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ABSTRACT

There is no historical analog for the concentrations of CO2 in Earth’s atmosphere
– to find one, we must turn to the geologic record. The mid-Pliocene (~3 Ma) is the last
interval when pCO2 matched today’s value of 400 ppm. As our climate moves back to a
more Pliocene-like state, studying the Pliocene allows us to forecast potential changes in
Earth systems.
We use Pliocene to modern mollusks to understand how climate change affected
ecosystems in three ways: the biogeography of species and genera, the taxonomic and
functional patterns of the extinction, and the evolutionary consequences of extinction and
range restriction. Using these, we hope to predict large scale patterns of biotic change as
climate warms.
We compiled a dataset of fossil and modern species and genera from the literature
to reconstruct biogeography from the Pliocene to modern. We found that a prominent
feature of modern biogeography, the biogeographic boundary near Cape Hatteras, North
Carolina, was established in the Pleistocene in response to the deflection of the Gulf
Stream Current near Cape Hatteras. This caused a sharp temperature break, leading to the
exclusion of southern-affiliated taxa north of Cape Hatteras.
We also collected a new dataset of mollusks from Plio-Pleistocene sites north of
Cape Hatteras to assess the taxonomic and functional patterns of extinction. We found
that while species turnover is large across the Plio-Pleistocene, functional communities
remain similar across the extinction. This contrasts with the Plio-Pleistocene transition in
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the Caribbean, where major functional changes occurred. This is likely because habitats
north of Cape Hatteras did not change greatly after the Pliocene, suggesting that large
functional changes would occur if there was a shift in habitats.
Lastly, we used molecular and morphological data to create a phylogeny of
extinct and extant members of the bivalve family Luciniade. Our results showed that
more lucinid phylogenetic diversity was lost in communities north of Florida, which is
important because high values of phylogenetic diversity are associated with ecosystem
stability. We also showed that the lucinids were range restricted after the Pliocene, and
would be expected to expand north when climate warms.
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Introduction

There is no historical analog for modern concentrations of CO2 in the atmosphere.
Today, CO2 concentrations have passed 400 ppm (Jones 2013) and in order to predict the
effects of these elevated levels over long timespans, we must turn to the geologic record.
While there is no perfect analog for modern climate change, many geologic intervals
have been proposed, such as the greenhouse interval of the mid-Cretaceous (~100 Ma),
the Paleocene-Eocene Thermal Maximum (~55.5 Ma), and the Miocene warm interval
(~9 Ma) (Haywood et al., 2011 and references within). Ultimately, studying as many of
these analogs as possible will lead to better predictions of the effects of recent climate
change. We have chosen to focus on the mid-Pliocene (~3.0 Ma), the last time in
geologic history that CO2 concentrations were as high as they are today (Raymo et al.
1996; Pagani et al. 2009; Seki et al. 2010).
During the mid-Pliocene sea level was approximately 10-30m above current sea
level (Dwyer and Chandler 2009; Rovere et al. 2014), continental configuration was
similar to today (Haywood et al. 2011), and sea surface temperature was approximately
2-3 C warmer globally, with greater anomalies at the poles (Haywood and Valdes 2004).
As the Pliocene ended, pCO2 decreased from about 400ppm to pre-industrial levels
(~280ppm) in the Pleistocene (Seki et al. 2010). This Plio-Pleistocene transition had
major effects on the biota of the Western Atlantic, culminating in an extinction event that
eliminated roughly 70% of mollusk species (Allmon et al., 1993)
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The Plio-Pleistocene Extinction

The Plio-Pleistocene extinction was first described by Stanley (1986) as a
regional mass extinction in the Western Atlantic. Using a compilation of bivalves from
Virginia to Florida, he showed a marked increase in extinction among Western Atlantic
fauna across the Plio-Pleistocene boundary, when compared to datasets from the Eastern
Pacific and Japan. He also found that species with narrow temperature ranges
preferentially went extinct across this boundary, and linked the extinction event with
cooling in this area. This extinction mechanism was refuted by Allmon (1992)in a study
on turritelline gastropods in the northern hemisphere. Allmon (1992) found that while
range contraction of turritelllines was likely due to temperature, extinction was due to a
decrease in nutrient availability, associated with the closure of the Central American
Isthmus (CAI). Further work in Florida by Jones and Allmon (1995), and Allmon et al.
(1996) based on carbon isotopes, invertebrate fauna, and vertebrate fauna indicated
upwelling and generally higher productivity in Florida during the Pliocene which
declined in Pleistocene. O’Dea et al. (2007) used ordination from a combination of biotic
and abotic factors to show that fossil localities greater than 5 million years old were
compositionally more similar to modern Pacific sites than modern Caribbean sites. This
author suggested that a biotic shift from mollusks to corals and calcareous algae resulted
from the collapse of primary productivity after the closure of the CAI. Todd et al. (2002)
also argued that a decrease in predatory gastropods and suspension feeding bivalves
observed in the Caribbean after the Pliocene indicated a primary productivity decrease in
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the region. A similar pattern was seen by Leonard-Pingel et al. (2012), who showed an
increase in attached bivalves due to an increase in coral and seagrass communities.

Closure of the Central American Isthmus

The original model of CAI formation suggests that the uplift of the Isthmus of
Panama separating the Pacific and Caribbean took place in the Miocene to the late
Pliocene, and was associated with the onset of northern hemisphere glaciation (Coates
and Obando 1996; Driscoll and Haug 1998). This model was based largely on microfossil
and isotopic data. This interpretation was recently challenged using zircon dating, which
suggests that the uplift of the CAI began in the mid-Eocene, and resulted in an island
chain restricting flow between the two oceans (Montes et al. 2012a, b). This
interpretation is consistent with some terrestrial fossils that occur in both North and South
America by the early Miocene (Kirby and MacFadden 2005), but not marine micro- and
macrofossils or isotopic data that show taxa mixing between the Tropical Eastern Pacific
and the Caribbean until the late Pliocene (Jackson and O'Dea 2013). Recent consensus
has suggested that the CAI was at least partially open throughout the Miocene and
Pliocene, either as a fairly narrow seaway (Sepulchre et al. 2014) or an island chain
similar to the Indonesian-Australian archipelago (Coates and Stallard 2013). As the
seaway closed, the Gulf Stream Current intensified and shifted away from the coast of the
United States north of Cape Hatteras, North Carolina.
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Summary of Major Findings

Chapter 1

In chapter 1, we showed that the modern biogeographic structure that occurs near
Cape Hatteras, North Carolina, began in the Pleistocene. We compiled a database of
fossil and modern occurrences of marine mollusks in the Western North Atlantic from
approximately 25°N to 40°N from the Paleobiology Database and the Global Biodiversity
Information Facility to investigate patterns of latitudinal range and diversity.
We found that the biogeographic boundary at Cape Hatteras has roots in the
Pleistocene, and is associated with the restriction of species and genera that survived the
Plio-Pleistocene extinction and taxa that first appear in the Pleistocene and modern. The
formation of this boundary is also associated with the decrease in diversity north of Cape
Hatteras, and is due to a combination of range restriction and extinction. We tested the
position of modern latitudinal ranges against temperature, chlorophyll concentration (a
proxy for primary productivity), and larval dispersal and found that the boundary is most
strongly associated with temperature. This is important because changes across the PlioPleistocene extinction in the Caribbean were caused by a collapse of primary
productivity. We predict that as temperature increases due to global warming north of
Cape Hatteras, the biogeographic boundary will become more ‘leaky’ and allow
restricted taxa to pass north. This will lead to community associations that have not been
seen for the past 2.5 million years.
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Chapter 2

In chapter 2, we showed that large taxonomic changes north of the biogeographic
boundary at Cape Hatteras are not associated with large ecological changes, as they are in
the Caribbean (Todd et al. 2002; Leonard-Pingel et al. 2012). Previous work has shown
that the taxonomic and ecological effects of extinction events are not necessarily
correlated (Droser et al. 2000; McGhee et al. 2004; Christie et al. 2013). We measured
taxonomic changes at the species-level and ecological changes at the guild-level. Guilds
are groups of organisms that utilize resources in similar ways, regardless of their
evolutionary relationships. Our results showed that species in open marine environments
were strongly affected by the Plio-Pleistocene extinction, but that guilds were more
strongly affected by different environments than by time (i.e. the Plio-Pleistocene
extinction). In other words, the guild changes associated with the Plio-Pleistocene
extinction were less than a normal environmental gradient from marginal marine to open
marine waters. This suggests that a return to Pliocene-like conditions north of Cape
Hatteras will result in the invasion of many new species, but few new functions. We also
found that among species, the Plio-Pleistocene extinction was more severe in open
marine environments than marginal marine environments. This is likely due to less
influence on marginal marine settings from the Gulf Stream Current, whose deflection
caused temperature to decline greatly north of the biogeographic boundary.
These results differ from functional ecological studies in the Caribbean, where
major changes in ecosystem function were found after Plio-Pleistocene extinction (Todd
et al. 2002; O'Dea et al. 2007; Leonard-Pingel et al. 2012). These were likely due to
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changes in habitat from soft-bottom to coral reef environments as primary productivity
declined in the Caribbean (Leonard-Pingel et al. 2012). North of Cape Hatteras,
environments have not changed greatly since the Pliocene, and therefore ecological
communities generally stayed the same. This means that in two different regions of the
Western Atlantic, the Plio-Pleistocene extinction had different mechanisms and effects on
communities. We predict that as sea surface temperatures warm north of Cape Hatteras,
open marine environments will see the greatest increase in the number of species, but that
functional communities will not change greatly unless habitats also change.

Chapter 3

In chapter 3, we created a time calibrated ‘total evidence’ phylogeny of the
Luciniade, a group of chemosymbiotic bivalves, using molecular and morphological data
in one analysis. This allows us to add extinct species into the tree to measure the
phylogenetic diversity, or the sum of branch lengths, that was lost across the PlioPleistocene extinction. Measuring phylogenetic diversity allows us to quantify the
amount of evolutionary history in a community, and comparing these values across time
or space allows us to measure the amount of evolutionary history lost or gained in those
communities (Faith 1992). Phylogenetic diversity can be used as a tool to help set
conservation priorities by maximizing evolutionary history (Faith and Baker 2006;
Winter et al. 2013; Pollock et al. 2015) and high phylogenetic diversity is shown to
promote ecosystem stability (Cadotte et al. 2012) and can be used to help predict how
extinction cascades through communities (Srivastava et al. 2012). Here we use
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phylogenetic diversity to measure how evolutionary history was lost among lucinid
species from the Pliocene to modern from 25°N to 40°N in the Western Atlantic.
We found that a total evidence analysis largely agrees with the topology of
traditional molecular phylogeny, and that when extinction is measured on the phylogeny
of lucinids, the group loses more phylogenetic diversity than would be expected by
chance in areas north of Florida. This means that northern communities of lucinids have
experienced more evolutionary history loss and that further extinction risks the extinction
of deep branches in the tree. When northern-range endpoints are mapped on the tree we
see that a clade of lucinids were restricted south of Florida after the Pliocene. This
indicates that most phylogenetic diversity loss among lucinids occurred because of range
restriction, not extinction. We predict that this group of species will be primed to expand
their range north as conditions become more like those of the Pliocene.

Conclusions
In summary, we have examined the Pliocene to modern transition in a variety of
traditional and non-tradition methods to determine the long-term effects on the molluscan
biota, with the goal of predicting potential biotic changes as we transition back to a more
Pliocene-like environment. Using the Pliocene as an analog to future climate change, we
would expect 1) the strength of the biogeographic boundary at Cape Hatteras to decrease,
2) large taxonomic changes in areas north of the biogeographic boundary but few
ecological changes, and 3) the reinvasion of northern areas by clades that were restricted
by declining temperature after the Pliocene.
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Chapter 1

The Formation of a Biogeographic Boundary: Marine Mollusks from the Pliocene to
Modern in the Atlantic Coastal Plain

Abstract

Aim: Modern marine biogeographic structure has roots in deep time, and understanding
those origins can help forecast future biotic response to climate change. Today a major
biogeographic boundary occurs in the Western Atlantic near Cape Hatteras, North
Carolina, dividing subtropical and temperate marine molluscs. However, before the
Pleistocene (2.6 Ma), subtropical taxa ranged north into higher latitudes. Here we use
Pliocene, Pleistocene, and modern occurrence data to determine how and when
biogeographic structure changed in the western Atlantic.
Location: Western Atlantic from 25ºN to 40ºN in three time slices, Pliocene (5.3Ma –
2.6Ma), Pleistocene (2.6Ma – 11.7Ka), and Modern.
Methods: We used Pliocene and Pleistocene marine mollusc fossil occurrences from the
Paleobiology Database and modern marine mollusc occurrences from the Global
Biodiversity Information Facility to investigate latitudinal range endpoints, range shifts,
diversity, and potential causal mechanisms from the Pliocene to modern in the Western
Atlantic.
Results: The number of Pliocene northern-range endpoints found near Cape Hatteras are
within random expectation; however, Pleistocene and modern northern range endpoints
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near Cape Hatteras far exceed random. For taxa that span the Plio-Pleistocene, nearly half
become restricted near the biogeographic boundary whereas fewer genera show this
pattern of restriction from the Pleistocene to modern. The latitudinal diversity gradient
was relatively flat across the 25ºN to 40ºN corridor during the Pliocene, but steepened
near 35ºN during the Pleistocene. Logistic regression suggests temperature predicts genus
range endpoints more than other factors, indicating that many genera may have ranged
farther north in the Pliocene because of warmer ocean temperatures and a weaker Gulf
Stream Current.
Main Conclusions: These patterns suggest that a major biogeographic boundary of
marine molluscs emerged in the Pleistocene near Cape Hatteras associated with a cooling
climate. Future global warming may reverse this pattern, leading to species assemblages
that have not been seen since the Pliocene.

Introduction

The Pliocene to modern climatic transition may provide insight into future biotic
responses to climate change. Carbon dioxide concentrations today are exceeding those of
the Pliocene (Pagani et al., 2010; Lunt et al., 2010; Jones, 2013), and modern marine taxa
have begun to shift their geographic ranges in response to increasing temperature
(Poloczanska et al., 2013; Pinsky et al., 2013). Although the Pliocene to modern
represents an overall cooling trend, this transition presents an opportunity to study the
effects of changing oceanographic conditions on ancient marine communities that contain
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many extant taxa (Haywood et al., 2009; Jackson, 2010; Haywood et al., 2011; Dowsett
et al., 2013).
Today, the Virginian and Carolinian faunal sub-provinces are separated by a sharp
biogeographic boundary near Cape Hatteras, North Carolina, approximately 35ºN
(Cerame-Vivas & Gray, 1966; Schroeder, 1966; Roy et al., 1998; Pappalardo et al.,
2015). South of this boundary is a diverse assemblage of subtropical molluscs, while
north of this boundary is a depauperate, temperate fauna (Hall, 1964; Valentine, 1973;
Allmon et al., 1993; Roy et al., 1998; Petuch, 2013). However, during the Pliocene
subtropical taxa ranged farther north into Virginia and beyond (Ward & Blackwelder,
1980; Cronin, 1991; Dowsett & Wiggs, 1992; Campbell, 1993).
This change in biogeographic structure from the Pliocene to the modern was
associated with a shift in temperature, productivity, and ocean current patterns in the
western Atlantic. Compared to today, Pliocene temperatures in the western Atlantic were
warmer and showed less season variation (Knowles et al., 2009; Naafs et al., 2010;
Winkelstern et al., 2013; Fedorov et al., 2013), productivity, at least in the Caribbean and
Florida, was greater (Jones & Allmon, 1995; Todd et al., 2002; Leonard-Pingel et al.,
2012), and the Gulf Stream was weaker and traveled farther up the coast of North
America (Hazel, 1971; Cronin, 1991; Goewert & Surge, 2008). These environmental
changes were associated with the Plio-Pleistocene extinction, which eliminated
approximately 70% of molluscs in the Western Atlantic (Hecht, 1969; Stanley, 1986;
Allmon et al., 1993; 1996). It remains unclear how much of modern biogeographic
structure has roots in the geologic past. Understanding patterns of taxonomic ranges,
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extinction, and diversity in the past may lead to better predictions of how taxa will
respond to a more Pliocene-like environment in the future.
Here we use Pliocene and Pleistocene occurrence data from the Paleobiology
Database and modern occurrence data from the Global Biodiversity Information Facility
to determine how geographic range structure of molluscan genera changed between 25ºN
and 40ºN in the Western Atlantic since the Pliocene. We show that the modern
biogeographic structure in this area was established in the Pleistocene and was likely
caused by a drop in temperature associated with the strengthening and deflection of the
Gulf Stream Current near Cape Hatteras, North Carolina.

Materials and Methods

Faunal Data

Fossil occurrences were downloaded from the Paleobiology Database in August
2013 (www.paleobiodb.org). All data from the eastern United States between 25ºN and
40ºN that occur in the Cenozoic 6 time bin (approximately the last 6.5 million years)
were downloaded and then culled to include only Pliocene and Pleistocene samples. The
final Pliocene dataset contained 79 samples and 363 genera, and the Pleistocene dataset
contained 134 samples and 509 genera.
Modern occurrence data were downloaded from the Global Biodiversity
Information Facility (www.GBIF.org) as a set of occurrences restricted to the Western
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Atlantic from 25ºN to 40ºN. Because the Pliocene and Pleistocene occurrence data come
from shallow-water environments (Rovere et al., 2014), we restricted all modern data to
depths of less than 50m (Krantz, 1991). Data for modern species from the GBIF are not
recorded as a bulk sample, but as a specimen’s occurrence with associated location
information. We combined all occurrences of genera with the same latitude, regardless of
longitude, into a single sample. While this aggregates taxa along a depth gradient, the
combined samples have a median longitudinal range of less than 1º. The final modern
dataset contained 377 samples and 685 genera. Figure 1-1 shows the locations of all data
used in this study. The entire dataset is included in supplemental appendix A.

Figure 1-1: Map of Pliocene, Pleistocene, and modern sample locations. Pliocene points are
black, Pleistocene points are dark grey, and modern points are light grey with a black outline.

We present genus-level data instead of species-level data to determine geographic
ranges for several reasons. First, many fossil taxa were only identified to the genus level.
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Second, using genus-level data increases compatibility between the modern and fossil
datasets because species-level assignments are often difficult to make, while genus-level
assignments are more stable. Third, the latitudinal ranges of genera are more robust than
for species because they are better sampled. And fourth, the generic data is a good proxy
for species in this study because more than 40% of genera are monospecific, and more
than 20% of genera contain 2 species. In addition, using genera makes our analyses more
conservative because it dampens taxonomic turnover at biogeographic boundaries, which
would be even higher if analyses were performed with species (Roy et al., 1998).
However, we did perform the same analyses at the species level, which largely produced
the same results. The species level analyses are presented in supplemental appendix 2.
All count data was converted to occurrence data. Samples with fewer than 10 occurrences
each were excluded from the data set.
We chose the Pliocene and Pleistocene as time intervals for our analyses, even
though faunal changes likely occur within each epoch (Ward et al., 1991). The Pliocene
data are overwhelmingly dominated by samples from the late Pliocene. Of the 75
samples, only 6 are from the early Pliocene. The Pleistocene data is more evenly
distributed temporally. Of the 138 samples, 52 are from the early Pleistocene, 71 are from
the late Pleistocene, and 15 samples are undetermined. However, early Pleistocene
samples only extend from Florida to south of Cape Hatteras, and therefore cannot be
compared with samples from the late Pleistocene, which extend across the entire study
area.
Additionally, authors have suggested that the Plio-Pleistocene was a two-pulsed
extinction event, with pulses in the late Pliocene and early Pleistocene (Petuch, 1995).
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However, the two-pulsed extinction could reflect the effect of stratigraphic architecture
on last occurrences during an interval of high turnover (Patzkowsky & Holland, 2012;
Holland & Patzkowsky, 2015). This may blur the changes in diversity or latitudinal
ranges occurring throughout the epoch. Although other extinctions, extirpations, or
migrations certainly occurred within these epochs, they were likely minor when
compared with the transition from the Pliocene to Pleistocene (Stanley, 1986). All of the
formations for the Pliocene and Pleistocene that were used are compiled in Figure A-1.
All analyses were done using the R programming language (Team, 2009).

Genus Latitudinal Ranges

We used the range endpoints of genera to assess the existence and position of a
biogeographic boundary across the study area for the Pliocene, Pleistocene, and modern.
We determined the range endpoints for each genus from the northern-most and southernmost samples in which it occurred. Range endpoint plots were made by drawing a line
between these latitudes (Figure 1-2). Any genus found in only one sample was excluded
from this analysis.
We performed a bootstrap analysis to determine the expected percent of genera
with northern range endpoints at a target latitude. The measured ranges of genera were
randomly placed at sample latitudes and the percent of genera with ranges within 1º of
the target latitude (i.e. 35 ºN for Cape Hatteras) was calculated. This procedure was
repeated 1000 times and used to create a 95% confidence interval around the expected
percentage of restricted genera at that latitude. We used this bootstrap procedure to

19

calculate the expected percent of restricted genera for each 1º of latitude in the study area
(Figure A-2, left). It is possible that the increased number of samples in the Pleistocene or
modern, or the positions of these samples in the study area could affect the position of
range endpoints. To account for this, we subsampled the Pleistocene and modern datasets
to the number of Pliocene samples (n = 75) 1000 times and calculated the proportion of
northern-range endpoints in each latitudinal bin, as above. We report the median
proportion of endpoints and 95% CI for this standardization (Figure A-2, right).

Latitudinal Range-Through Diversity

Changes in diversity were investigated using range-through latitudinal diversity (Figure
1-3). The study area was broken up into a series of 0.5º intervals and the number of
genera at each interval was calculated as the total number of latitudinal ranges that
crossed the interval. Visually, this is equivalent to the number of latitudinal ranges that
cross a perpendicular line. Many range endpoints do not occur at the southern- or
northern-most sample in a time bin and because of this, those latitudes show greatly
decreased diversity. This is likely an edge effect, because sampling north of the artificial
boundaries of the study area would extend those range endpoints. Therefore we do not
show the edges of the study area in Figure 1-3. We did not standardize diversity among
time bins in Figure 1-3 because we are not comparing absolute diversity between the
Pliocene, Pleistocene, and modern. Instead, we are concerned with the shape of the curve
and the position of the diversity drop, because within any one time-bin sampling across
latitude is relatively even (Figure 1-1). However, a similar pattern emerges when the
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Pleistocene and modern are standardized to the number of Pliocene samples (Figure A-3).
This method is similar to a rarefaction, and is expected to cause diversity to decrease in
the Pleistocene and Modern bins.

Range Shift

Range shifts were calculated as the difference between the northern-most occurrences of
genera that appear in adjacent time intervals. Southern range shifts are negative and
northern range shifts are positive. Because sampling in the Pleistocene extends farther
north than in the Pliocene, we include two plots describing the range shift from the
Pliocene to Pleistocene, one with all of the data regardless of latitude (Figure 1-4, middle)
and one with samples north of 37.6 ºN (the northern-most Pliocene sample; Figure 1-4,
bottom) removed. Arrowheads represent the direction of the range shift from the older to
younger time interval.

Logistic Regression

Marine biogeographic structure today is well predicted by only a handful of
environmental parameters, such as temperature, salinity, and productivity (Belanger et
al., 2012). Furthermore, many species have not changed their environmental tolerances
since the Pliocene (Saupe et al., 2014a), indicating that the ocean parameters that
determine geographic range structure today were important to species in the past. We
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used a logistic regression of modern remote sensing data of temperature and chlorophyll
concentration (a proxy for primary productivity) to determine how these parameters
affect the latitudinal range of genera and the biogeographic boundary today, and use this
relationship to infer the control on latitudinal distributions in the past. We chose
temperature and primary productivity because they have been linked to the PlioPleistocene extinction (Stanley, 1986; Allmon, 1992; Petuch, 1995; Todd et al., 2002;
Kirby & Jackson, 2004; Leonard-Pingel et al., 2012).
Modern temperature and chlorophyll concentration data were downloaded as
monthly averages for each month of 2013 from the NASA Observations website
(http://neo.sci.gsfc.nasa.gov/) as a 0.1 grid. All months were averaged to obtain a yearly
average SST and chlorophyll concentration. Modern data coordinates were then placed
on that grid to estimate the yearly average SST and chlorophyll concentration at that
position. All samples with NA values for either temperature or chlorophyll concentration
were removed from the analysis.
Our model attempts to determine the effects of temperature and chlorophyll
concentration on genus position north or south of the biogeographic boundary (35°N) and
on the occurrences of each genus (Figure A-4). For the former, the maximum latitude of
each genus was coded as a binary predictor north or south of Cape Hatteras (1 north of
Cape Hatteras, 0 south of Cape Hatteras). The glm() function in R was used to assess the
effects of temperature and chlorophyll concentration on genus northern-range endpoints.
For assessing the effect of temperature and chlorophyll concentration on the occurrences
of each genus, the occurrence within a sample was treated as a binary response, and the
temperature and chlorophyll concentration at each position as predictors.
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To determine how temperature or log chlorophyll concentration affects occurrences,
irrespective of the biogeographic boundary, we ran a separate logistic regression for each
genus with occurrence at a locality as the binary response variable, and temperature and
log chlorophyll concentration as the predictor variables. We calculated the logistic
regression for each genus and extracted the p-values, then constructed the histograms
using those p-values (Figure A-5).
The biogeographic boundary could also be formed by the convergence of the Gulf
Stream and Virginia Currents near Cape Hatteras (Pappalardo et al., 2015). If currents are
advecting water offshore, as they are with the Gulf Stream current near Cape Hatteras,
larva that spend longer periods of time in the water column will be swept offshore and
should show a disproportionate number of range endpoints near Cape Hatteras. To assess
this, we used logistic regression on 109 genera using position north or south of Cape
Hatteras as a response variable, and temperature and dispersal ability (from Pappalardo et
al., 2015) as predictor variables (Supplemental Appendix 1, SI table 1).

Results

Latitudinal Range Endpoints

Today, the northern-range endpoints of genera, defined as the northern-most
occurrence of a genus, form a strong biogeographic boundary at Cape Hatteras, North
Carolina (Figure 1-2, top). More than 30% of genera have a northern-most range
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endpoint within 1º of Cape Hatteras while only 16% (95% confidence interval (CI) =
13%-19%) are expected by chance, based on a bootstrap analysis of the range endpoints
(See SI for discussion of analytical methods and data quality). A biogeographic boundary
also occurs in southern Florida. More than 30% of genera have a northernmost range
endpoint in the interval from 26N-28ºN, where 11% (95% CI = 13%-19%) would be
expected. This is near the confluence of the Carolinian and Caribbean faunal provinces,
and likely represents the northern-most limit of Caribbean taxa (Petuch, 2013).
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Figure 1-2: Range endpoints for all genera from the Pliocene, Pleistocene, and modern. Each
line represents a single genus ranging from its southern-most to northern-most endpoints. The
horizontal line at 35°ºN drawn at Cape Hatteras.

The biogeographic boundary at Cape Hatteras also occurs in the Pleistocene (Figure
1-2, middle). More than 28% of genera have a range endpoint between 34ºN and 36ºN,
while only 13% (95% CI = 10% -17%) would be expected by chance. A Florida
boundary, similar to the one seen in the modern, is present at 27ºN. Approximately 33%
of genera are restricted between 26N-28ºN, where only 14% (95% CI = 11%-17%) are
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expected. Because there are no Pleistocene samples between 27.7ºN and 31.9ºN (Figure
1-1) it is possible that the number of restricted taxa would decrease as sampling is
improved. Nonetheless, sampling is good from 31.9ºN to 40ºN in the Pleistocene, and the
range endpoints, especially near Cape Hatteras, show a remarkably similar pattern to the
range endpoints in the modern.
Latitudinal range endpoints did not form a strong biogeographic boundary at Cape
Hatteras in the Pliocene (Figure 1-2, bottom). Only 11% of genera have a range endpoint
within 1º of Cape Hatteras, with 9% expected (95% CI = 6%-12%). The interval from
33ºN to 35ºN does show a weak biogeographic boundary with 17% of genera having
range endpoints in the interval with 9% expected (95% CI = 5%-12%), suggesting a
biogeographic boundary slightly south of Cape Hatteras. The truncation of ranges near
37ºN reflects the northern extent of available outcrop and is not a biogeographic
boundary. Approximately 17% of genera have a northern-most range endpoint between
29ºN and 31ºN while the expected value is 9% (95% CI = 6%-13%. Additionally, a large
proportion of southern range-endpoints (34%) occur here.
We also performed a bootstrap analysis to determine the expected percent of genera
with northern range endpoints at each 1 of latitude. These results show the greatest
deviations near Cape Hatteras in the modern (17 percentage points more than expected)
and Pleistocene (11 percentage points more than expected) (Figure A-2, left).
Standardizing to the number of Pliocene samples (n = 75) does not affect the results
(Figure A-2, right). Thus during the Pliocene, biogeographic boundaries are only weakly
developed and shifted south compared to the Pleistocene and modern.
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Range Shift

We calculate the latitudinal range shift by subtracting the latitude of the northernmost occurrence of a genus in a younger time bin from that of an older time bin. From the
Pliocene to the Pleistocene, 88% of genera shift their range southward (Figure 1-3,
bottom). Many of these genera shift only a small amount and appear to shift from the
northern-most Pliocene sample to the northern-most Pleistocene sample (38%). This
suggests that these range shifts are edge effects and not true biological range shifts.
However, nearly 45% of genera do shift ranges from a northern-most or near northernmost Pliocene sample to a Pleistocene sample within the interval of turnover. This
suggests that areas north of Cape Hatteras experienced changing ocean conditions after
the Pliocene and that surviving taxa could not reinhabit their entire latitudinal range
during the Pleistocene.
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Figure 1-3: Range shift, displayed as arrows, of genera from the Pliocene to Pleistocene (middle
and bottom) and the Pleistocene to Modern (top). Shift magnitude is calculated as the difference
between the northern-most occurrences of a genus that occurs in both time bins. In the bottom
figure, Pleistocene samples north of 37.6 (the northern-most Pliocene sample) were removed to
compare genus occurrences over the same latitudinal interval.
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From the Pleistocene to Modern, 52% of genera shift south and 48% shift north
(Figure 1-3, top). This suggests that while ocean conditions may be changing from the
Pleistocene to Modern, they did not systematically affect the latitudinal range of
surviving genera. About 35% of genera that have a Pleistocene range endpoint north of
Cape Hatteras become restricted below 36ºN during the Modern while only 8% had a
Pleistocene endpoint within the interval of turnover and moved north of 36ºN. While
range shifts may not have been systematically affected, it seems they were still restricted
by the biogeographic boundary for at least some of the Pleistocene.

Latitudinal Range-Through Diversity

Latitudinal diversity was calculated as range-through diversity based on the
northern- and southern-most occurrences of a genus. Though we do not compare absolute
diversity between time bins and therefore did not standardize diversity among intervals, a
standardization to the number of Pliocene samples produces the same results (Figure A3).
In the modern and Pleistocene, diversity is fairly constant in the southern portion of
the study area but decreases by nearly 50% when crossing the interval of turnover near
Cape Hatteras (Figure 1-4, top and middle). It is possible that the latitudinal diversity
gradient in the Pleistocene follows a smoother decline, but there are no data from 28ºN to
32ºN. Sampling north of 32ºN is continuous in the Pleistocene, and sampling in the
modern is continuous throughout the study area (Figure 1-1). These patterns suggest that
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the southern diversity plateau and the diversity drop in the Pleistocene near Cape Hatteras
are not affected primarily by sampling.

Figure 1-4: Latitudinal range through diversity for the Pliocene, Pleistocene, and modern.
Diversity is calculated as the number of genera with latitudinal ranges crossing a 0.5 degree
latitude point. We did not standardize diversity across time intervals (but see appendix A for this
standardization). The vertical line at 35°ºN represents Cape Hatteras.

In contrast, the Pliocene molluscan latitudinal diversity gradient is essentially flat
across the entire study area, only losing 2.5 genera per degree latitude. (Figure 1-4,
bottom). Although the range endpoint analysis shows that there is taxonomic turnover

30

from south to north during the Pliocene, diversity changes little from Florida to Virginia.
There may be a small increase in the number of taxa north of the biogeographic boundary
in Florida, but the overall diversity pattern is unchanging across and to the north of Cape
Hatteras.

Logistic Regression

Generic occurrence north or south of Cape Hatteras today is predicted strongly by
temperature (p < 0.001, Figure A-4). Additionally, nearly 50% of common genera (> 10
occurrences) have occurrences determined by temperature while only 5% have
occurrences determined by log chlorophyll concentration (Figure A-5), suggesting that
temperature change across the biogeographic boundary is a major control on latitudinal
range. Thus, temperature predicts genus distribution better than productivity (chlorophyll
concentration).
Although temperature seems to be a first-order control on the distribution of taxa,
the interaction of ocean currents and larval transport may also play a significant role (Pelc
et al., 2009; Pappalardo et al., 2015). A logistic regression of northern-range endpoint
with temperature and dispersal ability shows that temperature (p < 0.001) is a stronger
predictor than dispersal ability (p = 0.46) (see supplemental appendix 1, table 1).
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Discussion

Modern Biogeographic Structure Developed in the Pleistocene

The analyses of range endpoints and range restrictions of genera suggest that the
biogeographic boundary near Cape Hatteras sharpened considerably in the Pleistocene
and persisted into the modern. Pliocene concentrations of northern-range endpoints are
within random expectations for genera, but far exceed random in the Pleistocene and
modern. In addition, the vast majority of genus range endpoints near Cape Hatteras are
northern-range endpoints (95% in the Pleistocene, 88% in the modern). Almost all genera
that occur north of 35ºN also have an occurrence south of Cape Hatteras (95% in the
Pleistocene, 92% in the modern) indicating the biogeographic boundary is impermeable
to some genera but not others.
A similar pattern occurs in the range shift analysis. About 38% of genera shift south
from a position near the northern-most Pliocene sample to a Pleistocene sample within 1
degree of Cape Hatteras. This is striking because sampling is better north of Cape
Hatteras in the Pleistocene (Figure 1-1). Of the genera that shift north, about half move to
the northern-most Pleistocene sample. All of these genera have a Pliocene northern-most
endpoint near the northern-most Pliocene sample, suggesting that they may have occurred
along the entire coast in the Pliocene. Nearly 35% of Pleistocene to modern range shifts
occur from areas north of Cape Hatteras to the zone of turnover. Based on the range
endpoint bootstrap analysis, it is unlikely that this high proportion of genera would be
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restricted by random chance (between 0% and 6% would be expected), suggesting that
these genera shifted south of the biogeographic boundary after the Pliocene.
Today, warm Gulf Stream current water flows north along the southeast United
States until it deflects to the east near Cape Hatteras. To the north, cold water from the
Virginia current flows south, creating the strong thermal gradient across Cape Hatteras.
Data from multiple sources are consistent with warmer mean annual temperatures during
the Pliocene north of Cape Hatteras, suggesting the Gulf Stream flowed farther along the
coast at this time (Hazel, 1988; Dowsett et al., 2009). This suggests at least two ways in
which the biogeographic boundary could have formed: (1) changing environmental
conditions like decreased temperature or primary productivity prevented genera from
establishing themselves north of the biogeographic boundary; or (2) eastward deflection
of the Gulf Stream in the Pleistocene prevented the dispersal of genera across the
boundary. The asymmetric nature of the range endpoints in these results suggests that
temperature may be the underlying factor; a temperature filter would restrict certain
genera while allowing others to pass through. If current structure were limiting dispersal
ability, we would expect a convergence of northern and southern range limits at Cape
Hatteras, which we do not see in these data. Previous work has shown that taxa track
local climate velocities, that is, the rate and direction that climate shifts in an area (Pinsky
et al., 2013). If the biogeographic boundary does restrict taxa based on temperature, then
the IPCC prediction of temperature increases of approximately 3 ºC could lead to the
current biogeographic boundary becoming more ‘leaky’, allowing taxa that have been
separate for the last 2.5 Ma to coexist again (IPCC, 2014).
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The Latitudinal Diversity Gradient Sharpens in the Pleistocene

The Latitudinal Diversity Gradient (LDG) exhibits a major regime shift after the
Pliocene, north of Cape Hatteras. Data in all time bins show a flat LDG south of Cape
Hatteras, but Pleistocene and modern results indicate a sharp decrease in diversity north
of 35ºN. When Pleistocene and modern data are normalized to the number of Pliocene
samples (n = 75, Figure A-2, right), diversity is similar south of Cape Hatteras in all time
bins and north of Cape Hatteras in the Pleistocene and modern. The drop in diversity
north of Cape Hatteras seems to be due to a combination of the range restriction of genera
that survive from the Pliocene to the Pleistocene and the failure of new taxa to invade
areas north of the biogeographic boundary.
The 30% of genera with range-endpoints between 34ºN and 36ºN in the modern
(Figure 1-2) are made up of 183 genera. Of those, 30 (16%) had a northern-range
endpoint south of 36ºN in the Pliocene, representing no range restriction. An additional
44 (24%) occur north of 36ºN in the Pliocene but are range restricted in the modern. The
remaining 109 restricted genera (60%) do not occur in the Pliocene. These may represent
new genera that invaded or evolved in the Western Atlantic after the Pliocene or genera
that occurred in the Pliocene but were not sampled. Given the better sampling intensity in
the modern it is likely that at least some of these genera were not sampled in the fossil
record.
To understand the relative importance of range restriction of surviving vs new
genera we estimated the number of modern taxa that would be restricted if the
Pleistocene and modern were sampled to the same intensity as the Pliocene. Under this
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standardization, a median of 87 genera (27%) are restricted between 34ºN and 36ºN. Of
these, a median of 16 (18%) had a Pliocene northern-range endpoint south of 36ºN,
indicating no range restriction. A median of 33 (38%) had a Pliocene endpoint north of
36ºN, indicating range restriction south of the biogeographic boundary after the Pliocene.
The remaining 38 genera (43%) do not appear in Pliocene samples. This suggests that
range restriction of Pliocene and new genera contributed similarly to the formation of the
biogeographic boundary and depressed northern diversity.
Extinction does not seem to influence the biogeographic boundary greatly. Using
the raw data, 88 genera appear in the Pliocene but not the modern, representing a loss of
37% of Pliocene diversity. Of these, 43 (48%) have a range endpoint north of 36ºN. To
determine if this result was within expectation, we bootstrapped the Pliocene range
endpoints to calculate the number of genera with range endpoints north of 36ºN under
random extinction. We found that a median 49 genera (95% CI = 42 - 56 genera) with a
northern-range endpoint north of 36ºN would go extinct due to chance, indicating that the
number of genera that went extinct north of the biogeographic boundary lies within
expectation. This suggests that the depressed levels of diversity north of Cape Hatteras
are due to the inability of taxa to cross the biogeographic boundary and not greater levels
of extinction north of Cape Hatteras.
Other studies investigating diversity over a larger spatial area have seen similar
decreases in diversity at Cape Hatteras in the modern (Roy et al., 1998). Our results
suggest that the modern biogeographic structure in the southeast United States was
developed during the Pleistocene and largely had to do with the biogeographic boundary
at Cape Hatteras. As the Earth’s atmosphere approaches more Pliocene like temperatures
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we may expect a change in that structure, leading to a flattening of the LDG in the
Western Atlantic as genera invade northern areas.

Temperature and Current Patterns Control Range Limits

Our results differ from Pappalardo et al (Pappalardo et al., 2015) who found dispersal
ability to be a stronger predictor of range endpoints than temperature, though that study
investigated taxa at the species-level and used a different dataset. Regardless, our results
suggest that while dispersal ability may affect the range endpoints of some taxa,
maximum temperature predicts restriction more strongly. One important implication of
this result is that as temperature increases we would expect to see the biogeographic
boundary become more ‘leaky’, leading to the invasion of southern-affiliated taxa north
into Virginia.
Rising temperatures may also change the strength and location of the Gulf Stream, which
could affect the ability of many species to disperse across the modern biogeographic
boundary. Over the last decade, monitoring of the Atlantic Meridional Overturning
Current (AMOC), which includes the Gulf Stream, has shown a decrease in strength of
approximately 0.5 Sv, about 10 times more than predicted by model results (Smeed et al.,
2014; Srokosz & Bryden, 2015). In addition, reconstruction of the AMOC over the last
1000 years with coral-based proxies shows a similar trend (Rahmstorf et al., 2015).
However, other workers have suggested that the measured decline over the past decade is
within the expected AMOC variability (Roberts et al., 2014; Srokosz & Bryden, 2015).
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Climate change may reorganize current structure in the Western Atlantic in the future,
causing temperature to increase and invasion to occur north of Cape Hatteras.

Conclusions

In summary, the modern biogeographic boundary at Cape Hatteras was established in the
Pleistocene and is a major control on taxonomic composition, latitudinal range, and the
latitudinal diversity gradient. When considered historically we see that the biogeographic
boundary is asymmetric, with many northern-range endpoints and few southern-range
endpoints, is due mainly to the range restriction of genera and not extinction, and (at least
in our analysis) is correlated with temperature and not dispersal ability. Taken together,
we suggest that the sharp temperature gradient near Cape Hatteras is responsible for the
biogeographic boundary and depressed diversity in northern areas. This environmental
shift formed a barrier to dispersal, and created two distinct biogeographic units north and
south of Cape Hatteras.
These results also suggest that ongoing global climate change could reorganize molluscan
biogeography in the western Atlantic. Data and model comparisons suggest that the north
Atlantic is more susceptible to climate change than models predict (Dowsett et al., 2009;
2011). As temperature increases we may see molluscan genera move north of Cape
Hatteras, leading to communities that have not been seen for the past 2.5 million years
(Pinsky et al., 2013; Saupe et al., 2014b).
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Chapter 2

Changes in Taxonomic and Functional ecology north of a biogeographic boundary
during the Pliocene to Modern, Western North Atlantic

Abstract

Previous work has shown that large taxonomic extinction does not always
correlate with large ecological or functional changes. This is an important distinction
because ecosystems that are initially resistant to extinction can collapse when ecological
functions are eliminated. While other workers have looked at changes in taxonomic
diversity in the Western North Atlantic, changes in the functional or ecological diversity
remain unknown.
Our goal is to assess the effects of the Plio-Pleistocene extinction both
taxonomically and ecologically. To do this, we collected a new dataset of marine
mollusks from Virginia and North Carolina. We identified these specimens to the species
level to assess the taxonomic effects of the Plio-Pleistocene extinction, and as guilds (a
group of organisms that utilize resources in a similar way) to assess the ecological
effects. These changes were evaluated using additive diversity partitioning, cluster
analyses, ordination, and relative abundance distributions.
While taxonomic diversity, gradient structure, and relative abundance structure
changed greatly from the Pliocene to Pleistocene, the Plio-Pleistocene extinction did not
have large ecological effects among mollusks. In addition, pre- and post-extinction

44

marginal marine samples were similar at the species level in multivariate analyses,
suggesting that taxonomic effects were more pronounced in open marine settings than
marginal marine settings.

Introduction

Ecological stresses such as fragmented habitats, the introduction of invasive
species, and climate change are causing species to go extinct at a faster rate than is
expected from the fossil record, and could be causing a sixth mass extinction (Barnosky
et al. 2011). It is unclear how communities will respond to these changes, but the effects
could be far-reaching. Lower biodiversity correlates with decreased recovery potential in
the ocean (Worm et al. 2006), which could have severe societal and economic impact
because 12% of global food sources and 38 million jobs are supported by marine
ecosystems (Holmlund and Hammer 1999). While understanding how modern
communities will change is difficult from only extant data, we can use the natural
experiments presented in the fossil record to understand how communities may respond
to extinction today.
One analog of modern climate change is the Pliocene. The Pliocene to Modern
transition is important because carbon dioxide concentration today is similar to that of the
Pliocene (Pagani et al. 2010; Jones 2013), the Plio-Pleistocene extinction imprinted
modern biogeography and diversity (Hecht 1969; Stanley and Campbell 1981; Stanley
1986), and modern taxa are beginning to shift their geographic ranges in response to local
climate changes (Pinsky et al. 2013; Poloczanska et al. 2013). During the Pliocene,
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carbon dioxide concentrations were approximately 350-400 ppm (Seki et al. 2010) and
global average temperature was approximately 2-3 C warmer than today (Chandler et al.
1994). The transition from the Pliocene to Pleistocene culminated in the Plio-Pleistocene
extinction, which occurred 2.5 Ma and resulted in the extinction of approximately 70
percent of mollusk species in the Western Atlantic (Allmon et al. 1993). While this is an
imperfect analog because the Pliocene to Pleistocene transition represents a cooling trend,
the Pliocene presents an opportunity to study communities with extant taxa under high
temperature conditions and the responses of those taxa to environmental changes
(Haywood et al. 2011).
A separate Chapter of this dissertation (Chapter 1) indicates that large changes in
species and genus geographic ranges and diversity occurred across the Plio-Pleistocene
boundary north of Cape Hatteras, North Carolina. We found that geographic ranges were
truncated north of Cape Hatteras by declining temperature after the Pliocene, likely due
to the deflection of the Gulf Stream Current offshore near Cape Hatteras. Sea surface
temperatures in the Western Atlantic north of Cape Hatteras declined greatly since the
Pliocene. Oxygen isotope ratios from mollusks in the Yorktown Formation (Late
Pliocene) in Virginia indicate temperatures 5-10 °C warmer than today, with reduced
seasonality (Winkelstern et al. 2013). Samples from the Chowan River Formation (Early
Pleistocene) collected for the same study show warmer conditions than today, but cooler
conditions than the Pliocene by about 5 °C.
Whereas major taxonomic changes have been observed across the PlioPleistocene boundary north of Cape Hatteras, it is unclear how these changes manifested
in terms of functional ecology. Here, we collected a new dataset of marine mollusks from
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Pliocene and Pleistocene units in the Atlantic Coastal Plain, north of Cape Hatteras. We
analyzed these data by species, to understand taxonomic changes across this time
interval, and by guilds (groups of organisms that use resources in a similar way) to
understand ecological and functional changes. We found that while the Plio-Pleistocene
extinction results in large taxonomic changes, there are few ecological changes associated
with the extinction event. In addition, these changes were concentrated in open marine
environments more strongly than marginal marine environments. This leads to two
predictions. First, as our atmosphere transitions to a more Pliocene-like state, faunal
changes will be greater taxonomically than ecologically, and second, they should be
greater in open marine settings than marginal marine settings.

Background

Plio-Pleistocene Extinction

The Plio-Pleistocene extinction (~2.5 Ma) was a two-pulsed regional event that
affected many marine invertebrates including mollusks, corals, and bryozoans (Stanley
1986; Petuch 1995; Cheetham and Jackson 1996; Budd 2000). Approximately 70% of
marine mollusks in the western Atlantic were eliminated across this boundary. This is
thought to have been caused by a combination of lower productivity and/or cooling in the
Western Atlantic associated with the formation of the Central American Isthmus (Allmon
1992; Jackson et al. 1993; Allmon 2001). Geographic differences govern the surviving
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lineages of the Plio-Pleistocene extinction. Today, sub-tropical taxa are confined to areas
south of Cape Hatteras, North Carolina, while temperate taxa reside in habitats north of
Cape Hatteras (Cerame-Vivas and Gray 1966). This is likely due to a diversion of the
Gulf Stream Current at Cape Hatteras. Warm Gulf Stream waters are transported up the
eastern coast of North America before they are steered offshore near Cape Hatteras
(Berggren and Hollister 1974; 1977). During the Pliocene, warmer waters north of Cape
Hatteras allowed sub-tropical species to range into Virginia and Maryland. These taxa
have since been extirpated, likely due to the spread of cool water south by the Virginia
Current (Campbell 1993; Allmon et al. 1996). The ecological effects of this event are
currently unknown north of Cape Hatteras but in the Caribbean, ecological changes have
resulted in the decrease of carnivorous gastropods and suspension feeding bivalves (Todd
et al., 2002) and the increase in attached bivalves (Leonard-Pingel et al. 2012), both
associated with declining productivity.

Functional Ecology

While species, genus, or family richness is used to measure patterns of taxonomic
diversity, ecological parameters can be used to measure patterns of functional diversity
(the number of unique ecological functions in a community) (Roy 1996; Droser et al.
2000; Bush and Bambach 2004; McGhee et al. 2004; Bush et al. 2007; Layou 2009; Bush
and Bambach 2011). This approach is analogous to ecological guilds in biology, groups
of organisms that partition resources in a similar way (Root 1967). Though we cannot
know how extinct organisms partitioned resources precisely, we can use the concept of
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guilds to group organisms by function. These groups can be measured like taxa and
analyzed with similar methods. This approach is useful because many species perform
similar functions even though they are not closely related evolutionarily. The loss of a
functional group may explain why some ecosystems are initially resistant to species
extinction before they collapse rapidly (Thébault et al. 2007). While ecological changes
in the fossil record have been investigated by numerous authors (Boucot 1983; Bottjer
and Ausich 1986; Watkins 1991; Sheehan 1996; Todd et al. 2002; Jackson and Erwin
2006), few workers have explicitly set out to measure and compare taxonomic and
ecological changes (but see (Droser et al. 2000; McGhee et al. 2004; Christie et al. 2013;
Dineen et al. 2014). Several studies have shown that taxonomic and ecological changes
do not necessarily correlate with each other (Plotnick and McKinney 1993; Roy 1996;
Droser et al. 1997; 2000; Bonelli and Patzkowsky 2011; Christie et al. 2013).

Geologic Setting

For this study we collected samples from the rich, fossiliferous sediments of the
Western Atlantic Coastal Plain in Virginia and North Carolina. The units in this study
are, from oldest to youngest: the Yorktown Formation, the Chowan River Formation, and
the James City Formation (Figure 2-1).
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Figure 2-1: Generalized stratigraphic column of the units in this study. This figure has been
modified based on the information of (Ward and Blackwelder 1980; Blackwelder 1981a, c;
Winkelstern et al. 2013).

The Yorktown Formation

The Yorktown Formation is Late Pliocene in age, deposited approximately
between 3 and 4 Mya (Dowsett and Wiggs 1992), and extends from Maryland into
northern North Carolina (Johnson et al. 2001). Gardner and Mansfield (1943) suggested
splitting the Yorktown Formation into two biostratigraphic zones. These two zones were
later divided by Ward and Blackwelder (1980) into four members: the Sunken Meadow
Member, representing zone 1, and the Rushmere, Mogart’s Beach, and Moore House
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Members, representing zone 2. The Yorktown Formation is thought to be deposited
during a single transgressive-regressive cycle with the maximum transgression reached
during the Rushmere Member.
The oldest samples used in this study are from the Rushmere Member of the
Yorktown Formation. The Rushmere Member is a fine-grained, well-sorted, shelly
unconsolidated sand, with abundant macrofossils. It is interpreted as an open-marine,
shallow-shelf environment (Ward and Blackwelder 1980).
Conformably overlying the Rushmere Member is the Mogart’s Beach Member of
the Yorktown Formation. These sediments are unconsolidated very fine sands to muds.
Fossils are abundant in this member, but are different from the taxa found in the
underlying Rushmere. It is interpreted as a marginal marine, lagoonal environment
located behind a barrier island (Ward and Blackwelder 1980). This allowed for the
accumulation of muddy sediments in a coastal environment (Reinson 1984).
The Moore House member is an orange, fine-grained sandy unit with abundant
shell hash and large scale cross-bedding. Fossils in this unit are often broken, and the
samples can be cemented and difficult to wash and sieve. It unconformably overlies the
Mogart’s Beach Member and represents a progressively shallowing sea. The cross-beds
and broken shell material indicate that energy was much greater in this environment than
in the Rushmere or Mogart’s Beach Members (Ward and Blackwelder 1980). It likely
represents a landward, marginal marine environment, like a tidal inlet (Reinson 1984).
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The Chowan River Formation

The Chowan River Formation is Early Pleistocene in age, deposited
approximately between 1.8 to 2.4 Mya (Blackwelder 1981b; Krantz 1991). It is exposed
mostly along the Chowan River in North Carolina; however, the Chowan River
Formation also occurs in southeastern Virginia (Ward 2008). The Chowan River
Formation is divided into two members, the lower Edenhouse Member and the upper
Colerain Beach Member (Blackwelder 1981a).
The Edenhouse Member is the lower member of the Chowan River Formation and
unconfomably overlies the Yorktown Formation. It consists of a shell rich, fine-grained
sand with some silt and is interpreted as an open marine environment based on the
sedimentology and fauna (Bailey 1977; Blackwelder 1981a).
The Colerain Beach Member is the upper member of the Chowan River
Formation and conformably overlies the Edenhouse Member. It is composed of silty
sands and is considerably muddier than the Edenhouse Member. The fauna of the
Colerain Beach Member is typically indicative of more brackish water conditions.
Blackwelder (1980) suggested these deposits were estuarine in nature while Bailey
(1977) suggested that the Colerain Beach was either estuarine or lagoonal. Lithologically
these deposits are like the Mogart’s Beach Member of the Yorktown Formation, and
likely represent a similar, marginal marine environment.
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The James City Formation

The James City Formation is early-mid Pleistocene in age, deposited
approximately 1.5 to 2.0 Mya and is primarily exposed in northern North Carolina. The
samples for this study were collected at the Lee Creek Mine along the Pamlico River by
Maureen Jones in 1999. The formation is composed primarily of unconsolidated
calcareous sandy clays and sands that range from fine to coarse, with very abundant
fossils (Ward and Blackwelder 1987). The James City Formation is interpreted as a
shallow water, open marine environment (DuBar and Solliday 1963).

Methods

Data

We collected bulk samples of unconsolidated sediments from the Pliocene
Yorktown Formation and Pleistocene Chowan River Formation (Figure 2-2) and
supplemented them with collections from the Chowan River, and James City Formations
housed at the Paleontological Research Institution (Jones et al., 1999 unpublished thesis).
All data is compiled in Table B-1 and photos of the top ten most abundant taxa can be
found in Figure B-1. Samples were sieved with a 2mm mesh and all mollusks with a
maximum dimension greater than 5mm were picked and identified to species level where
possible. All museum material was reidentified and recounted for this study. All analyses

53

were done using the R Programming Language (R Core Team 2014). Outcrops of
Pliocene and Pleistocene sediments north of Cape Hatteras tend to increase in age with
latitude. This suggests that changes in environment between these units could be caused
by the latitudinal temperature gradient. However, isotopic evidence shows that the
Yorktown Formation was warmer than the Chowan River Formation (Winkelstern et al.
2013), and our analyses do not show a trend with latitude.

Figure 2-2: Map of sample sites. Yorktown Formation sites are plotted in red, Chowan River
Formation sites are plotted in blue, and James City Formation sites are plotted in purple.

This study uses the ecological guild framework of Bush et al (2007; Table 2-1).
This framework consists of three ecological categories: 1) tiering strategy or the position
of the animal in the water/sediment column, 2) motility, and 3) feeding strategy, each
with 6 values. A particular species can only have one value from each ecological
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category, and species are coded with a three-digit number corresponding to each category
(see Table B-2 for a list of guild designations for all species). For example, guild 531 is
made up of species that are infaunal, are facultatively mobile and unattached, and are
suspension feeders. In this study we identified 23 unique guilds. The advantage of this
approach is that it combines three important ecological attributes, the species habitat,
ability to move, and method of feeding into a simple model that can be assessed by
morphological characters, so it can be applied to extinct species. We coded each species
in the dataset for the three ecological categories using literature sources and converted the
species-level dataset to a guild dataset by combining the counts of species that belong to
the same guild. Locality information for all the samples in this study can be found in
Table B-3 and photos of those localities can be found in Figures B-2 – B-11.
Table 2-1: Ecological parameters used in this study.

Ecological category
Tiering

Description

1. Pelagic

Living in the water column, floating or
swimming

2. Erect

Benthic, extending upward into the water
column

3. Surficial
4. Semi-infaunal
5. Shallow infaunal
6. Deep infaunal
Motility
1. Freely moving, fast
2. Freely moving, slow
3. Facultative, unattached

Benthic, but not extending significantly into
the water column
Partly infaunal, partly exposed
Living in the top ~5 cm of the sediment
Living more than ~5 cm deep in the sediment

Regularly moving, unencumbered
Regularly moving, but slowed by substantial
contact with the substrate
Moving only when necessary, free-lying
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4. Facultative, attached
5. Non-motile, unattached
6. Non-motile, attached

Moving only necessary, attached
Not capable of movement, free-lying
Not capable of movement, attached

Feeding Strategy
1. Suspension
2. Surface deposit
3. Mining
4. Grazing
5. Predatory
6. Other

Capturing food particles from the water
column
Capturing loose particles from the substrate
Recovering buried food
Scraping or nibbling food from the substrate
Capturing prey capable of resistance
e.g., photosymbiosis or chemosymbiosis,
parasitic

Additive Diversity Partitioning

For all time intervals we compared changes in diversity partitioning, gradient
ecology, and relative abundance distribution for the taxonomic and functional dataset. To
test for changes in diversity among species and functional groups, we used additive
diversity partitioning (Lande 1996; Holland 2010). In additive diversity partitioning
(ADP), beta diversity is defined as the difference between diversity at a larger scale
(gamma) and the average diversity of smaller-scale units (mean alpha). The main
advantage of this is that sources of diversity at a range of spatial scales are more easily
compared (Lande 1996; Veech et al. 2002; Gering et al. 2003). In this study, alpha
diversity is defined as the number of species or guilds within a sample, gamma diversity
is the total diversity within one formation, and beta diversity is the difference between
gamma diversity and the average alpha diversity for one formation.
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Cluster Analysis

Cluster analysis groups samples or taxa in a dendrogram (McCune and Grace
2002). Samples often form large clusters that can be identified by overlying external
variables, like time or environment, on the dendrogram. We performed a sample cluster
analysis on a log-standardized dataset using a Bray-Curtis distance matrix using Ward’s
method. We also performed a 2-way cluster analysis, which creates a dendrogram for
samples and taxa to inspect which taxa are grouping within each cluster of samples.

Ordination

To characterize spatial and temporal gradients among pre- and post-extinction
samples, detrended correspondence analysis (DCA) was used for both the species- and
guild-based data. DCA is an effective ordination technique on ecological data and is used
to reduce distortions from the ‘Arch Effect’ associated with correspondence analysis (Hill
and Gauch 1980; Peet et al. 1988; Jackson and Somers 1991; Holland and Patzkowsky
2007). As in any ordination technique, samples that are similar in species or guild
composition will plot closely in ordination space, and this allows the similarity of faunas
along a gradient to be assessed.
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Relative Abundance

Relative abundance distributions were calculated to account for changes in the
abundance distribution of species and functional groups (Patzkowsky and Holland 1999).
The change in this relative abundance distribution (ΔRAD) across an extinction is
measured as:

where RApre is the relative abundance of a species or guild during the pre-extinction
interval, RApost is the relative abundance of that species or guild during the post-extinction
interval, and n is the number of genera or lifestyles (Christie et al. 2013). ΔRAD ranges
from zero, indicating no change in relative abundance across the extinction, to two,
indicating that all pre-extinction organisms go extinct and the appearance of an entirely
new set of organisms following the extinction.

Results

ADP

Because diversity increases with the amount of material surveyed, the ADP
analyses must be standardized. We performed a resampling procedure where we
randomly subsampled to the lowest number of samples in one time bin (n = 4 from the
James City Formation) and then resampled those samples to the lowest number of
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individuals (n = 40). Among species, overall gamma diversity remains fairly constant
between the Yorktown and Chowan River Formations, before decreasing in the James
City Formation (Figure 2-3, A). A similar result is seen when the Chowan River
Formation samples are separated by environment (Figure B-12). The similar diversity
level between the Yorktown and Chowan River Formations is surprising, because the
extinction is supposed to have occurred between these two time intervals. However, the
extinction can be seen when new Chowan River Formation taxa are removed from the
analysis. Of the 69 species present in the Yorktown Formation, 33 (48%) are not present
in the Chowan River Formation. The diversity decrease in the James City Formation is
concentrated within beta diversity, indicating that the James City Formation samples are
taxonomically more similar to each other than either the Yorktown Formation and
Chowan River Formation samples are to each other and suggesting the elimination of rare
taxa. Alpha diversity does not change much from the Yorktown to James City
Formations, indicating that each sample has a similar number of species. When only the
69 species present in the Yorktown Formation are considered, 58 (84%) are not present in
the James City Formation samples.
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Figure 2-3: Sample resampled additive diversity partitioning for (A) species and (B) guilds. Bar
represents the 95% Confidence Interval for alpha (dark box) and beta (light box) diversity.

We also added modern communities from the NOAA NBI database to test if
diversity was greater today. We used only samples gathered by grab cores because these
best replicate the type of sampling done in the Pliocene and Pleistocene. Diversity is
lower among the modern samples, approximately 20 species and 6 guilds; however, this
lower diversity may be misleading. Because these samples were only a census of the
living assemblage, they are not time averaged. In general, time-averaged samples have
approximately 25% greater species richness than a comparable live-sample (Kidwell
2002). It is unclear how this would affect diversity in aggregate samples, but Lockwood
and Chastant (2006) found that across several samples, 71% of species found in
Chesapeake Bay death assemblages are also found in the live community. With an
estimate of 25-30% greater species richness we would expect a time-averaged recent
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sample to contain approximately 24-25 species, slightly more than the average 22 species
found in the James City Formation samples, but less than the average 29 species found in
the Yorktown Formation or Chowan River Formation samples.
The guild data show similar results, but with a slightly decreasing gamma
diversity from the Yorktown Formation to Chowan River Formation samples (Figure 2-3,
B). Decreases across this boundary occur within gamma diversity, the proportion of alpha
and beta diversity remains fairly constant across the Yorktown, Chowan River, and James
City Formations. When the recent samples are added to the dataset, guild diversity
decreases to approximately 6 guilds. This suggests that the recent functional diversity is
lower than that of Pliocene functional diversity; however, it is unclear how many guilds
would be added if the recent material was time averaged. Because guilds contain multiple
species, adding new species to a time interval would not necessarily increase the number
of guilds. We do not know of any work that explicitly investigates the relationship of
functional diversity between live and dead assemblages, and this could be a target for
future investigation.

Cluster Analysis

In the species dataset, there are three major groups of samples in the cluster
analysis (Figure 2-4, A), cluster 1 includes all the samples collected from the
Paleontological Research Institute, cluster 2 mainly contains material from the Yorktown
Formation collected for this study, and cluster 3 contains mainly material from the
Chowan River Formation collected for this study. Cluster 1 separates into two sub-
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clusters, one that includes only Chowan River Formation samples from the Edenhouse
Member (colored light blue) and one that contains only James City Formation samples
(purple), representing a temporal split between those units. These Chowan River
Formation samples cluster more closely with James City Formation samples than the
Chowan River Formation samples from the Colerain Beach member (dark blue). It is
unlikely that this is due to methodological differences because the museum material was
recounted for this study and all specimens less than 5mm in maximum dimension were
removed. Instead this may represent an environmental difference between the Edenhouse
and Colerain Beach Members. The James City Formation is thought to represent more
open marine settings (Ward and Blackwelder 1987), and the close alignment of these
samples with the Edenhouse samples may suggest that they also represent open marine
environments. While there is no lithology information associated with the Jones et al
thesis, Blackwelder (1980) reports that Mt. Gould’s Landing, the site of these samples, is
within the Edenhouse Member, indicating an open marine setting.

Figure 2-4: Cluster analysis of (A) species and (B) guilds. The cluster analysis was done on a log
standardized dataset using Ward’s method. The Yorktown Formation is shown in red (light red
indicates the Mogart’s Beach Member), the Chowan River Formation is shown in blue (light blue
indicates the Edenhouse Member, dark blue indicates the Colerain Beach Member), and the
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James City Formation is shown in purple.

The second and third cluster seems to represent a temporal split between the
Yorktown and Chowan River Formations among material collected for this study (shown
in darker blue). These Yorktown Formation samples are from the Rushmere and Moore
House Members, which are interpreted as shallow marine environments. Cluster 3
contains the remaining six Chowan River Formation samples, and three Yorktown
Formation Samples. Two of these samples are from the Mogart’s Beach member of the
Yorktown Formation (shown in light red), which is interpreted as a lagoonal
environment. This suggests that cluster 1 represents Pleistocene open water communities,
cluster 2 represents Pliocene open water communities, and cluster 3 represents Pliocene
and Pleistocene marginal marine communities. This would mean that taxonomically, the
Plio-Pleistocene extinction affected open water communities more than marginal marine
communities.
The guild level analysis also has three clusters, but they form different
memberships (Figure 2-4, B). The first guild cluster contains four Chowan River
Formation samples and splits at the most basal level of the dendrogram, suggesting that
these areas were characterized by a different ecological structure than the rest of the
Chowan River Formation samples. Guild cluster 2 contains mainly Pleistocene material,
including all of the open marine Chowan River Formation samples and half of the James
City Formation samples. Cluster 3 separates from cluster 2 and contains mainly Pliocene
samples, with four Pleistocene samples. This suggests that there was a shift in guild
composition from the Pliocene to the Pleistocene. Interestingly, the Mogart's Beach
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Member material plots near other Yorktown Formation samples in the dendrogram,
instead of near Chowan River Formation samples as they did in the species-level
analysis. This suggests that ecological communities during the Mogart's Beach were
more similar to other Yorktown Formation communities, even though taxonomically they
tend to be more similar to Chowan River Formation communities.

Two-Way Cluster Analysis

Because the 2-way cluster analysis contains more species than can be legibly
printed on one page, we have separated the plot into 3 panels across 3 pages. For the
unseparated analysis see Figure B-13. For the two-way cluster analysis of species, cluster
1 contains open marine Pleistocene samples (Figure 2-5 A-C). These samples are
dominated by a few species found at the far right-hand side of the plot. In particular,
Cyclocardia granulata, Astarte concentrica, and Glycymeris americana are very
abundant in these samples, and do not appear as abundantly in clusters 2 or 3. This is at
least partially responsible for the split between cluster 1 and clusters 2 and 3.
Cluster 2 contains mostly Yorktown Formation material, with a few of the
marginal marine Chowan River Formation samples. Species abundance in this cluster is
more evenly distributed than in cluster 1, there are few taxa that are hyper-abundant.
Cyclocardia granulata and Astarte concentrica are more abundant in cluster 2 than in
cluster 3, but less abundant than in cluster 1. Oysters and the gastropod genus Chama are
also more abundant in cluster 2 than any other cluster. Chama in particular is largely
absent from clusters 1 or 3.
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Cluster 3 contains mostly marginal marine Chowan River Formation samples, but
also contains the two Mogart's Beach samples discussed above. This cluster seems to be
separating largely based on the presence of Turritella beaufortensis and T. virginica.
Cyclocardia granulata and Astarte concentrica are much rarer in cluster 3 than any other
cluster. However, cluster 2 and 3 share many species in similar abundances, including
Astarte concentrica, Turritella beaufortensis, Argopecten comparilis, and Corbula
inaequalis. They also lack many of the species that occur in the Pleistocene open marine
samples (cluster 1), like Abra aequalis, Nucula proxima Nuculana acuta, and Spisula sp.
This suggests that taxonomically, the Pliocene marginal and open marine samples and
Pleistocene marginal marine samples are more similar to each other than either is to the
Pleistocene open marine samples.
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Figure 2-5: 2-way cluster analysis of species. The three panels represent one analysis that has
been broken into 3 parts for legibility. The color bar represents the log abundance of each species.
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Among guilds, cluster 1 shows a lower guild diversity than clusters 2 or 3 (Figure
2-6). Guilds 531 (infaunal, facultatively mobile, suspension feeders) and 431 (semiinfaunal, facultatively mobile, suspension feeders) are the most abundant guilds in this
cluster, and only 6 other guilds are present in these samples. Guild 531 represents the
lifestyle of most bivalves and includes over 50 species and 55% of specimens in our
dataset. Guild 431 is made up of only a few species and is dominated by the gastropod
genus Turritella (see Table B-4 for the most abundant species in the most abundant
guilds). All other guilds are rare compared to 531 and 431 indicating that members of
these guilds dominate these assemblages. These samples were deposited in a marginal
marine environment, suggesting that these functionally depauperate communities are
associated with marginal marine environmental conditions. Guild cluster 2 contains
largely samples from the Pleistocene, and spans both open and marginal marine
environments.
Compared to cluster 1, guild diversity is much greater in cluster 2 (15 guilds) and
guild abundance is more evenly distributed, although guild 531 still is the most dominant.
Guild 431 is also a significant presence in cluster 2, largely driven by the abundance of
Turritella, though at lower abundances than cluster 1. Several guilds in this cluster do not
occur, or occur in low numbers in clusters 1 and 3. These are guilds 551 (infaunal, nonmotile, suspension feeders) made up of the bivalve genus Corbula, 552 (infaunal, nonmotile, deposit feeders) made up of the related bivalve genera Nucula and Nuculana,
guild 325 (surficial, slow moving, carnivores) made up of carnivorous gastropods such as
the family Muricidae, and guild 536 (infaunal, facultatively mobile, other) made up
entirely of members of the chemosymbiotic bivalve family Lucinidae. Except for guild
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551, all of these guilds represent feeding types other than suspension feeding, suggesting
that Chowan River Formation (cluster 2) samples had more diverse feeding types than the
Yorktown Formation (cluster 3) samples.
Cluster 3 has the greatest guild diversity (19 guilds) although the average guild
diversity in cluster 3 (6.5 guilds) is less than cluster 2 (10.2 guilds) suggesting that
Yorktown Formation communities were functionally more heterogeneous than Chowan
River Formation communities. Cluster 3 groups largely on the relative absence of guilds
431, 551, 552, 325, and 536, and the high abundance of guild 361 (surficial, non-motile
attached, suspension feeders) made up of oysters and the gastropod genus Chama. Chama
and oysters are strongly associated with Yorktown Formation samples in the specieslevel 2-way cluster analysis, which supports this analysis.
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Figure 2-6: 2-way cluster analysis of guilds. The color bar represents the log abundance of each
guild.
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Detrended Correspondence Analysis

The DCA of the species dataset shows a temporal gradient on axis 1 with
Yorktown Formation samples plotting at positive axis 1 scores, Chowan River Formation
samples plotting at intermediate axis 1 scores, and James City Formation samples
plotting at negative axis 1 scores (Figure 2-7, A). The samples from the Edenhouse
Member (shown in dark blue) plot at negative axis 1 values most closely to the James
City Formation samples, as would be expected from the cluster analysis. The Chowan
River Formation samples from the Colerain Beach Member plot towards positive values
of axis 1, indicating that they are taxonomically more similar to the Yorktown Formation
than the Edenhouse Member. These Colerain Beach member and Yorktown Formation
samples are grouping based on the co-occurrence of species like the gastropods Turritella
virginica and T. beaufortensis, and the bivalves Mulinia congesta, Argopecten
comparilis, and Corbula inaequalis. At negative values of axis 1 are taxa that are most
abundant in Pleistocene samples, including the bivalves Astarte concentrica, Glycymeris
americana, and Cyclocardia granulata. Ostrea sp. is prevalent in both Yorktown and
James City Formation samples and plot intermediately.
Axis 2 separates the Colerain Beach member from Yorktown Formation samples
based on the higher abundance of taxa like T. virginica, T. beaufortensis, and M.
congensta. These samples also lack major components of the Yorktown Formation,
including Chama sp., which plots at high values of axis 2, far from any Pleistocene
samples.
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Figure 2-7: Detrended Correspondance Analysis for species (A,B) and guilds (C,D). The DCA is
colored by formation (A,C) and by environment (B,D).

When environment is plotted on the DCA instead of formation, negative values of
axis 2 correspond strongly to open marine settings (Figure 2-7, B). These represent the
Colerain Beach member of the Chowan River Formation, which is interpreted as an
estuarine or lagoonal deposit. They plot closely with the two Mogart's Beach Member
samples from the Yorktown Formation, which is also interpreted as a marginal marine
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environment. This suggests that the shallower, more estuarine environments of the
Chowan River Formation were not as affected by the Plio-Pleistocene extinction as the
more open marine environments, at least in terms of species.
Among guilds, axis 1 still represents a separation between the Yorktown and
Chowan River Formations, but the member associations are reversed (Figure 2-7, C). The
Yorktown Formation plots at positive values of axis 1, while the Colerain Beach Member
samples plot at negative values of axis 1, with the Edenhouse Member samples plotting
in-between. James City Formation samples plot at intermediate values of axis 1 and
higher values of axis 2. We have plotted the five most abundant guilds on the DCA,
which account for approximately 85% of specimens in the dataset (see Table B-4 for a
list of taxa in these guilds). Axis 1 is largely driven by two guilds, guild 361 (surficial,
non-motile attached, suspension feeders) at positive values of axis 1, and guild 431
(semi-infaunal, faculatatively mobile, suspension feeders) at negative values of axis 1.
Guild 361 is largely made up of oysters and the snail genus Chama and guild 431 is
largely made up of the genus Turritella.
When environment is plotted onto the guild DCA, most of the marginal marine
environments plot at negative values of axis 1, though the designation is not as clear as
on the species-level ordination (Figure 2-7, D). This suggests that guild 361 is associated
with open marine environments and guild 431 is associated with marginal marine
environments. In figure 2-9 we adjust the size of the points on the guild DCA to
correspond to the abundance of the guilds in each sample. Guild 431 abundance (Figure
2-8, A) increases as axis 1 score decreases, suggesting that this guild is closely associated
with marginal marine environments. Guild 361 abundance (Figure 2-8, B) increases as
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axis 1 and axis 2 increase, suggesting that this guild is more abundant in both Pliocene
and open marine units. This separation of guild 431 and 361 along axis 1 of the guild
DCA also corresponds with axis 2 of the species level DCA. There, Turritella (guild 431)
plots at negative values of axis 2, whereas Chama (guild 361) plots at positive values of
axis 2. This suggests that functionally, the differences in environment seen along axis 2
of the species DCA are reflected along axis 1 of the guild DCA. In other words, among
guilds, environment is more important than time.

Figure 2-8: Detrended Correspondance Analysis for guilds with the abundance of guild 431 (A)
and guild 361 (B) corresponding to the size of the points. Larger circles indicate greater
abundances.
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Relative Abundance Structure

Rank abundance plots of species and guilds are shown in Figures 2-9 and 2-10.
These plots show the relative abundance of each species or guild during that time period,
but preserve the order of taxa from the oldest time unit, the Yorktown Formation.
Changes in the shape of these plots is a way to assess how relative abundance changed
between time intervals. By taking the absolute value of the difference of two intervals, we
can numerically assess the amount of relative abundance changes (ΔRAD, Table 2-2).
From the Yorktown to Chowan River Formations, species rank abundances
change significantly, though most of the species that increase dramatically in abundance
were present in Yorktown Formation samples. The most abundant species in the
Yorktown Formation is Mulina congesta, followed by Chama sp. and Ostrea sp. These
species, which all account for nearly 40% of all specimens in the Yorktown Formation,
decline drastically in abundance in the Chowan River Formation, where they make up
only 4% of specimens. The abundance distribution in the Chowan River Formation is
dominated largely by two species, Turritella beaufortensis and T. virginica. Together
these make up approximately 40% of species abundance in the Chowan River Formation
samples. The resulting ΔRAD from the Yorktown to Chowan River Formation is 1.49,
indicating large taxonomic turnover.
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Figure 2-9: Relative abundance distributions for each species for the Yorktown Formation (A),
Chowan River Formation (B) and the James City Formation (C).
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Two guilds dominate the Yorktown Formation relative abundance distribution
(Figure 2-10), 531, made up of a large group of bivalve species, and 361, attached forms
like oysters and the gastropod Chama. All other guilds in the Yorktown Formation are
rare. After the transition from the Pliocene to the Pleistocene, there is a loss in the
proportion of guild 531 and the near elimination of guild 361. This corresponds with the
decline in the 2nd and 3rd most abundant species in the Yorktown Formation, Chama sp.
and Ostrea sp., both members of guild 361. However, guild 431, mostly made up of T.
beaufortensis and T. virginica, dramatically increases in abundance. The result is that two
guilds dominate the Chowan River Formation, one holdover from the Yorktown
Formation, and a previously rare guild, 431. Even though most guilds remain rare,
because of the large changes in Guilds 361 and 431, ΔRAD between these units is 1.01.
From the Chowan River Formation to the James City Formation, there is a large
increase in guild 531 at the expense of all other guilds. Guild 531 peaks near 80% of
ecological abundance and all other functions remain rare. This results in a ΔRAD of 1.08,
similar in magnitude to the Yorktown/Chowan River Formation. However,
environmentally, most Yorktown Formation samples and all James City Formation
samples are open marine environments, whereas the Chowan River Formation contains
both open and marginal marine environments. Comparing the Yorktown and James City
Formation directly results in a ΔRAD of 0.82, which is largely due to increased
abundances of guild 531 and decreased abundances of guild 431 in the James City
Formation samples. This pattern is driven by the extreme abundances of Cyclocardia
granulata (39% of James City Formation abundance) and Astarte concentrica (23% of
James City Formation abundance). Therefore, the comparison that yields the largest
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ΔRAD in the taxonomic dataset (1.65) is also the comparison that yields the smallest
ΔRAD in the guild dataset (0.82).

Figure 2-10: Relative abundance distributions for each guild in each time bin.
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Because the cluster analysis and ordination showed that the Chowan River
Formation samples from the Edenhouse Member were more similar to the James City
Formation samples than the Colerain Beach Member, we separated the Chowan River
Formation samples into different environments. Comparing species of the Yorktown
Formation to the separated Chowan River Formation results in a ΔRAD of 1.61 for the
marginal marine samples and 1.41 for the open marine samples, indicating large changes
in species abundances across this boundary regardless of the environmental differences or
similarities. However, this changes for guilds. A comparison of the Yorktown Formation
with marginal marine Chowan River Formation samples results in a ΔRAD of 1.30, but a
comparison with the open marine Chowan River Formation samples results in a ΔRAD of
0.58, the lowest in the dataset. The results are similar when comparing the separated
Chowan River and James City Formations. The species/guild ΔRAD is 1.78/1.34 for the
marginal marine samples and 1.18/0.61 for the open marine samples. This suggests that
the major ecological changes in relative abundance were driven by changes in
environment rather than temporal turnover.
Table 2-2: ΔRAD for all units in this study.

Chowan River All
Chowan River –
Open Marine
Chowan River –
Marginal Marine
Yorktown

Chowan River
- Christie

Chowan River Jones

Chowan River All

James City

-

-

-

1.48/1.08

-

-

-

1.18/0.61

-

1.59/1.18

-

1.78/1.34

1.62/1.30

1.41/0.58

1.49/1.01

1.65/0.82

84

Discussion

Taxonomic and Ecological Changes from the Pliocene to Pleistocene

Our results suggest that the Plio-Pleistocene extinction among mollusks was more
severe taxonomically than it was ecologically. Among species, gamma diversity
decreased from the Yorktown to James City Formations by about 25%, and saw the
extinction of nearly 85% of species present in the Yorktown Formation. In the cluster
analysis, the most basal split in the dendrogram occurs between the open marine
Pliocene/marginal marine Pleistocene and the open marine Pleistocene material. This
indicates that the largest difference in the taxonomic dataset is occurring between these
open marine Pliocene and Pleistocene samples. In the DCA of species, open marine
Chowan River Formation and James City Formation samples are separated from the
Yorktown Formation samples along axis 1. These taxonomic changes are also associated
with changes in relative abundance. The ΔRAD for comparisons of species are all over 1,
indicating a greater than 50% change in the relative abundance distribution of taxa. The
lowest taxonomic ΔRAD occurs between the two open marine Pleistocene units, the
Chowan River Formation Edenhouse member and James City Formation samples, which
would be expected because this comparison is between post-extinction units from similar
environments.
However, among guilds there is less change associated with the Plio-Pleistocene
extinction, suggesting that this event was not as severe ecologically as it was
taxonomically. Guild diversity decreases slightly from the Yorktown to James City
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Formations, but the guilds lost are rare (Figure 2-10). The relative abundance
distributions show that most guilds make up only a small proportion of the individuals in
these communities. In addition, the cluster analysis shows that the deepest split in the
dendrogram occurs between four low guild diversity Chowan River Formation samples
(guild cluster 1) and the rest of the dataset. The second split occurs between the Chowan
River Formations samples (guild cluster 2) and the Yorktown Formation samples (guild
cluster 3), indicating a temporal split between these samples and suggesting that there is
an ecological difference between these time units, but it is not as large as the variation
within the Chowan River Formation. This is due to the high abundance of guild 431,
dominated by Turritella, as is seen in the 2-way cluster analysis.
We see a similar result in the DCA of guilds. Axis 1 shows a Yorktown-Chowan
River Formation temporal gradient, but the Chowan River Formation samples are flipped
relative to the species-level DCA. In the guild DCA, the open marine Chowan River
Formation samples plot more closely to the Yorktown Formation samples on axis 1 than
the marginal marine environment Chowan River Formation samples suggesting that this
gradient represents changing environments. A weak lithological signal can be seen in the
guild-level DCA, with most marginal marine samples plotting towards negative axis 1
values, suggesting that environment is at least partially reflected in the major axis of
variation. Ecological ΔRAD also changes much less between temporal units than it does
between environments. Comparisons between the Yorktown Formation and open marine
Chowan River Formation samples (ΔRAD = 0.58), the open marine Chowan River
Formation and James City Formation samples (ΔRAD = 0.61), and the Yorktown
Formation and James City Formation samples (ΔRAD = 0.82) are all less than the open
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marine Chowan River Formation and marginal marine Chowan River Formation samples
(ΔRAD = 1.18).
In summary, decreases in taxonomic diversity and major changes in Virginia and
North Carolina are accompanied by a slight decrease in functional diversity and minor
changes in ecological gradient and relative abundance structure. In addition, ecological
changes are more strongly associated with differences in environment than time.
This is different than functional studies done across the Plio-Pleistocene
extinction in the Caribbean. Leonard-Pingel et al. (2012) showed an increase in attached
bivalve functional groups in response to the increase of coral and seagrass habitats after
the Pliocene in the Caribbean. In addition, Leonard-Pingel and Jackson (2016) showed an
increase in drilling predation across the Plio-Pleistocene boundary in the Caribbean
which they argue was caused by the shift to coral reef environments in this area. North of
Cape Hatteras, while temperature has decreased, habitat types have not changed greatly
since the Pliocene. This suggests that future functional changes would be expected if
habitat changes not necessarily if temperature changes. These differences between the
Caribbean and areas north of Cape Hatteras mean that a large, regional extinction event
linked to the closure of the CAI, occurred in two different areas because of two different
mechanisms, and that these consequences can be seen in the taxonomic and ecological
patterns of the extinction.
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Open Marine Environments Changed more than Marginal Marine Environments

One interesting result of this study is that the marginal marine environment
Chowan River Formation samples are more closely allied to the Yorktown Formation
than the open marine Chowan River Formation samples. This connection between the
pre- and post-extinction marginal marine samples suggests that this environment was not
affected as strongly by the Plio-Pleistocene extinction as the open marine environment.
This greater change in open marine habitats is likely associated with the
environmental changes that occurred from the Pliocene to Pleistocene in Virginia and
northern North Carolina. During this time, the Gulf Stream Current deflected east off the
coast of the United States near Cape Hatteras, North Carolina. As shown in Chapter 1,
this environmental change resulted in a massive change in the communities across the
Plio-Pleistocene boundary in open marine environments. After the Gulf Stream deflected
east, temperatures would have decreased north of Cape Hatteras (Cronin and Dowsett
1990; Winkelstern et al. 2013). But shallower marginal marine systems may have been
buffered from this environmental change because they are less affected by the Gulf
Stream current than open marine environments. If this is true, we may expect to see
greater taxonomic changes in open marine areas north of Cape Hatteras than we would in
marginal marine areas, like the Chesapeake Bay. To test this, we should target early-mid
Pliocene (James City Formation equivalent) marginal marine environments for future
studies. Less faunal change in these environments than the open marine environments
would support this hypothesis.
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Conclusions
1. Molluscan communities in the Western Atlantic north of 35°N were severely

affected by the Plio-Pleistocene extinction in terms of taxonomic composition, but
did not experience large changes in terms of guild composition. This may indicate
that as temperatures begin to warm and areas north of Cape Hatteras begin to
transition back to a more Pliocene-like state, we would expect many new species
to invade this area, but few new functions.
2. Pre- and post-extinction marginal marine environments were taxonomically more

similar than pre- and post-extinction open marine environments, suggesting that
marginal marine areas were less affected by the extinction event.
3. This may be due to the deflection of the Gulf Stream Current east into open water

after the Pliocene. Sea surface temperatures declined severely north of Cape
Hatteras after this deflection, but may have changed less in shallower, marginal
marine environments.

References

Allmon, W. D. 1992: Role of temperature and nutrients in extinction of turritelline
gastropods: Cenozoic of the northwestern Atlantic and northeastern Pacific.
Palaeogeography, Palaeoclimatology, Palaeoecology 92:41–54.
Allmon, W. D. 2001: Nutrients, temperature, disturbance, and evolution: a model for the
late Cenozoic marine record of the western Atlantic. Palaeogeography,
Palaeoclimatology, Palaeoecology 166:9–26.
Allmon, W. D., G. Rosenberg, R. W. Portell, and K. S. Schindler. 1996: Diversity of
Pliocene-Recent Mollusks in the Western Atlantic: Extinction, Origination, and
Environmental Change. 10. Ppp.271–302 in J. B. C. Jackson, A. F. Budd, and A. G.
Coates, eds. Evolution and Environment in Tropical America. The University of

89

Chicago Press, Chicago.
Bailey, R. H. 1977: Neogene molluscan assemblage along the Chowan River. Vol. 18.
North Carolina: Southeastern Geology, 173–189 pp.
Barnosky, A. D., N. Matzke, S. Tomiya, G. O. U. Wogan, B. Swartz, T. B. Quental, C.
Marshall, J. L. McGuire, E. L. Lindsey, K. C. Maguire, B. Mersey, and E. A. Ferrer.
2011: Has the Earth's sixth mass extinction already arrived? Nature 471:51–57.
Berggren, W. A., and C. D. Hollister. 1974: Paleogeography, Paleobiogeography and the
History of Circulation in the Atlantic Ocean. Society of Economic Paleontologists
and Mineralogists Special Publications 20:126–166.
Berggren, W. A., and C. D. Hollister. 1977: Plate tectonics and paleocirculation—
commotion in the ocean. Tectonophysics 38:11–48.
Blackwelder, B. W. 1981a: Stratigraphy of upper Pliocene and lower Pleistocene marine
and estaurine deposits of northeastern North Carolina and southeastern Virginia. U.S.
Geological Survey Bulletin 1502-B:1–16.
Blackwelder, B. W. 1981b: Late Cenozoic marine deposition in the United States
Atlantic Coastal Plain related to tectonism and global climate. Palaeogeography
34:87–114.
Blackwelder, B. W. 1981c: Late Cenozoic marine deposition in the United States Atlantic
Coastal Plain related to tectonism and global climate. Palaeogeography,
Palaeoclimatology, Palaeoecology 34:87–114.
Bonelli, J. R., and M. E. Patzkowsky. 2011: Taxonomic and ecologic persistence across
the onset of the late Paleozoic ice age: evidence from the upper Mississippian
(Chesterian series), Illinois basin, United States. Palaios 26:5–17.
Bottjer, D. J., and W. I. Ausich. 1986: Phanerozoic development of tiering in soft
substrata suspension-feeding communities. Paleobiology 12:400–420.
Boucot, A. J. 1983: Does evolution take place in an ecological vacuum? II. Journal of
Paleontology 57:1–30.
Budd, A. F. 2000: Diversity and extinction in the Cenozoic history of Caribbean reefs.
Coral Reefs 19:25–35.
Bush, A. M., and R. K. Bambach. 2004: Did alpha diversity increase during the
Phanerozoic? Lifting the veils of taphonomic, latitudinal, and environmental biases.
Journal of Geology 112:625–642.
Bush, A. M., and R. K. Bambach. 2011: Paleoecologic Megatrends in Marine Metazoa.
Annual Review of Earth and Planetary Sciences 39:241–269.
Bush, A. M., R. K. Bambach, and G. M. Daley. 2007: Changes in theoretical ecospace
utilization in marine fossil assemblages between the mid-Paleozoic and late
Cenozoic. Paleobiology 33:76–97.
Campbell, L. D. 1993: Pliocene molluscs from the Yorktown and Chowan River
formations in Virginia. Vol. 127. Commonwealth of Virginia, Department of Mines,
Minerals, and Energy, Division of Mineral Resources, Charlottesville, pp.
Cerame-Vivas, M. J., and I. E. Gray. 1966: The distributional pattern of benthic
invertebrates of the continental shelf off North Carolina. Ecology 47:260–270.
Chandler, M., D. Rind, and R. Thompson. 1994: Joint investigations of the middle
Pliocene climate II: GISS GCM Northern Hemisphere results. Global and Planetary
Change 9:197–219.

90

Cheetham, A. H., and J. B. C. Jackson. 1996: Speciation, extinction, and the decline of
arborescent growth in Neogene and Quaternary cheilostome Bryozoa of tropical
America. Ppp.205–233 in J. B. C. Jackson, A. F. Budd, and A. G. Coates, eds.
Evolution and Environment in Tropical America. University of Chicago Press,
Chicago, Illinois.
Christie, M., S. M. Holland, and A. M. Bush. 2013: Contrasting the ecological and
taxonomic consequences of extinction. Paleobiology 39:538–559.
Cronin, T. M., and H. J. Dowsett. 1990: A quantitative micropaleontologic method for
shallow marine peleoclimatology: Application to Pliocene deposits of the western
North Atlantic Ocean. Marine Micropaleontology 16:117–147.
Dineen, A. A., M. L. Fraiser, and P. M. Sheehan. 2014: Quantifying functional diversity
in pre- and post-extinction paleocommunities: A test of ecological restructuring after
the end-Permian mass extinction. Earth-Science Reviews 136:339–349.
Dowsett, H. J., and L. B. Wiggs. 1992: Planktonic foraminiferal assemblage of the
Yorktown Formation, Virginia, USA. Micropaleontology 38:75–86.
Droser, M. L., D. J. Bottjer, and P. M. Sheehan. 1997: Evaluating the ecological
architecture of major events in the Phanerozoic history of marine invertebrate life.
Geology 25:167–170.
Droser, M. L., D. J. Bottjer, P. M. Sheehan, and G. R. McGhee. 2000: Decoupling of
taxonomic and ecologic severity of Phanerozoic marine mass extinctions. Geology
28:675–678.
DuBar, J. R., and R. J. Solliday. 1963: Stratigraphy of the Neogene deposits, lower Neuse
estuary, North Carolina. Southeastern Geology 4:213–233.
Gardner, J. A., and W. C. Mansfield. 1943: Mollusca from the Miocene and lower
Pliocene of Virginia and North Carolina. 199.
Gering, J. C., T. O. Crist, and J. A. Veech. 2003: Additive Partitioning of Species
Diversity across Multiple Spatial Scales: Implications for Regional Conservation of
Biodiversity. Conservation Biology 17:488–499.
Haywood, A. M., A. Ridgwell, D. J. Lunt, D. J. Hill, M. J. Pound, H. J. Dowsett, A. M.
Dolan, J. E. Francis, and M. Williams. 2011: Are there pre-Quaternary geological
analogues for a future greenhouse warming? Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences 369:933–956.
Hecht, A. D. 1969: Miocene distribution of molluscan provinces along the east coast of
the United States. Geological Society of America Bulletin 80:1617–1620.
Hill, M. O., and H. G. Gauch. 1980: Detrended correspondence analysis: an improved
ordination technique. Plant Ecology 42:47–58.
Holland, S. M. 2010: Additive diversity partitioning in palaeobiology: revisiting
Sepkoski’s question. Palaeontology 53:1237–1254.
Holland, S. M., and M. E. Patzkowsky. 2007: Gradient Ecology of a Biotic Invasion:
Biofacies of the Type Cincinnatian Series (Upper Ordovician), Cincinnati, Ohio
Region, Usa. Palaios 22:392–407.
Holmlund, C. M., and M. Hammer. 1999: Ecosystem services generated by fish
populations. Ecological Economics 29:253–268.
Jackson, B. C., P. Jung, A. G. Coates, and L. S. Collins. 1993: Diversity and Extinction
of Tropical American Mollusks and Emergence of the Isthmus of Panama.

91

Science:1624–1626.
Jackson, D. A., and K. M. Somers. 1991: Putting things in order: the ups and downs of
detrended correspondence analysis. The American Naturalist 137:704–712.
Jackson, J. B. C., and D. H. Erwin. 2006: What can we learn about ecology and evolution
from the fossil record? Trends in ecology & evolution (Personal edition) 21:322–328.
Johnson, G. H., D. S. Powars, T. S. Bruce, B. T. A, H. M. S, and B. K. Goodwin. 2001:
Post-impact effects of the Eocene Chesapeake Bay impact lower York-James
peninsula, Virginia. Virginia Geological Field Conference:1–40.
Jones, N. 2013: Troubling milestone for CO2. Nature Geoscience 6:589–589.
Kidwell, S. M. 2002: Time-averaged molluscan death assemblages: Palimpsests of
richness, snapshots of abundance. Geology 30:803–806.
Krantz, D. E. 1991: A chronology of Pliocene sea-level fluctuations: the US middle
Atlantic coastal plain record. Quaternary Science Reviews 10:163–174.
Lande, R. 1996: Statistics and Partitioning of Species Diversity, and Similarity among
Multiple Communities. Oikos 76:5–13.
Layou, K. M. 2009: Ecological Restructuring After Extinction: the Late Ordovician
(Mohawkian) of the Eastern United States. Palaios 24:118–130.
Leonard-Pingel, J. S., and J. B. C. Jackson. 2016: Drilling predation increased in
response to changing environments in the Caribbean Neogene. Paleobiology 42:394–
409.
Leonard-Pingel, J. S., B. C. Jackson, and A. O'Dea. 2012: Changes in bivalve functional
and assemblage ecology in response to environmental change in the Caribbean
Neogene. Paleobiology 38:509–524.
Lockwood, R., and L. R. Chastant. 2006: QUANTIFYING TAPHONOMIC BIAS OF
COMPOSITIONAL FIDELITY, SPECIES RICHNESS, AND RANK
ABUNDANCE IN MOLLUSCAN DEATH ASSEMBLAGES FROM THE UPPER
CHESAPEAKE BAY. Palaios 21:376–383.
McCune, B., and J. B. Grace. 2002: Analysis of ecological communities. Vol. 28. MjM
Software Design, Gleneden Beach, Oregon, pp.
McGhee, G., P. Sheehan, D. Bottjer, and M. Droser. 2004: Ecological ranking of
Phanerozoic biodiversity crises: ecological and taxonomic severities are decoupled.
Palaeogeography, Palaeoclimatology, Palaeoecology 211:289–297.
Pagani, M., Z. Liu, J. LaRiviere, and A. C. Ravelo. 2010: High Earth-system climate
sensitivity determined from Pliocene carbon dioxide concentrations. Nature
Geoscience 3:27–30.
Patzkowsky, M. E., and S. M. Holland. 1999: Biofacies replacement in a sequence
stratigraphic framework; Middle and Upper Ordovician of the Nashville Dome,
Tennessee, USA. Palaios 14:301–317.
Peet, R. K., R. G. Knox, J. S. Case, and R. B. Allen. 1988: Putting things in order: the
advantages of detrended correspondence analysis. American Naturalist 131:924–934.
Petuch, E. J. 1995: Molluscan diversity in the late Neogene of Florida: evidence for a
two-staged mass extinction. Science 270:275–277.
Pinsky, M. L., B. Worm, M. J. Fogarty, J. L. Sarmiento, and S. A. Levin. 2013: Marine
Taxa Track Local Climate Velocities. Science 341:1239–1242.
Plotnick, R. E., and M. L. McKinney. 1993: Ecosystem organization and extinction

92

dynamics. Palaios 8:202–212.
Poloczanska, E. S., C. J. Brown, W. J. Sydeman, W. Kiessling, D. S. Schoeman, P. J.
Moore, K. Brander, J. F. Bruno, L. B. Buckley, M. T. Burrows, C. M. Duarte, B. S.
Halpern, J. Holding, C. V. Kappel, M. I. O'Connor, J. M. Pandolfi, C. Parmesan, F.
Schwing, S. A. Thompson, and A. J. Richardson. 2013: Global imprint of climate
change on marine life. Nature Climate Change 3:1–7.
R Core Team. 2014: R: A language and environment for statistical computing.
Reinson, G. E. 1984: Barrier-island and assocaited strand-plain systems. 9. Ppp.119–140
in R. G. Walker, ed. Facies Models.
Root, R. B. 1967: The niche exploitation pattern of the Blue-gray Gnatcatcher. Ecological
monographs 37:317–350.
Roy, K. 1996: The roles of mass extinction and biotic interaction in large-scale
replacements: a reexamination using the fossil record of stromboidean gastropods.
Paleobiology 22:436–452.
Seki, O., G. L. Foster, D. N. Schmidt, A. Mackensen, K. Kawamura, and R. D. Pancost.
2010: Alkenone and boron-based Pliocene pCO2 records. Earth and Planetary
Science Letters 292:201–211.
Sheehan, P. 1996: A new look at Ecologic Evolutionary Units (EEUs). Palaeogeography,
Palaeoclimatology, Palaeoecology 127:21–32.
Stanley, S. M. 1986: Anatomy of a regional mass extinction: Plio-Pleistocene decimation
of the western Atlantic bivalve fauna. Palaios 1:17–36.
Stanley, S. M., and L. D. Campbell. 1981: Neogene mass extinction of Western Atlantic
molluscs. Nature 293:457–459.
Thébault, E., V. Huber, and M. Loreau. 2007: Cascading extinctions and ecosystem
functioning: contrasting effects of diversity depending on food web structure. Oikos
116:163–173.
Todd, J. A., J. Jackson, K. G. Johnson, H. M. Fortunato, A. Heitz, M. Alvarez, and P.
Jung. 2002: The ecology of extinction: molluscan feeding and faunal turnover in the
Caribbean Neogene. Proceedings of the Royal Society of London. Series B:
Biological Sciences 269:571–577.
Veech, J. A., K. S. Summerville, T. O. Crist, and J. C. Gering. 2002: The additive
partitioning of species diversity: recent revival of an old idea. Oikos 99:3–9.
Ward, L. W. 2008: Geology and paleontology of the James River: Richmond to Hampton
Roads. The Virginia Museum of Natural History, pp.
Ward, L. W., and B. W. Blackwelder. 1980: Stratigraphic revision of upper Miocene and
lower Pliocene beds of the Chesapeake Group, middle Atlantic Coastal Plain. U.S.
Geological Survey Bulletin 1482-D.
Ward, L. W., and B. W. Blackwelder. 1987: Late Pliocene and Early Pleistocene
Mollusca from the James City and Chowan River Formations at the Lee Creek Mine.
Ppp.113–283 in C. E. Ray, ed. Geology and Paleontology of the Lee Creek Mine,
North Carolina, II. The Virginia Museum of Natural History, Washington, DC.
Watkins, R. 1991: Guild structure and tiering in a high-diversity Silurian community,
Milwaukee County, Wisconsin. Palaios 6:465–478.
Winkelstern, I., D. Surge, and J. W. Hudley. 2013: Multiproxy sclerochronological
evidence for Plio-Pleistocene regional warmth: United States mid-Atlantic coastal

93

plain. Palaios 28:649–660.
Worm, B., E. B. Barbier, N. Beaumont, J. E. Duffy, C. Folke, B. S. Halpern, J. B. C.
Jackson, H. K. Lotze, F. Micheli, S. R. Palumbi, E. Sala, K. A. Selkoe, J. J.
Stachowicz, and R. Watson. 2006: Impacts of Biodiversity Loss on Ocean Ecosystem
Services. Science 314:787–790.

94
Authors: M. Christie, C.R. Congreve, M.E. Patzkowsky.
This manuscript is formatted for submission to the journal Paleobiology. M. Christie did the data
collection and analysis and wrote the manuscript. C.R. Congreve helped develop the
methodology and helped edit the manuscript. M.E. Patzkowsky advised and helped edit the
manuscript.

95
Chapter 3

Phylogenetic Diversity of the Lucinidae in the Western Atlantic using Fossils and
Molecules

Abstract

While extinction is most often thought of in terms of the number of species that
are lost in some time span, it can also be thought of as the amount of evolutionary history
lost in that time. Because extinction prunes branches from the tree of life, the extinction
of species with long evolutionary histories is more severe than extinction of species with
short evolutionary histories. This measure is important because a higher amount of
evolutionary history in communities correlates with more ecological functions and
greater ecosystem stability. Preserving the maximum amount of evolutionary history is a
component of conservation efforts in the face of modern extinction.
In this study we investigated how evolutionary history loss has occurred since the
Pliocene, one analog of modern climate change. Pliocene environments were globally 2-3
°C warmer and carbon dioxide concentrations were similar to today. To study how
evolutionary history has changed since the Pliocene, we created a phylogeny of the
Lucinidae, a family of chemosymbiotic bivalves, using molecular sequences for extant
species, fossil species last occurrences, and morphological data for a subset of extant and
extinct species. We then measured the amount of evolutionary history (phylogenetic
diversity) lost in this group since the Pliocene among species in the Western North

96

Atlantic. Combining molecular sequences and morphological characters, allowing us to
measure the evolutionary history of extinct species. We found that lucinids did not lose
any more evolutionary history than would be expected by chance in Florida, but north of
Florida, lucinids lost far more evolutionary history than would be expected. The
reduction in evolutionary history was caused by a group of related lucinids that were
range restricted south of 30°N after the Pliocene, likely due to temperature decline. This
suggests that as temperature warms we may see expansion of these lucinids back to their
Pliocene latitudinal range, thus increasing measures of evolutionary history.

Introduction

Extinction is most often measured in terms of the number of taxa (species, genera,
families, etc.) that go extinct in a particular interval of time. But another way to examine
extinction is to think about how the elimination of these taxa prunes the tree of life. In
this context, the extinction of an organism with a long evolutionary history is more severe
than the extinction of one with a short evolutionary history because the former removes
more information from the tree (Mace et al. 2003). One way to measure the effects of
extinction on evolutionary history is with phylogenetics. By measuring the lengths of
branches on a phylogenetic tree, we can estimate how evolutionary history has changed
within communities through time. This is important because ecosystems today are
experiencing elevated levels of extinction due to climate change and anthropogenenic
effects (Barnosky et al. 2011; Payne et al. 2016). Understanding how evolutionary history
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was lost in past extinctions may help us understand large-scale patterns of how
evolutionary history loss may occur in the future.
One analog of modern climate change is the Pliocene. While the Pliocene to
Pleistocene transition is a cooling one, the recent nature of the extinction event allows us
to study many extant species and their closely related extinct species under high CO2
conditions. Pliocene carbon dioxide concentrations were 350-400 ppm, similar to today
(Seki et al. 2010), and global temperatures were approximately 2-3°C warmer (Chandler
et al. 1994; Dowsett et al. 2011). The transition to the Pleistocene resulted in the
extinction of roughly 70% of marine mollusk species in the Caribbean and Western North
Atlantic (Stanley 1986; Allmon et al. 1996; O'Dea et al. 2007). This resulted in major
changes in biogeography (Chapter 1) and taxonomic composition (Chapter 2) in northern
areas, and major taxonomic and ecological disruption in the Caribbean (Todd et al. 2002;
Leonard-Pingel et al. 2012; Leonard-Pingel and Jackson 2016). However, the effects of
the Plio-Pleistocene extinction on evolutionary history in this area have not been
investigated.
We created a time-calibrated total evidence phylogeny for the Lucinidae, a
diverse group of chemosymbiotic bivalves, to understand the patterns and processes of
evolutionary history loss across the Plio-Pleistocene extinction and into the recent in the
Western North Atlantic. Total evidence analyses use molecular and morphological data
from extant taxa to fit extinct taxa with only morphological data into the phylogeny. Here
we coded morphological information for a subset of extinct and extant lucinids species
that occur in the Western North Atlantic, and then used fossil last occurrences to tip-date
the tree. By using morphological data, we can estimate the branch lengths of extinct
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lucinids species that occurred in the Western North Atlantic. This allows us to explicitly
measure the evolutionary history loss due to extinction. We show that among lucinids,
more evolutionary history was lost than would be expected by chance in areas north of
Florida. When northern-range endpoint is mapped onto the tree, we see that a group of
related lucinids was range restricted south of Florida after the Pliocene, accounting for
most of the evolutionary history loss. Taken together this indicates that lucinids were
range restricted starting in the Pleistocene, which led to communities with decreased
evolutionary history north of Florida.

Background

Measuring Evolutionary History

Understanding extinction from a phylogenetic perspective allows us to measure
biodiversity in terms of evolutionary history instead of taxonomy. Communities with
high measures of evolutionary history tend to be more resistant to change (Cadotte 2007)
and are more functionally diverse (Flynn et al. 2011; Srivastava et al. 2012). This is
important because extinction can cascade though a community when functions are
eliminated (Thébault et al. 2007). Preserving biodiversity through maximizing the
amount of evolutionary history retained has even been a conservation tool (Faith 1992;
Faith and Baker 2006; Winter et al. 2013; Pollock et al. 2015). Because extinct taxa are
not often incorporated into molecular phylogenies by neontologists, patterns of
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evolutionary history loss due to extinction have not been well studied. The PlioPleistocene extinction is a good target for this research because while many taxa went
extinct in the Western North Atlantic, there are still many recent extant relatives with
molecular sequence information, and a rich fossil record from which to derive
morphological characters.
Although molecular systematics present powerful tools for inferring phylogenies,
they cannot include the 99% of all species that are now extinct. Since the advent of
molecular phylogenetics, morphological systematics has become less common (Pyron
2015), but recently, the use of morphological data has been growing (Lee and Palci
2015). Recent ‘total evidence’ analyses have attempted to bridge the gap between
molecular and morphological phylogenies by combining the two sources of data –
molecular sequences on one hand and morphological characters on the other (Eernisse
and Kluge 1993; Lee et al. 2009; Pyron 2011; Ronquist et al. 2012; Wood et al. 2013;
Arcila et al. 2015; Dornburg et al. 2015; Zhang et al. 2015). A total evidence analysis
combines sequence and morphological information and uses those relationships in
concert to develop a tree. Extant taxa with sequence information are also coded for
morphology, while extinct taxa are coded for morphology only. This allows us to
analytically merge sequence information from extant taxa with morphological characters
from extinct taxa into one tree. This has the advantage of explicitly testing a taxon’s
position in the phylogeny using all the data available. A total evidence analysis is
important when studying the effects of extinction on evolutionary history because it
measures the branch lengths of extinct taxa on the phylogeny. This allows us to quantify
the amount of evolutionary history lost after an extinction event.
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Plio-Pleistocene Extinction

The Plio-Pleistocene extinction was a two-pulsed regional event that occurred
approximately 2.6 million years ago, and affected mainly marine invertebrates including
mollusks, corals, and bryozoans (Stanley 1986; Petuch 1995; Cheetham and Jackson
1996; Budd 2000). A combination of lower productivity and cooling in the Western
Atlantic associated with the formation of the Central American Isthmus are possible
causes of the extinction (Allmon 1992; 2001).
Geographic differences determined the survivors of the Plio-Pleistocene
extinction; today, sub-tropical taxa are confined to areas south of Cape Hatteras, North
Carolina, while temperate taxa reside in habitats north of Cape Hatteras (Cerame-Vivas
and Gray 1966). However, during the Pliocene, sub-tropical taxa ranged much farther
north and are found in Virginia and Maryland (Allmon et al. 1996; Chapter 1). Diversion
of the Gulf Stream Current at North Carolina may explain this pattern. Today, warm Gulf
Stream waters travel up the eastern coast of North America before they are rerouted
offshore at Cape Hatteras (Berggren and Hollister 1974; 1977). During the Pliocene,
warmer waters north of Cape Hatteras allowed sub-tropical species, like muricid snails, to
range into Virginia and Maryland; these taxa have since gone extinct in these areas, likely
due to cooling (Campbell 1993; Allmon et al. 1996; Chapter 1).
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Lucinidae

The Lucinidae are a family of marine bivalves with fossil specimens dating back to at
least the Silurian (Liljedahl 1991; 1992). They generally have small, subcircular shells,
and range in ornamentation from smooth to highly convoluted. Lucinid habitats range
from very shallow water to deep hydrothermal vents, although they seem to be most
diverse in shallow, tropical waters (Taylor and Glover 2006). While lucinids do not have
long siphons, they can burrow deeply, using their large foot to clear sediment and line the
burrow with mucus. Members of this family are chemosymbiotic, housing sulfideoxidizing bacteria that provide much of their nutrient source (Distel and Felbeck 1987;
Distel 1998; Ball et al. 2009). While other bivalve groups exhibit similar symbioses
(Fisher 1990), over 330 modern species are known, making lucinids the most diverse
group of chemosymbiotic bivalves (Taylor and Glover 2010a; Taylor et al. 2011). This
chemosymbiosis plays an important ecological function, removing sulfide from the water.
In coastal areas, this can have profound impacts on the health of seagrass communities
because sulfide can be a major stress on seagrasses like Thalassia (Reynolds et al. 2007).
The association of lucinids, their symbionts, and seagrasses has been shown to reduce
sulfide levels due to bacterial decomposition and increase seagrass biomass (van der
Heide et al. 2012).
We chose to use lucinids for several reasons. First approximately 70% of lucinid
species go extinct in the Western Atlantic during the Plio-Pleistocene extinction in
Stanley’s (1986) dataset, matching the overall extinction pattern. Second lucinid species
are range restricted south of Cape Hatteras after the Pliocene in the Western Atlantic.
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Roughly 50% of lucinid species have northern range endpoints south of Cape Hatteras in
the Pliocene, but over 80% have northern range endpoints south of Cape Hatteras in the
Pleistocene, and over 90% in the recent (Chapter 1). Third, lucinids have a long fossil
record, dating back to the Silurian (Liljedahl 1991), are well represented in Western
Atlantic fossil assemblages, and have a character rich shell. And fourth, lucinids have
been well studied in the modern, and have abundant molecular information available for
phylogenetic analysis (Taylor and Glover 2000; 2006; Taylor et al. 2007a, b; Taylor and
Glover 2010b; Taylor et al. 2011; 2013; 2014).

Methods

Data

Sequence information for the 18s rRNA subunit of a global dataset of lucinids
was downloaded from GenBank in August, 2015. We used sequences generated for one
study (Taylor et al, 2011) and only used sequences from the 18s rRNA subunit. These
sequences were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)
and adjusted by hand in Mesquite 3.03. In total we used 89 sequences which represented
all of the species the 18s rRNA data was available for.
A global dataset of lucinid fossil species was downloaded from the Paleobiology
Database in August, 2015. The last occurrences of 204 lucinid species were recorded to
temporally calibrate these tips. These extinct taxa were added to the tree as monophyletic
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groups based on their genus identity, as in Huang et al. (2015). All fossil genera had at
least one representative with molecular sequence data.
Forty seven morphological shell characters, some new for this study and some
based on previous work (Bretsky 1976; Taylor and Glover 1997; McClure and Lockwood
2015) were coded for 25 living and extinct species of lucinids plus the outgroup,
Thyasira polygona (Jefferys, 1864). We chose these species because they occurred in the
Western North Atlantic during the Pliocene, which allows us to assess the effects of the
extinction on evolutionary history. Of those 25 species, 10 have recorded 18s rRNA
sequences. All of the data, including morphological characters, and MrBayes commands
used in these analyses are available in Appendix C.

Phylogenetic Trees

We compiled all the sequence, morphological, and temporal data into a single
nexus file. The data were partitioned into two groups, a molecular group with the 18s
rRNA sequence data, and a morphological data group. We modeled molecular sequence
changes with a relaxed, inverse gamma distributed clock and morphological changes with
a gamma distributed clock (Ronquist et al. 2012). We chose to use the Fossilized BirthDeath (FBD) model to estimate divergence times in this analysis (Stadler 2011; Didier et
al. 2012; Ronquist et al. 2012; Gavryushkina et al. 2014; Heath et al. 2014; Wright 2017).
The FBD model allows for the integration of modern and fossil species into ‘the same
macroevolutionary process’ by estimating the distribution of speciation time and
recovered fossils (Heath et al. 2014). Instead of calibrating each fossil node individually,
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the FBD uses speciation rate, extinction rate, fossil recovery rate, and proportion of
sampled extant species as priors in the Bayesian analysis of divergence times. This is
advantageous because it does not require fossil calibration of each node a priori.
Therefore, the analysis can incorporate variability in fossil placement while still using
temporal information from those fossils to estimate divergence times.
We used MrBayes to create our phylogeny. We ran the Markov-Chain Monte
Carlo in MrBayes 3.2.6 for 10 to 30 million generations, until the standard deviation of
split frequencies was less than 0.05.

Phylogenetic Diversity

All of the recorded trees were imported into R using the 'ape' package, the earliest
25% of trees were removed to account for burn-in, and 1000 trees were randomly
sampled from the remaining dataset. For each of these 1000 trees, we calculated
phylogenetic diversity in 3 latitudinal bins (25-30N, 30-35N, and 35-40N) based on a
species occurrence along the Western Atlantic coast today. Phylogenetic diversity (PD) is
defined as the sum of branch lengths of taxa that appear in a certain time and/or place
(Faith 1992; Faith and Baker 2006). This metric has been used in community ecology to
determine how much evolutionary diversity has been lost or gained in certain areas. We
created a matrix of lucinid occurrences using modern occurrences from the Western
Atlantic from the GBIF database to assess the presence or absence of species across the
entire study area and across different geographic scales (Chapter 1).
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We calculated phylogenetic diversity and expected phylogenetic diversity (if
extinction was randomly distributed in the tree) in the R package ‘picante’ (Kembel et al.
2010), then calculated normalized PD following the procedure of Huang et al (2015).

nPD =

ePD − PD
ePD

such that positive values indicate that more PD was lost than would be expected by
chance and negative values indicate that less PD was lost than would be expected by
chance. All analyses of the trees was done in R (R Core Development Team, 2014).

Trait Reconstruction

Using a consensus tree of our 1000 sampled trees, we can trace the position of
species in space within a phylogenetic framework. We created a consensus tree from
these data and exported that tree to Mesquite 3.03. We coded each species based on two
external traits, its northern-most latitudinal bin during both the Pliocene and today, and
traced that trait for each species in the Pliocene (Figure 4-3, bottom) and modern (Figure
4-3, top). We defined a taxon's northern-most position as the northern-most sample it
occurs in more than once.
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Results and Discussion

The Total Evidence Tree is Similar to the Molecular Tree

We compared our total evidence tree to the phylogenetic tree from Taylor et al.
(2011) because we used the 18s rRNA sequences from that study (Figure 3-1). The
Taylor et al. study used three genes from a global dataset of extant lucinids, while we
only used the 18s rRNA sequences. Taylor et al. time calibrated their tree using ten fossil
occurrences as node calibrations, while we used a tip-calibration method with the last
occurrences of our fossil taxa. To compare the topology of these two trees, we recreated
the Taylor et al. tree and replaced the species names on both trees with the genera used in
this study. Our tree is a 50% consensus tree from our MrBayes analysis.
Despite these differences in how the phylogenetic trees were constructed, the
topology of both trees is similar. Anodontia plots closest to the outgroup in both analyses
and the relationships of Codakia, Lucinoma, and Ctena are the same. The Taylor et al.
tree has a greater resolution than the total evidence tree, which has a polytomy that
includes Radiolucina, Loirpes, Stewartia, Pillucina, and Cardiolucina. Of these genera,
only two species of Stewartia have been coded for morphological information. This lack
of morphological data could be why the polytomy is unresolved in our analysis, and the
addition of alternate genes in the Taylor et al. tree may explain why it is resolved there.
One major difference between the two trees is the position of Parvilucina. In the Taylor
et al. analysis, Parvilucina plots closely to Pillucina and Cardiolucina; however, in our
analysis it plots deeper in the tree, close to Divalinga. However, a phylogeny of only the
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18s rRNA sequence information shows that Parvilucina and Divalinga plot closely to
each other (see Figure 1 in Taylor et al. 2011). This suggests that our total evidence
analysis could be improved by adding additional genes.

Figure 3-1: Phylogenetic tree of the Lucinidae (A) adapted from Taylor et al., 2011, and (B) the
50% consensus tree from the total evidence analysis for this study. Species names have been
removed from both trees and replaced with the genera used in this study.
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Lucinid Evolutionary History Loss is Greater North of Florida

To assess the effects of the Plio-Pleistocene extinction of phylogenetic diversity,
we took 1000 trees at random from the total evidence analysis, trimmed the trees to
include only the 19 species of lucinids present in our Western Atlantic dataset (Chapter
1), and calculated phylogenetic diversity (Figure 3-2). While these pruned trees do not
represent global lucinid evolutionary history, they do preserve the evolutionary distances
of the related taxa, and thus the evolutionary history of these taxa in this region of the
Western Atlantic. We calculated normalized phylogenetic diversity for three separate
latitudinal bins, 25-30°N, 30-35°N, and 35-40°N, to determine the latitudinal pattern of
phylogenetic diversity loss.
For the most southern bin (Figure 3-2, 25°N to 30°N, the approximate latitude of
Florida) phylogenetic diversity is slightly negative, with a median of -0.07 (95% C.I. = 0.21 to -0.00). This bin also has the greatest diversity (11 species). This indicates that
slightly less PD was lost in Florida than would be expected, and that in this region,
extinction was dispersed throughout the tree.
For the bins north of Florida (30°N to 35°N and 35°N to 40°N) phylogenetic
diversity loss is much greater (Figure 3-2, middle and top, respectively). The median PD
loss for the 30N to 35N bin (0.26; 95% C.I = 0.13 to 0.32) and the 35N to 40N bin (0.24;
95% C.I. = 0.12 to 0.32) far exceeds the 95% confidence interval for the 25°N to 30°N
bin. Diversity is lower for these two bins (30N to 35N = 7 species; 35N to 40N = 5
species), but expected phylogenetic diversity is calculated taking the diversity of each bin
into account. Little difference occurs between the middle and northern-most latitudinal
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bins, which is unexpected because today the biogeographic boundary near Cape Hatteras,
North Carolina has the largest impact on community biogeographic structure in the
region, and has had since the Pleistocene.
Instead, the greatest effect on phylogenetic diversity occurs between the southernmost and middle bin. The boundary between these bins is approximately the northern
border of Florida. Today, this corresponds to the boundary between the Caloosahatchian
(Caribbean to Northern Florida) and Carolinian (Northern Florida to Cape Hatteras) subprovinces (Petuch 2013). This boundary is the northern-most limit for many tropical
Caribbean taxa. Several species of lucinids ranging north of this boundary in the Pliocene
are either extinct or range-restricted today. Warm waters flowed north of Florida and
Cape Hatteras in the Pliocene, with sub-tropical taxa ranging far north into Virginia
(Cronin 1991; Winkelstern et al. 2013). Florida and the Caribbean may have acted as a
refugium for warm-affiliated taxa, and this pattern of evolutionary history loss north of
northern Florida may be seen in other clades.
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Figure 3-2: Normalized phylogenetic diversity for each of the three latitudinal bins: 25N to 30N
(bottom), 30N to 35N (middle), and 35N to 40N (top). The vertical line indicates the median
normalized phylogenetic diversity for the bin.

Related Lucinids were Range Restricted after the Pliocene

The base of the Pliocene tree shows that lucinids were originally a southern
affiliated clade, and subsequently invaded northern waters (Figure 3-3, bottom). This
suggests that lucinids in the Western North Atlantic were originally a warm water clade.
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In the modern, extinction occurs throughout the entire tree, but the surviving taxa that
occurred north of Cape Hatteras during the Pliocene become restricted to areas south of
Florida during the modern (Figure 3-3, top). This could explain why phylogenetic
diversity loss is more concentrated north of Florida. During the transition from the
Pliocene to the modern, a large clade including Stewartia floridana (Conrad, 1833),
Lucina pensylvanica (Linnaeus, 1758), Radiolucina amianta (Dall, 1901), Lucinisca
nassula (Conrad, 1846), and Parvilucina costata (d’Orbigny) has their range
substantially reduced to areas south of Florida. This indicates that in addition to the
extinction that occurs across the Plio-Pleistocene boundary, taxa were range-restricted by
the changing oceanographic conditions during that time. Extinction seems to play a
relatively minor role in the reduction of phylogenetic diversity. In our dataset, only 7
species occur in the Pliocene Western North Atlantic and not the modern Western North
Atlantic. Each of those species has a close relative that survived the extinction boundary
and prevented the loss of deeper branches in the tree. Therefore, most of the phylogenetic
diversity loss we see in our data is due to range restriction, not extinction.
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Figure 3-3: Consensus trees for the phylogenetic analyses with character evolution. Two traits
are reconstructed, Pliocene northern occurrence (Bottom) and modern northern occurrence (Top).
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This was likely due to changing temperature conditions in the Western North
Atlantic during after the Pliocene. Areas north of Cape Hatteras (~35°N) were up to 10
°C warmer during the Pliocene (Winkelstern et al. 2013), as warm Gulf Stream Current
waters were delivered there (Goewert and Surge 2008). After the Pliocene, the Gulf
Stream Current deflected east causing a drastic decrease in temperature (Cronin 1991;
Goewert and Surge 2008). Temperatures south of 35°N cooled by about 1-2 °C (Cronin
and Dowsett 1990). This may have been enough to push lucinids further south, into
Florida and the Caribbean. This means that as modern climate changes to more Pliocenelike conditions, we may expect the reinvasion of lucinids, and possibly other taxa, north
of Florida and Cape Hatteras. This could have the effect of increasing phylogenetic
diversity in these areas as taxa invade that have not been present for 2.5 million years.
Alternatively, if lucinids do not reinvade northern areas, extinction of a handful of
species could cause a massive decrease in the amount of evolutionary history retained
north of Cape Hatteras.

Conclusions

We find two main conclusions from this study. First, lucinid evolutionary history
loss is greater than would be expected by chance north of Florida, but no greater than
would be expected by chance south of about 30°N. Second, lucinids ranged throughout
the Western North Atlantic during the Pliocene, but were range restricted south of 30°N
after the Pliocene. Lucinids may not be alone in this pattern of range-restriction, and as
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sea temperature continues to rise it is possible these taxa may migrate back to these
northern areas, leading to a reassembly of communities last seen in the Pliocene. If this
does happen, it will likely increase the amount of evolutionary history present in these
communities.
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Conclusions

The Pliocene represents a unique opportunity to study the long-term effects of a
world with many of the same species, but with CO2 concentrations of 400 ppm. Because
our warming world is outside of historical experience, we have little beyond the geologic
record to constrain the effects of this transition on the biota. Although the Pliocene to
modern transition is a cooling one, understanding how animals responded to a warmer
world helps us predict the large-scale biotic changes that may occur. Our work focused
on three main consequences of the Pliocene to modern transition.

Biogeographic Consequences

Allmon (1993) showed that while the Plio-Pleistocene extinction caused the
elimination of approximately 70% of mollusks in the region, total diversity did not
change greatly between the Pliocene and recent. The exception to this is in northern
North Carolina and Virginia, north of modern biogeographic boundary near Cape
Hatteras, North Carolina. Today this boundary represents the demarcation between subtropical taxa to the south and temperate taxa to the north (Cerame-Vivas and Gray 1966).
It was caused by a combination of range restriction of Pliocene species and genera and
the inability of new Pleistocene and modern taxa to pass through that boundary from the
south.
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Using a database of previously published fossil occurrences from the
Paleobiology database, and modern occurrences from the Global Biodiversity
Information Facility, we show that the modern biogeographic boundary was established
after the Pliocene. In addition, latitudinal diversity was essentially flat during the
Pliocene, but diversity decreases drastically north of the biogeographic boundary during
the Pliocene and in the modern. This restriction was likely associated with a large
temperature decrease north of Cape Hatteras due to the deflection of the Gulf Stream
Current east at that location. This suggests that as areas north of Cape Hatteras warm –
which has already been observed (Forsyth et al. 2015) – we would expect the
biogeographic boundary to become more ‘leaky’ and allow taxa to pass through.

Taxonomic and Ecological Consequences

Todd et al. (2002) and Leonard-Pingel et al. (2012) explored ecological changes
in Caribbean ecosystems across the Plio-Pleistocene extinction, and found major changes
in the ecological makeup of these communities. Todd et al. found a decrease in
suspension feeding bivalves and carnivorous gastropods and linked this to a decrease in
primary productivity. They argued that suspension feeders lost much of their primary
food source in photosynthetic algae, and as they declined in abundance, so did their
predators, the carnivorous gastropods. Leonard-Pingel et al. found that increasing coral
skeletal and carbonate mud content correlated with greater attached bivalve abundance.
This suggests that an increasing abundance of coral and seagrass environments led to the
ecological reorganization of Caribbean communities. While this reorganization was not
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directly caused by declining primary productivity, this encouraged the expansion of coral
and seagrass environments, leading to the ecological shift.
We looked at functional groups north of Cape Hatteras to determine if the PlioPleistocene extinction had ecological effects in an area where taxonomic diversity
remains low. Unlike the Caribbean, areas north of the biogeographic boundary saw few
ecological changes associated with the Plio-Pleistocene extinction even though the
taxonomic changes were large. The largest ecological changes were associated with
changing environment, not time, suggesting that environmental affinities were more
important than the extinction event ecologically. In addition, the taxonomic changes were
larger in open marine habitats than marginal marine habitats. These areas were likely
more protected from the effects of the Gulf Stream Current deflection, meaning that open
marine environments may be at more risk for change as climate warms.

Phylogenetic Consequences

Few studies have looked at the evolutionary effects of the Plio-Pleistocene
extinction (Kolbe et al. 2011). Understanding how an extinction event affects the tree of
life is important, because it can help reveal the selective pressures of that extinction and
affects the subsequent recovery from extinction (Green et al. 2011). One way to measure
these effects on a phylogenetic tree is with ‘phylogenetic diversity’ (PD) (Faith 1992).
PD is simply the measurement of all extant branches of the taxa in a community, which
can vary greatly depending on the taxa living in that community. For example, in a
hypothetical community consisting of three species, if they are closely related, PD will be
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small, but if they are distantly related, PD will be large. This is important because a larger
value of PD is correlated with ecosystem stability (Cadotte et al. 2012).
Using a method called ‘total evidence’ phylogenetics (Pyron 2011; Ronquist et al.
2012) which combines molecular and morphological data, we created a new phylogenetic
tree of a group of chemosymbiotic bivalves called the Lucinidae. The advantage of this
method is that it allows us to measure the branch lengths of taxa that are extinct or do not
have molecular sequence information. When we measure PD on these trees we showed
that more PD was lost north of Florida than would be expected by chance, and that
Florida is a refugium for the evolutionary history of lucinids in the Western North
Atlantic. We also found that a particular clade of lucinids were restricted south of Florida
after the Plio-Pleistocene extinction, and these may be primed to reinvade northern areas
as climate warms.
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Appendix A

Supplemental Information for Chapter 2

Stratigraphic Units

Figure A-1 shows the stratigraphic units used for this study.

Figure A-1: - Summary of formations used in this study. Adapted from (Ward et al. 1991; Allmon
et al. 1996; Saupe et al. 2014b)
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Genus Level Analyses

Range Endpoints

The proportion of range endpoints across the study area for all data (Figure A-2, left) and
a standardization to the number of Pliocene samples (Figure A-2, right) show very similar
results. Modern and Pleistocene range endpoints show two peaks, one in Florida that is
likely the northern-most range of Caribbean taxa, and one near 35N. These two time
intervals are very similar suggesting that few changes systematically affected range
endpoints in the Western Atlantic since the Pleistocene. Pliocene range endpoints peak
near 31N and 34N but do not exceed the 95% confidence interval greatly. While this
suggests that more endpoints were found in these areas than expected by chance, they are
not representative of the severity of the biogeographic boundary found in the Pleistocene
and modern.
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Figure A-2: Proportion of range endpoints across the entire study area for all data (left) and
proportion of range endpoints standardized to the number of Pliocene samples (right).

Range Through Diversity

Range through diversity standardized to the number of Pliocene samples shows a similar
pattern to the entire dataset (Figure A-3). When standardized each time bin shows similar

127

diversity levels south of Cape Hatteras, but the Pleistocene and modern exhibit a drastic
decrease in diversity north of Cape Hatteras.

Figure A-3: Range through latitudinal diversity, standardized to the number of Pliocene samples.
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Logistic Regression

Only 109 genera occurred in both our dataset and the Pappalardo et al (2015) dataset.
Because of this we ran two separate logistic regression analyses. One with just
temperature and chlorophyll concentration using the whole dataset, and one using
temperature and dispersal ability of the restricted dataset. We show the temperature and
chlorophyll analyses in Figure A-4. We also ran a separate logistic regression for each
genus and determined which were statistically significant at the alpha = 0.05 level with
temperature or chlorophyll concentration. We present a histogram of those p-values in
Figure A-5.
For the regression of temperature and dispersal ability we present the summary in Table
A-1.
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Figure A-4: Logistic Regression of temperature and log chlorophyll concentration.
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Figure A-5: Histogram of p-values for the logistic regression for each genus. Temperature (left)
and chlorophyll concentration (right). All genera (top) and only common genera (bottom).

Table A-1: Summary of the logistic regression of northern-range endpoint with temperature and
dispersal ability.
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(Intercept)
Temperature

Estimate
10.79675
-0.37779

Std. Error
2.63134
0.09202

z value
4.103
-4.105

Pr(>|z|0
4.08e-05 ***
4.04e-05 ***

Dispersal ability

-0.25680

0.34635

-0.741

0.458

Species Level Analyses

All analyses at the species level were done in the same way as analyses at the genus level.
To run species level analyses change the variable ‘taxonLevel’ from ‘Genera’ to
‘Species’ in the ‘Curated Code for BGB Analysis.r’ file.

Range Endpoints

The range endpoints for species in the Pliocene, Pleistocene, and Modern show
similar results to the genera (Figure A-6, left). In the modern, 26% of species are
restricted within 1 degree of Cape Hatteras where between 15% and 20% would be
expected. Similarly, in the Pleistocene, 30% of species were restricted where between
14% and 20% would be expected. There is a slightly different pattern among species in
the Pliocene, 18% of species were restricted within 1 degree of Cape Hatteras where 9%
and 16% would be expected. This shows that among species, Cape Hatteras was a weak
biogeographic boundary in the Pliocene. Our bootstrapped results are also similar to the
genus-level analysis (Figure A-6, right).
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Figure A-6: Species level latitudinal range endpoints (left) and proportion of range endpoints
across the study area (right) for the Pliocene (bottom), Pleistocene (middle), and modern (top).
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Range Shift

Range shifts for species are similar in magnitude to range shifts for genera (Figure
A-7). Approximately 37% of species shift from a northern-range endpoint near the
northern limit of Pliocene sampling, to the interval of turnover (34N-36N).
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Figure A-7: Species level range shift, displayed as arrows, of genera from the Pliocene to
Pleistocene (middle and bottom) and the Pleistocene to Modern (top). Shift magnitude is
calculated as the difference between the northern-most occurrences of a genus that occurs in both
time bins. In the bottom figure, Pleistocene samples north of 37.6 (the northern-most Pliocene
sample) were removed to compare genus occurrences over the same latitudinal interval.
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Range Through Diversity

Diversity among species follows a similar pattern to genera (Figure A-8, left). Diversity
is relatively flat south of 35N in the modern and drops drastically near 34N-35N.
Diversity follows a similar pattern in the Pleistocene. In the Pliocene, diversity is
relatively flat across the entire study area with no diversity drop near Cape Hatteras.
The standardization to the number of Pliocene samples shows a similar pattern to
the entire dataset (Figure A-8, right).
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Figure A-8: Species level latitudinal range through diversity for the entire data (left) and for the
standardization to the number of Pliocene samples (right).
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Logistic Regression

Temperature predicts range endpoints more strongly than either chlorophyll
concentration or larval dispersal type among species. Table A-2 shows the summary of
the logistic regression for northern-range endpoint with temperature and productivity.
Table A-3 shows the summary of the logistic regression for northenr-range endpoint with
temperature and dispersal ability, using the data from Pappalardo et al (2015).
Table A-2: Summary of the logistic regression of northern-range endpoint with temperature and
log cholorophyll concentration.

Estimate

Std. Error

z value

Pr(>|z|)

(Intercept)
Temperature

6.44730
-0.27948

1.54143
0.05589

4.183
-5.001

2.88e-05
5.72e-07

Log Chlorophyll
Concentration

0.14807

1.01578

0.146

0.884

Temperature + Log
Chlorophyll Concentraton

-0.01339

0.03669

-0.365

0.715

Table A-3: Summary of the logistic regression of northern-range endpoint with temperature and
dispersal ability.

(Intercept)
Temperature
Larval
Dispersal Type

Estimate
4.55092
-0.20249
0.77426

Std. Error
2.46828
0.08889
0.46802

z value
1.844
-2.278
1.654

Pr(>|z|)
0.0652
0.0227 *
0.0981
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Table B-1: Faunal data counted for this study.
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142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

Table B-2: Guild memberships for all taxa in this study.

species

class

order

family

genus

Abra aequalis

Bivalvia

Cardiida

Semelidae

Abra

Abra subreflexa

Bivalvia

Cardiida

Semelidae

Abra

Aesopus sp

Gastropoda

Neogastropoda

Columbellidae

Aesopus

Aligena striata

Bivalvia

Cardiida

Lasaeidae

Aligena

Anachis panula

Gastropoda

Neogastropoda

Columbellidae

Anachis

Anachis parvula

Gastropoda

Neogastropoda

Columbellidae

Anachis

Anachis sp
Anadara
aequicostata

Gastropoda

Neogastropoda

Columbellidae

Anachis

Bivalvia

Arcida

Arcidae

Anadara

Anadara impressa
Anadara
improcera

Bivalvia

Arcida

Arcidae

Anadara

Bivalvia

Arcida

Arcidae

Anadara lienosa

Bivalvia

Arcida

Arcidae

Anadara
Anadara
(Rasia)

Anadara propatula
Anadara
transversa

Bivalvia

Arcida

Arcidae

Bivalvia

Arcida

Arcidae

Anadara
Anadara
(Larkinia)

Anomia simplex

Bivalvia

Pectinida

Anomiidae

Anomia

Anomia sp

Bivalvia

Pectinida

Anomiidae

Anomia

Arene pergemma

Gastropoda

Areneidae

Marevalvata

motility
facultatively
mobile
facultatively
mobile
actively
mobile

life_habit

stationary
actively
mobile
actively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
stationary,
attached,
epibiont
stationary,
attached,
epibiont
actively
mobile

infaunal
infaunal
epifaunal

diet

ecomode
deposit
feeder
deposit
feeder

532
532
325

infaunal

carnivore
suspension
feeder

epifaunal

carnivore

325

epifaunal

carnivore

325

epifaunal

325

epifaunal

carnivore
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

epifaunal

suspension
feeder

361

epifaunal

suspension
feeder

361

epifaunal

grazer

324

semi-infaunal
semi-infaunal
semi-infaunal
epifaunal
semi-infaunal

441

441
441
441
441
441
441

172
Argopecten
comparilis

Bivalvia

Pectinida

Pectinidae

Argopecten

Argopecten sp

Bivalvia

Pectinida

Pectinidae

Argopecten

Astarte berryii
Astarte
concentrica

Bivalvia

Carditida

Astartidae

Astarte

Bivalvia

Carditida

Astartidae

Astarte

Astarte exaltata
Astarte
symmetrica

Bivalvia

Carditida

Astartidae

Astarte

Bivalvia

Carditida

Astartidae

Astarte undulata

Bivalvia

Carditida

Astartidae

Astarte
Astarte
(Ashtarotha)

Atrina harrisi

Bivalvia

Ostreida

Pinnidae

Atrina

Balcis sp

Gastropoda

Melanellidae

Balcis

Busycon sp

Gastropoda

Neogastropoda

Melongenidae

Busycon

Cadulus thallus

Scaphopoda

Gadilida

Gadilidae

Cadulus

Caecum cooperi
Calliostoma
lapidosum

Gastropoda

Caecidae

Caecum

Gastropoda

Trochidae

Calliostoma

Calliostoma sp
Calliostoma
mitchelli

Gastropoda

Trochidae

Calliostoma

Gastropoda

Trochidae

Calliostoma

Cancellaria sp

Gastropoda

Neogastropoda

Cancellariidae

Cancellaria

Carditamera arata

Bivalvia

Carditida

Carditidae

Carditamera

facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
stationary,
attached
actively
mobile
actively
mobile
slow-moving
actively
mobile
actively
mobile
actively
mobile
actively
mobile
actively
mobile
stationary,
attached

semi-infaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

epifaunal

carnivore

325

epifaunal

325

shallow infaunal

carnivore
deposit
feeder

epifaunal

grazer

324

epifaunal

carnivore

325

epifaunal

carnivore

325

epifaunal

carnivore

325

epifaunal

carnivore
suspension
feeder

325

epifaunal
epifaunal
infaunal
infaunal
infaunal
infaunal
infaunal

infaunal

341
341
531
531
531
531
531
461

422

561
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Carolinapecten
eboreus
Caryocorbula
auroraensis
Caryocorbula
contracta

Bivalvia

Pectinida

Pectinidae

Carolinapecte
n

Chama congregata

Bivalvia

Veneroidei

Chamidae

Chama

Chama corticosa

Bivalvia

Veneroidei

Chamidae

Chama

Chama sp
Chesapecten
jeffersonius
Chesapecten
madisonius

Bivalvia

Veneroidei

Chamidae

Chama

Bivalvia

Pectinida

Pectinidae

Chesapecten

Bivalvia

Pectinida

Pectinidae

Chesapecten

Chione cortinaria

Bivalvia

Veneroidei

Veneridae

Chione

Chione cribraria
Compsodrillia
eburnea

Bivalvia

Veneroidei

Veneridae

Chione

Gastropoda

Neogastropoda

Turridae

Compsodrillia

Conus adversarius

Gastropoda

Neogastropoda

Conidae

Conus

facultatively
mobile
stationary,
attached
stationary,
attached
stationary,
attached
facultatively
mobile
facultatively
mobile
stationary,
attached,
epibiont
stationary,
attached,
epibiont
stationary,
attached,
epibiont
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
actively
mobile
actively
mobile

Bivalvia

Pholadida

Corbulidae

Caryocorbula

Bivalvia

Pholadida

Corbulidae

Caryocorbula

Caryocorbula sp

Bivalvia

Pholadida

Corbulidae

Caryocorbula

Cavilinga trisulcata
Chaetopleura
apiculata

Bivalvia
Polyplacopho
ra

Lucinida

Lucinidae
Chaetopleurida
e

Cavilinga

Corbicula sp

Bivalvia

Cardiida

Corbulidae

Corbicula

facultatively

Neoloricata

Chaetopleura

low-level
epifaunal

infaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
chemosymbio
tic

epifaunal

grazer

334

epifaunal

suspension
feeder

361

epifaunal

suspension
feeder

361

infaunal
infaunal
infaunal

331
541
541
541
536

infaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

epifaunal

carnivore

325

epifaunal

carnivore

325

infaunal

suspension

531

epifaunal
low-level
epifaunal
low-level
epifaunal
infaunal

361
331
331
531
531

174
mobile

feeder

epifaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

Corbula inaequalis

Bivalvia

Pholadida

Corbulidae

Corbula

stationary

infaunal

Corbula retusa
Crassinella
johnsoni
Crassinella
lunulata

Bivalvia

Pholadida

Corbulidae

Corbula

infaunal

Bivalvia

Carditida

Crassatellidae

Crassinella

Bivalvia

Carditida

Crassatellidae

Crassinella

Crassinella sp
Crassostrea
virginica

Bivalvia

Carditida

Crassatellidae

Crassinella

Bivalvia

Ostreida

Ostreidae

Crassostrea

Crepidula aculeata

Gastropoda

Calyptraeidae

Bostrycapulus

Crepidula convexa

Gastropoda

Calyptraeidae

Crepidula

Crepidula
cymbaeformis

Gastropoda

Calyptraeidae

Crepidula

Crepidula
fornicata

Gastropoda

Calyptraeidae

Crepidula

Crepidula plana

Gastropoda

Calyptraeidae

Crepidula

Crepidula sp

Gastropoda

Calyptraeidae

Crepidula

Crepidula sp
plana

Gastropoda

Calyptraeidae

Crepidula

stationary
facultatively
mobile
facultatively
mobile
facultatively
mobile
stationary,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached

epifaunal
epifaunal
epifaunal

551
551
531
531
531
361

175

Ctena speciosa
Cumingia
subtellinoides
Cyclocardia
borealis
Cyclocardia
granulata
Dentalium
attenuatum
Dentalium
carolinense

Bivalvia

Lucinida

Lucinidae

Ctena

Bivalvia

Cardiida

Semelidae

Cumingia

Bivalvia

Carditida

Carditidae

Cyclocardia

Bivalvia

Carditida

Carditidae

Cyclocardia

facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

Scaphopoda

Dentaliida

Dentaliidae

Dentalium

slow-moving

semi-infaunal

Scaphopoda

Dentaliida

Dentaliidae

Dentalium

slow-moving

semi-infaunal

Dentalium sp

Scaphopoda

Dentaliida

Dentaliidae

Dentalium

semi-infaunal

Diadora oblonga

Gastropoda

Fissurelloidea

Fissurellidae

Diadora

Diadora sp

Gastropoda

Fissurelloidea

Fissurellidae

Diadora

Diodora oblonga
Diplodonta
acclinis
Diplodonta
punctulata

Gastropoda

Fissurellidae

Diodora

Diplodonta sp

slow-moving
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

Crucibulum
lawrencei

Gastropoda

Calyptraeidae

Crucibulum

Crucibulum
leanum

Gastropoda

Calyptraeidae

Crucibulum

Crucibulum
multilineatum

Gastropoda

Calyptraeidae

Crucibulum

Bivalvia

Veneroidei

Ungulinidae

Diplodonta

Bivalvia

Veneroidei

Ungulinidae

Diplodonta

Bivalvia

Veneroidei

Ungulinidae

Diplodonta

epifaunal

suspension
feeder

341

epifaunal

suspension
feeder

341

epifaunal
infaunal
infaunal
semi-infaunal
semi-infaunal

epifaunal
epifaunal
epifaunal
infaunal
infaunal
infaunal

suspension
feeder
chemosymbio
tic
deposit
feeder
suspension
feeder
suspension
feeder
deposit
feeder
deposit
feeder
deposit
feeder
grazer,
carnivore
grazer,
carnivore
grazer,
carnivore
suspension
feeder
suspension
feeder
suspension
feeder

341
536
552
531
531
422
422
422
334
334
324
531
531
531
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Divalinga
quadrisulcata

Bivalvia

Lucinida

Lucinidae

Divalinga

facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

Donax emmonsi

Bivalvia

Cardiida

Donacidae

Donax

Dosinia acetabula

Bivalvia

Veneroidei

Veneridae

Dosinia

Dosinia actabula

Bivalvia

Veneroidei

Veneridae

Dosinia

Ensis sp
Ensitellops
compressa
Ensitellops
elongata

Bivalvia

Solenida

Pharidae

Ensis

Bivalvia

Cardiida

Sportellidae

Ensitellops

Bivalvia

Cardiida

Sportellidae

Ensitellops

Epitonium sp
Eucrassatella
kaufmani
Eucrassatella
virginica

Gastropoda

Ptenoglossa

Epitoniidae

Epitonium

Bivalvia

Carditida

Crassatellidae

Eucrassatella

Bivalvia

Carditida

Crassatellidae

Eucrassatella

Euspira heros
Florimetis
magnoliana

Gastropoda

Naticoidea

Naticidae

Euspira

Bivalvia

Cardiida

Tellinidae

Florimetis

Gemma magna
Glycymeris
americana

Bivalvia

Veneroidei

Veneridae

Gemma

Bivalvia

Arcida

Glycymerididae

Glycymeris

Glycymeris arata
Glycymeris
pectinata

Bivalvia

Arcida

Glycymerididae

Tucetona

Bivalvia

Arcida

Glycymerididae

Tucetona

Glycymeris sloani

Bivalvia

Arcida

Glycymerididae

Glycymeris

slow-moving
facultatively
mobile
facultatively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

Glycymeris

Bivalvia

Arcida

Glycymerididae

Costaglycyme

facultatively

infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
low-level
epifaunal

chemosymbio
tic
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

536
531
531
531
531
531
531

carnivore
suspension
feeder
suspension
feeder

324

525

infaunal

carnivore
deposit
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

semi-infaunal

suspension

341

semi-infaunal
semi-infaunal
infaunal
infaunal
infaunal
infaunal
semi-infaunal
semi-infaunal

531
531

532
531
531
431
431
531
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subovata

ris

Gouldia
metastriata

Bivalvia

Veneroidei

Veneridae

Gouldia

Heilprinia sp

Gastropoda

Neogastropoda

Fasciolariidae

Hiatella arctica

Bivalvia

Hiatellida

Hiatellidae

Heilprinia
Hiatella
(Hiatella)

Ilyanassa sp
Laevicardium
sublimeatum
Leptopecten
leonensis
Longchaeus
suturalis
Lucinisca
cribrarius

Gastropoda

Neogastropoda

Nassariidae

Ilyanassa

Bivalvia

Cardiida

Cardiidae

Laevicardium

Bivalvia

Pectinidae

Leptopecten

Gastropoda

Pectinida
Pyramidelloide
a

Pyramidellidae

Longchaeus

Bivalvia

Lucinida

Lucinidae

Lucinisca

Lunatia heros

Gastropoda

Naticidae

Euspira

Macoma arctata

Bivalvia

Cardiida

Tellinidae

Macoma

Macoma holmesii
Macoma
virginiana
Marvacrassatella
kauffmani
Marvacrassatella
sp
Mercenaria
compechiensis
Mercenaria
mercenaria
Mercenaria
permagna

Bivalvia

Cardiida

Tellinidae

Bivalvia

Cardiida

Tellinidae

Bivalvia

Carditida

Crassatellidae

Bivalvia

Carditida

Crassatellidae

Macoma
Macoma
(Macoma)
Marvacrassat
ella
Marvacrassat
ella

Bivalvia

Veneroidei

Veneridae

Mercenaria

Bivalvia

Veneroidei

Veneridae

Mercenaria

Bivalvia

Veneroidei

Veneridae

Mercenaria

mobile
facultatively
mobile
actively
mobile
stationary
slow-moving
facultatively
mobile
facultatively
mobile
actively
mobile
facultatively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

feeder
infaunal
epifaunal
boring
low-level
epifaunal
infaunal
epifaunal
epifaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal
infaunal

suspension
feeder

531

carnivore
suspension
feeder

325

carnivore
suspension
feeder
suspension
feeder

325

carnivore
chemosymbio
tic

325

carnivore
deposit
feeder
deposit
feeder
deposit
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

325

351

531
361

536

532
532
532
531
531
531
531
531
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Mercenaria sp
Mercenaria
tridacnoides

Bivalvia

Veneroidei

Veneridae

Mercenaria

Bivalvia

Veneroidei

Veneridae

Mercenaria

Modiolus sp

Bivalvia

Mytilida

Mytilidae

Modiolus

Mulinia congesta

Bivalvia

Veneroidei

Mactridae

Mulinia

Mulinia lateralis

Bivalvia

Veneroidei

Mactridae

Mulinia

Mulinia sp
Nassarius
chowanensis
Nassarius
quadrulatus

Bivalvia

Veneroidei

Mactridae

Mulinia

facultatively
mobile
facultatively
mobile
stationary,
attached,
epibiont
facultatively
mobile
facultatively
mobile
facultatively
mobile

Gastropoda

Neogastropoda

Nassariidae

Nassarius

slow-moving

Gastropoda

Neogastropoda

Nassariidae

Nassarius

slow-moving

Neverita duplicata

Gastropoda

Naticidae

Neverita

Noetia incile

Bivalvia

Arcida

Noetiidae

Noetia

Noetia limula

Bivalvia

Arcida

Noetiidae

Noetia

Nucula proxima

Bivalvia

Nuculida

Nuculidae

Nucula

Nuculana acuta

Bivalvia

Nuculanida

Nuculanidae

Nuculana

Nuculana proxima

Bivalvia

Nuculanida

Nuculanidae

Nuculana

Olivella mutica

Gastropoda

Neogastropoda

Olividae

Olivella

Olivella sp

Gastropoda

Neogastropoda

Olividae

Olivella

slow-moving
facultatively
mobile,
attached
facultatively
mobile,
attached
facultatively
mobile
facultatively
mobile
facultatively
mobile
actively
mobile
actively
mobile

infaunal
infaunal
semi-infaunal
infaunal
infaunal
infaunal
low-level
epifaunal
low-level
epifaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

531
531
341
531
531
531

carnivore

325

carnivore

325

shallow infaunal

carnivore

325

semi-infaunal

suspension
feeder

541

infaunal

suspension
feeder
deposit
feeder
deposit
feeder
deposit
feeder

epifaunal

carnivore

325

epifaunal

carnivore

325

semi-infaunal
infaunal
infaunal

541
522
522
522
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deep infaunal

Pleuromeris

stationary
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
stationary,
attached
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

semi-infaunal

suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
chemosymbio
tic
chemosymbio
tic
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

Plicatula

stationary,

epifaunal

suspension

Ostrea sculpturata

Bivalvia

Ostreida

Ostreidae

Conradostrea

Ostrea sp
Pandora
crassidens

Bivalvia

Ostreida

Ostreidae

Ostrea

Bivalvia

Pandorida

Pandoridae

Pandora trilineata

Bivalvia

Pandorida

Pandoridae

Pandora
Pandora
(Pandora)

Panopea sp

Bivalvia

Hiatellida

Hiatellidae

Panopea

Paramya subovata
Parvilucina
crenulata
Parvilucina
multilineata

Bivalvia

Pholadida

Myidae

Paramya

Bivalvia

Lucinida

Lucinidae

Parvilucina

Bivalvia

Lucinida

Lucinidae

Parvilucina

Periglypta listeri

Bivalvia

Veneroidei

Cardiidae

Veneridae

Periploma sp

Bivalvia

Thraciida

Periplomatidae

Petaloconchus sp

Gastropoda

Vermetidae

Periploma
Petaloconchu
s

Pitar chioneformis

Bivalvia

Veneroidei

Veneridae

Pitar

Pitar sayana
Pleuromeris
abbreviata
Pleuromeris
auroraensis
Pleuromeris
decemcostata
Pleuromeris
tridentata

Bivalvia

Veneroidei

Veneridae

Pitar

Bivalvia

Carditida

Carditidae

Pleuromeris

Bivalvia

Carditida

Carditidae

Pleuromeris

Bivalvia

Carditida

Carditidae

Pleuromeris

Bivalvia

Carditida

Carditidae

Plicatula

Bivalvia

Pectinida

Plicatulidae

stationary,
attached
stationary,
attached
facultatively
mobile
facultatively
mobile

epifaunal
epifaunal
infaunal
infaunal

infaunal
infaunal
infaunal
infaunal
infaunal
epifaunal
infaunal
infaunal
semi-infaunal
semi-infaunal
semi-infaunal

361
361
531
531
651
531
536
536
531
531
361
531
531
531
531
531
531
361
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marginata

Prunum limatulum

Gastropoda

Neogastropoda

Marginellidae

Prunum

Prunum limulatum
Pseudomiltha
anodonta
Pteromeris
perplana
Pterorhytis
conradi
Pyrgocythera
micromeris
Rangia
clathrodonta
Scalaspira
strumosa

Gastropoda

Neogastropoda

Marginellidae

Prunum

Bivalvia

Lucinida

Lucinidae

Stewartia

Bivalvia

Carditida

Carditidae

Pteromeris

Gastropoda

Muricidae

Pterorhytis

Gastropoda

Neogastropoda
Caenogastropo
da

Turridae

Pyrgocythera

Bivalvia

Veneroidei

Mactridae

Rangia

Gastropoda

NA

NA

Scalaspra

Sedilia bella

Gastropoda

Neogastropoda

Turridae

Sedilia

Sedilia sp

Gastropoda

Neogastropoda

Turridae

Sedilia

Selia adamsii

Gastropoda

Triphoroidea

Cerithiopsidae

Sedia

Semele alumensis

Bivalvia

Cardiida

Semelidae

Semele

Semele subovata

Bivalvia

Cardiida

Semelidae

Semele

Spisula confraga

Bivalvia

Veneroidei

Mactridae

Hemimactra

Spisula similis

Bivalvia

Veneroidei

Mactridae

Hemimactra

Spisula solidissima

Bivalvia

Veneroidei

Mactridae

Hemimactra

attached,
epibiont
actively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
actively
mobile
actively
mobile
facultatively
mobile
actively
mobile
actively
mobile
actively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

Spisula sp

Bivalvia

Veneroidei

Mactridae

Spisula

facultatively

feeder

epifaunal

carnivore

325

epifaunal

325

infaunal

carnivore
chemosymbio
tic
suspension
feeder

epifaunal

carnivore

325

epifaunal

325

infaunal

carnivore
suspension
feeder

epifaunal

carnivore

325

epifaunal

carnivore

325

epifaunal

carnivore

325

epifaunal

325

infaunal

carnivore
deposit
feeder
deposit
feeder
suspension
feeder
suspension
feeder
suspension
feeder

infaunal

suspension

531

deep infaunal

infaunal
infaunal
infaunal
infaunal

636
531

531

532
532
531
531
531
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mobile
Sportella
constricta

Bivalvia

Cardiida

Sportellidae

Sportella

Bivalvia

Cardiida

Sportellidae

Sportella

Bivalvia

Lucinida

Lucinidae

Stewartia

Striarca
centenaria

Bivalvia

Arcida

Arcidae

Striarca

Tellina agilis

Bivalvia

Cardiida

Tellinidae

Tellina declivis

Bivalvia

Cardiida

Tellinidae

Tellina sp

Bivalvia

Cardiida

Tellinidae

Tellina suberis

Bivalvia

Cardiida

Tellinidae

Tellina
Tellina
(Moerella)
Tellina
(Moerella)
Tellina
(Moerella)

Terebra sp
Transennella
stimpsoni
Turritella
alticostata
Turritella
beaufortensis

Gastropoda

Neogastropoda

Terebridae

Terebra

Bivalvia

Veneroidei

Veneridae

Gastropoda

Sorbeoconcha

Turritellidae

Transennella
Turritella
(Turritella)

Gastropoda

Sorbeoconcha

Turritellidae

Turritella

Turritella sp

Gastropoda

Sorbeoconcha

Turritellidae

Turritella

Turritella virginica
Urosalpinx
barbitoides
Urosalpinx
lepidota

Gastropoda

Sorbeoconcha

Turritellidae

Turritella

Gastropoda

Neogastropoda

Muricidae

Urosalpinx

Gastropoda

Neogastropoda

Muricidae

Urosalpinx

Sportella sp
Stewartia
anodonta

facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile,
attached
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
actively
mobile
actively
mobile

feeder
infaunal
infaunal
deep infaunal

epifaunal
infaunal
infaunal
infaunal
infaunal
epifaunal

suspension
feeder
suspension
feeder
chemosymbio
tic
suspension
feeder
deposit
feeder
deposit
feeder
deposit
feeder
deposit
feeder

531
531
636

441
532
532
532
532
325

epifaunal

carnivore
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder
suspension
feeder

epifaunal

carnivore

325

epifaunal

carnivore

325

infaunal
epifaunal
epifaunal
epifaunal

531
331
431
431
431
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Urosalpinx sp
Urosalpinx
stimpsoni
Verticordia
rogersii

Gastropoda

Neogastropoda

Muricidae

Urosalpinx

Gastropoda

Neogastropoda

Muricidae

Urosalpinx

Bivalvia

Poromyida

Verticordiidae

Verticordia

Verticordia sp

Bivalvia

Poromyida

Verticordiidae

Verticordia

Yoldia laevis

Bivalvia

Nuculanida

Yoldiidae

Yoldia

Anodontia sp

Bivalvia

Lucinida

Lucinidae

Cerastoderma sp

Bivalvia

Cardiida

Cardiidae

Anodontia
Cerastoderm
a

Crenella sp

Bivalvia

Mytilida

Mytilidae

Crenella

Cuspidaria sp

Bivalvia

Poromyida

Cuspidariidae

Cuspidaria

Marginella sp

Gastropoda

Neogastropoda

Marginella

Bivalvia

Cardiida

Marginellidae
Mesodesmatid
ae

Musculus sp

Bivalvia

Mytilida

Crenellidae

Mysella sp

Bivalvia

Cardiida

Solemya sp

Bivalvia

Solen sp

Tectonatica sp
Turbonilla sp

actively
mobile
actively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

epifaunal

carnivore

325

epifaunal

carnivore

325

infaunal

carnivore

535

infaunal

535

stationary
facultatively
mobile
actively
mobile
facultatively
mobile

epifaunal

carnivore
deposit
feeder
chemosymbio
tic
suspension
feeder
suspension
feeder

infaunal

carnivore

525

epifaunal

325

Musculus

stationary

epifaunal

Montacutidae

Mysella

infaunal

Protobranchia

Solemyidae

Solemya

Bivalvia

Solenidae

Solenida

Solen

Bivalvia

Solenidae

Solenidae

stationary
facultatively
mobile
facultatively
mobile
facultatively
mobile

infaunal

carnivore
suspension
feeder
suspension
feeder
suspension
feeder
chemosymbio
tic
suspension
feeder
suspension
feeder

slow-moving
actively
mobile

shallow infaunal

carnivore

525

epifaunal

carnivore

325

Gastropoda
Gastropoda

Pyramidelloide
a

Naticidae

Tectonatica

Pyramidellidae

Turbonilla

infaunal
infaunal
infaunal

infaunal

deep infaunal
infaunal

532
536
531
341

531
351
551
526
631
531
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Tagelus sp

Bivalvia

Cardiida

Solecurtidae

Tagelus

Siliqua sp

Bivalvia

Solenida

Pharidae

Siliqua

Lyonsia sp

Bivalvia

Pandorida

Lyonsiidae

Lyonsia

Lucinida

Thyasiridae

facultatively
mobile
facultatively
mobile
facultatively
mobile
facultatively
mobile

shallow infaunal
infaunal
deep infaunal
infaunal

suspension
feeder
suspension
feeder
suspension
feeder
chemosymbio
tic

531
531
631
536

Table B-3: Locality information for all sites in this study.
Site

Latitude

Longitude

Epoch

Formation

Jones 99 Aurora #1
Jones 99 Aurora #2
Jones 99 Aurora #3
Jones 99 Aurora #4

35.38
35.38
35.38
35.38

-76.78
-76.78
-76.78
-76.78

Pleistocene
Pleistocene
Pleistocene
Pleistocene

Jones 99 Mt Gould #1

36.12

-76.74

Pleistocene

Jones 99 Mt Gould #2

36.12

-76.74

Pleistocene

Jones 99 Mt Gould #3

36.12

-76.74

Pleistocene

Jones 99 Mt Gould #4

36.12

-76.74

Pleistocene

Yadkin Pit

36.76

-76.38

Pleistocene

01EDH

36.05254

-76.72748

Pleistocene

02EDH

36.05294

-76.72188

Pleistocene

03EDH

36.05319

-76.72209

Pleistocene

04EDH

36.05319

-76.72209

Pleistocene

01WBR

36.07417

-76.73071

Pleistocene

02SLD

36.13305

-76.75074

Pleistocene

01CRB
02WMR
02YTB
03YTB
01WMY
03CBW
01RSH
01MGB
02MGB
SMR
01CSP

36.19523
37.29811
37.231
37.231
37.2721
37.17011
37.06702
37.03342
37.03342
37.21894
37.146

-76.752
-76.71133
-76.499
-76.499
-76.7169
-76.76579
-76.66942
-76.60405
-76.60405
-76.93606
-76.739

Pleistocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene

James City Formation
James City Formation
James City Formation
James City Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Chowan River
Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation
Yorktown Formation

Table B-4: The five most abundant species in the five most abundant guilds.

Guild

Species

Proportion

Guild
531
Cyclocardia granulata
Astarte concentrica
Mulinia congesta
Glycymeris americana
Astarte undulata

0.185
0.096
0.061
0.038
0.011

Turritella virginica
Turritella
beaufortensis
Glycymeris arata
Turritella sp
Glycymeris pectinata

0.092

Ostrea sp
Chama sp
Chama congregata
Plicatula marginata
Anomia simplex

0.054
0.02
0.019
0.005
0.004

Corbula inaequalis
Corbula retusa

0.026
0.017

Argopecten comparilis
Glycymeris subovata
Crepidula aculeata
Crepidula fornicata
Crepidula plana

0.019
0.008
0.004
0.003
0.002

Guild
431

0.077
0.018
0.003
0.001

Guild
361

Guild
551

Guild
341
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Figure B-1: Photo of the top 10 most abundant species (white text) and the corresponding guild
(yellow text).
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Figure B-2: Near Edenhouse, North Carolina. Samples 01EDH and 02EDH were collected here.
Hammer for scale. This is part of the Colerain Beach member of the Chowan River Formation.
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Figure B-3: Near Edenhouse, North Carolina. Samples 03EDH and 04EDH were collected here.
Hammer for scale. This is part of the Colerain Beach member of the Chowan River Formation.
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Figure B-4: Willow Brach Road, sample 01WBD was collected here. This is part of the Colerain
Beach member of the Chowan River Formation.
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Figure B-5: Sheep’s Landing Road, sample 02SLD was collected here. From the end of the road
walk upriver along the southern bank. This is part of the Colerain Beach member of the Chowan
River Formation.
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Figure B-6: Mogart’s Beach, samples 01MGB and 02MGB were collected here. This area can be
accessed via a public boat access point. This is part of the Mogart’s Beach member of the
Yorktown Formation.
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Figure B-7: Near Rushmere, Virginia, sample 01RSH was collected here. This is part of the
Rushmere member of the Yorktown Formation.
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Figure B-8: Cobham Wharf, near Surry, Virginia. This is part of the Rushmere member of the
Yorktown Formation. This site has since been developed.
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Figure B-9: Near Yorktown Virginia. Samples 01YTB and 02YTB were collected here. This is
part of the Moore House member of the Yorktown Formation.
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Figure B-10: Waller Mill Reservoir near Williamsburg, Virginia. Sample 02WMR was collected
here. This is part of the Rushmere member of the Yorktown Formation.
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Figure B-11: Near Chippoakes State Park, 01CSP was collected here. This is part of the
Rushmere member of the Yorktown Formation.
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Figure B-12: Sample resampled additive diversity partitioning for (A) species and (B) guilds. Bar
represents the 95% Confidence Interval for alpha (dark box) and beta (light box) diversity. The
Chowan River Formation has been separated into open marine and marginal marine
environments.
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Figure B-13: Unseparated 2-way cluster analysis of species.
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Appendix C

Supplemental Information for Chapter 4

Table C-1: List of morphological characters.
Phenotypic characters (numbered in Nexus format)
1. Size [[longest dimension of shell]] very small (<9mm) (0); small (1-2 cm) (1); medium (2-4
cm) (2); large (4-8 cm) (3); very large (> 8 cm) (4).
2. Shape [[outline of shell]] subcircular (0); ovate (1); trigonal (2); quadrate (3).
3. Length vs Width [[Is the shell long or wide?]] generally equal in length and width (0);
wider than long (1); longer than wide (2).
4. Scalloping [[Is the shell scalloped?]] absent (0); present (1).
5. Shell Thickness [[]] normal (0); thin (1); thick (2).
6. Ribbing [[Are radial ribs present on the shell?]] absent (0); present (1).
7. Type of ribbing [[is the ribbing straight or divaricate (ribs form chevron shape)]] straight
(0); divaricate (1).
8. Quality of ribbing [[are ribs faint or distinct]] faint (0); distinct (1).
9. Bifurcation of ribs [[do the ribs bifurcate ventrally?]] absent (0); present (1).
10. Prominence of ribs [[are the ribs equally prominent across the shell?]] equally prominent
(0); more prominent at dorsal or ventral margin (1).
11. Number of primary radial ribs [[needs to be counted and gap coded... but for now...]] 3 7 (0); 8 - 12 (1); 13 - 20 (2); more than 20 (3).
12. Cross section of ribs [[]] rounded (0); tabulate (1); rectangular (2); acute (3).
13. Posterior Dorsal Spinosity [[]] absent (0); present (1).
14. Growth lines [[are actual growth lines present?]] absent (0); present (1).
15. Concentric lines [[are there any type of concentric lines on the shell?]] absent (0); present
(1).
16. Quality of growth lines [[quality of the growth lines, ? if not present]] faint (0); prominent
(1).
17. Spacing of growth lines [[]] irregular (0); regular (1).
18. Quality of concentric lines [[]] faint (0); distinct (1).
19. Undulatory surface [[growth lines are not arcs, but wavy lines]] absent (0); present (1).
20. Dominant type of sculpture [[]] concentric lines (0); radial ribs (1).
21. Type of combined pattern [[]] rough, large, rectangular blocks (0); rough, small,
rectangular blocks (1); rectangular, long in the dorsal/ventral direction (2); like 1 or 2 but
with wide ribs (3); concentric lines cross over radial ribs (4).
22. Beak position [[]] inequailateral (0); equilateral (1).
23. Beak direction [[]] orthogyrate (0); opisthogyrate (larval part points towards posterior) (1);
prosogyrate (larval part points towards anterior) (2).
24. Inflation [[]] normal (0); low (1); high (2).
25. Posterior sulcus [[]] absent (0); present (1).
26. Posterior sulcus distinctiveness [[]] weak (0); strong (1).
27. Anterior sulcus [[]] absent (0); present (1).
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28. Anterior sulcus distinctiveness [[]] weak (0); strong (1).
29. Anterior Dorsal Area [[Is the anterior dorsal area continuous with the rest of the shell or
set off from the rest of the shell]] not set off (0); set off (1).
30. Posterior Dorsal Area [[Is the posterior dorsal area set off from the rest of the shell?]] not
set off (0); set off (1).
31. Distinctness of Lunule [[]] poorly defined (0); well defined (1).
32. Lunule shape [[]] triangular (0); rectangular to oval (1); heart shaped (2); figure 8 (3).
33. Lunule depth [[]] shallow (level with rest of shell) (0); deep (deeper than rest of shell) (1).
34. Lunule symmetry [[]] symmetrical (0); asymmetrical (1).
35. Lunule width [[]] narrow (0); normal (1); wide (2).
36. Lunule length [[]] short (0); normal (1); long (2).
37. Position of Ligament [[]] external, slightly inset (0); deeply inset (1); completely internal
(2).
38. Anterior muscle scar shape [[]] straight (0); bent/curved (1).
39. Anterior muscle scar length [[]] short (0); normal (1); long (2).
40. Anterior muscle scar width [[]] narrow (0); normal (1); wide (2).
41. Anterior Muscle Scar Position [[]] paralleling palial line (0); diverging from palial line
(1).
42. Posterior muscle scar shape [[]] round (0); elliptical (1).
43. Posterior muscle scar length [[]] short (0); normal (1); long (2).
44. Posterior muscle scar width [[]] narrow (0); normal (1); wide (2).
45. Hinge Plate [[]] narrow (0); wide (1).
46. Anterior lateral teeth [[]] absent (0); present (1).
47. Posterior lateral teeth [[]] absent (0); present (1).
48. Number of lateral teeth - left valve [[]] one (0); two (1).
49. Cardinal teeth [[]] absent (0); present (1).
50. Number of cardinal teeth - right valve [[]] one (0); two (1).
51. Relationship of cardinals - left valve [[]] subparallel (0); diverging (1).
52. Bifidity of right posterior cardinal [[]] absent (0); present (1).
53. Size of cardinals - right valve [[]] same size (0); one is larger than the other (1).
54. Ventral dentition on inner margin [[]] absent (0); present (1).
55. Palial blood vessel scar [[]] absent (0); present (1).
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Table C-2: Nexus file of morphological character data.
#NEXUS
[ File output by Morphobank v3.0 (http://www.morphobank.org); 2017-05-23 19.16.58 ]
BEGIN TAXA;
DIMENSIONS NTAX=27;
TAXLABELS
'Thyasira polygona'
'Diplodonta acclinis'
'Anodontia alba'
'Parvilucina multistriata'
'Parvilucina crenulata'
'Miltha caloosaensis'
'Lucinoma contracta'
'Lucinisca cribrarius'
'Lucinisca nassula'
'Divaricella compsa'
'Divalinga quadrisulcata'
'Ctena speciosa'
'Ctena microimbricata'
'Codakia orbicularis'
'Parvilucina costata'
'Cavilinga trisulcata'
'Stewartia anodonta'
'Stewartia floridana'
'Lucina pensylvanica'
'Callucina keenae'
'Radiolucina amianta'
'Pleurolucina leucocyma'
'Lucina (Here) amabilis'
'Ctena orbiculata'
'Ctena magnoliana'
'Lucinoma filosa'
'Armimiltha disciformis'
;
ENDBLOCK;

BEGIN CHARACTERS;
DIMENSIONS NCHAR=55;
FORMAT DATATYPE=STANDARD MISSING=? GAP=- SYMBOLS="012345";
CHARLABELS
[1] 'Size'
[2] 'Shape'
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[3] 'Length vs Width'
[4] 'Scalloping'
[5] 'Shell Thickness'
[6] 'Ribbing'
[7] 'Type of ribbing'
[8] 'Quality of ribbing'
[9] 'Bifurcation of ribs'
[10] 'Prominence of ribs'
[11] 'Number of primary radial ribs'
[12] 'cross section of ribs'
[13] 'Posterior Dorsal Spinosity'
[14] 'Growth lines'
[15] 'Concentric lines'
[16] 'Quality of growth lines'
[17] 'Spacing of growth lines'
[18] 'Quality of concentric lines'
[19] 'Undulatory surface'
[20] 'Dominant type of sculpture'
[21] 'Type of combined pattern'
[22] 'Beak position'
[23] 'Beak direction'
[24] 'Inflation'
[25] 'Posterior sulcus'
[26] 'Posterior sulcus distinctiveness'
[27] 'Anterior sulcus'
[28] 'Anterior sulcus distinctiveness'
[29] 'Anterior Dorsal Area'
[30] 'Posterior Dorsal Area'
[31] 'Distinctness of Lunule'
[32] 'Lunule shape'
[33] 'Lunule depth'
[34] 'Lunule symmetry'
[35] 'Lunule width'
[36] 'Lunule length'
[37] 'Position of Ligament'
[38] 'Anterior muscle scar shape'
[39] 'Anterior muscle scar length'
[40] 'Anterior muscle scar width'
[41] 'Anterior Muscle Scar Position'
[42] 'Posterior muscle scar shape'
[43] 'Posterior muscle scar length'
[44] 'Posterior muscle scar width'
[45] 'Hinge Plate'
[46] 'Anterior lateral teeth'
[47] 'Posterior lateral teeth'
[48] 'Number of lateral teeth - left valve'
[49] 'Cardinal teeth'
[50] 'Number of cardinal teeth - right valve'
[51] 'Relationship of cardinals - left valve'
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[52] 'Bifidity of right posterior cardinal'
[53] 'Size of cardinals - right valve'
[54] 'Ventral dentition on inner margin'
[55] 'Palial blood vessel scar'
;
STATELABELS
1
'very small (<9mm)'
'small (1-2 cm)'
'medium (2-4 cm)'
'large (4-8 cm)'
'very large (> 8 cm)'
,
2
'subcircular'
'ovate'
'trigonal'
'quadrate'
,
3
'generally equal in length and width'
'wider than long'
'longer than wide'
,
4
'absent'
'present'
,
5
'normal'
'thin'
'thick'
,
6
'absent'
'present'
,
7
'straight'
'divaricate'
,
8
'faint'
'distinct'
,
9
'absent'
'present'
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,
10
'equally prominent'
'more prominent at dorsal or ventral margin'
,
11
'3 - 7'
'8 - 12'
'13 - 20'
'more than 20'
,
12
'rounded'
'tabulate'
'rectangular'
'acute'
,
13
'absent'
'present'
,
14
'absent'
'present'
,
15
'absent'
'present'
,
16
'faint'
'prominent'
,
17
'irregular'
'regular'
,
18
'faint'
'distinct'
,
19
'absent'
'present'
,
20
'concentric lines'
'radial ribs'
,
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21
'rough, large, rectangular blocks'
'rough, small, rectangular blocks'
'rectangular, long in the dorsal/ventral direction'
'like 1 or 2 but with wide ribs'
'concentric lines cross over radial ribs'
,
22
'inequailateral'
'equilateral'
,
23
'orthogyrate'
'opisthogyrate (larval part points towards posterior)'
'prosogyrate (larval part points towards anterior)'
,
24
'normal'
'low'
'high'
,
25
'absent'
'present'
,
26
'weak'
'strong'
,
27
'absent'
'present'
,
28
'weak'
'strong'
,
29
'not set off'
'set off'
,
30
'not set off'
'set off'
,
31
'poorly defined'
'well defined'
,
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32
'triangular'
'rectangular to oval'
'heart shaped'
'figure 8'
,
33
'shallow (level with rest of shell)'
'deep (deeper than rest of shell)'
,
34
'symmetrical'
'asymmetrical'
,
35
'narrow'
'normal'
'wide'
,
36
'short'
'normal'
'long'
,
37
'external, slightly inset'
'deeply inset'
'completely internal'
,
38
'straight'
'bent/curved'
,
39
'short'
'normal'
'long'
,
40
'narrow'
'normal'
'wide'
,
41
'paralleling palial line'
'diverging from palial line'
,
42
'round'
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'elliptical'
,
43
'short'
'normal'
'long'
,
44
'narrow'
'normal'
'wide'
,
45
'narrow'
'wide'
,
46
'absent'
'present'
,
47
'absent'
'present'
,
48
'one'
'two'
,
49
'absent'
'present'
,
50
'one'
'two'
,
51
'subparallel'
'diverging'
,
52
'absent'
'present'
,
53
'same size'
'one is larger than the other'
,
54
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'absent'
'present'
,
55
'absent'
'present'
;
MATRIX
'Thyasira polygona'
022010??????01100000?020110?0111012200100110000?0????00
'Diplodonta acclinis'
100000??????01100100?0200?0?100?????01110111100?1101000
'Anodontia alba'
311010??????01110100?1220?1110110102(0,1)0110111000?0????01
'Parvilucina multistriata'
0010010001300110010011220?0?11100122010111000111101??11
'Parvilucina crenulata'
000000??????01100100?122100?10101??00101?11001111110111
'Miltha caloosaensis'
312000??????01110100?1211010111???0200220111100?1101001
'Lucinoma contracta'
331000??????001??100?122100?1110102210200111000?1101001
'Lucinisca cribrarius'
100001010032101??10120200?0?11101???0020011101111010?11
'Lucinisca nassula'
111001010030101??1012120100?111011200011001101111010?11
'Divaricella compsa'
10000111003001101?01?1020?0?001001020101111101111111101
'Divalinga quadrisulcata'
10100111003001000?01?1020?0?001001020101110101111111101
'Ctena speciosa'
1310110110300110000110220?0?101100000011112101101111111
'Ctena microimbricata'
11101100113001100?0110200?0?101110010111111101111101101
'Codakia orbicularis'
3000010100300111100120200?0?001100020111111101111101001
'Parvilucina costata'
0001210100100110010140220?0??01000200011010001111111111
'Cavilinga trisulcata'
11(1,2)000??????01111100?0220?0?011010200111111101111011?11
'Stewartia anodonta'
300000??????01100000?021100?0000110000110111100?0????01
'Stewartia floridana'
200000??????01100000?0210?0?0010111000110110100?0????01
'Lucina pensylvanica'
200020??????01100100?022110?010300000011011011111110001
'Callucina keenae'
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101000??????01100100?020100?0110012200120110000?1(1,0)?0111
'Radiolucina amianta'
0111010100110011?10130200?0?10101120001100111111110?111
'Pleurolucina leucocyma'
0221210100000110011130220?0?0013000101111111100?1000011
'Lucina (Here) amabilis'
0221210101000110010030220?0?001310??00111111100?1000001
'Ctena orbiculata'
1310010110300110100121200?0?101100020111111101111101101
'Ctena magnoliana'
13101101103?0110010110200?0?101100020111111101111101101
'Lucinoma filosa'
211000??????001??110?1?00?0?11101122(1,0)0200111000?1101001
'Armimiltha disciformis'
301000??????001??110?120100?11101120(0,1)0200111100?1101001
;
ENDBLOCK;
BEGIN ASSUMPTIONS;
TYPESET * UNTITLED = unord: 1 - 55;
ENDBLOCK;
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