premise, it is 

concluded that the only marginal decrease in overlap values observed between the genus 

and species levels for the Quaternary, despite more substantial decrease seen between the 

same levels in the extant data, must be the result of a high number of single species 

genera. 

These results lead to serve to highlight the true effects of the pull of the recent. As 

shown, the pull of the recent is shown to be a strong bias for the Quaternary data. This 

bias manifests in two ways. Primarily, the data are skewed by the simple premise that the 

extant taxa have perfect sampling, and therefore the record is complete. However, the 

high number of single species genera demonstrates a second mechanism by which the 

pull of the recent biases the data. Due to a myriad of additional information, such as 

geographic ranges, genetic studies, and behavior, extant taxa are much easier to split at 

the species level. Extinct taxa, which must be diagnosed based purely on morphology, are 

more often clumped into single species genera.  

 

Comments of Closure of Central American Seaway 

Though the recent hypothesis of a much earlier closure of the seaway (13-15 Ma) has 

recently gained favor in the literature (Farris et al., 2011; Hoorn and Flantua, 2015), the 

results presented here are instead consistent with the traditional hypothesis of a closure in 

the Pliocene (Coates et al., 2004). These results demonstrate overlap at the generic level 

between the Northeast Pacific and the Northwest Atlantic in the Langhian, Serravallian, 
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and Tortonian: a span of time ranging from 16 Ma to 7.2 Ma. Included in this overlap are 

five cetaceans, the sirenian Metaxytherium, and the otter Enhydritherium.  

While the otter, having some terrestrial capability, would not necessarily have been 

unable to disperse after the closure of the seaway, this is certainly not the case for the 

sirenian or for the cetaceans. If the seaway was closed by 15 Ma, as put forth by Hoorn 

and Flantua (2015), it would necessitate that the cetaceans and Metaxytherium dispersed 

through the Arctic or through Drake’s Passage. As Metaxytherium is not a cold-water 

adapted sirenian, this hypothesis is doubtful. Moreover, examining the cetacean fossil 

occurrences lends further doubt. The fossil occurrences of the Langhian, Serravallian, and 

Tortonian are restricted to Mexico, California, and Oregon in the Pacific, and the United 

States east coast in the Atlantic. None of these occurrences are found in Canadian 

deposits, nor any latitude approaching arctic waters.  

The overlapping genera examined in this study present direct evidence against a 

closure of date of 15 Ma (Farris et al., 2011; Hoorn and Flantua, 2015; Montes et al., 

2012). Instead, the evidence supports the traditional 3-4 Ma closure, with the seaway 

having been either fully opened, or dotted by an archipelago as described by (Coates et 

al., 2004; Coates and Stallard, 2013). The evidence presented here is consistent with 

other fossil evidence (Beu, 2001; Butzin et al., 2011) as well as climate evidence as well 

(Butzin et al., 2011; Osborne et al., 2014). 
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CONCLUSIONS 

 

The results demonstrate that using beta diversity indices to calculate overlap 

allows for a quantitative comparison of patterns across different ocean regions through 

geologic time that can be used to evaluate the role of several geographic features in 

marine mammal dispersal. Based on these results, it is concluded that the Atlantic has 

high interoceanic similarity with the Mediterranean-Tethys, as opposed high intraoceanic 

similarity, but the Pacific is dominated by intraoceanic similarity. The Atlantic shows the 

most similarity between the Northeast Atlantic and the Mediterranean, not between 

opposite halves of the Atlantic. In the Pacific overlap is far less consistent, and rarely as 

high as in the Atlantic. However, when overlap exists, the overlap between halves of the 

Pacific is always greater than any overlap between the Pacific and another ocean. 

The data strongly supports the hypothesis of cetaceans dispersing from their 

origin in the Tethys Sea through the Strait of Gibraltar. Throughout all time bins, the 

Mediterranean was more similar to the Northeast Atlantic than to the Northwest Pacific. 

Despite an open pathway from the Tethys Sea into the Indian, and then the Pacific, , 

cetaceans instead travel through the Strait of Gibraltar in much greater numbers.   

The data supports the existing hypotheses for dispersal of cetaceans, sirenians, 

and sea otters through the Central American Seaway. The overlap of these taxonomic 

groups in the Miocene provides further evidence for a Pliocene closure of the Central 
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American Seaway. This overlap continues to provide evidence against the recent 15-13 

Ma date for the closure of the seaway.  

No evidence whatsoever is found that pinnipeds dispersed through the Central 

American Seaway nor is any demonstrable overlap of pinnipeds between the Atlantic and 

Pacific found at all until the Quaternary. The hypothesis that the Central American 

Seaway is the pathway through which high modern overlap values were achieved 

between the Atlantic and Pacific Oceans is strongly rejected. Instead, Arctic Ocean is 

proposed as the more likely pathway and the viability of this hypothesis is demonstrated. 

Results also indicate that Alroy’s Corrected Forbes Index is a strong correlate of 

the Sørensen-Dice Coefficient. Conditions causing the two indices to deviate are tested, 

and two conditions are identified. It is concluded that Alroy’s Corrected Forbes Index as 

a viable index except when directionality of overlap is especially strong and when one 

region has over double the number of taxa as the other region.  
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APPENDIX I 

 

Tables A1 through A15 demonstrate the number of overlapping taxa and the 

Sørensen-Dice coefficient values for all 78 comparisons for each geologic stage. Values 

appearing below the black boxes are the total number of overlapping taxa. Values 

appearing above the black boxes are the corresponding Sørensen-Dice coefficient values. 

Color-coding is purely for visual identification of matching values. 
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Table A1: Ypresian 
 
Ypresian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A2: Lutetian 
 
Lutetian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.07	   0.07	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   1	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   1	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A3: Bartonian 
 
Bartonian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.22	   0.33	   0.22	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   1	   0	   0	   0	   	  	   0.31	   0.38	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   1	   0	   0	   0	   2	   	  	   0.15	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   1	   0	   0	   0	   3	   1	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A4: Priabonian 
 
Priabonian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.13	   0.29	   0.25	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   1	   0	   0	   0	   	  	   0.32	   0.20	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   1	   0	   0	   0	   3	   	  	   0.55	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   1	   0	   0	   0	   2	   3	   	  	   0.00	   0.00	   0.00	   0.00	   0.29	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   1	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A5: Rupelian 
 
Rupelian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.29	   0.22	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   1	   	  	   0.17	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   1	   1	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A6: Chattian 
 
Chattian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.26	   0.22	   0.00	   0.00	   0.00	   0.07	   0.00	   0.07	  
NEA	   0	   0	   0	   0	   3	   	  	   0.11	   0.00	   0.00	   0.00	   0.13	   0.00	   0.13	  
NWA	   0	   0	   0	   0	   2	   1	   	  	   0.00	   0.00	   0.00	   0.09	   0.00	   0.09	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.19	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   1	   1	   1	   0	   0	   2	   	  	   0.00	   0.30	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   1	   1	   1	   0	   0	   0	   3	   0	   	  	  
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Table A7: Aquitanian 
 
Aquitanian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.22	   0.11	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   2	   	  	   0.25	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   1	   1	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
 
 
 
  



 
 

66 

Table A8: Burdigalian 
 
Burdigallian	  ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.47	   0.18	   0.00	   0.00	   0.08	   0.08	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   9	   	  	   0.23	   0.00	   0.00	   0.07	   0.07	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   3	   4	   	  	   0.00	   0.00	   0.00	   0.09	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   1	   1	   0	   0	   0	   	  	   0.00	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   1	   1	   1	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A9: Langhian 
 
Langhian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.32	   0.29	   0.00	   0.00	   0.17	   0.09	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   4	   	  	   0.22	   0.00	   0.00	   0.13	   0.10	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   7	   5	   	  	   0.00	   0.00	   0.14	   0.14	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   3	   2	   4	   0	   0	   	  	   0.20	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   1	   1	   3	   0	   0	   3	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A10: Serravallian 
 
Serravallian	  ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.30	   0.25	   0.00	   0.00	   0.12	   0.16	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   8	   	  	   0.25	   0.00	   0.00	   0.10	   0.13	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   6	   7	   	  	   0.00	   0.00	   0.11	   0.15	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   2	   2	   2	   0	   0	   	  	   0.32	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   3	   3	   3	   0	   0	   4	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
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Table A11: Tortonian 
 
Tortonian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.21	   0.17	   0.00	   0.00	   0.07	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   4	   	  	   0.19	   0.00	   0.00	   0.13	   0.06	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   2	   4	   	  	   0.00	   0.00	   0.13	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   1	   3	   2	   0	   0	   	  	   0.17	   0.00	   0.00	  
NWP	   0	   0	   0	   0	   0	   1	   0	   0	   0	   2	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
 
 
 
  



 
 

70 

Table A12: Messinian 
 
Messinian	  ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.22	   0.00	   0.00	   0.00	   0.09	   0.00	   0.00	   0.00	  
NEA	   0	   0	   0	   0	   1	   	  	   0.00	   0.00	   0.00	   0.23	   0.00	   0.00	   0.00	  
NWA	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   1	   3	   0	   0	   0	   	  	   0.00	   0.06	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	  
SEP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   1	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   0	   	  	  
   



 
 

71 

Table A13: Zanclean 
 
Zanclean	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.43	   0.34	   0.00	   0.00	   0.15	   0.22	   0.15	   0.44	  
NEA	   0	   0	   0	   0	   6	   	  	   0.31	   0.00	   0.00	   0.27	   0.19	   0.00	   0.36	  
NWA	   0	   0	   0	   0	   8	   8	   	  	   0.00	   0.00	   0.20	   0.20	   0.00	   0.24	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   2	   4	   5	   0	   0	   	  	   0.28	   0.00	   0.30	  
NWP	   0	   0	   0	   0	   3	   3	   5	   0	   0	   4	   	  	   0.00	   0.19	  
SEP	   0	   0	   0	   0	   1	   0	   0	   0	   0	   0	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   4	   4	   5	   0	   0	   3	   2	   0	   	  	  
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Table A14: Piacenzian 
 
Piacenzian	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
ARC	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
EIO	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
WIO	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	   0.00	  
MET	   0	   0	   0	   0	   	  	   0.31	   0.26	   0.00	   0.00	   0.15	   0.00	   0.07	   0.21	  
NEA	   0	   0	   0	   0	   6	   	  	   0.20	   0.00	   0.00	   0.20	   0.00	   0.00	   0.11	  
NWA	   0	   0	   0	   0	   4	   2	   	  	   0.00	   0.00	   0.36	   0.00	   0.25	   0.00	  
SEA	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	   0.00	  
SWA	   0	   0	   0	   0	   0	   0	   0	   0	   	  	   0.00	   0.00	   0.00	   0.00	  
NEP	   0	   0	   0	   0	   3	   3	   4	   0	   0	   	  	   0.19	   0.11	   0.00	  
NWP	   0	   0	   0	   0	   0	   0	   0	   0	   0	   2	   	  	   0.00	   0.22	  
SEP	   0	   0	   0	   0	   1	   0	   1	   0	   0	   1	   0	   	  	   0.00	  
SWP	   0	   0	   0	   0	   3	   1	   0	   0	   0	   0	   1	   0	   	  	  
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Table A15: Quaternary 
 
Quaternary	   ANT	   ARC	   EIO	   WIO	   MET	   NEA	   NWA	   SEA	   SWA	   NEP	   NWP	   SEP	   SWP	  
ANT	   	  	   0.56	   0.75	   0.76	   0.64	   0.45	   0.54	   0.83	   0.78	   0.52	   0.54	   0.84	   0.76	  
ARC	   15	   	  	   0.46	   0.47	   0.62	   0.65	   0.71	   0.49	   0.46	   0.65	   0.61	   0.50	   0.47	  
EIO	   25	   15	   	  	   0.96	   0.59	   0.53	   0.62	   0.89	   0.79	   0.64	   0.72	   0.88	   0.96	  
WIO	   25	   15	   37	   	  	   0.60	   0.53	   0.60	   0.85	   0.78	   0.63	   0.70	   0.86	   0.92	  
MET	   15	   14	   17	   17	   	  	   0.54	   0.59	   0.67	   0.59	   0.56	   0.49	   0.64	   0.60	  
NEA	   17	   24	   23	   23	   18	   	  	   0.83	   0.55	   0.51	   0.71	   0.69	   0.49	   0.53	  
NWA	   18	   23	   24	   23	   17	   36	   	  	   0.62	   0.67	   0.76	   0.79	   0.66	   0.62	  
SEA	   26	   15	   33	   31	   18	   23	   23	   	  	   0.86	   0.70	   0.68	   0.93	   0.90	  
SWA	   26	   15	   31	   30	   17	   22	   26	   32	   	  	   0.64	   0.63	   0.90	   0.81	  
NEP	   19	   23	   27	   26	   18	   33	   32	   28	   27	   	  	   0.91	   0.68	   0.65	  
NWP	   21	   23	   32	   31	   17	   34	   35	   29	   28	   43	   	  	   0.67	   0.73	  
SEP	   26	   15	   32	   31	   17	   20	   24	   32	   33	   27	   28	   	  	   0.89	  
SWP	   25	   15	   37	   35	   17	   23	   24	   33	   31	   27	   32	   32	   	  	  
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APPENDIX II 

 

Table B1 presents Sørensen-Dice coefficient values for the possible comparisons 

of adjacent ocean regions within the five identified zones of high marine mammal alpha 

diversity (NEA, NWA, NEP, NWP, MET). Table B2 presents the corresponding values 

for Alroy’s corrected Forbes index. Figures B1-5 compare the two measures of overlap 

for each comparison. 

 

Table B1: Sørensen-Dice Coefficient Values  

TIME	   MET-‐NEA	   NEA-‐NWA	   NWA-‐NEP	   NEP-‐NWP	   NWP-‐MET	  
Ypresian	   0.00	   0.00	   0.00	   0.00	   0.00	  
Lutetian	   0.07	   0.00	   0.00	   0.00	   0.00	  
Bartonian	   0.29	   0.14	   0.00	   0.00	   0.00	  
Priabonian	   0.32	   0.55	   0.00	   0.00	   0.00	  
Rupelian	   0.29	   0.17	   0.00	   0.00	   0.00	  
Chattian	   0.26	   0.11	   0.00	   0.19	   0.07	  
Aquitanian	   0.22	   0.25	   0.00	   0.00	   0.00	  
Burdigalian	   0.47	   0.23	   0.00	   0.00	   0.08	  
Langhian	   0.32	   0.22	   0.14	   0.20	   0.09	  
Serravallian	   0.30	   0.25	   0.11	   0.32	   0.16	  
Tortonian	   0.21	   0.19	   0.13	   0.17	   0.00	  
Messinian	   0.22	   0.00	   0.00	   0.00	   0.00	  
Zanclean	   0.43	   0.31	   0.20	   0.28	   0.22	  
Piacenzian	   0.32	   0.20	   0.36	   0.19	   0.00	  
Quaternary	   0.54	   0.83	   0.76	   0.91	   0.49	  
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Table B2: Alroy’s Corrected Forbes Index Values 

TIME	   MET-‐NEA	   NEA-‐NWA	   NWA-‐NEP	   NEP-‐NWP	   NWP-‐MET	  
Ypresian	   0.00	   0.00	   0.00	   0.00	   0.00	  
Lutetian	   0.31	   0.00	   0.00	   0.00	   0.00	  
Bartonian	   0.46	   0.24	   0.00	   0.00	   0.00	  
Priabonian	   0.65	   0.78	   0.00	   0.00	   0.00	  
Rupelian	   0.58	   0.28	   0.00	   0.00	   0.00	  
Chattian	   0.54	   0.20	   0.00	   0.30	   0.13	  
Aquitanian	   0.53	   0.42	   0.00	   0.00	   0.00	  
Burdigalian	   0.68	   0.36	   0.00	   0.00	   0.14	  
Langhian	   0.49	   0.47	   0.23	   0.37	   0.15	  
Serravallian	   0.45	   0.38	   0.22	   0.51	   0.25	  
Tortonian	   0.42	   0.33	   0.18	   0.42	   0.00	  
Messinian	   0.42	   0.00	   0.00	   0.00	   0.00	  
Zanclean	   0.64	   0.55	   0.38	   0.42	   0.35	  
Piacenzian	   0.50	   0.38	   0.71	   0.43	   0.00	  
Quaternary	   0.96	   0.97	   0.93	   0.99	   0.91	  
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Figure B1: Comparison of Indices for MET-NEA 
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Figure B2: Comparison of Indices for NEA-NWA 
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Figure B3: Comparison of Indices for NWA-NEP 
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Figure B4: Comparison of Indices for NEP-NWP 

 

  

0.00	  

0.20	  

0.40	  

0.60	  

0.80	  

1.00	  

NEP-‐NWP	  

SD	  

F	  



 
 

80 

Figure B5: Comparison of Indices for NWP-MET 
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Figure B6: Correlation of Sørensen-Dice coefficient with Alroy’s corrected Forbes 

index as broken down by regional data series. 
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