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Abstract
Morphological and spatial influences on molluscan macroevolution
by
Lucy M. Chang
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Dr. Charles Marshall, Chair

Predicting the capacity of a lineage to survive, disperse, or diversify when faced with a changing
environment is a fundamental aim in both ecology and evolution and one that is increasingly
critical in a rapidly altered world. Here, by using morphological and phylogenetic measures of
similarity as proxies for ecological similarity, I examine how the presence and absence of similar
taxa across both space and time impacts extinction risk, morphological evolution, and
colonization success. Through use of temporal and taxonomic replicates, the consistency of
these patterns can be characterized, leading to a better understanding of the degree to which
biotic responses to novel conditions are predictable.

Chapter 1 examines the degree to which predictors of extinction risk remain consistent over time.
I approach this using the fossil record of ammonites across the Cretaceous Period (145-66 Ma),
incorporating measures of morphological similarity, in addition to classical descriptors of shell
coiling and non-morphological traits, into stage-level extinction models. I find that predictors of
background extinction are highly variable in importance and magnitude of selectivity from stage
to stage with few consistent relationships that can be applied predictively across time. These
results highlight the temporally variable nature of background extinction, the importance of
context, and the challenge this poses in the search for generalizable rules of extinction.

Chapter 2 assesses whether occupation of a newly-formed environment coincided with consistent
morphological shifts independently across taxa. I use ammonite occurrences in and around the
North American Western Interior Seaway (WIS) during its formative stage and outline analysis
of shell aperture shapes to test whether species inhabiting a deepening seaway occupy similar
positions in morphospace relative to their congeneric, non-seaway counterparts. I find that some
genera spanning the boundary between the Western Interior Seaway and the Gulf and Atlantic
Coast region to the seaway's south exhibit similar shape differences between the two regions,
indicating some predictability in the direction of morphological evolution given access to the
same environment. This spatial pattern, however, is not reflected within wide-ranging species.
The consistency across multiple taxa suggests that the onset of novel environmental conditions
may be capable of influencing the trajectory of morphological evolution in a clade as a whole.



Chapter 3 characterizes the relationship between evolutionary relatedness to native taxa and
successful colonization within a late Cenozoic embayment. Darwin's naturalization hypothesis
predicts that potential colonizers more closely related to incumbent taxa are less likely to
successfully establish due to competition and limiting similarity. I approach this using a large
phylogeny of extant bivalve genera and the rich fossil record of bivalves along the Pacific Coast
of North America. Specifically, I examine patterns of colonization from the open ocean, through
restricted connections, into the embayment formerly present in the San Joaquin Basin of central
California from 27 Ma to 2.5 Ma. By comparing the relatedness of successful colonizers to the
native fauna in the basin with the relatedness expected through random assembly, I find that
colonization success in the San Joaquin Basin is not strongly linked with unusually close or
unusually distant relatedness in any of the time bins considered.
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Chapter 1

Morphological predictors of background extinction risk for ammonites through the
Cretaceous

Introduction

Evaluations of extinction selectivity provide one of the most compelling approaches for
disentangling the relative contributions of ecology, environment, and chance in driving
biodiversity patterns. Though progress has been made identifying taxonomic (e.g., Alroy 2008)
and ecological (e.g., Ezard et al. 2011, Clapham and Payne 2011, Finnegan et al. 2016)
selectivity in the fossil record, these features capture only a portion of the underlying biological
change associated with fluctuating diversity.

The use of morphospaces allows for reproducible measures of morphological disparity and
distinctness, which have been used in studies of development, radiations, and the evolution of
ecological diversity (Erwin 2007). Previous applications of morphospaces in macroevolutionary
studies have primarily focused on the degree of coupling between a clade's diversity and overall
disparity without explicitly addressing an individual taxon's probability of going extinct or
originating (Foote 1993, Foote 1994, Villier and Korn 2004). In many cases, these kinds of
studies attempt to identify nonrandom trimming in morphospace as evidence of selectivity or
measure how the occupation of morphospace is impacted by extinction rather than the other way
around. Additional analyses linking morphological disparity to extinction noted patterns in
genus-specific longevity associated with overall deviation from the mean morphology (Baumiller
1993, Liow 2006) and differential post-mass extinction recovery rate associated with specific
regions in morphospace (Lockwood 2004). While an extensive body of literature regarding
selectivity analyses has focused on major events in life history such as mass extinctions,
background extinction has received less attention despite recognition that the drivers behind both
scenarios likely differ in magnitude, direction, and identity (Jablonski 1986, Payne and Finnegan
2007). An improved understanding of factors that drive background extinction, however,
provides a baseline with which to identify unusual deviations from those drivers and
subsequently predict its outcomes.

In general, the incorporation of measures of relative morphological distinctness, such as the
degree of packing in morphospace and morphological deviance, into time-specific models of
extinction and origination has been limited. Such approaches would allow for taxon-free
assessment of extinction risk by focusing on quantitative measures of dissimilarity rather than
discrete ecological differences or post-hoc delineation of morphospace regions. The role of
dissimilarity in driving diversification patterns has deep roots in ecological theory concerning the
outcomes of competition and specialization. The competitive exclusion principle (also known as
Gause's Law), for example, posits that similarity between two taxa can have far-reaching
evolutionary consequences through competition, resource limitation, and subsequent extinction
(Hardin 1960, Krause 1986). By extension, sparsely occupied regions of morphospace may
indicate ecological opportunity and vacant niches, which are thought to promote diversification
(Van Valkenburg 1991, Foote 1999, Schluter 2000). Competition, however, is notoriously
difficult to detect in the fossil record and has been largely inferred using the coincident rise and



decline of entire clades (Sepkoski 1981, Benton 1987, Krause 1986, Van Valkenburg 1991, Liow
et al. 2015). On the other hand, specialization has also been proposed to produce evolutionary
"dead-ends" (Colles et al. 2009, Van Valkenburg et al. 2004), though it has been found to be
associated with both increased and decreased genus longevities (Baumiller 1993, Van
Valkenburg et al. 2004, Liow 2006). By considering only contemporary subsets of taxa, I focus
on linking how a taxon experiences its extrinsic biotic and abiotic landscape to its immediate
extinction risk.

Ammonoids are a model group with which to conduct high-resolution morphological and
evolutionary studies. For over 300 million years until the group's extinction at the
Cretaceous/Paleogene boundary, the group exhibited high rates of taxonomic turnover and a
broad, labile range of morphologies. Taphonomic, biomechanical, and isotopic studies have
suggested a strong relationship between the shape of the organism’s external, chambered shell
and its preferred position in the water column and degree of mobility (see Ritterbush et al. 2014
for review). Using a series of simple linear measurements to capture shell geometry, Raup (1966)
established a theoretical morphospace for coil-shelled organisms, which he then applied to
planispiral ammonites to determine the degree to which the group occupied their feasible range
of morphologies (Raup 1967). This framework has been foundational in morphological studies
of ammonoids, which have since made use of the theory or method with limited modification to
examine changes in disparity over time as well (e.g., Moyne and Neige 2007, Saunders et al.
2008, Gerber 2011, Neige et al. 2013), selectivity at and recovery following mass extinction
events (e.g., Villier and Korn 2004, Brosse et al. 2013), and links between morphology, mode of
life, and environment (e.g., Westermann 1996).

Despite approaching their demise, ammonoids show high taxonomic and morphological diversity
of both planispiral and heteromorphic forms for much of the Cretaceous Period (145-66 Ma).
This period is characterized greenhouse Earth conditions and a continental configuration that
resembles relatively closely that of modern day. Eustatic sea level rise driven by global warming
and tectonic activity during this period led to the formation of large epeiric seas on most
continents by the start of the Late Cretaceous, which persisted until the end Cretaceous. This
climatic backdrop was furthermore punctuated by several well-documented oceanic anoxic
events (OAEs) that yielded widespread oxygen-deficient bottom water conditions (Jenkyns
2010). The more severe OAEs, such as that at the Cenomanian/Turonian boundary, roughly
coincided with pulses of elevated extinction in several groups of marine organisms, including
ammonites (Elder 1989, Leckie et al. 2002). The study of morphological extinction selectivity
and its ecological underpinnings is particularly relevant in the Cretaceous given the observed
escalation in interaction-driven, morphological innovation in marine invertebrate biota across the
era, recognized as the Mesozoic Marine Revolution (Vermeij 1977).

Here I establish a global morphospace for genera of ammonites across the Cretaceous Period. I
apply a machine learning approach to fit predictive models of extinction for 11 stages of the
Cretaceous and determine the strength and nature of the relationship between a suite of
morphological and taxonomic predictors and taxon-specific extinction. I further examine the
consistency of these relationships over time by assessing the ability of each interval-specific
model to predict extinction in each of the other stages. Identification of taxon-free metrics such
as morphological distinctness and degree of crowding that may predict selectivity at times of



biotic turnover would better allow for assessment of extinction vulnerability across biological
groups and time periods.

Methods
Data sources

Stratigraphic ranges and morphological data were collected primarily from Wright et al.'s
Treatise on Invertebrate Paleontology, part L, Revised. Mollusca 4: Cretaceous Ammonoidea
(1996). The taxonomic scope of this study was limited to suborder Ammonitina, a diverse group
consisting of planispiral ammonoid forms. Wright et al. (1996) provides a standardized treatment
of ammonoid genera known at time of publication to exist during the Cretaceous, including
genus and subgenus stratigraphic ranges and figures of exemplar specimens. Because the
taxonomy presented in Wright et al. (1996) is resolved to the subgenus level, I treated subgenera
as taxonomic units hierarchically equivalent to genera. Taxa of uncertain taxonomic status
(denoted in Wright et al. [1996] with a “?””) or without reported stratigraphic ranges were
excluded from this study.

For the included taxa, stratigraphic first and last appearances reported in Wright et al. (1996)
were resolved to the stage level and assumed to range through reported intervals. For eleven
taxa, first and last stages were reported as uncertain and trimmed from the overall stratigraphic
durations, providing conservative representations of true durations and leading to the exclusion
of four of these taxa whose ranges could not be resolved at all following this schema. Range
endpoints reported as Ryazanian or Late Volgian were reassigned to be of Berriasian age. In the
end, I noted stratigraphic durations for 479 genera and subgenera of Ammonitina.

Morphological data were collected from exemplar figures published in Wright et al. (1996) for
each taxon using an open-source image measurement web applet (available at
https://github.com/lucymchang/webmorph). Each genus or subgenus is usually represented by
one specimen to prioritize achieving taxonomic breadth. These data consist of four linear
measurements: maximum diameter of the shell (D), maximum height of the last visible whorl
(a), height of the whorl 180° from a (a’), and maximum width of the last visible whorl ()
(Figure 1.1). Because the apertural and side views of the whorl are both needed to obtain
complete set of measurements, data collected from multiple figures of the same specimen were
scaled to each other to provide a complete measurement set. For those genera with reported
stratigraphic ranges but incomplete measurement sets, additional measurements were collected
from the primary literature (Appendix A.1). Those that were unable to be supplemented were
excluded from the remainder of the morphometric study. In the end, 379 taxa were included in
subsequent morphospace generation and extinction models. Representation of taxa in the
morphological dataset was even across stages, ranging between 75% of taxa present in the
Maastrichtian to 89% of taxa present in the Barremian (Figure 1.2).

Morphospace generation

Three shell-coiling parameters based off of Raup's (1967) work were then calculated from the
four linear measurements obtained from each exemplar specimen (Figure 1.1). These parameters



take the form of dimensionless ratios and have been widely used both theoretically and
quantitatively to classify the gross morphology of coil-shelled organisms, including foraminifera,
gastropods, and ammonoids. They consist of the umbilical ratio (U) where:

U= UD/D (1)
the whorl expansion rate (w) where:
w = (ala')’ (2)
and the shell inflation (S) where:
S=bla 3)

The biological interpretations of these parameters are discussed in more detail in the following
section.

In cases where multiple specimens were figured for one genus or subgenus, the mean values of
U, w, and S were used to represent the taxon (Appendix A.2). Though not completely
independent, the three parameters are only somewhat correlated in the dataset. I then conducted
principal component analysis using the three coiling parameters scaled to unit variance to
generate an empirical morphospace for Cretaceous ammonites, which serves as the basis for the
extinction models. Because only three variables were used to generate the morphospace, I retain
all axes from the resulting principal component analysis and all distances calculated within this
space were based on all three dimensions.

To examine the how occupation of morphospace changes over time, I follow the
recommendations of Foote (1993), Ciampaglio et al. (2001), and Erwin (2007). I calculated
morphological disparity in each stage as the mean pairwise distances between taxa in
morphospace. Because this metric is sensitive to sample size, I rarefied each stage to the lowest
diversity in any Cretaceous stage (n = 12 in the Maastrichtian) and calculated disparity as well as
centroid position in principal component space for the rarefied subset of taxa. This was repeated
1,000 times.

Potential predictors of extinction

Each genus was assigned a suite of ten predictors thought to potentially influence a taxon's
extinction rink. This was done independently in each stage, taking into account what taxa
coexisted with the genus and where in the morphospace they are.

Four morphological descriptors, the three original coiling parameters (U, w, and S) and size,
were noted for each genus in the suite of potential extinction predictors. These values do not
change from stage to stage. The coiling parameters were included because of their theoretically
and experimentally derived associations with ecological and physiological aspects of the
organism such as swimming velocities (Chamberlain 1981, Jacobs 1992, Jacobs et al. 1994,
Jacobs and Chamberlain 1996), shell strength and depth tolerance (Hewitt 1996), buoyancy
(Saunders and Shapiro 1986), and orientation of the aperture (Swan and Saunders 1987, Klug
and Korn 2004). The parameters serve to describe the gross morphology of the ammonite shell
and how the organism is hypothesized to have interacted with its physical environment.

1. Umbilical ratio (U). The umbilical ratio describes the exposure of the umbilicus or

degree the whorl overlaps previous whorls during growth (involution). Adult ammonoids



with higher values of U have more exposed umbilici and are thought to have experienced
higher drag, making them less likely to be fast-moving swimmers.

Whorl expansion rate (w). The expansion rate of the whorl describes the change in the
size of the whorl as the shell grows. High values of w indicate large increases in size with
shell growth, which has been associated with more horizontal aperture orientation,
increased maneuverability, and greater maximum swimming velocities.

Shell inflation (S). The shell inflation value captures the aspect ratio of the aperture. Low
values of S indicate more compressed shells, which have been experimentally shown to
reduce drag on the shells of adult ammonoids.

Size. Size is calculated as the maximum measurement, typically the diameter, in
millimeters taken from the lateral view of the shell. If multiple specimens were imaged
for a genus or subgenus, the largest value among them was taken. Size is frequently used
in macroevolutionary and macroecological studies as a proxy for metabolic, reproductive,
and trophic characteristics of an organism and size selectivity in extinction events has
been noted across the numerous groups (McKinney 1997, Lyons et al. 2004, Van
Valkenburgh et al. 2004), though less attention has been paid towards exploring the
relationship between size selectivity and background extinction. In many of these cases,
large-bodied organisms experienced elevated extinction rates, which are attributed to
their low reproductive rates and higher trophic positions.

In addition to the original coiling parameters and size, I derived four predictors from the
generated three-dimensional morphospace in order to capture ways in which each genus occupies
the morphospace differently than its contemporaries do. These predictors, described below, vary
depending on the interval in question and include the taxon's distance to the interval centroid,
degree of local crowding, distance to the current family centroid, and current family disparity.
The inclusion of predictors generated from family subsets explores the possibility of clade-level
effects due to relatedness and phylogenetically conserved ecologies. Allowing for differences
that stem from clade identity may improve models of extinction (Harnik 2011).

5.

6.

Distance to interval centroid. The distance to the interval centroid is calculated as the
Mahalanobis distance (the Euclidean distance in principal component space when axes
have been scaled to unit variance) between the taxon and morphospace centroid
calculated using the positions of all taxa present in that interval. Greater deviation from
the mean morphology of contemporary taxa is often interpreted as increased ecological
specialization, which is generally linked in theory to increased extinction risk. However,
this link is neither consistent nor straightforward (Schluter 2000, Colles et al. 2009) and
morphological deviation has been linked to both decreased and increased longevity
(Baumiller 1993, Liow 2006).

Degree of local crowding. The degree of local crowding is calculated as the kernel
density estimate (KDE) for each taxon's position in an interval's morphospace. This
provides a relative measure of crowding in multivariate space given the distribution of
taxa in morphospace for that interval. This was estimated using Gaussian distributed
kernels. A genus with a high value of KDE indicates it is located in a more densely
occupied region of morphospace relative to genera with lower values of KDE. If
morphologically similar taxa are more likely to compete directly and indirectly for
resources, then generally speaking taxa occupying more densely occupied morphospace



should experience increased competitive pressures. Contour plot of multidimensional
KDEs for example interval (Cenomanian) is provided in Appendix A.3.

7. Distance to family centroid. Distance to the family centroid is calculated as the
Mahalanobis distance between the taxon and the centroid calculated using the positions
of all members of the same family present in that interval, standardized to the root mean
square of distances within each family. Similar to the distance to the interval centroid,
this metric measures overall morphological uniqueness, but differs in that it suggests that
morphological deviation relative to closely related taxa may have a stronger effect on
extinction probabilities than overall deviation from the overall mean morphology,
assuming that taxonomy coarsely reflects phylogeny. As distance to the family centroid
increases, taxa become less subjected to high competitive pressures. This hypothesis was
first proposed by Darwin and stems from the idea that more closely related taxa are more
ecologically similar, thus leading to increased competition intensity between them
(Cavender-Bares et al. 2009). However, a growing number of studies in community
ecology have shown this hypothesis infrequently holds true (e.g., Cahill et al. 2008,
Godoy et al. 2014).

8. Family disparity. Family disparity is calculated here as the mean pairwise distance
between taxa of the same family in each interval. If taxonomy is assumed to broadly
reflect phylogeny, family disparity can be thought to reflect a clade's evolutionary
variability. A clade that shows a higher diversity of forms may contain taxa more
buffered against extinction due to an increased ability to adapt (Van Valkenburgh 1991,
Kolbe et al. 2011), and morphological variability has been associated with species and
genus longevity (Liow 2007).

An additional two non-morphological features were included in the extinction models for each
genus, based on an extensive body of literature suggesting their strong influences on taxon
longevity or extinction risk. These features are current taxon age and current family diversity and
each taxon's values vary from stage to stage.

9. Taxon age. Taxon age is defined here as the cumulative number of stages the taxon has
been recorded as extant including the stage of analysis (Figure 1.3). The Law of Constant
Extinction proposed by Van Valen (1973) posits that a taxon's probability of extinction
remains constant irrespective of its age. This may be due to the persistent challenge to
stay alive through a constantly changing environment, an idea he termed the Red Queen
hypothesis. If the Law of Constant Extinction were upheld in this case, age should be a
poor predictor of extinction risk, as older taxa would be equally at risk of extinction as
younger taxa.

10. Family diversity. Family diversity is a value assigned to each genus referring to the
number of confamilial genera coexisting in the given interval. The degree to which
diversity dependence regulates extinction and origination in clades remains a topic of
wide discussion in macroevolutionary studies (Rabosky 2013, Marshall and Quental
2016). Under a framework of diversity dependence, the per lineage probability of
becoming extinct increases with clade diversity until the carrying capacity is met. Though
this predictor only coarsely approximates this process in the models and assumes a
similar extinction regime across families, support for such a relationship would be
compelling evidence for a prominent role of diversity dependence as a regulating factor.



Several additional predictors were considered but were found to be either highly correlated to
one listed above (e.g., mean distance to confamilial genera) or unable to be compared if applied
to taxonomic subdivisions (e.g., KDEs at the family level).

Extinction modeling

I applied stochastic gradient boosting to model the strength and nature of the relationships
between the predictor variables and extinction response. Gradient boosting is a machine-learning
technique that uses an ensemble of weak models, typically regression or classification trees, to
iteratively optimize a cost function. Though the final model may be composed of several
thousand weakly predictive trees, making them difficult to visualize, gradient boosting
frequently has shown improved predictive power over other classification methods such as
logistic regression and random forests in commercial applications, while the advantages of
gradient boosting for biology continue to be explored (as discussed in Elith et al. 2008). Because
gradient boosting selects features during the fitting process by reducing the effect of unimportant
predictors to zero, inclusion of additional predictors does not necessarily force a trade-off in
relative influence of predictors. They are also capable of fitting non-linear relationships between
explanatory and response variables and these effects are generally insensitive to feature
collinearity. Despite this insensitivity, I identified features that were highly correlated within
each interval (Pearson's » magnitude greater than 0.9) and iteratively excluded the one with the
highest mean absolute correlation with all other features until remaining features show no
correlations above the cutoff value (Figure 1.4). The excluded features tended to be metrics
related to family-level characteristics and resulted in the exclusion of family disparity as a
predictor in the Berriasian and the Barremian stages and additionally distance to the family
centroid in the Barremian, all of which highly correlate with family diversity in these two
intervals.

Extinction was modeled independently in each stage of the Cretaceous, excluding the
Maastrichtian, which cannot be modeled due to lack of variation in the response variable. Model
training hyperparameters - interaction depth, number of iterations, learning rate, number of
minimum observations per node - were allowed to vary between a set of potential values (see
Elith et al. 2008 for additional descriptions of each hyperparameter). A grid search of these
values was conducted using 10-fold cross-validation repeated ten times on a training dataset
consisting of 60% of the genera in an interval and the set of hyperparameters that returned the
greatest accuracy were used to fit the final models (Appendix A.4). Because the proportion of
ammonites becoming extinct in each interval is quite high, I accounted for class imbalance in the
response variable by measuring model accuracy as the area under the precision-recall curve
(AUPRC) and by weighting the response variable by the frequency of each class in that interval.
A subsampling rate (bag fraction) of 50% was used so that each instance of tree selection during
model fitting used a random subset of the data. This reduces the potential for overfitting and
improves accuracy (Friedman 2002). Final models were fit to the training dataset in each stage,
and the model performance was assessed using the AUPRC of the final model applied to the
remaining 40% of genera. I then examined the consistency of models through time by applying
the best fitting model from each stage to all other stages of the Cretaceous and evaluating
performance again using the AUPRC. All analyses in this study were conducted in the R
programming environment (v3.2.4, R Core Team 2016). Grid searches and final model fitting



were implemented using the R packages caret (v6.0-73, Kuhn 2016) and gbm (v2.1.1, Ridgeway
2015).

Results
Ammonite diversity dynamics

The data obtained from Wright et al. (1996) show a slight decrease in raw genus diversity
through the first half of the Early Cretaceous, a rapid increase in diversity from the Aptian to the
Albian to reach Cretaceous peak diversity, followed by an overall decline from this peak
diversity through the Late Cretaceous. The removal of singletons using the boundary crosser
method of calculating diversity dramatically depresses these numbers, reflecting high rates of
taxonomic turnover for this group across the Cretaceous. This is also reflected in age frequency
distributions for taxa in each interval (Figure 1.4). Per capita extinction rates calculated
according to Foote (2000) show dramatically elevated extinction in the first half of the Early
Cretaceous, followed by low but gradually increasing rates towards the Late Cretaceous, and
appear decoupled both in magnitude and direction from both raw and boundary crossing genus
diversity (Figure 1.2).

Morphospace occupation through time

The three-dimensional morphospace generated using principal component analysis of coiling
parameters depicts the range of morphologies that Cretaceous ammonites possessed (Figure 1.5).
Factor loadings and summaries of variance explained by each principal component (PC) axis are
provided in Table 1.1. The first PC axis of the morphospace captures 55.3% of the variability in
the data with U and S being important factors negatively correlated with the first PC axis and w
only slightly less important correlated positively with the first PC axis. The second PC axis
captures 25.9% of the variability in the data and is predominantly influenced by w with lesser
contributions from U and S. The third PC axis captures 18.8% of the variability in the data and is
influenced for the most part by the remaining variation in U and S and very small contribution
from w.

Despite high taxonomic turnover, total disparity shows no detectable change over time (Figure
1.6). Similarly, the position of occupied morphospace remains consistent near the morphospace
mean across the Cretaceous in the first two PC axes (Figure 1.7). Exceptions to this include the
Barremian in the Early Cretaceous, which shows some deviation from the morphospace center
towards more positive values on the first PC axis, and the Late Cretaceous Maastrichtian, which
shows deviation towards negative values on the second PC axis. These deviations, however, are
minor in the context of the entire Cretaceous morphospace. The patterns of relatively little
change in both disparity and centroid position across time, together with the high turnover rate,
suggest continual reoccupation of vacated morphospace. This is in line with a number of studies
that have documented the tendency for planispiral ammonoids to re-evolve morphologically
familiar forms over the course of the clade's evolutionary history and across extinction events
(Bayer and McGhee 1984, Saunders et al. 2008, Monnet et al. 2011, Monnet et al. 2015).



Extinction model performance

The ability to predict extinction using the set of predictors in this study was highly variable
across time. Model performance was assessed by comparing the AUPRC of the trained model to
the expected AUPRC value obtained by a random classifier when both are applied to data
withheld during training. The AUPRC of a random classifier is equal to the proportion of
positive observations in the dataset, irrespective of the evaluation threshold. Of the 11 stages in
the Cretaceous for which models were fit, six produced best-fit models that outperformed a
random classifier (Figure 1.8). These are the Valanginian, Hauterivian, Cenomanian, Turonian,
Santonian, and Campanian. Subsequent interpretations of predictor effects focus on these six
intervals.

When models were used to predict extinction in stages outside of the stage they were trained on,
performance of the models were generally poor (Figure 1.9). Here, out of sample performance
was assessed using the area under the receiver operating characteristic curve (AUROC), which is
less discerning than AUPRC when assessing performance using imbalanced classes, but closely
reflects AUPRC in terms of overall performance and is more straightforward to compare across
intervals given that the expected AUROC of a random binary classifier is invariable (0.5). In
some cases, models performed well when predicting extinction in intervals outside of the interval
they were trained on. For example, the model trained using taxa present in the Hauterivian was
able to predict extinction in the Albian and Turonian with relatively high accuracy. However,
there is no clear pattern to when this occurs, as models appear no better at predicting temporally
close intervals than intervals that are far away. This lack of apparent temporal autocorrelation in
model performance suggests that extinction drivers are highly unique to specific time periods.

Predictor consistency and specific effects

The time-specific nature of extinction selectivity is further revealed in partial dependence plots
of the fitted models, which depict marginal effects of a predictor when all other predictors are
held constant at their sample means (Figure 1.10). The relative influences of each predictor,
which are scaled but non-additive for each interval, are also depicted. The number and identities
of variables with high relative influences vary dramatically from interval to interval - variables
that are strong predictors of extinction in one interval are weak in another and stages may have
any number of strong predictors or only one or two.

In some intervals, the range of marginal effects of each predictor in each interval is very small,
unable to strongly distinguish between the extinct or not extinct response, despite supposedly
high model performance. This is particularly striking in the Cenomanian, where no predictor has
a large effect. The concentration of the narrow range of effects around a value of 0.5 is unusual
and suggests the models are capturing relationships that are not immediately revealed through
partial dependence plots, such as subtle impacts on extinction risk or interactions between
predictors rather than each predictor individually. Regardless of the effect size, some temporal
patterns arise in directionality of effects and variable importance, and variables found to be
important in multiple intervals often show similar directionality in their effects.



The coiling parameters (U, w, and S), which describe the gross morphology of the shell and how
the organism interacts with its environment, frequently contained the variable of highest relative
influence in each interval. Whorl expansion rate (w) is generally of little influence. However, the
Hauterivian exhibits a strong increase in extinction risk associated with moderate values of w.
The umbilical ratio (U) is a relatively important predictor in the Hauterivian and Campanian,
with both intervals showing increased extinction risk with more exposed umbilici (high values of
U). All other intervals show weak relationship between U and extinction risk. Though most
intervals show weak and non-directional relationships between extinction and shell inflation (S),
two stages in the Late Cretaceous, the Santonian and Campanian, include S as an extremely
important predictor, with both showing a marked peak in predicted extinction at intermediate and
high values of the S. This relationship suggests preferential survival of more streamlined,
compressed forms (low values of S). Thus, for the three intervals mentioned, the parameters that
describe shell hydrodynamics appear to be important indicators of extinction risk and
consistently point towards higher extinction vulnerability of less streamlined forms. Previous
studies have repeatedly documented the trend for taxa with inflated, evolute, and highly
ornamented shells present early in a clade's history to be later replaced by taxa possessing
discoidal, involute, and smooth shells (Bayer and McGhee 1984). Extinction selectivity on those
traits suggests this is a functional shift and, despite the prevalence of this trend across multiple
clades, may be highly time-specific. The additional morphological descriptor, size, varies in
importance and direction over time. Though generally of low relative importance, size appears to
be quite influential in the Turonian, showing larger taxa became preferentially extinct in this
interval.

Variables that capture aspects of a taxon's morphological context — distance from the interval
centroid, degree of local crowding, distance from the family centroid, and family disparity —
appear overall less important than the coiling parameters with strong exceptions in two intervals.
Total family disparity is the variable of greatest importance in the Hauterivian, showing
preferential extinction of genera in families occupying broader regions of morphospace. A
similar pattern is seen in the Turonian, though the Turonian extinction model is more strongly
influenced by other variables. In both cases, this response is decoupled from that of a taxon's
distance to the family centroid and the number of confamilial genera, suggesting that overall
clade dispersion, rather than individual-scale morphological deviance or clade dispersion as a
function of diversity, can play a role in determining extinction susceptibility. The direction of
this relationship, however, is opposite that which is expected if variability (measured as high
family disparity) buffers taxa from extinction. Instead, families consisting of morphological
dissimilar genera experience greater extinction. I do not find support for the inverse relationship
in any time interval. The Turonian, furthermore, exhibits a sharp peak in predicted extinction risk
associated with moderately small degrees of local crowding, supporting the idea that taxa in
more sparsely occupied regions of morphospace experience greater extinction in that interval.
These two patterns capture the extinction of morphological outliers and taxa on the fringes of the
Turonian morphospace, which contains the most extreme taxa along both the first and second PC
axes. The lack of a relationship between the distance to interval centroid and extinction risk,
however, indicates proportionally strong extinction towards the center of the Turonian
morphospace as well.
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There is, additionally, some support for extinction selectivity of non-morphological traits. In
particular, genera belonging to diverse families experience elevated extinction in the
Valanginian. Notably, the relative importance of taxon age as a predictor of extinction is
consistently low across all intervals. This finding is consistent with the lack of a strong
relationship between extinction risk and age that has been observed previously in other
taxonomic groups and does not refute the Law of Constant Extinction (Van Valen 1973).

Discussion

Using a stratigraphic and morphological dataset for Cretaceous ammonites, I was able to identify
several features that appear to undergo background extinction selectivity. However, the
importance of these features and the overall ability to fit extinction models across all stages
varies over time. Here I discuss additional factors that may influence the ability to accurately
predict extinction beyond the scope of this study.

Phylogeny

I have attempted to address the impact relatedness may have on extinction risk by including
predictors calculated using family subsets. The use of groupings at different levels of the
taxonomic hierarchy as an explicit substitute for formally assessed phylogenetic relationships is
not uncommon (e.g., Brosse et al. 2013) and may be fruitful but should be used with caution
(Soul and Friedman 2015). That said, when conducting macroevolutionary studies with
morphologically-defined groups that lack suitable representation in phylogenetic trees, the use of
taxonomy in lieu of phylogeny is unlikely to produce drastically different outcomes (Jablonski
and Finarelli 2009). Previous studies of ammonites have noted that the recurrent evolution of
forms appears to occur independent from phylogeny (Bayer and McGhee 1984, Saunders et al.
2008), suggesting that a lack of support found for family-dependent metrics in most intervals is
not be unexpected.

The use of phylogenetic trees would additionally allow us to distinguish between true extinction
and pseudoextinction in the dataset. This is of particular interest in ammonites, which are
recognized as having possessed high rates of evolution and taxonomic turnover. Morphology,
however, is an important factor for distinguishing ammonite taxa. Thus, though identification of
anagenetic change would provide an added dimension to this study, its inclusion would leave the
fundamental goal of detecting factors that induce the loss of morphotypes, the analyses, and the
results relatively unchanged.

Time averaging

The highly variable nature of extinction documented here across stages likely extends to sub-
stage timescales as well. If drivers of extinction were shifting relatively rapidly within a stage
and at times in opposing directions, time averaging would mask the signal of selectivity,
impairing the ability to detect strong relationships at the stage level. If this were overwhelmingly
true, the ability to predict extinction would be expected to decrease with increasing stage
durations. However, I do not find this to be the case (Appendix A.5), suggesting stages are a
suitable timescale for studying extinction selectivity.
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The effect of time averaging additionally implies that when cases of selectivity are detected, it is
likely a real signal, as time averaging would only serve to dampen the relationship between
predictors and extinction risk rather than strengthen them. These cases are remarkable, then, as
they could only be achieved through either large pulses of selective extinction or sustained
selectivity over the course of the interval.

There may, however, be instances in which time averaging can lead to multiple interpretations of
selectivity patterns. For example, a pattern of strong selectivity shifting between extreme values
of a variable's range within a stage could be interpreted as selection on extremes though at any
given point the selection is in fact highly directional. I did not detect a pattern that could be
interpreted this way, and variables that compound this information into one metric (distances to
the interval and family centroids) were not found to be important variables. This effect, however,
should be kept in mind when conducting and interpreting the results of similar studies.

Geographic range

The geographic range of a taxon has been noted in the literature to be one of the most consistent
predictors of extinction in the fossil record (Payne and Finnegan 2007, Jablonski 2008, Harnik
2011). Though inclusion of geographic range may improve the performance of the final models,
it would not necessarily alter the modeled relationships between the predictors and extinction.
Completely disregarding geography may be problematic, however, as clades and ecological and
physiological responses are dynamically structured across space (Jablonski 2008, Harnik 2011).
Though I did not collect data on the geographic ranges of the taxa included in this study and thus
did not include it as a potential predictor of extinction, underlying spatial structure in the
predictor values may mask more generalizable effects on extinction risk and warrants further
study through local and regional approaches.

Additional sources of morphological variation

There are a number of sources of morphological variation not captured by the scope of this study
that may affect the ability to predict extinction from morphospaces. Previous studies suggest that
whole shell morphology, including features such as ornamentation, ribbing, suture complexity,
or siphuncular thickness, may be more sensitive to morphological selectivity across extinction
events (Saunders and Swan 1984, Saunders et al. 2008) and broad trends in whole shell
morphology across time have been recorded for ammonite clades (Ward 1986, Monnet et al.
2015). However, though additional characteristics of the shell have been incorporated into
morphological analyses of ammonites (e.g., Ward and Signor 1983, Ward 1986, Swan and
Saunders 1987, Dommergues et al. 1996, Moyne and Neige 2007, Saunders et al. 2008), these
three coiling parameters capture most of the variation in whole shell morphospace (Saunders et
al. 2008).

Though taxa are morphologically delineated, ammonite species are often described with multiple
variants following a continuum between end-member morphologies. Additionally, some
ammonite species are thought to have exhibited dramatic degrees of sexual dimorphism,
differing primarily in size but in shape as well (Davis et al. 1996). Within individuals, allometric
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growth and additional morphological modifications associated with development provides more
dimensions on which selection can occur (Davis et al. 1996, Gerber et al. 2008). Here, I did not
control for the age of the individuals, instead focusing efforts on achieving taxonomic breadth
and complete measurement sets for each taxon using the images figured in Wright et al. (1996)
and using supplementary sources.

How factors such as competition and developmental constraint relate to extinction risk are
dependent on each one of these levels at which there is morphological variation, down to the
individual. Despite these sources of variation, the genera included in this study capture the range
of morphologies exhibited by this group. Thus, I expect for the overall findings of this study to
remain consistent upon integration of additional morphological data and examination at lower
levels of the biological hierarchy but look forward to testing this rigorously in future studies.

Heteromorphic forms

Because of the difficulty in incorporating non-planispiral forms into the Raup (1967) framework,
heteromorphic ammonites were excluded from this study. However, given their considerable
diversity and abundances, particularly in the Late Cretaceous, there seems to be little doubt that
heteromorphic ammonites likely played a major role in the marine ecosystem at the time and
served as direct and indirect competitors with planispiral ammonites for resources such as food
and predator-free space. While some studies have considered these irregular forms using discrete
or binned characters (Ward 1986), easily implemented, quantitative frameworks with which to
conduct comparative studies the hypothesized modes of life and ecological roles of all
ammonoid forms remain underdeveloped. Though inclusion of heteromorphs would not impact
the ability to detect differential survival in coiling parameters, it may affect what can be detected
in the other variables. Thus, the findings and interpretations presented here should be considered
informative for an isolated subset of taxa that is partially representative of the biotic
environment.

Conclusions

Although planispiral ammonites showed high rates of taxonomic turnover, occupied
morphospace remained relatively unchanged across the Cretaceous. For five of the eleven stages,
I was altogether unable to fit models of genus extinction with higher predictive power than that
of a random classifier using morphological and non-morphological features. Of the remaining
stages, which represent both the Early and Late Cretaceous, I find that variables involved with
shell streamlining, isolation, family diversity, and size all appear to have been subject to
extinction selectivity. The directionality of these relationships is often consistent during times
when they found to be informative predictors of extinction. However, each variable's importance
varies dramatically across time. I find no compelling evidence that a taxon's age nor its
morphological deviation from the overall or family mean play important roles in determining its
risk of extinction. The temporally variable nature of selectivity in background extinction
documented in this study suggests complex, multi-causal relationships driving extinction in
ammonites and highlights the shortfalls that may arise when studying extinction outside of a
specific temporal context.
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Figure 1.1: Diagram of ammonite shell in lateral (left) and apertural (right) views showing
measurements used to calculate coiling parameters. Abbreviations: D = diameter, UD =
umbilical diameter, a = whorl height, a’ = whorl height 180° from a, b = whorl width.
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Figure 1.2: (A) Raw diversity curves and (B) per capita extinction rate for suborder Ammonitina
for each stage of the Cretaceous. Black lines indicate use of the range-through method for
calculating stratigraphic ranges. Orange lines indicate use of boundary crosser method. Dashed
line includes all stratigraphic data obtained from Wright et al. (1996). Solid lines indicate the
subset of Wright et al. (1996) for which shell measurements were collected. Per capita extinction
rates are calculated according to Foote (2000). Stage abbreviations: Be = Berriasian, V =
Valanginian, H = Hauterivian, Ba = Barremian, Ap = Aptian, Al = Albian, Ce = Cenomanian, T
= Turonian, Co = Coniacian, S = Santonian, Ca = Campanian, M = Maastrichtian.
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Figure 1.3: Age frequency distributions of genera included in extinction models for each
Cretaceous stage. Ages are calculated as how many stages the taxon has been extant for. Gray
shading indicates taxa whose last occurrence is recorded from that stage. Black shading indicates
taxa that survive to the next stage. Panels are numbered in chronological order. Black and gray
shadings designate taxa that do and do not survive into the following interval, respectively.
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Figure 1.4: Correlations between predictors included in the extinction models. Each predictor
combination contains eleven ellipses showing correlations between each pair of predictor values
in a Cretaceous stage arranged temporally left to right, then top to bottom, as in Figure 1.3,
(excluding the Maastrichtian, see Figure 1.2 for stage abbreviations). Color and orientation of the
ellipse reflect the slope of the correlation. Eccentricity and color intensity reflect the strength of
the correlation. Black boxes indicate intervals where Pearson's correlation coefficient exceeds a
magnitude of 0.9.
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Figure 1.5: Stage-level subsets of the morphospace resulting from a principal component
analysis of all Cretaceous Ammonitina. The first two principal component axes are shown.
Panels are numbered in chronological order. Percentage of the total variance explained is shown
for the first and second principal component axes. Circles and triangles designate taxa that do
and do not survive into the following interval, respectively.
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Figure 1.6: Morphological disparity in each Cretaceous stage as calculated by the mean pairwise
distance between taxa after rarefaction (n = 12; 1,000 times). Error bars indicate 95% confidence
intervals. See Figure 1.2 for stage abbreviations.
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Figure 1.7: Enlarged view of the Cretaceous morphospace showing bootstrapped centroid
position for stages over time. Error bars indicate 95% confidence intervals along the first and
second principal component axes. Arrows point from each stage to its subsequent stage. Inset
shows full morphospace including the positions of all Cretaceous taxa in gray. Black outlined
box within inset indicates the enlarged region. Colors are used to visually distinguish stages. See
Figure 1.2 for stage abbreviations.
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Figure 1.8: Precision-recall curves for final extinction models. Panels are arranged temporally as
in Figure 1.3, excluding the Maastrichtian. Horizontal lines indicate expected precision for
random classifier. The areas under the precision recall curve ("AUPRC") and the random
classifier curve ("Random") are provided. Models where the AUPRC exceeds the area under a
random classifier curve are considered to have performed well.
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Figure 1.9: Heat map of model performance when models trained on each stage (vertical axis)
are used to predict extinction in all other stages (horizontal axis). Performance within the original
training interval (diagonal) was assessed using a test dataset of 40% of the original data excluded
from the model training procedure. Performance is reported as the area under the receiver
operating characteristic curve (AUROC) and is indicated by shading and contained values. Only
performance values that exceed that expected of a random classifier (0.5) are provided.
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Figure 1.10: Partial dependency plots for potential extinction predictors across time (from top to
bottom). If the line is above 0.5, taxa with the associated predictor values are more likely to be
classified as going extinct in that interval and vice versa. Gray-scale intensity of the line
indicates the relative influence of the predictor in the final model, scaled between the least
informative and the most informative predictors. Partial dependencies for models that performed
worse than a random classifier according to the area under the precision recall curve (AUPRC)
are shown as dashed lines.
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Table 1.1: Morphospace loadings and variance captured by each component. Loadings greater
than the expected value of 0.577 for three equal contributing variables are shown in bold.
Abbreviations: U = umbilical ratio, w = whorl expansion rate, S = shell inflation.

PCl1 PC2 PC3

U -0.617 0.302 -0.727

Loadings w 0.505 0.860 -0.071
S -0.604 0.411 0.683

Proportion of Variance 0.553 0.259 0.188
Cumulative Proportion 0.553 0.812 1

31



Chapter 2

Testing for consistency in morphological shifts across environments for ammonites of the
Western Interior Seaway

Introduction

It has been widely proposed in biology that access to temporally or spatially novel environments
can have long-lasting impacts on the ecological diversity of entire clades. Though initial
diversity within novel environments may be restricted due to processes such dispersal limitation
and environmental filtering (Kraft et al. 2015), occupation has often been noted to subsequently
promote diversification through ecological opportunity (Schluter 2000, Yoder et al. 2010). For
example, establishment on oceanic islands may be a relatively infrequent event, but successful
colonizers can consequently diversify into distinct ecological forms given access to new regimes
of resource availability and freedom from competitors and predators. This has been documented
in modern cases, such as silverswords in Hawaii (Baldwin and Sanderson. 1998) and the Anolis
lizards across multiple Caribbean islands (Losos 1992). Novel environmental conditions may
also arise in time, such as the evolution of grasses and grasslands coincident with the phenotypic
diversification of Miocene horses in North America (MacFadden and Hulbert 1988). In each
case, access to new environments is cited as driving ecomorphological differentiation in the one
or few lineages met with the ecological opportunity. Though consideration of novel
environmental conditions often refers to the abiotic environment, contemporaneous comparisons
in the same geographic space allow for identification of common extrinsic factors - a
combination of the biotic and abiotic environment - impacting morphology across lineages.

Determining the consistency of morphological responses to novel environmental conditions
across multiple taxa can help elucidate their impacts on the ecological trajectories of the broader
clade. This is complicated, however, by the fact that responses to novel environments are both
individualistic and phylogenetically influenced. Well-characterized natural experiments present
valuable opportunities to test how consistently novel environmental conditions shape ecological
diversity on macroevolutionary timescales. Comparative frameworks using temporal or
taxonomic replicates, or geographic replicates like that of Caribbean Anolis lizard studies
(Mahler et al. 2013), can help establish baseline expectations in order to accurately measure the
significance of the association between morphological differences and access to new
environments, distinguishing these shifts from neutral processes. Lower-level taxonomic
comparisons can also, in part, mitigate confounding effects stemming from common ancestry.
The use of phylogenies and the development of phylogenetic comparative methods such as
independent contrasts (Felsenstein 1984) have facilitated the construction of models of trait
evolution that account for the non-independence of lineages due to shared evolutionary history.
However, while modern phylogenetic methods are increasingly applied to fossil clades, they
have yet to take full advantage of the rich record of life captured in the fossil record.

In this study, I assess the degree to which intraspecific and interspecific shape differences are
associated with the opening up of novel environments. I do this using the North American
ammonite fossil record of the Cenomanian (100.5-93.9 Ma), a formative stage of the Cretaceous
Western Interior Seaway (WIS). I use outline analysis to examine the relationship between
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aperture shape and latitude within species and test whether congeners spanning the
biogeographic boundary separating the WIS from the Gulf and Atlantic Coast consistently fall in
distinct regions of morphospace and whether taxa share common morphological responses or
behave individualistically.

Study system

The formation of the WIS during the Late Cretaceous provides an ideal natural experiment with
which to test the potential for novel environmental conditions to influence the ecomorphological
diversity of a clade. During this time, the tectonic collision leading to the development of the
Cordilleran orogenic belt along the western edge of present-day North America led to the
formation of a foreland basin running primarily north-south across the continent (Slattery et al.
2015). Climatic warming and tectonic processes in the Late Cretaceous on top of existing ice-
free "Greenhouse" Earth conditions led to eustatic sea level rise and the widespread formation of
epeiric seas on multiple continents (Hancock and Kauffman 1979). This included the flooding of
the Western Interior Foreland Basin and the formation of the WIS connecting equatorial waters
of present-day Gulf of Mexico in the south to the Arctic Ocean in the north and intermittently to
the Atlantic Ocean via the Hudson Seaway in the northeast. Narrow connections between the
WIS and neighboring bodies of water as well as comparatively shallow depths (< 300 m;
McDonough and Cross 1991) led to restricted marine conditions with the exception of brief
intervals during sea level highstands (Kauffman and Caldwell 1993, Simons et al. 2003).
Climate models and stratigraphic and isotopic analyses suggest the existence of latitudinal
gradients in temperature and mixing regimes within the WIS linked with strong temperature- and
salinity-driven stratification as a result of increased input of freshwater from continental runoff
and inputs from two oceans (Slingerland et al. 1996, Fisher and Arthur 2002, Simons et al. 2003,
Peterson et al. 2006, Coulson et al. 2011, Dennis et al. 2013). The first full connection of the
northern and southern arms of the seaway, the Skull Creek Seaway, occurred in the Albian. This
was disrupted by a fall in sea level (Williams and Stelck 1975, Slattery et al. 2015) near the
Albian/Cenomanian boundary before warming and sea level rise in the early Cenomanian
reconnected the WIS, which persisted to the end Cretaceous, leaving a rich and continuous fossil
record that has been the subject of more than a century of extensive work. Because of its integral
timing at the formation of the persistent seaway, this study focuses on the Cenomanian, which
spans approximately 6.6 million years.

The early WIS opened up an expansive novel environment for fauna in adjacent environments to
colonize. Using the molluscan fossil record in and near the WIS, Kauffman (1984) defined
several marine biogeographic subprovinces - the temperate North, Central, and South Interior
subprovinces and the subtropical Gulf and Atlantic Coast subprovince. These are characterized
by faunas consisting of 10-25% endemic genera and species and have been used in
biogeographic studies, for example, linking species range shifts across subprovincial boundaries
during sea level fluctuations to smaller geographic range sizes (Myers et al. 2013). Similar
provinciality has also been noted in the marine vertebrate record (Nicholls and Russell 1990),
though its faunal compositions have been noted to be temporally and spatially complex (Cumbaa
et al. 2010). The presence of biogeographic differentiation suggests that the environmental
heterogeneity in and around the seaway plays an important role in structuring inhabiting
communities and highlights the potential for this system in studies of response to environmental
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change. Analysis of potential biases that may prevent accurate detection of paleobiogeographic
patterns concluded that range sizes of WIS taxa are not significantly impacted by geographic
outliers, outcrop availability, or the number of unique localities (Myers and Lieberman 2010).
This suggests the paleobiogeography of WIS fauna may be well-characterized enough for use in
spatial analyses.

Ammonites are ideal organisms with which to study drivers of morphological change. The
diversity, abundance, and global distribution of ammonites preserved in their 300-million-year
record is complemented by extensive previous work linking ammonoid morphology to ecology
and mode of life through biomechanical, taphonomic, and isotopic studies. These studies
suggest close ties between the shape of the ammonite's external coiled shell and the organism's
swimming velocity (Chamberlain 1981, Jacobs 1992, Jacobs et al. 1994, Jacobs and Chamberlain
1996), shell strength and depth tolerance (Hewitt 1996), buoyancy (Saunders and Shapiro 1986),
and vertical orientation (Swan and Saunders 1987, Klug and Korn 2004) and have led
researchers to link shell shape directly to environmental conditions (Batt 1993, Westermann
1996, Kawabe 2003).

The ability to undergo rapid morphological evolution has long been recognized in ammonites
from biostratigraphic and evolutionary studies. The group is commonly noted to have exhibited
rapid radiations (Dommergues et al. 1996, Neige et al. 2013), evolution of similar forms
repeatedly across independent lineages (Saunders et al. 2008, Monnet et al. 2011, De Baets et al.
2012, Monnet et al. 2015), repeated shifts towards more involute and compressed shells
temporally within families (Bayer and McGee 1984). The partitioning of the drivers behind
these patterns into developmental and environmental components has benefitted from studies of
the evolution of ontogenetic shape change and its relationship to broader morphological trends
and disparity (e.g., De Baets et al. 2012, Gerber 2011, Korn and Klug 2012). Assessment of
potential environmental drivers, however, requires a model for how long-term morphological
changes manifest themselves spatially at regional and local scales. Past studies assessing the link
between adult ammonite morphology and geographic dispersion have found both strong
relationship s(e.g., Brayard and Escarguel 2013) and no clear relationship (e.g., Dommergues et
al. 2001). Previous studies of ammonite lineages using highly resolved stratigraphic record in
basins have been promising, having identified increases in involution with invasion into basins
(Klug et al. 2005, Navarro et al. 2005, Lehmann et al. 2016), morphological responses to
encounters with new taxa (Yacobucci 2004), and increases in plasticity (Yacobucci 1999).
However, these studies typically do not include direct morphological comparisons with source
faunas, a feature of this analysis.

Methods

Selection of taxa for study

Species were targeted for sampling using a dataset of Cenomanian North American ammonoid
occurrences (MacKenzie 2007) compiled from the primary literature and the Paleobiology
Database. Entries of the dataset has been vetted for taxonomic validity and repeat occurrences.

While the stratigraphic assignment of each occurrence is resolved to the substage level, all the
occurrences were binned at the stage level for the following analyses. I limited this study to
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planispiral ammonites, as it is unclear how ecologically analogous shape differences in
heteromorphs may be to shape differences in planispiral forms. However, the presented
approach and analyses lend themselves to any comparisons of similar anatomical features and
thus may be expanded to include heteromorphs as well.

I assigned each species in the occurrence dataset a biogeographic status ("in" or "out") depending
on whether any of its occurrences were located within the seaway or whether, with current
sampling, it was excluded from the seaway. To better characterize similar environmental
responses, I focused on WIS fauna with evolutionarily southern affinities, using the modern 37th
parallel north as the geographic threshold because it roughly corresponds with the biogeographic
boundary proposed by Kauffman (1984) separating the temperate Southern Interior Subprovince
of the Western Interior Seaway and the more southerly subtropical Gulf and Atlantic Coast
Subprovince during the Late Cretaceous. I then identified genera whose constituents included
species both found within and excluded from the seaway (Figure 2.1). This restriction ensured
that shape comparisons can be made directly between congeneric species representing both
environments. In addition to quantifying the aperture shape, I assigned each specimen a latitude
and longitude coinciding with the geographic centroid of the county in which it was collected.
Three specimens were missing county locality data and thus were excluded from intraspecific
shape versus latitude analyses but included in size standardization and intraspecific comparisons.

I identified museum specimens belonging to species that fit all of the biogeographic criteria
above after correcting specimen records for synonymized taxonomy (Appendix B.1). 1
additionally targeted species with wide latitudinal ranges (greater than five degrees) to assess
spatial variation in shape as well as species that were well-represented in museum collections to
assess the relationship between shape change and size. In total, this study includes 115 outlines
representing 25 species in 7 genera that present in or near the WIS during the Cenomanian
(Table 2.1). Specimens used for this study are housed at the Smithsonian Institution National
Museum of Natural History (USNM).

Quantification of aperture shape

Photographs of specimens were taken in aperture and lateral views using a Canon EOS Rebel
T3i digital camera suspended facing downward from an inverted tripod. To minimize distortion
of the aperture shape from camera perspective, the specimen was positioned so that the aperture
was centered in the frame and the plane formed by the umbilical seam and the venter were
parallel to the horizontal plane. Only specimens in which at least one half of the aperture showed
an unobscured shell border when in this orientation, including an exposed coplanar dorsal
contact with the overlapped whorl, were used for outline analysis. I then digitized the complete
half of the aperture or, if both sides are adequately exposed, the half showing the least amount of
lateral compression using image processing software (Adobe Illustrator Creative Suite 6) and
assumed symmetry, reflecting the shape across the dorsal-ventral axis to form the complete
aperture. For many of these specimens, the body chamber was not preserved, thus shapes were
assessed using the final preserved whorl. Ribbing and ornamentation were captured in the
aperture outline if no features clearly distinguish it from the chamber in any view of the shell.
Though this approach introduces additional sources of variation, the resulting morphospaces
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indicate features such as these are minor contributors towards the overall variation the obtained
outlines.

Each aperture outline was processed using the R package Momocs (v1.1.6, Bonhomme et al.
2014), returning a set of densely spaced coordinates that closely approximate the shape of the
curve. Outlines were superimposed, centered by centroid, and scaled according to centroid size.
Rotation was normalized prior to image input to avoid misalignment of axes. Scaling the
outlines in preparation for subsequent analyses removes size as the primary source of variation
for the shape analysis. However, I obtained a measure of aperture size - the centroid size - by
extracting the distance of one millimeter in the scale bar included in specimen photographs and
scaling the aperture outline by this distance. The outlines were then subsampled to the fewest
number of coordinates present in any outline (715 points). The centroid size of the scaled
aperture was then calculated by summing of squared distances of the set of coordinates to the
centroid.

I subsequently quantified the shapes of the superimposed specimen apertures using the chain-
coding implementation of elliptic Fourier analysis (EFA, Kuhl and Giardina 1982). EFA treats
the closed contour as a continuous periodic function which can be decomposed into sine and
cosine functions of increasing frequencies called harmonics. The sum of these harmonics
reconstructs the original curve and the coefficients of the sine and cosine terms, called
descriptors, can be used to compare the shapes of the apertures. Each harmonic forms an ellipse
and is typically characterized by four descriptors: two for each of the x and y directions. EFA is
a particularly powerful approach for comparing the shapes of objects that lack clear homologous
features, which makes landmarks difficult to recognize and place, and has been used to study
shape differences in a variety of objects including leaves (Schmerler et al. 2012), coral sclerites
(Carlo et al. 2011), and Paleolithic tools (Iovitd 2010). The application of EFA to ammonite
apertures captures much of the same morphological information as use of traditional shell coiling
parameters (Raup 1967), such as degree of involution and shell inflation ratio, but also captures
additional information such as the curvature of the flanks and the shape of the venter. For these
reasons, EFA has been applied to whorl section views of ammonites in a number of studies to
detect subtle shape differences, such as those that occur during ontogeny (e.g., Korn and Klug
2012). However, this approach requires considerably well-preserved, three dimensional
specimens in order to accurately reproduce the aperture shape and so achieves objective
quantification of shape at the cost of larger sample sizes.

Digitization error was assessed using outlines obtained from repeat digitization of 3 different
specimens. The aperture of each specimen was digitized 5 times. Each outline was subsampled
for 100 evenly spaced points, which were then aligned using Procrustes superimposition.
Procrustes ANOVA (Klingenberg and Mclntyre 1998, Appendix B.2) on the superimposed
points revealed that inter-specimen differences were highly significant (p << 0.01), suggesting
that the variation in shape introduced by digitization error does not affect the ability to assess
variation above the specimen level. The ratio between the individual variance component and
total variance, also called the repeatability of shape (Zelditch et al. 2012), was 0.97 out of 1.00.

All analyses in this study were conducted in the R programming environment (v3.4.0, R Core
Team 2016). Outline quantification, EFA, and error assessment were implemented using R
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packages Momocs (v1.1.6, Bonhomme et al. 2014) and geomorph (v3.0.4, Adams and Otarola-
Castillo 2013).

Allometry and size standardization

An initial ammonite morphospace was generated using principal component analyses (PCA) to
assess the strength and nature of allometry in the shape dataset. The morphospace used Fourier
descriptors the first 7 harmonics for the digitized aperture shapes (Appendix B.3), which capture
99% of the cumulative harmonic power (Figure 2.2). The PCA thus consists of 28 dimensions
for the 28 associated elliptic Fourier descriptors, four per harmonic (Figure 2.3). For ten species
in the dataset with greater than three digitized specimens, I compared log-transformed centroid
size against the scores of each specimen in the first three principal component axes and found
that for most species shape changes linearly with size (Figure 2.4).

In order to facilitate comparison between species of the same genus, I standardized each
specimen's shape to a similar size within each genus (Appendix B.4). The size used for
standardization was determined to be the maximum size of the least sampled species in that
genus or the mean if more than one species was represented by a single specimen. This criterion
was used to minimize the need for shape estimation in species with small sample sizes where the
size-shape relationship would be more poorly characterized. Because the size-shape relationship
was found to be roughly linear, I used multivariate regression to predict all Fourier descriptors as
a function of centroid size and estimate the mean shape for each species at the designated size.
Residuals preserve deviations of each specimen from the regression line and thus the overall
variation. [ maintained this variation in the size-standardized shapes by adding the residuals to
estimated mean shape of each species (Zelditch et al. 2012). Though the relative positions of
specimens in morphospace were affected by size-standardization, the interpretations for shape
differences along the major axes of variation are unchanged, indicating that size correction does
not remove the major sources of variation that distinguish between taxa.

Morphological indicators such as apertural constrictions or septal approximation (i.e., a decrease
in interseptal spacing) may be used to assess the maturity of the organism (Davis et al. 1996).
While shape differences due to increases in size may not directly reflect shape changes due to
age and maturity, specimens often do not preserve later whorls or the body chamber. Because
reference shapes for mature specimens were frequently unavailable in my samples, the size-
standardization undertaken here does not assume age standardization across genera but rather
describes shape differences when part of the same size regime.

Testing for morphological shifts across space

I constructed a morphospace by conducting a PCA on the Fourier descriptors for size-
standardized aperture shapes (Figure 2.5). I used the coefficients from first seven harmonics (28
variables total) to construct the morphospace, as they accounted for over 99% of the shape
variation after size standardization. This morphospace was then used to test for relationships
between shape and geographic extent both within species and between congeners.
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To test for intraspecific variation across space, I used multivariate regression to examine the
relationship between scores along the first two principal component axes of morphospace and
latitude for widespread species. This was done in three species, Acanthoceras amphibolum,
Conlinoceras tarrantense, and Metoicoceras mosbyense, which were sampled across a latitudinal
range that exceeds five degrees. This ensured that the sampled latitudinal range of the species
exceeds the latitudinal range exhibited by Kauffman's (1984) proposed WIS biogeographic
subprovinces.

To test for interspecific variation across space, I identified four genera in the aperture dataset
composed of both species that are found within the WIS and species that are not (Calycoceras,
Metoicoceras, Plesiacanthoceras, and Tarrantoceras). For each genus, specimens were grouped
by biogeographic status - in versus out of the WIS - and conducted a one-way multivariate
analysis of variance (MANOVA) to test for significant shape differences between the two
groups. I did not conduct MANOVA in Plesiacanthoceras as non-WIS group had only one case,
but its occupancy in morphospace is shown. Shape comparisons were made only within genera
and not across them. Significance values were adjusted using the Bonferroni correction. The
direction of shape difference between groups was assessed using linear discriminant function
analysis (LDA) with leave-one-out cross validation. To avoid overfitting with high dimensional
data, particularly given the low sample sizes found in some groupings, I used the scores of each
specimen along the first and second PC axes as low dimensional summaries of variation in
aperture shapes in both analyses.

The approach taken here builds on the idea that occupants of the newly formed WIS were drawn
from the regional pool of taxa in the adjacent open ocean environment that had access to seaway
during and after its formation. Phylogeny can then be broadly controlled for by assuming close
relatedness at lower taxonomic levels between the taxa occupying the regions of interest due to
shared ancestry presumably just prior to the formation of the seaway. If occupation of the new
environment had no effect on shape and, thus, was a random subset of the source pool, there
would no expectation of a significant difference in morphospace occupation between WIS taxa
and non-WIS taxa of the same genus. On the other hand, significant divergences in
morphospace between biogeographic subregions in a common direction would suggest
environmentally-driven morphological filtering independently across lineages. It is also possible
for random shifts such as those caused by drift to either increase variation at higher taxonomic
levels by diffusing lineages across shape space or cause seemingly directional divergence in the
shape space purely by chance. The latter possibility highlights the importance of having multiple
independent comparisons with which to identify commonalities in shape differences.

Results

Morphospaces

Two principal component analyses of the first seven Fourier descriptors for aperture shapes
resulted in morphospaces representing ammonite aperture shapes before and after size-
standardization. Prior to size-standardization, the PCA of aperture shapes captured 67.5% of the

total shape variation along the first PC axis, 27.6% along the second PC axis, and 2.2% along the
third (Figure 2.3). With corrections for size, the PCA of aperture shapes captured 75.2% of the
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total shape variation along the first PC axis, 19.6% along the second PC axis, and 2.4% along the
third (Figure 2.5). Because 95% of the total shape variation in captured in the first two PC axes
in both morphospaces, subsequent analyses focus on these axes.

Though the effect of size on shape was removed when generating the second morphospace, I find
that the sources of variation across all the taxa in this study remain relatively unchanged.
Reconstructions of aperture shapes across both morphospaces show that the first PC axis
captures differences in the degree of compression of the shell and that the second PC axis
roughly corresponds to the degree of involution or how much the whorl overlaps previous whorls
with growth. The third axis, which was not used for subsequent analyses, captures variation in
how rounded the venter is. Much of the variation that exists in the quantified aperture shapes is
driven by the inclusion of the genus Metoicoceras, which occupies a relatively large region of
the two-dimensional morphospace at one end of the first PC axis apart from other genera.

Of the ten species for which allometry was characterized, five showed significantly non-zero
linear relationships with between centroid size and scores along at least one of the first three PC
axes (Figure 2.4) after correction for multiple comparisons. In all given cases, significant shape
changes along the second PC axis were detected with increasing size, which corresponds to
increasing degree of involution of the shell. Thus, one noticeable effect of size standardization
was the reduction of the proportion of variation explained by the second PC axis.

Intra- and interspecific shape variation across space

Multivariate linear regression showed no strong support for intraspecific shape differences across
latitude for species in the dataset with ranges of more than five degrees latitude (Figure 2.6).

The northern extreme of the latitudinal range for 4. amphibolum and the southern extreme of M.
mosbyense are each represented by one relatively geographically isolated specimen. However,
the shapes obtained from these specimens are well within the morphological range occupied by
the other specimens of the species and are unlikely to represent a dramatic departure in shape.
Exclusion of geographically outlying specimens results in a sampled latitudinal range of nearly
five degrees and no apparent trend in shape across latitude in both cases (Appendix B.5).

Comparisons of morphospace occupation within genera using MANOVA show statistically
significant differences between species that occupy the WIS and geographically proximate
species that do not (Figure 2.7, Table 2.2). Coefficients of the linear discriminant indicate
highest discriminatory power along the second PC axis for Calycoceras and Tarrantoceras
(Table 2.3). The non-WIS species of Plesiacanthoceras are represented here by only one
specimen and thus were not analyzed using MANOVA and LDA. However, the specimen lies
outside the region of morphospace occupied by the Plesiacanthoceras WIS species (Hotelling’s
T2, 6) = 14.387, p value = 0.005) and shows similar separation in morphospace along the
second PC axis as Calycoceras and Tarrantoceras. In all three cases, taxa found within the WIS
exhibit lesser degrees of involution than those found outside the WIS. Metoicoceras also shows
significant shape difference between the in and out of WIS groups. However, unlike the other
three genera, the coefficients of the linear discriminant for Metoicoceras indicate the greatest
discriminatory power is in the first PC axis, with WIS species showing overall greater shell
compression than non-WIS species.
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Discussion

The findings presented here suggest that taxa may share common responses with exposure to the
same environment but are also capable of strongly responding in clade-dependent ways. I find
no evidence of consistent intraspecific shape differences across wide latitudinal ranges spanning
the boundary between the WIS and the open ocean. This is in contrast to previous studies that
have documented morphological changes in lineages across several European basins during the
period spread and colonization of epeiric seas in the Mesozoic (e.g., Klug et al. 2005, Lehmann
et al. 2016). However, I do find some evidence of separation in morphospace between in and out
of seaway faunas when comparing intrageneric species. In other words, taxa that occupied the
WIS and those that did not do not appear to represent random subsets of the same morphospace
despite common biogeographic and, presumably, evolutionary origins. Three of the four genera
examined show a common pattern, where ammonites that were present in the WIS had less
involute shells compared to their open marine counterparts. The differences between groups in
the fourth genus for the most part reflected variation in shell compression, with those species
inside the WIS exhibiting more highly compressed shells than non-WIS species.

Sexual dimorphism

Though ammonites have been noted to exhibit sexual dimorphism (Davis et al. 1996), I do not
distinguish between macro- and microconchs in this analysis. If the two forms differ primarily in
size, then treatment of them separately would not change the findings of this study given the
application of size-standardization. However, if the two forms exhibit different shape responses
across environments or if there is spatial bias in their relative representation, then combining the
two forms in the same treatment may obscure decoupled but existing intraspecific structure,
warranting further investigation. Sexual dimorphism would likely have little effect on the
findings from interspecific comparisons, as the position of specimens for each species in
morphospace would not deviate far outside the currently occupied spaces following re-analysis
using sex-specific allometric relationships. Thus, the relative positions of species would not
drastically change.

Time averaging

One possible reason this study did not detect intraspecific variation as previous studies had may
be the difference in temporal and stratigraphic resolution between this study — which treats all
occurrences in the Cenomanian as contemporaneous — and previous studies — which commonly
use time bins based on sub-stage lithostratigraphic units. Time-averaging would therefore
decrease the chances of detecting intraspecific shape differences if shape evolution rapidly
reaches new optima or if environmental changes were rapid and morphologies closely track
them. Further partitioning of occurrence and shape datasets used in this study into finer temporal
bins would better allow detection of a link, if it exists, between within lineage shape change and
the flooding of the WIS, but would require much larger sample sizes than used here from which
to draw conclusions.
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However, if this were the case, time averaging would similarly obscure shape differences
between intrageneric biogeographic groupings due to spatial averaging, geographically and in
morphospace. Detection of significant between-group differences in all genera for which
comparisons were made suggests that time averaging does not obscure patterns of shape
differences at the genus level for the temporal resolution used in this study.

Abiotic and biotic drivers of shape change

Why these shape differences coincide with the formation of the WIS is an open question. Sea-
level change, including the encroachment of more marine conditions into shallow seas, has often
been invoked as a first-order driver of morphological change in ammonites (e.g., Bayer and
McGhee 1984, Dommergues et al. 1996, Lehmann et al. 2016). However, the mechanism by
which this would happen is unclear. It has been suggested that these patterns are passively
associated with environmental conditions (Zacai et al. 2016). Well-defined, mechanistic links
between existing environmental conditions and morphology, then, are critical for determining the
abiotic drivers of change if they exist. Though there exists some understanding of WIS
paleooceanographic conditions across the Late Cretaceous through climate models, isotopic
studies, and faunal compositions, much work remains to be done to tie together local
interpretations of environments into a context within which these organisms lived. As mentioned
previously, a rich body of literature exists linking an ammonoid's shell shape to how it interacts
with the environment around it. For example, lower degrees of involution, like that exhibited by
WIS fauna across multiple genera in this study, have been associated with increased drag and a
decrease in hydrodynamic performance. Shell compression, like that shown in Metoicoceras, is
also thought to influence the hydrodynamic properties of the shell, with more compressed shells
experiencing lower drag. Thus, in just the genera included in this study, shapes differences
occurred in ecologically opposing directions, suggesting complex causes of morphological
evolution and no one driver of change, even across coexisting taxa.

Internal and external biotic factors are likely as important as abiotic influences in regulating
shape differences across space. Work on Triassic ammonites, for example, has shown that
evolute morphs tended to be more endemic than involute forms (Brayard and Escarguel 2013)
and that this may be a result of dispersal ability. Early ontogenetic stages, however, may play a
crucial role in structuring ammonite morphospace, as ammonites are widely thought to disperse
as planktonic larvae (De Baets et al. 2012, Zacai et al. 2016) and thus may exhibit weak
associations between adult forms and the paleoenvironments in which they are found. The
presence of competitors introduces another factor which may impact populations in non-
straightforward ways, as character displacement has been documented in ammonites of the WIS
(Yacobucci 2004). Whether these changes translate into morphological shifts at higher
taxonomic levels remains to be shown in both fossil and modern systems.

Phylogeny
While comparison of congeneric species acts as an approximate methodological replacement for
independent contrasts, many of the questions touched on in this study are answered best within a

more formal phylogenetic framework. For example, by limiting analyses to congeners, there is
the risk of excluding taxa that have become so morphologically distinct as to be assigned a new
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name. Recognition of ancestor-descendant relationships and inclusion of those taxa can provide
more replicates with which to test for consistent morphological responses. Detection of
paraphyletic genera requires well-developed phylogenetic hypotheses and consideration of all
taxa with geographic access to the new environment. However, by considering shape changes
within genera, as [ have done here, I focus on detecting more subtle differences small enough so
as not to warrant new taxonomic assignment.

Though I consider the WIS to be a newly formed habitat, I attempt to make no assumptions
about the direction of immigration. The presence of regions of high endemism in the WIS
increases the possibility that genera immigrate out of the seaway into open marine waters, which
requires both phylogenetic and stratigraphic consideration to determine. Thus, the aim of this
study is only to identify consistent differences in shape that can then be attributable to the
differences in environmental conditions between the WIS and adjacent bodies of water rather
than predict the direction of change itself.

Conclusions

The Western Interior Seaway and other epeiric seas throughout Earth's history offer unique
natural experiments with which to test large-scale biotic responses to habitat formation and
associated ecological opportunities. I found significant differences between regions of
morphospace occupied by species inhabiting the WIS compared to congeneric species not
inhabiting the WIS. Examination of these differences revealed both a common pattern of shape
difference across genera as well as taxon-specific shape differences. These findings suggest that
morphological shifts may be consistent across taxa, that clade-level morphological trends may at
least in part be driven by spatial and temporal heterogeneity in environmental conditions, and
that the formation of widespread environments like the WIS impact long-term morphological
trends of a clade.
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Figure 2.1: Distribution of occurrences for each genus. Outlined points indicate USNM
specimen localities. Species ranges are denoted using convex hulls. Red line marks the 37th
north parallel, which designates the boundary between biogeographic subprovinces (see text for
details). Colors indicate individual species.

Acanthoceras Alzadites Calycoceras

Conlinoceras Metoicoceras Plesiacanthoceras

50+

Latitude
5

W
o

20+

=120 -110 -100 -a@o -110 -100 -90

Tarrantoceras

50+

40+

30+

20
-120 -110 -100 -90

Longitude

47



Figure 2.2. (A) Cumulative harmonic power using the first nine harmonics from an elliptic
Fourier analysis of all aperture shapes before size standardization. (B) Outline reconstruction
using the first nine harmonics is shown for USNM PAL 420227 (Acanthoceras amphibolum).
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Figure 2.3: Ammonite morphospace before size standardization, shown as the first three axes of
a principal components analysis of aperture shapes. Points are individual specimens with genera
designated by shape and convex hull color. Hypothetical reconstructions of aperture shapes at
regular intervals of the occupied morphospace are shown in the background.
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Figure 2.4: Relationship between centroid size and scores along the first three axes of a principal
components analysis for species with more than three digitized specimens. The principal
component analysis referenced here was conducted using non-size standardized aperture shapes.
Gray shading indicates 95% confidence intervals around the regression line. Dotted lines
indicate slopes indistinguishable from zero, dashed lines indicate statistically non-zero slopes
before Bonferroni correction (p < 0.05) and solid lines indicate statistically non-zero slopes after

correction (p < 0.0017).
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Figure 2.5: Ammonite morphospace after size standardization, shown as the first three axes of a
principal components analysis of aperture shapes. Points are individual specimens with genera
designated by shape and convex hull color. Hypothetical reconstructions of aperture shapes at
regular intervals of the occupied morphospace are shown in the background.
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Figure 2.6: Intraspecific shape change with latitude for species with greater than five specimens.
Shape is measured as scores along the first two principal components axes. Gray shading

indicates 95% confidence interval around the regression line. Reported coefficients and support
values are estimated using multivariate linear regression.
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Figure 2.7: Subsets of the ammonite morphospace showing genera with both species that can be
found in the WIS and not. Symbols designate biogeographic status ("in" and "out" of seaway)
and convex hulls around points of common status are outlined. Colors are used to distinguish
individual species. Gray dashed line indicates the decision boundary between "in" and "out"
groups as determined using linear discriminant analyses. Gray outlines show shape changes
between extremes of each axis.
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Table 2.1: Taxa included in this study. WIS status denotes whether the taxon occurred in the
Western Interior Seaway ("in") or not ("out"). Parentheses indicate genus totals. Latitudinal
ranges represented by the sample specimens are calculated using the centroids of the collection
counties for each specimen. A complete list of specimens can be found in Appendix B.1.

. n latitudinal n WIS
specles specimens range (°) occurrences status
Acanthoceras (NEUMAYR) (37) (136)
amphibolum (MoORROW) 20 12.02 78 in
bellense (ADKINS) 9 0 26 in
muldoonense (COBBAN AND SCOTT) 8 0 32 in
Alzadites (KENNEDY AND COBBAN) 4) (6)
alzadensis (KENNEDY AND COBBAN) 4 0 6 in
Calycoceras (HYATT) (8) (137)
canitaurinum (HAAS) 3 2.82 71 in
guerangeri (SPATH) 1 3 out
inflatum (COBBAN, HOOK, AND KENNEDY) 1 3 out
naviculare (MANTELL) 1 47 in
newboldi (KOSSMAT) 1 3 in
obrieni (YOUNG) 1 10 out
Conlinoceras (COBBAN AND SCOTT) (7) (41)
tarrantense (ADKINS) 7 5.40 41 in
Metoicoceras (HYATT) (33) (247)
crassicostae (STEPHENSON) 1 1 out
frontierense (COBBAN) 1 31 in
geslinianum (D'ORBIGNY) 7 0.38 84 in
latoventer (STEPHENSON) 1 31 out
mosbyense (COBBAN) 15 15.24 56 in
praecox (HAAS) 5 0 38 in
swallovi (SHUMARD) 3 0 6 out
Plesiacanthoceras (HAAs) 9) (42)
bellsanum (STEPHENSON) 1 8 out
wyomingense (REAGAN) 8 0 34 in
Tarrantoceras (STEPHENSON) (17) (89)
bentonianum (CRAGIN) 2 0.58 13 in
conlini (WRIGHT AND KENNEDY) 2 0 12 in
cuspidum (STEPHENSON) 1 10 in
exile (KENNEDY AND COBBAN) 1 1 in
sellardsi (ADKINS) 11 3.31 53 out
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Table 2.2: Results of one-way MANOVA (Pillai's trace) for differences in morphospace
occupation between species that occupied the WIS and those that did not for three genera.
Morphospace occupation refers to scores along first two principal component axes after size
standardization of aperture shapes as predictors. Plesiacanthoceras, shown in Figure 2.7, was
excluded due to low sample size.

genus predictor Df Pillai approx F Pr(>F)
Calycoceras WISstatus 1 0.785  9.111 0.022
Residuals 6
Metoicoceras WIS status 1 0.48 13.847 <0.005

Residuals 31
Tarrantoceras WISstatus 1 0.667 14.005 <0.005
Residuals 15

55



Table 2.3: Results from linear discriminant function analyses species that occupied the WIS and
those that did not for three genera. Accuracy is given as the sum of the diagonal of the confusion
matrix when predicting all points divided by its total. Plesiacanthoceras, shown in Figure 2.7,
was excluded due to low sample size.

) LD scaled group means

genus axis - eecient o out accuracy
Calycoceras PC1 2.142 -0.141 -0.163 1
PC2 -29.198 -0.027 -0.145 1

Metoicoceras PC1 -12.319 0.239 0.029 0.782
PC2 -0.328 0.001 0 0.782

Tarrantoceras  PCl1 3.797 -0.059 -0.126 0.917
PC2 -22.749 0.11 -0.023 0.917
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Chapter 3

Testing Darwin's naturalization hypothesis using ongoing colonization of the San Joaquin
Basin, California, during the late Cenozoic

Introduction

Understanding what determines the success or failure of non-native species to become
established and thrive in new habitats is crucial for informing conservation efforts in a rapidly
changing global environment. Active debate surrounds the role that evolutionary relatedness
between colonizers and members of the native community may play in determining colonization
success. One hypothesis, referred to as Darwin's naturalization hypothesis (Darwin 1859), posits
that colonizers are less likely to become established in novel environments the more closely
related they are to the native taxa. This is because closer relatives are more likely to be
ecologically similar, intensifying the negative effects of competition. Alternatively, it has been
suggested that the presence of closely related taxa in a new environment is in an indication of
existing favorable conditions for the colonizer and thus colonization is more likely to succeed
(Darwin 1859).

Advances in phylogenetic methods have allowed for large-scale analyses capable of
incorporating measures of relatedness into tests of the tradeoff described above. Specifically,
phylogenetic distance can serve as a proxy for ecological similarity, based on the assumption that
functional traits tend to be phylogenetically conserved (Wiens and Graham 2005), although this
may not always be the case (Losos 2008). Despite the increased focus on using phylogenetic
relatedness to predict colonization success and subsequent ecosystem impact, there is no sign of
a consensus favoring one hypothesis over the other. Previous studies have found invasion
success associated with both distantly related invaders (Strauss et al. 2005, Schaefer et al. 2011,
Park and Potter 2013) and closely related invaders (Duncan and Williams 2002, Li et al. 2015),
leading to a question of how the spatial and temporal scale of the study as well as the observed
stage of invasion affect the ability to detect competitive interactions and the influence of
relatedness on these events (Proches et al. 2007, Thuiller et al. 2010, Ma et al. 2016).

Most invasion biology studies have focused on the impacts of human-mediated introductions,
which are limited to historic documentation and thus capture only short-term impacts of invasion
and only successful invasions (see Zenni and Nuiiez 2013). In contrast, the fossil record is
capable not only of providing evidence that documents the complete aftermath of colonization
events but also of establishing regional source pools of successful and unsuccessful colonizers,
all in entirely natural systems. Furthermore, the abundance and high preservation potential of
some morphologically conservative groups, such as mollusks, allows for Recent fossil taxa to be
associated with extant taxonomic units. This opens up the possibility of incorporating prehistoric
immigration, extirpation, and consequent evolutionary and ecosystem responses using explicit
phylogenetic hypotheses (Fritz et al. 2013). Very few studies, however, have attempted to test
Darwin's hypotheses in marine systems, and those that have relied on trait and invasiveness
correlations in a non-phylogenetic framework (e.g., Azzurro et al. 2014). Marine systems, in
general, have garnered less attention than terrestrial and freshwater systems in terms of
generating large-scale phylogenetic and biogeographic datasets. Additionally, testing
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naturalization hypothesis require a discretely defined geographic scope. While islands (e.g.,
Schaefer et al. 2011, Marx et al. 2016) or plots of land (e.g., Lim et al. 2014) have been common
units in non-marine systems, identification of tractable marine analogs can be difficult.

This study takes advantage of sequential colonization from the Pacific Ocean into the flooded
San Joaquin Basin (SJB), a restricted embayment that persisted for approximately 24.5 million
years in the late Cenozoic in what is now part of the southern half of California's Central Valley.
Covering a large geographic extent (175 km long by 100 km wide), the SJB had limited faunal
and hydrological exchange with the adjacent open marine environment through a restricted
opening, which was largely controlled eustatic sea level cycles, subsidence and infill of the
basin, and the geographic consequences of seismic activity stemming from the bounding San
Andreas Fault (Bartow 1991, Bowersox 2005). Paleoenvironmental studies reconstruct a
number of freshwater sources entering the system from the surrounding uplifted ranges (Stanton
and Dodd 1970) and indicate the SJB had generally brackish waters. Southward shifting ranges
down the North American Pacific coast as a result of global climatic cooling provided new
marine fauna access to the protected embayment of the SJIB (Hall 2002). While this system has
been the subject of faunal analyses, including well-characterized periodic episodes of regional
extinction caused by environmental forcing (Bowersox 2005), little has been done to characterize
determinants of colonization success in the basin and no treatment of this system has been done
within a phylogenetic framework.

Here, I constructed a large phylogeny for Bivalvia representing several hundred extant genera
using publicly available sequences. I then used this phylogeny to test Darwin's naturalization
hypothesis, specifically whether colonization of new habitats is non-random with respect to the
degree of relatedness to native fauna, in the late Cenozoic marine bivalve fossil record of the San
Joaquin Basin and western coast of North America.

Methods
Phylogeny estimation

To assess the relationships among bivalve genera, I accessed available sequence data from
GenBank (https://www.ncbi.nlm.nih.gov/) matching 335 bivalve genera for six loci: two
mitochondrial ribosomal sub-units (12S and 16S), two nuclear ribosomal sub-units (18S and
28S), mitochondrial cytochrome ¢ oxidase subunit I (COI), and one nuclear protein-encoding
gene (histone H3). Up to thirty sequences of each locus were downloaded per genus and the
longest sequence was retained for alignment regardless of species assignment (Appendix C.1).
All loci were aligned individually using MUSCLE (v3.7, Edgar 2004) with non-overlapping
regions trimmed to minimize the amount of missing data. The percentage of total missing data
in the aligned sequences was approximately 76%.

Sequences belonging to members of the same genus were then concatenated after alignment
(7,924 bp). This taxonomic sampling strategy increases the chance that a taxon is represented by
more than one gene but assumes that combined species are monophyletic. However, because it
is not uncommon for bivalve genera be rendered paraphyletic in molecular phylogenies with
intrageneric sampling, I examined a number of species-level phylogenies published between
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2000 and 2014 for instances of genus paraphyly (Appendix C.2). If monophyly was unsupported
in an examined study, species in that genus were assigned to sub-groups so that no tip in the
constructed phylogeny represented a known paraphyletic group. A paraphyletic genus is
therefore represented in the final tree by multiple tips (e.g., "Ctena 1" and "Ctena 2").

An unconstrained maximum likelihood (ML) analysis of the concatenated sequences was
conducted using RAXML (v8.2.9, Stamatakis 2014) using default settings as implemented in the
CIPRES gateway (Miller et al. 2010). Node support was determined using 1,000 bootstrap
replicates. Topological congruence with previously published species-level phylogenies was
assessed using the normalized Robinson-Foulds distance (Robinson and Foulds 1981). The tree
was rooted using the divergence between taxa of the subclass Protobranchia and remaining
crown group Bivalvia, a placement supported by numerous molecular and morphological studies
(Sharma et al. 2012, Bieler et al. 2014, Gonzalez et al. 2015).

Divergence times were estimated for the resulting likelihood tree with a strict clock model using
penalized likelihood (Sanderson 2002) as implemented in the R package ape (v4.1, Paradis et al.
2004). Ten fossil calibration points were used to constrain divergence times following Bieler et
al. (2014). Uncertainty in fossil ages was incorporated through normally distributed priors on the
minimum age for the following nodes: (1) A minimum age spanning 520.5-530 Myr for crown
group Bivalvia based on the earliest reported crown group bivalve, Fordilla troyensis Barrande,
1881, from Tommotian (Pojeta et al. 1973, Parkhaev 2008). (2) A minimum age spanning 478.6-
488.3 Myr for Anomalodesmata based on the report of Ucumaris conradoi Sénchez & Vaccari,
2003 from the Tremadocian (Sanchez and Vaccari 2003). (3) A minimum age spanning 471.8-
488.6 Myr for Arcida based on the report of Glyptarca serrata Cope, 1996 from the Arenigian
(Cope 1997). (4) A minimum age spanning 204-228 Myr for Cardiidae based on the report of
Tulongocardium nequam Healey, 1908 from the Norian (Schneider 1995). (5) A minimum age
spanning 112-125 Myr for Mactroidea based on the report of Nelltia elliptica Whitfield, 1891
from the Aptian (Saul 1973). (6) A minimum age spanning 197-201.6 Myr for Nucinellidae
based on the report of Nucinella liasina Bistram, 1903 from the Hettangian (Conti 1954). (7) A
minimum age spanning 237-245 Myr for Ostreoidea based on the Muschelkalk of Germany from
the Anisian (Hautmann and Hagdorn 2013). (8) A minimum age spanning 471-478 Myr for
Palaeoheterodonta based on the early Ordovician genus Noradonta Pojeta & Gilbert-Tomlinson,
1977 from the Arenigian (Cope 2000). (9) A conservative minimum age spanning 476-488.4
Myr for Pterida based on the Ordovician genus Pterinea Goldfuss, 1826 (Bassler 1915). (10) A
minimum age spanning 197-201.6 Myr for Tellinoidea based on the report of Tancredia
securiformis Dunker, 1846 from the Hettangian (Dunker 1846).

Phylogenetic relatedness and colonization of the San Joaquin Basin

To test for phylogenetic patterns in historic colonization events, range data for marine
invertebrates along the Californian coast from the late Oligocene (27 Ma) to the late Pliocene
(2.5 Ma) were obtained from Hall (2002). The Hall (2002) dataset provides species presences
for mollusks binned temporally into six time bins (27-23, 23-17, 17-13, 13-8, 8-5, and 5-2.5 Ma)
and spatially into east or west of the San Andreas Fault, where a designation of east of the San
Andreas Fault indicates presence in the SIB. Presences are further binned into one-degree
latitudinal bins spanning the modern 27-43° latitude north. The taxonomic treatment used by
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Hall (2002) was updated to account for currently synonymized genera. Species of paraphyletic
genera, as determined during the steps leading to phylogeny estimation, were assigned to genus
groupings if possible. Those that could not be explicitly assigned to an existing genus group were
disregarded. Taxa were then assigned one of three states in each time bin: present only outside
of the SJB (non-colonizing), newly present in the SJB after having not been in the previous time
bin (colonizing), or persistent in the SJB since the last time bin (native). Because I was unable to
identify, using this dataset, which taxa are newly colonizing in the first time bin, it was excluded
from further analyses.

For each time bin, the dated ML tree was reduced to include only taxa present in the Hall (2002)
dataset during that interval. Terminal branches were truncated so as not to extend past the
ending age of each bin, providing more accurate estimations of contemporaneous phylogenetic
distances. The phylogenetic relatedness between a colonizing taxon and the native fauna was
then quantified using two metrics: the mean phylogenetic distance (MPD) of a colonizer to each
native taxon and the phylogenetic distance of a colonizer to its nearest native taxon (PNND).
While MPD provides a measure of relatedness to the receiving community as a whole, PNND
captures potential effects of close relatives.

To test whether colonizers were more or less closely related to native fauna than expected by
chance, I simulated random colonization by sampling the non-native (i.e., colonizer and non-
colonizer) taxa in each time bin equivalent to the number of colonizers observed, giving each
potential colonizer equal chance of inclusion. The randomization approach allows for
incorporation of information known about the regional taxon pool, including non-colonizing
genera. I then calculated the mean MPD and PNND of the simulated assemblage and repeated
this process 1,000 times, generating distributions of mean values for colonizers given the null
model of random assembly. I then measured the standardized effect score (SES or z-score),
which is the difference between the observed mean and the null mean for MPD and PNND
divided by the standard deviation of the null distributions. Negative SES scores indicate overall
closer relatedness of colonizers to the native fauna than expected from random, while positive
scores indicate colonizers are less closely related to the native fauna than expected from random
assembly. The null distributions themselves reflect the overall relatedness of the non-SJB fauna
to the SJB fauna. Significance of the SES was assessed by calculating p-values from the
proportion of simulated means that were as or more extreme than the observed mean for each
metric and adjusting the significance level using the Bonferroni correction. To assess the impact
of including co-colonizers as members of the native fauna, I repeated the above procedure
including other colonizing fauna into the calculations of MPD and PNND. In effect, differences
between the two treatments - including and excluding colonizers in calculations of relatedness
metrics - reflect how closely related colonizers were to one another. Differences between the
colonizing and non-colonizing fauna in the regional source pool were more explicitly tested for
using Student's t-Test.

Unless otherwise noted, all analyses were conducted in the R programming environment (v3.4.0,

R Core Team 2016). Tree manipulations were implemented in the R package ape (v4.1, Paradis
et al. 2004).
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Results
Bivalve phylogeny

The ML analysis and divergence time estimation using the six concatenated loci resulted in a
time-calibrated phylogeny representing 335 bivalve genera on 388 tips (/nL =-1037798) (Figure
3.1). Due to the high proportion of missing data, bootstrap node support varied drastically across
the tree (Appendix C.3). Despite this, the monophyly of major subclasses of Bivalvia were
recovered. The relationships between the major subclasses reflects those that Gonzalez et al.
(2015) obtained using a phylogenomic (RNA-Seq) approach and including 34 genera, where
Achiheterodonta is sister to a clade formed by Anomalodesmata and Imparidentia. The
relationship between Palaecoheterodonta and these clades, particularly Archiheterodonta, has
historically been a point of contention (see Sharma et al. 2012). In the ML tree produced here,
Palaeoheterdonta is sister to the clade formed by Archiheterodonta, Anomalodesmata, and
Imparidentia, similar to the findings of Gonzélez et al. (2015). The normalized Robinson-Foulds
distance between the Gonzalez et al. (2015) tree and this tree is 0.31 out of 1, where 0 indicates
complete topological congruence, suggesting some inconsistencies in taxon placement within
subclasses but largely congruent topologies.

Phylogenetic patterns of colonization

Of the 211 bivalve genera documented in Hall (2002), 198 genera are still extant, and of those,
89 genera are represented in the ML tree (Figure 3.2). Despite fluctuations in overall genus
richness, representation of fossil taxa in the bivalve phylogeny is consistent across time bins and
between the SJB and open marine communities with 50-65% of genera represented in each case
(Figure 3.3). Though no true extinction is captured given the use of a phylogeny containing only
extant taxa, frequent extirpations in the SJB introduced variation to the composition of the native
fauna over time.

The overall relatedness of the fauna outside of the SJB to native fauna appears temporally stable,
with no drastic shifts in relatedness with turnover, as indicated by the large degree of overlap in
null distributions over time (Figure 3.4). One departure from this is the apparent leftward shift of
the expected means of PNND when considering native-only taxa from 23-17 Ma to 13-8 Ma.

The leftward shift suggests that the relatedness between fauna inside and outside the SJB is
increasing, regardless of observed colonizers. In other words, with each passing time bin, the
regional source pool contained proportionally more taxa with existing close relatives within the
SJB than in the previous time bin. This pattern counters the expectation that extension of
terminal branch lengths over time given the addition of new time bins would consistently
increase relatedness metrics.

This peak increase in overall relatedness between potential colonizers and their nearest native
taxa coincides with a low observed PNND value. However, after Bonferroni correction was
applied (p < 0.0025), I did not find any observed mean relatedness metrics to be significantly
different from expected given random assembly. In cases where the probability of a more
extreme value than that observed was low (less than 0.05), effect sizes tended to be negative.
Similarly, logistic models predicting colonization status using non-colonizing and colonizing
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MPD and PNND values recovered coefficients statistically indistinguishable from zero across all
intervals following Bonferroni correction (Figure 3.5).

Unsurprisingly, the inclusion of colonizing taxa as part of the native fauna during calculation of
relatedness metrics generally decreased both expected and observed values by virtue of filling in
the tree (Figure 3.4). This overall had little effect on the direction and significance of observed
values with respect to the null expectation. Additionally, despite the intention of reflecting
somewhat similar ecological processes, the two metrics for phylogenetic relatedness appear
decoupled in overall trajectory and in discriminatory strength over time (Figure 3.5). This
pattern would be difficult to detect without the temporal context provided by the fossil record but
suggests fundamental differences in the mechanisms driving changes in the two metrics of
relatedness.

Discussion

I find little evidence in support of Darwin's naturalization hypothesis as a consistent rule during
colonization events of the late Cenozoic San Joaquin Basin. Observed values of MPD and
PNND are statistically indistinguishable from values obtained through random assembly from
the regional source pool. However, the findings presented here tentatively suggest that
successful colonizers were more closely related to the native fauna both when compared to
randomly assembled taxa from the regional source pool. This presence of overall negative effect
sizes is not significant nor is it consistent through time. Given the resolution of the time bins
used in this study, colonization is likely not coincident across taxa. Thus, co-colonizers may
play as much of a role in the process of naturalization within the SJB community as those strictly
defined here as native taxa, highlighting the need to develop a better resolved temporal sequence
of colonization in this system.

Though the majority of reported bivalve genera from the Hall (2002) dataset were represented on
the phylogeny in any given time bin, this approach in its current state captured only a portion of
the bivalve fauna known in the ecosystem. While the relationships and measures of relatedness
between currently represented genera would not change with increased coverage, these metrics
are meant to reflect the impact of specific relationships given the whole community on the
likelihood of establishment. Thus, increasing the proportion of coverage should be a top priority
and a promising one given that nearly all bivalve genera in Hall (2002) are extant (94%). It
should be noted that use of an extant-only phylogeny in this study is adequate only because of
the high proportion of fossil genera that are still extant. Use of an extant-only phylogeny in
scenarios where the group has undergone substantial extinction would fail to recover a
meaningful representation the co-occurring taxa.

The incorporation of deep time perspective is hampered by the difficulties reconciling fossil and
modern data in phylogenetic analyses. Inclusion of fossils, however, has been shown to
dramatically alter inferences of evolutionary and biogeographic histories (Slater et al. 2012,
Wood et al. 2013). Efforts to build large-scale phylogenies for diverse group or for the entire
tree of life have employed a variety of methods, including construction and analysis of a
supermatrices containing genetic and/or morphological data (e.g., Jetz et al. 2012) or systematic
merging of topologies generated through multiple focused analyses into a supertree (e.g., Davies
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et al. 2014) or some combination of the both. Continuing development of these methods can
hopefully succeed in integrating disparate sources of data for applications at all timescales. For
example, because genus continuity in the SJB from the previous time bin was used to designate
native fauna, the effects of limiting similarity between congeneric species is obscured. This is a
true shortfall of the current approach and is best remedied by using a robust species-level tree
including several hundred fossil and modern taxa.

The lack of consensus in whether Darwin's naturalization hypothesis is generalizable has often
been attributed to two outstanding issues: first, the use of different temporal, phylogenetic, and
spatial scales examined and, second, the underlying assumption that phylogenetic relatedness is a
direct proxy of ecological similarity. Meta-analyses of invasion studies have found that the
frequency at which a phylogenetic signal can be detected, and the direction of that relationship,
is subject to the spatial scale used (e.g., Proches et al. 2007, Thuiller et al. 2010, Ma et al. 2016).
Other meta-analyses have found that the impact of relatedness is more detectable at larger spatial
scales than smaller ones (Gallien and Carboni 2016).

The relationship between phylogenetic relatedness and functional similarity is a complex one
requiring careful consideration on a case-by-case basis (Losos 2008). The inclusion of trait data
provides valuable additional information to both measure the degree of functional overlap
represented by phylogenetic relatedness and also potentially help explain ecological patterns of
invasion potential not captured through relatedness metrics (Thuiller et al. 2010, Schaefer et al.
2011, Marx et al. 2016). For example, larger body sizes in marine bivalves has been linked to
increased invasion success (Roy et al. 2002). Even if traits are phylogenetically conserved,
inclusion of such information in addition to phylogenetic relatedness may improve future models
of invasion.

Conclusions

Tests of Darwin's naturalization hypothesis in modern systems have returned mixed findings.
Because of the richness of the molluscan fossil record, especially towards the Recent, there is
clear potential for the application of phylogenetic methods towards understanding the
evolutionary and environmental processes that have built up and torn down marine ecosystems
leading to the present-day state. I find that colonizers of the late Cenozoic San Joaquin Basin
from the Pacific Ocean are not significantly more or less closely related to native taxa than
expected if randomly assembled from the source pool, though findings tentatively suggest
successful colonizers may be more closely related to native taxa during some periods of time.
This study demonstrates how modern phylogenetic and ecological theory may be applied to and
benefit from fossil systems as well as the complexity of factors the affecting the success of
invasion events.
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Figure 3.1: Time-calibrated maximum-likelihood tree of Bivalvia based on concatenated
sequences for six loci (128, 16S, 188S, 28S, COI, and histone H3). Numbered nodes indicate

fossil calibration points with labels corresponding to descriptions in the main text.
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Figure 3.1: Phylogeny of Bivalvia (continued).
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Figure 3.1: Phylogeny of Bivalvia (continued).
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Figure 3.2: Subset of the dated bivalve phylogeny with taxa reported in Hall (2002). Colors
indicate colonization status in the San Joaquin Basin of each taxon across six time bins. Blank
spaces indicate no recorded presence of a taxon for that time interval.
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Figure 3.3: Bivalve genus richness over time of the San Joaquin Basin and nearby Pacific coast.

Solid lines indicate richness calculated from the Hall (2002) dataset and dotted lines indicate the
number of Hall (2002) taxa represented on the bivalve phylogeny. Note that some genera occur

in both regions. Alternating gray and white shading indicate six late Cenozoic time bins defined
by Hall (2002).

125 1
100 1
o Geographic region
3 San Joaquin Basin
£ 757 © Pacific coast
2 (o)
g - Included in
> .
50 A1 ..
S .0 -0 — Hall (2002)
o o~ "0 o’ = +Hall (2002) and phylogeny
25
0 T T T T T
25 20 15 10 5

Mya

72



Figure 3.4: Null distributions showing mean values of mean phylogenetic distance (MPD) and
phylogenetic nearest neighbor distance (PNND) given randomly selected colonizers from the
regional taxon pool repeated 1,000 times. Vertical lines indicate observed values with
standardized effect sizes (SES) and associated p-values shown. Colors indicate whether
colonizers were treated as native fauna. Time bins are arranged from top to bottom.
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Figure 3.5: Mean phylogenetic distance (MPD) and phylogenetic nearest neighbor distance
(PNND) of non-colonizing and colonizing taxa across time. Boxes contain second and third
quartiles with median values marked by a horizontal line. Whiskers extend to values 1.5 times
the interquartile range. Asterisks (*) indicate significantly non-zero slopes in fitted logistic
models before Bonferroni correction for multiple comparisons (p < 0.05). No differences were
significant following Bonferroni correction (p < 0.005).
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Appendix A

Supporting material for Chapter 1
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Appendix A.1: Sources for measurements taken outside of Wright et al. (1996).

family genus subgenus species reference
Acanthoceratidae ~ Acanthoceras Jukesbrownei Kennedy and
Juignet 1993
Acanthoceratidae ~ Codazziceras ospinae Wright et al.
1983
Acanthoceratidae ~ Eucalycoceras pentagonum Cobban 1988
Acanthoceratidae ~ Mammites nodosoides Kennedy et al.
2008
Brancoceratidae Cantabrigites spinosum Barragan et al.
2011
Cleoniceratidae Cymahoplites hohendorfensis  Lehmann et al.
2013
Coilopoceratidae Hoplitoides cf. gibbosulus Kennedy and
Cobban 1988
Collignoniceratidae Cibolaites molenaari Kennedy et al.
2001
Collignoniceratidae Forresteria Forresteria alluaudi Benavides-
Caceres 1956
Collignoniceratidae Menabites Australiella cf. besairiei Kennedy 1986
Collignoniceratidae Menabites Delawarella vanuxemi Kennedy and
Cobban 1993
Collignoniceratidae Prionocyclus wyomingensis Kennedy et al.
2001
Collignoniceratidae Submortoniceras  Submortoniceras woodsi Kennedy 1981
Collignoniceratidae Subprionocyclus neptuni Matsumoto 1959
Collignoniceratidae Yabeiceras orientale Futakami et al.
2016
Desmoceratidae Abrytusites neumayri Nikolov and
Breskovski 1969
Desmoceratidae Boliteceras perlatum Whitehouse
1928
Desmoceratidae Callizoniceras Wollemanniceras alaskanum Imlay 1960
Desmoceratidae Damesites hetonaiensis Matsumoto 1959
fresnoensis
Desmoceratidae Moremanoceras costatum Cobban, Hook,
and Kennedy
1989
Desmoceratidae Pachydesmoceras kossmati Kennedy et al.
2015
Desmoceratidae Parasilesites bullatus Imlay 1960
Desmoceratidae Pseudohaploceras liptoviense Gonzalez-
Arreola et al.
1996
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family genus subgenus species reference
Desmoceratidae Pseudosilesites russoi Medina and
Riccardi 2005
Desmoceratidae Silesitoides alicantensis Wiedmann 1966
Desmoceratidae Umsinenoceras cardielense Medina and
Riccardi 2005
Desmoceratidae Zuercherella latecostata Bogdanova and
Hoedemaceker
2004
Flickiidae Adkinsia bosquensis Bose 1927
Holcodiscidae Parasaynoceras mexicanum Imlay 1940
Hoplitidae Farnhamia farnhamensis Casey 1954
Kossmaticeratidae =~ Eomadrasites nipponicus Matsumoto 1991
Kossmaticeratidae  Eomarshallites espinosum Medina and
Riccardi 2005
Kossmaticeratidae  Kossmaticeras Natalites africanus Kennedy and
Klinger 1985
Kossmaticeratidae ~ Marshallites compressus Matsumoto 1991
Kossmaticeratidae  Mikasaites orbicularis Matsumoto 1991
Kossmaticeratidae =~ Neograhamites carnarvonensis ~ Henderson and
McNamara 1985
Kossmaticeratidae  Protokossmaticeras madagascariense Matsumoto 1991
Kossmaticeratidae =~ Wellmanites Jjaponicus Matsumoto 1991
Kossmaticeratidae  Yeharites kobayashii Matsumoto 1991
Lyelliceratidae Stoliczkaia Lamnayella Juigneti Kennedy and
Juignet 1984
Muniericeratidae Tragodesmoceras ashlandicum Matsumoto 1959
Neocomitidae Cuyaniceras transgrediens Riccardi 1988
Neocomitidae Kilianella submartini Wiedmann 1966
Neocomitidae Neohoploceras arnoldi Aguirre-Urreta
1998
Neocomitidae Pseudofavrella angulatiformis ~ Aguirre-Urreta
and Rawson
2010
Neocomitidae Stoicoceras pitrei Mojon et al.
2013
Olcostephanidae Groebericeras bifrons Aguirre-Urreta
and Alvarez
1999
Olcostephanidae Valanginites argentinicus Aguirre-Urreta
and Rawson
1999
Pachydiscidae Eupachydiscus arbucklensis Anderson 1958
Pachydiscidae Nowakites klamathonis Anderson 1958
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family genus subgenus species reference
Polyptychitidae Nikitinoceras Nikitinoceras inflatum Alsen 2006
Pseudotissotiidae Wrightoceras munieri Kennedy et al.
2008
Silesitidae Miyakoceras sp. Bogdanova and
Hoedemaeker
2004
Silesitidae Neoastieria patagonica Medina and
Riccardi 2005
Sphenodiscidae Coahuilites sheltoni Kennedy et al.
1996
Sphenodiscidae Sphenodiscus pleurisepta Kennedy et al.
1996
Vascoceratidae Neoptychites cephalotus Kennedy et al.
2008
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Appendix A.3: Three-dimensional morphospace showing results of kernel density estimation for
the Cenomanian. Contours indicate 75% (dark orange), 50% (light orange), and 25% (yellow)
density levels. Positions of taxa in morphospace are shown as black dots.
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Appendix A.4: Results of hyperparameter grid search showing values used to fit final extinction
models.

stage number of  interaction shrinkage number .of minimum

trees depth observations per node

Berriasian 820 7 0.05 3
Valanginian 460 1 0.01 1
Hauterivian 760 9 0.1 1
Barremian 20 9 0.01 1
Aptian 20 7 0.0005 1
Albian 1720 3 0.05 1
Cenomanian 180 1 0.0005 3
Turonian 1560 5 0.1 5
Coniacian 140 7 0.1 5
Santonian 20 7 0.1 3
Campanian 40 1 0.1 1
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Appendix A.5: Plot showing stage durations and the associated model's performance (AUROC).
Gray shading indicates 95% confidence interval around the linear regression line. See Figure 1.2

for stage abbreviations.
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Appendix B

Supporting material for Chapter 2
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Appendix B.1: List of specimens used in elliptic Fourier analysis of aperture shapes. Specimens
denoted with an asterisk (*) are missing geographic coordinate data and were excluded from
intraspecific shape versus latitude analyses but included in size standardization and intraspecific

comparisons.

species ca[t;?i\g\flo. county state latitude longitude height cen.troid
(PAL #) (cm) size

Acanthoceras amphibolum 108826 Johnson TX  32.38 -97.36 (1) 3.00, (1) 1.64,

(2)1.16 (2)0.55
Acanthoceras amphibolum 239766  McKinley NM 35.57 -108.26 1.02 0.59
Acanthoceras amphibolum 239768  McKinley NM 35.57 -108.26 1.08 0.52
Acanthoceras amphibolum 239769 Valencia NM 34.72 -106.81 1.68 0.85
Acanthoceras amphibolum 239771 Valencia NM 34.72 -106.81 2.49 1.23
Acanthoceras amphibolum 239772 Valencia NM 34.72 -106.81 1.68 0.84
Acanthoceras amphibolum 239773 Valencia NM 34.72 -106.81 2.75 1.30
Acanthoceras amphibolum 252729 Niobara WY 43.06 -104.47 2.07 1.05
Acanthoceras amphibolum 416063  Dona Ana NM 3235 -106.83 3.18 1.62
Acanthoceras amphibolum 420216 Johnson TX 3238  -97.36 1.78 0.79
Acanthoceras amphibolum 420218 Johnson TX 3238  -97.36 1.97 0.99
Acanthoceras amphibolum 420220 Johnson TX 3238  -97.36 5.07 2.50
Acanthoceras amphibolum 420221 Johnson TX 3238  -97.36 3.78 1.83
Acanthoceras amphibolum 420223 Grayson TX 33.62  -96.68 2.26 1.09
Acanthoceras amphibolum 420224 Bell X 31.04 -97.48 2.59 1.41
Acanthoceras amphibolum 420226 Johnson TX 3238  -97.36 0.66 0.32
Acanthoceras amphibolum 420227 Johnson TX 3238  -97.36 0.71 0.34
Acanthoceras amphibolum 420230 Johnson TX 3238  -97.36 1.72 0.81
Acanthoceras amphibolum 420231 Johnson TX 3238  -97.36 5.52 2.80
Acanthoceras bellense 388094 Weston WY 43.85 -104.57 0.67 0.37
Acanthoceras bellense 388095 Weston WY 43.85 -104.57 0.87 0.45
Acanthoceras bellense 388097 Weston WY 43.85 -104.57 0.47 0.23
Acanthoceras bellense 388098 Weston WY 43.85 -104.57 1.56 0.84
Acanthoceras bellense 388100 Weston WY 43.85 -104.57 3.42 1.88
Acanthoceras bellense 388102 Weston WY 43.85 -104.57 1.79 0.95
Acanthoceras bellense 388103 Weston WY 43.85 -104.57 2.06 1.10
Acanthoceras bellense 388104 Weston WY 43.85 -104.57 1.18 0.61
Acanthoceras bellense 388109 Weston WY 4385 -104.57 2.10 1.14
Acanthoceras muldoonense 388112 Johnson WY 44.04 -106.59 0.90 0.43
Acanthoceras muldoonense 388113 Johnson WY 44.04 -106.59 1.13 0.55
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height

centroid

species cz(t{)aioLg ;1)0 county state latitude longitude (cm) size
Acanthoceras muldoonense 388114 Johnson WY 44.04 -106.59 1.26 0.58
Acanthoceras muldoonense 388115 Johnson WY 44.04 -106.59 0.57 0.30
Acanthoceras muldoonense 388116 Johnson WY 44.04 -106.59 1.41 0.70
Acanthoceras muldoonense 388118 Johnson WY 44.04 -106.59 1.28 0.63
Acanthoceras muldoonense 388119 Johnson WY 44.04 -106.59 2.30 1.06
Acanthoceras muldoonense 388121 Johnson WY 44.04 -106.59 2.76 1.37
Alzadites alzadensis 423709 Carter MT 4552 -104.52 0.97 0.39
Alzadites alzadensis 423710 Carter MT 4552 -104.52 0.80 0.35
Alzadites alzadensis 423712 Carter MT 4552 -104.52 0.66 0.32
Alzadites alzadensis 423713 Carter MT 4552 -104.52 0.58 0.26
Calycoceras canitaurinum 422690 BigHorn WY 4453 -107.99 2.51 1.33
Calycoceras canitaurinum 422691 Carbon WY 41.70 -106.93 2.63 1.42
Calycoceras canitaurinum 422697 BigHorn WY 4453  -107.99 6.38 3.47
Calycoceras guerangeri 425182 Luna NM 32,18 -107.75 3.08 1.68
Calycoceras inflatum 425180 Luna NM 32.18 -107.75 4.13 2.23
Calycoceras naviculare 166374 Las CO 37.32 -104.04 6.78 3.13

Animas

Calycoceras newboldi 376908 Natrona WY 4297 -106.76 9.38 5.36
Calycoceras obrieni 422681 Apache AZ 3539 -109.49 5.29 2.96
Conlinoceras tarrantense 105962 Tarrant TX 32.77 -97.29 5.19 2.71
Conlinoceras tarrantense 105964 Tarrant TX 32.77 -97.29 5.49 2.80
Conlinoceras tarrantense 105965 Denton TX 33.21 -97.12 4.93 2.56
Conlinoceras tarrantense 105968 Tarrant TX 32.77 -97.29 3.53 1.68
Conlinoceras tarrantense 163913 Pueblo CO 38.17 -104.49 1.26 0.60
Conlinoceras tarrantense 239763 Valencia NM 34.72 -106.81 3.98 1.97
Conlinoceras tarrantense 239764 Valencia NM 34.72 -106.81 4.82 2.47
Metoicoceras crassicostae 106003 Grayson TX 33.62 -96.68 4.04 1.91
Metoicoceras frontierense 376927 Johnson WY 44.04 -106.59 3.90 1.57
Metoicoceras geslinianum* 29498 uT 6.25 2.45
Metoicoceras geslinianum 411503 Ellis X 3235 -96.80 7.41 2.64
Metoicoceras geslinianum* 411504 TX 8.00 3.05
Metoicoceras geslinianum* 411506 TX 10.47 3.95
Metoicoceras geslinianum 411507 Ellis X 3235 -96.80 10.66 3.98
Metoicoceras geslinianum 425303 Grant NM 32.73  -108.38 2.20 0.88
Metoicoceras geslinianum 427950 Ellis X 3235 -96.80 6.85 2.29
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height

centroid

species cz(t{)aioLg ;1)0 county state latitude longitude (cm) size
Metoicoceras latoventer 106001 Grayson TX 33.62 -96.68 1.17 0.56
Metoicoceras mosbyense 108316a  Petroleum MT 47.14 -108.23 0.74 0.32
Metoicoceras mosbyense 108317a  Petroleum MT 47.14 -108.23 2.13 0.87
Metoicoceras mosbyense 108317b  Petroleum MT 47.14 -108.23 4.28 1.48
Metoicoceras mosbyense 108318a  Petroleum MT 47.14 -108.23 4.79 1.70
Metoicoceras mosbyense 108318b  Petroleum MT 47.14 -108.23 3.40 1.22
Metoicoceras mosbyense 108319b  Petroleum MT 47.14 -108.23 6.40 2.44
Metoicoceras mosbyense 108321  Petroleum MT 47.14 -108.23 8.59 3.00
Metoicoceras mosbyense 108322a  Petroleum MT 47.14 -108.23 7.21 2.60
Metoicoceras mosbyense 108323b  Petroleum MT 47.14 -108.23 6.40 2.22
Metoicoceras mosbyense 220382  Petroleum MT 47.14 -108.23 4.47 1.59
Metoicoceras mosbyense 423759 Crook WY 4459 -104.57 1.04 0.43
Metoicoceras mosbyense 425308 Hidalgo NM 3190 -108.75 2.10 0.84
Metoicoceras mosbyense 427947  Petroleum MT 47.14 -108.23 2.61 0.93
Metoicoceras mosbyense 427949  Petroleum MT 47.14 -108.23 5.12 2.21
Metoicoceras mosbyense 443802 Natrona WY 4297 -106.76 2.10 0.77
Metoicoceras praecox 427908 BigHorn WY 4453 -107.99 2.31 0.91
Metoicoceras praecox 427909 BigHorn WY 4453 -107.99 2.52 0.99
Metoicoceras praecox 427915 BigHorn WY 4453  -107.99 3.74 1.32
Metoicoceras praecox 427918 BigHormn WY 4453 -107.99 4.24 1.53
Metoicoceras praecox 427936 BigHorn WY 4453 -107.99 4.99 2.09
Metoicoceras swallovi 105992b Lamar TX 33.67 -95.57 3.35 1.42
Metoicoceras swallovi 427941 Lamar TX 33.67 -95.57 1.31 0.61
Metoicoceras swallovi 427942 Lamar TX 33.67 -95.57 2.22 1.01
Plesiacanthoceras bellsanum 105984 Grayson TX 33.62 -96.68 3.47 1.61
Plesiacanthoceras wyomingense — 220381 Carter MT 4552 -104.52 3.18 1.55
Plesiacanthoceras wyomingense 388156 Carter MT 4552 -104.52 0.83 0.41
Plesiacanthoceras wyomingense 388157 Carter MT 4552 -104.52 1.01 0.47
Plesiacanthoceras wyomingense — 388158 Carter MT 4552 -104.52 1.12 0.50
Plesiacanthoceras wyomingense 388162 Carter MT 4552 -104.52 1.26 0.56
Plesiacanthoceras wyomingense 388163 Carter MT 4552 -104.52 1.20 0.54
Plesiacanthoceras wyomingense 388168 Carter MT 4552 -104.52 3.77 1.75
Plesiacanthoceras wyomingense 388169 Carter MT 4552 -104.52 5.72 2.72
Tarrantoceras bentonianum 400813 Luna NM 32.18 -107.75 1.03 0.49
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species catalogno.  county state latitude longitude h(ilri})lt ce:itzr;)id
(PAL #)
Tarrantoceras bentonianum 411489 Dallas X 32.77 -96.78 1.71 0.76
Tarrantoceras conlini 400805 Grant NM 32,73 -108.38 1.04 0.46
Tarrantoceras conlini 400808 Grant NM 32,73 -108.38 1.59 0.74
Tarrantoceras cuspidum 105974 Grayson TX 33.62  -96.68 1.15 0.60
Tarrantoceras exile 423698 Weston WY 43.85 -104.57 0.47 0.23
Tarrantoceras sellardsi 108841 Johnson TX 32.38 -97.36 2.04 1.00
Tarrantoceras sellardsi 108855 Tarrant TX 32.77 -97.29 1.03 0.49
Tarrantoceras sellardsi 108861 Tarrant TX  32.77 -97.29 (1) 1.13, (1) 0.57,
(2) 0.50, (2)0.29,
(3)0.42 (3)0.23
Tarrantoceras sellardsi 239761 Sandoval NM 35.69 -106.88 0.75 0.35
Tarrantoceras sellardsi 400761 Santa Fe NM 35.51 -105.97 2.94 1.42
Tarrantoceras sellardsi 400765 Johnson TX 32.38 -97.36 1.69 0.80
Tarrantoceras sellardsi 400766 Tarrant TX 32.77 -97.29 0.82 0.43
Tarrantoceras sellardsi 400767 Tarrant TX 32.77 -97.29 0.56 0.29
Tarrantoceras sellardsi 400769 Johnson TX 32.38 -97.36 1.68 0.78
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Appendix B.2: Results of Procrustes ANOVA for assessing measurement error through repeated
measurements of three specimens indicating highly significant inter-specimen differences (p <<
0.01) and little remaining variation attributed to intra-specimen differences.

Df SS MS Rsq F Z Pr(>F)
specimen 2 0.0195 0.0098 0.9642  161.7974 6.751 0.001
Residuals 12 0.0007 0.0001

Total 14 0.0203
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Appendix B.3: Elliptical Fourier descriptors of ammonite aperture shapes before size
standardization. Specimen numbers are arranged according to Appendix 2.1. Descriptors consist
of four coefficients (here referred to as A-D) for the first seven harmonics (1-7).

USNM
catalog no. Al A2 A3 A4 A5 A6 A7
(PAL #)
108826(1) 0.2305 0.0273 0.0175 0.0087 0.0008 0.0065 0.011
108826(2) 0.421 -0.0048 0.0268 0.0121 0.0355 0.0729 0.0598
239766 0.5352  -0.0778  -0.0356 0.029  -0.0121 0.0159 0.052
239768 0.3266  -0.0687 0.039  -0.0752 -0.05 0.0255 0.0123
239769 0.0044 0.0254  -0.0105 0.0026  -0.0062 0.0005 0.0102
239771 0.2794  -0.0279 0.0396  -0.0402 0.0022 0.0287 0.0179
239772 0.8326 -0.081 0.0064 -0.078 0.0376 0.1405 0.0543
239773 0.4559 -0.016 0.0227  -0.0517  -0.0246 0.0254 0.0251
252729 0.1441 0.0056 0.0142 0.0056 0.0437 0.0792 0.0671
416063 0.6351 -0.0893 0.0101 -0.1211 -0.041 0.0476 0.05
420216 0.2364 0.0114  -0.0049 0.002 0.0015 -0.0024 0.0193
420218 -0.0961 0.114 0.0278 0.0321 0.0073 -0.0103 -0.0006
420220 0.1595 0.0144  -0.0035  -0.0207  -0.0092 0.0097 0.0145
420221 0.4694  -0.0318 0.0109  -0.0331 -0.0208 0.0479 0.0523
420223 0.0673 -0.0139 -0.008  -0.0082 0.0101 0.0091 -0.0024
420224 0.405  -0.0715  -0.0097  -0.0562  -0.0306 0.0228 0.0162
420226 0.7519  -0.1154  -0.0162 0.0285 0.0354 0.0898 0.1177
420227 0.5943 -0.0568 0.0545  -0.0133 0.0636 0.1279 0.0159
420230 -0.0492 0.0689  -0.0231 0.0207 0.0023 -0.0423 -0.0081
420231 0.5295 -0.074 -0.022  -0.0152  -0.0077 0.054 0.0304
388094 0.326 -0.016  -0.0424  -0.0076 0.0369 0.0425 0.0259
388095 0.198  -0.0333 -0.0161 -0.0024  -0.0157  -0.0059 0.0335
388097 0.7508 0.0461 -0.0485 -0.051 0.0271 0.0397 0.0586
388098 -0.0233 0.0373 0.017 0.0234 0.0163 -0.0001 -0.0102
388100 0.4265  -0.0417 0.0275  -0.0425  -0.0235 0.0062 0.0032
388102 0.4766  -0.0649  -0.0023 -0.0331 -0.0028 0.0593 0.0196
388103 0.2236  -0.0708 -0.012  -0.0421 -0.035 0.0123 -0.0046
388104 0.2472  -0.0095  -0.0007 -0.006 0 0.0126 0.022
388109 0.4665 -0.054  -0.0112 0.0066  -0.0194 0.023 0.0356
388112 0.4478 -0.062 0.0178  -0.0165 0.0407 0.0727 0.0283
388113 0.0253 0.0493 0.0414 0.0243 0.0057 0.0001 0.0038
388114 0.0975  -0.0175 0.0399 0.0149 0.0211 0.0123 0.0103
388115 0.2225  -0.0392  -0.0035 0.0048 0.024 0.0245 0.0014

388116 0.4678  -0.0468 0.0414  -0.0224 0.0105 0.0647 0.0262
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USNM

catalog no. Al A2 A3 A4 A5 A6 A7
(PAL #)
388118 -0.1246 0.049 0.0328 0.0415 0.0541 0.0517 0.0228
388119 0.4429  -0.0482 -0.005  -0.0348 0.0007 0.0001 0.0026
388121 0.2218 -0.022 0.0004  -0.0401 0.0038 -0.0023 0.0034
423709 0.3958  -0.1159 0.124 0.0526 0.0437 0.0583 0.0451
423710 0.7652  -0.1602 0.157 0.1204 0.0866 0.1322 0.0383
423712 1.1466  -0.1672 0.1317  -0.0093 0.0049 0.1219 0.1474
423713 0.9249  -0.2526 0.3727 0.2287 0.1657 0.1243 -0.0092
422690 0.6619  -0.1774  -0.0751 -0.0751 -0.0607 0.0025 0.0479
422691 0.1513 -0.0065  -0.0033 -0.0158  -0.0069 0.0061 0.0072
422697 0.3236 0.0228 -0.007  -0.0372 -0.004 0.022 0.0158
425182 0.3214  -0.0045  -0.0183 -0.0232  -0.0156 0.0185 0.0307
425180 0.4962  -0.0552  -0.0476 -0.099 0.0306 0.0987 0.0408
166374 0.4369 -0.068 0.0281 -0.0528 -0.024 -0.001 0.0035
376908 0.2381 0.0008 -0.028  -0.0298  -0.0241 0.0037 0.018
422681 0.1528 0.0484  -0.0022 0.0055 0.0111 0.0054 0.0155
105962 0.2279  -0.0105 -0.023 0.0018 0.0071 0.0061 0.0187
105964 0.1799  -0.0163 -0.0088  -0.0003 0.0108 0.0226 0.0201
105965 0.1651 0.0084 0.0063 -0.0084  -0.0072 -0.002 0.0018
105968 0.6115  -0.0728 0.0636  -0.1257  -0.0493 0.0079 0.0111
163913 0.4076  -0.0783 0.0246 0.0208 0.0174 0.0133 0.0045
239763 0.2516  -0.0161 -0.0101 -0.0016 -0.008 -0.0084 0.0217
239764 -0.2408 0.0765 0.0584 0.0622 0.0535 0.0107  -0.0132
106003 0.3182  -0.0281 0.0101 -0.0412  -0.0104 0.0269 0.0326
376927 0.2624  -0.0643 0.0472  -0.0189 0.0234 0.0414 0.028
29498 0.1659  -0.0555 0.0529  -0.0019 0.0361 0.0194 0.0093
411503 0.1158  -0.0052 0.031 0.0017 0.0366 0.0178 0.0174
411504 0.1692  -0.0425 0.0475  -0.0226 0.0309 0.0199 0.0163
411506 0.0455 0.021 0.0169 0.0121 0.0122 0.0086 0.004
411507 0.1576  -0.0324 0.0431 -0.009 0.0253 0.0191 0.0081
425303 0.0052  -0.0128 0.0045 -0.011 0.0026  -0.0044  -0.0086
427950 0.2478  -0.0277 0.0257 -0.018 0.0831 0.0079 0.0828
106001 0.4716  -0.0947 0.0231 -0.0854  -0.0016 0.0769 0.0347
108316a 0.2347 -0.11 0.0123 -0.0381 0.0426 0.0239 0.0078
108317a 0.294  -0.1044 0.0384 0.0243 0.0409 0.058 0.0088
108317b 0.2591 -0.0277 0.0603 0.0101 0.0624 0.035 0.0625
108318a 0.1094  -0.0253 0.016 -0.014 0.0244 0.0047 0.0189
108318b 0.1947  -0.0386 0.0219  -0.0222 0.0499 0.0202 0.0499
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USNM

catalog no. Al A2 A3 A4 A5 A6 A7
(PAL #)
108319b 0.2388  -0.0694 0.0514 0.0112 0.0423 0.0209 0.0261
108321 0.2656 -0.086 0.0368  -0.0516 0.0461 0.0004 0.0747
108322a 0.1892  -0.0487 0.0068  -0.0026 0.0477 0.0049 0.0502
108323b 0.1501 -0.0458 0.0289  -0.0116 0.0367  -0.0078 0.0327
220382 0.0483 0.0154 0.0025 0.016 0.0139 0.0171 0.0016
423759 0.0891 -0.0141 0.0168  -0.0197 0.0145 0.0021 0.0118
425308 0.3579  -0.0597  -0.0032  -0.0629 0.0755 0.0753 0.0491
427947 0.3535  -0.0696 0.0332  -0.0422 0.0864 0.0264 0.0711
427949 -0.1169 0.0326 -0.005 0.0168 0.0101 -0.0023 0.0031
443802 0.3718  -0.0888 -0.015  -0.0173 0.0671 0.0558 0.0693
427908 0.0535 0.0046  -0.0257  -0.0171 -0.0093 0.0057 0.0085
427909 0.138  -0.0103 0.0149  -0.0223 0.0183 0.0086 0.0205
427915 0.2676  -0.0371 0.0319  -0.0442 0.0663 0.011 0.0532
427918 0.3278  -0.0284 0.0665  -0.0397 0.0735 0.0194 0.0674
427936 0.1637  -0.0246 0.0141 -0.0025 0.0084 0.0227 0.0268
105992b 0.1213 0.0312 0.0295 0.0008 0.0081 0.0172 0.0137
427941 0.2192  -0.0542  -0.0064 0.0013 0.0412 0.026 0.0142
427942 0.1689  -0.0158 0.0068  -0.0218 0.0111 0.0322 0.0205
105984 0.3893 -0.04 0.0169 -0.027 0.0425 0.0506 0.0286
220381 0.1762 0.0105 0.0039  -0.0271 0.0016 0.0271 0.0221
388156 0.7538  -0.0405  -0.1059  -0.0378 0.0038 0.1594 0.0772
388157 0.0382 0.0247 0.0442 0.0546 0.0194 0.0208 0.035
388158 0.1882 0.0056 0.0023 0.005 0.0171 0.0424 0.0551
388162 0.5786  -0.0874 0.0933 -0.0229 0.0966 0.1225 0.0457
388163 0.0039 0.0187  -0.0074 0.0072 0.0009 0.0086 0.0066
388168 0.2262 -0.101 0.0543 0.0004  -0.0069 0.0363 0.0334
388169 0.632  -0.0671 0.0135 -0.06  -0.0221 0.0155 0.0317
400813 0.3874 0.0537 0.0096  -0.0471 -0.0928 -0.0798 0.0015
411489 0.1129 0.0346  -0.0056  -0.0166  -0.0352  -0.0247  -0.0108
400805 0.2155 0.1098 0.0184 0.011 0.0044 0.0181 0.0193
400808 -0.0397 0.0131 -0.007  -0.0004 0.0003 0.0004  -0.0031
105974 1.0625 0.0711 0.0447  -0.1918  -0.0827 0.0634 0.0675
423698 0.118 0.039 0.0134  -0.0044  -0.0134  -0.0041 0.0003
108841 0.0601 -0.008 0.0065  -0.0014 -0.002 -0.005 -0.002
108855 0.6969  -0.1166 0.0711 -0.0339  -0.0573 0.0027 0.0487
108861(1) 0.27 0.0151 0.0155  -0.0325  -0.0243 -0.0024 0.0224
108861(2) 0.0192 0.1072  -0.0647 0.0019  -0.0186 -0.021 0.02
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USNM

catalog no. Al A2 A3 A4 A5 A6 A7
(PAL #)
108861(3) 1.3676  -0.1664  -0.0765 0.1272  -0.0041 0.0704 0.1679
239761 0.8443 -0.0421 0.0821 -0.072 -0.008 0.0596 0.0718
400761 -0.0506 0.0081 0.0298 0.0207 0.0247 0.0118  -0.0052
400765 0.3786  -0.0154 0.0123 -0.0548  -0.0534  -0.0066 0.0213
400766 0.3017  -0.0041 0.0177  -0.0171 -0.0187  -0.0038 0.0047
400767 0.5106  -0.0784 0.0225  -0.0056  -0.0093 0.0368  -0.0081
400769 0.2858  -0.0149  -0.0191 0.0235  -0.0148 0.0217  -0.0227
USNM
catalog no. Bl B2 B3 B4 B5 B6 B7
(PAL #)
108826(1) -105.5199 2.2587  -0.5517 0.8835 0.7522  -0.3936  -0.4429
108826(2) -101.8559 3.2982 -1.274 0.8769  -1.0196  -2.9216  -2.0447
239766 -116.252 2.6016 4.4453 -0.4608  -0.5097  -0.4169  -1.2878
239768 -99.0788 2.7349  -5.3513 2.9777 0.1733 -2.7621 -1.0724
239769 -101.169 -1.027  -2.2948 4.8342 1.1976 ~ -1.3019  -1.0247
239771 -98.9197 3.3971 -3.1794 3.4064  -0.2523 -2.0171 -1.2139
239772 -102.336 5.824  -0.5467 2.2834  -0.8213 -2.9426  -0.9021
239773 -98.2024  -2.3461 -2.2156 2.8519 1.3822  -0.7022  -0.8766
252729 -102.035 4.1663 -2.3736 2.3566  -0.6763 -3.1274  -1.3275
416063 -100.2087 2.1355 -1.966 3.2362 0.5151 -1.5917  -1.3665
420216 -94.3753 4.1547 -4.927 0.3952 0.113 -2.3704 -2.032
420218 -99.6569 0.5897  -4.7838 4.033 1.3609  -2.4604  -0.8653
420220 -100.9131 0.2316  -0.5721 2.4768 1.0354  -1.1361 -0.7963
420221 -100.3494 34217  -1.7943 0.6629 0.379  -1.9935  -1.5558
420223 -98.7997 0.7244  -0.9596 3.5351 -0.0839  -1.6562  -1.0261
420224 -104.9639 2.1292  -0.0491 2.8416 1.3222  -0.9308  -0.7763
420226 -106.8527 5.2172 1.3451 -0.9041 -1.2727 -2.289  -2.6249
420227 -106.6384 7.2134  -3.6318 0.3831 -2.2175 -3.599  -0.2682
420230 -94.7607 1.9421 -4.5328 0.9446 0.6211 -1.2815  -0.5708
420231 -104.1242 2.8265 0.2625 0.1329 -0.117  -1.7273 -0.9265
388094 -113.5463 4.5744 2.9636 0.4802  -1.1353 -1.8914  -1.6151
388095 -108.1629 0.6084 0.3188 0.9864  -0.0492  -0.7148  -3.4672
388097 -110.4558  -1.1978 1.56 1.4236  -0.7383 -1.0605  -1.2508
388098 -106.7046 2.7491 -0.6567 1.4699 1.3936  -0.5856  -1.1371
388100 -105.8532 1.6665  -0.8573 2.4345 1.2677  -0.1074  -0.4967
388102 -106.1714 4.6069  -1.0484 2.11 0.4764  -1.8751 -0.5925
388103 -104.939 3.823 -2.18 1.5036 1.2714  -1.3408  -0.2787
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USNM

catalog no. Bl B2 B3 B4 B5 B6 B7
(PAL #)
388104 -105.1653 3.2631 -1.2539 0.5246 0.2414  -1.1034  -1.4251
388109 -108.0587 3.1813 0.2023 0.0594 1.1517  -0.8957  -1.3276
388112 -103.3248 6.0161 -1.5791 0.7927  -1.9343 -3.1018  -1.1141
388113 -106.4937 7.5584 0.3013 -1.0545  -2.4091 -3.2189 -1.586
388114 -99.7107 6.6857  -1.5291 0.1312  -2.6505 -2.0077  -1.7851
388115 -113.0197 7.7445 0.5582  -0.6713 -2.8755 -2.7724  -0.5128
388116 -103.816 4.4555  -3.2098 1.1229  -0.5389  -2.3898  -0.9128
388118 -101.119 5.825  -3.2001 1.014 0.1183 -1.7524  -0.7551
388119 -95.8656 3.2622  -1.4115 1.2956 -0.507  -0.5629  -0.7639
388121 -99.8734 2.3498  -0.6677 2.104  -1.5214  -0.4203 -0.3707
423709 -92.2179  13.7325  -9.7171 -2.6823 -2.1953 -2.1596  -1.4297
423710 -104.2081  11.7211 -7.167  -4.2441 -2.3844  -3.0247  -0.6501
423712 -101.6762 6.1237  -2.3893 0.8689 0.3487 -1.703 -2.3499
423713 -104.3581 9.876 -6.99  -23682  -2.1726  -2.4138  -0.5914
422690 -106.857 6.4654 1.3868 1.3325 0.8694  -0.6051 -1.4842
422691 -105.9166 1.4025 0.3731 2.7554 1.0081 -0.8921 -0.9034
422697 -107.5309 0.594 0.1974 2.8639 0.1151 -1.3478  -0.5246
425182 -111.4337  -0.1717 2.0849 2.1854 0.9949 -1.145  -1.5521
425180 -112.6689 1.161 3.3583 47958  -2.0648 -3.8985  -1.5657
166374 -96.1258 3.9623 -2.1152 2.1081 0.7499  -0.1698  -0.3334
376908 -110.2377  -1.5813 2.4367 2.1212 1.4898 -0.7165  -1.3823
422681 -111.9479 2.8467 2.9862 1.2885  -0.6636  -0.7493 -1.021
105962 -105.7733 7.2598 1.03 -0.3006  -0.6689  -1.1797  -1.2981
105964 -105.8668 3.4756  -0.8588 0.369  -0.1363 -1.8451 -1.404
105965 -102.2976 1.0003 -1.6389 0.9457 1.1297 0.2256  -0.3693
105968 -94.1754 0.8963 -4.918 2.7551 0.6701 -0.5769  -0.4081
163913 -101.2852 5.9993 -2.3663 -1.9806  -1.0263 -0.5536 -0.462
239763 -100.4692 3.1818  -0.8121 1.5646 0.7111 -0.2583 -0.9187
239764 -100.2391 2.3055  -1.6409 0.7731 1.4422  -0.4655  -1.0254
106003 -99.5089 3.1777  -2.1161 1.7747  -0.2784  -2.2523 -1.8132
376927 -83.5353  10.0846 -4.82 1.4874  -1.6948 -2.3449  -1.3407
29498 -84.0109  10.7906  -8.6672 -0.586  -3.8494  -2.0399 -0.9314
411503 -79.7793 7.876  -4.1337 1.3799  -5.6956  -1.5593 -2.0211
411504 -78.683 6.8902  -8.7346 1.6975  -2.5332 -14915  -1.8504
411506 -80.4223 4.9903 -4.5379  -0.5681 -2.8232  -0.9148  -1.6315
411507 -81.655 3.5718  -8.1565  -0.0704  -2.8672  -1.5411 -1.152
425303 -86.1833 5.5356  -3.7068 2.9564  -3.4003 -1.9197  -2.3512
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USNM

catalog no. Bl B2 B3 B4 B5 B6 B7
(PAL #)
427950 -71.9991 3.8818  -2.3538 1.2799  -4.7993 -0.4605  -3.5005
106001 -101.3222 2.6288  -1.3306 2.824  -1.3846  -3.2406  -1.5901
108316a -95.4499 4.6483 -4.5171 1.4191 -3.6815 -2.6456  -1.1725
108317a -97.4866  16.0321 -4.2032  -2.5702  -2.7389  -3.2811 -0.6892
108317b -77.8475 5.1291 -4.6855 0.489  -3.7271 -2.0434  -2.8258
108318a -79.4093 5.8313 -3.6494 1.1101 -4.1131 -1.4921 -2.2781
108318b -77.0548 6.8414  -2.6117 1.9089  -3.9407 -1.674  -2.9646
108319b -82.734  11.8503 -5.9071 -1.0572  -2.9032 -1.179  -1.3404
108321 -72.9623 8.9737 -4.477 3.1608  -2.7239  -0.1832  -3.1816
108322a -78.8429  11.0053 -1.4406 0.5812  -4.1659  -0.3815  -2.9761
108323b -69.7329 8.51 -4.9273 0.8025  -3.5643 0.2659  -2.2409
220382 -75.2603 3.7076  -1.7479 2.9569  -4.8991 -0.9793 -2.3877
423759 -92.9066 5.6498  -2.9529 3.3727  -4.4338 -2.5826  -1.7825
425308 -91.2023 3.2932  -3.2875 2.0465  -5.7287  -3.4964  -2.5637
427947 -81.8543 4.0733 -3.2505 0.9669  -4.7688 -1.6387  -2.9179
427949 -90.0791 6.026  -3.8005 1.3328 0.3214  -1.0704  -0.9557
443802 -79.4744 9.3788  -1.3151 0.426  -3.7687  -1.6169  -2.3913
427908 -83.6319 2.1035  -3.2426 2.8511 -3.6561 -1.2637  -2.9621
427909 -83.1228 2.7339  -3.8907 3.2036 -2.298 -0.8032  -1.7785
427915 -74.9387 42795  -2.6825 2.7947  -3.8677  -0.9709  -2.3796
427918 -75.8358 23 -4.8371 2.4882  -3.4445 -0.7899  -2.2974
427936 -90.4856 7.2272  -2.6383 0.3804  -0.8694 -2.0776  -2.0802
105992b -86.7031 -0.1923 -4.5896 50715 -0.6928 -1.161 -2.1315
427941 -104.3525 9.534 2.3188 -0.713 -3.6889  -2.6529  -1.9037
427942 -98.0952 5.6589  -2.4064 2.951 -1.4159  -3.1725  -1.5996
105984 -97.2992 6.4514  -1.5977 1.6595  -1.9431 -2.0132  -1.0214
220381 -96.7513 43559  -2.7695 34756  -0.5504  -2.2254  -1.0469
388156 -103.918 3.9825  -0.1226 1.382  -1.2356  -2.6985  -1.6462
388157 -100.7147 7.7189  -3.6188  -0.4482  -1.8743 -2.9646  -1.4367
388158 -94.6424 9.6592  -4.4531 1.1736 -1.062 -3.124  -2.2898
388162 -96.2937 7.5785  -3.3356 1.4951 -2.8274 34157  -1.3007
388163 -98.7987 3.6018  -2.1591 0.9954  -2.4981 -2.6026  -0.6116
388168 -91.4898 7.1108  -4.1668 2.6861 0.5792  -1.8993 -1.4002
388169 -95.6943 4.5293 -1.7378 1.694 0.2364  -0.6269  -0.7875
400813 -94.4975  -0.0291 -3.2167 1.8798 1.9979 1.276  -0.2304
411489 -90.808 0.337  -4.1808 1.7376 1.4829 0.4923 0.0686
400805 -90.7398  -0.8668  -4.6932 2.714 1.1421 0.2879  -0.5102
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USNM

catalog no. Bl B2 B3 B4 B5 B6 B7
(PAL #)
400808 -92.8543 2.1691 -5.0771 1.1915 2.4136 0.424  -0.3966
105974 -101.6622  -2.6907  -2.1294 4.4032 1.857 -09157  -0.9739
423698 -908.3684 1.5018 -2.1121 -1.1301 1.1366 0.8646  -0.9719
108841 -97.0831 -1.0313 -3.162 0.555 0.8316 0.6804  -0.2695
108855 -97.283 0.0219  -2.3508 1.6994 1.6226 -0.1368 -1.1925
108861(1) -99.8023 -2.1316  -2.4587 3.0113 1.8644 0.1432 -1.111
108861(2) -110.6089 1.5188 1.944 2.7367 1.014 -0.8084  -1.3159
108861(3) -115.2477 4.4123 1.6785 -2.314 -0.154 -1.2015 -2.0328
239761 -97.7619 3.3581 -3.2593 2.1607 0.0906 -1.111 -1.227
400761 -98.3392 2.1263 -2.3301 1.3485 1.8859 -0.6075 -1.0621
400765 -95.6808 -0.2048 -2.4267 2.5132 1.5086 -0.2061 -0.8852
400766 -102.576 0.7573 -1.7308 1.5653 1.1911 0.38 -0.1821
400767 -106.4836 3.7696  -1.3574 0.6142 0.4556 -1.1067 0.1046
400769 -93.1493 -2.8997  -3.4799 2.3166 0.5067 0.6334  -0.3721
USNM
catalog no. Cl C2 C3 C4 C5 Co6 C7
(PAL #)
108826(1) -94.9266 7.28 8.8075 3.7326 4272 1.3109 1.2389
108826(2) -97.3675 239153  13.5873 9.4783 3.4519 0.6762  -1.3389
239766 -82.9793  16.7898  13.6552 6.1683 0.9238 -0.2503 -1.8077
239768 -99.879  21.8482  14.2541 7.4674 4.7333 -0.7736  -1.3416
239769 -98.4947  15.7071 9.2829 6.4423 4.4928 0.5353 0.895
239771 -100.5945  16.7747  11.679%4 6.9587 5.891 0.6561 1.1454
239772 -96.796  17.2279 13.184 6.7517 6.3709 1.2157 1.2421
239773 -102.0385  15.2607 7.6058 8.2595 3.6903 1.8954 0.2216
252729 -97.6797  17.1861  12.3342 6.026 4.674 -0.2926  -0.4093
416063 -100.058  12.9381 9.1647 5.4523 4.5012 0.6711 0.9538
420216 -105.4306  20.6961 11.964 9.0251 4.3665 1.1118 -0.959
420218 -100.5459  14.0297  10.2051 5.8512 5.9907 1.0225 0.6006
420220 -99.2355 13.8614 8.3734 7.0105 3.8817 1.9636 0.545
420221 -99.5214 16.086  11.2669 7.5315 4.2929 1.8471 -0.3638
420223 -101.0164 15.957 8.7845 7.7799 4.6637 1.6968 1.0018
420224 -94.6351  12.2358  10.2498 5.0101 3.9279 0.6635 0.3822
420226 -91.5736  26.5286  15.2269 9.582 2.2968 0.4296  -1.4531
420227 -88.8461  35.0665  20.8971 8.2006 2.8041 -2.8782  -2.1769
420230 -105.8201 9.6298 6.923 4.8962 4.0713 1.3973 0.6493
420231 -96.0007  13.8474 9.825 6.1507 2.9957 1.2301 -1.0801
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USNM

catalog no. Cl C2 C3 C4 Cs Cé6 Cc7
(PAL #)
388094 -85.0495  21.2422  14.8856 6.8948 3.0801 0.1646 -0.279
388095 -89.8841  27.0228  14.1538 9.0242 0.6263  -1.1936  -1.1114
388097 -87.6277  28.4735 14.111 9.622 0.3535  -1.4752  -22172
388098 -93.0271  14.9465  12.6409 6.2766 3.7697 0.3766  -0.4925
388100 -93.9774  12.0903  10.6502 5.1218 43265  -0.0458 0.6758
388102 -92.3969  18.3538  15.2338 6.4143 5.1298  -0.4181 -0.4813
388103 -94.3512  15.3022  13.2609 5.711 4.2146 0.4167  -1.0054
388104 -94.2106  18.0758  13.4168 7.5687 4.1923 0.5411 -0.5077
388109 -91.7552 12.611  12.7226 6.1658 3.9262 1.6908  -0.4561
388112 -94.3557 28.292  16.9945 9.7139 44146  -03672  -1.4871
388113 -91.5895  27.5775  16.8899 9.2136 3.5018  -0.0647  -1.7427
388114 -98.2938 27.462 149219 10.8471 4.6771 0.4939  -0.789%4
388115 -83.6318  29.7915  19.9143 7.4525 2.6481 -1.9106  -1.8682
388116 -94.5474  23.5912  16.1933 7.7716 4.1188 -1.095 -1.479
388118 -97.619  19.0995  14.5783 7.5476 5.6978 0.513  -0.3899
388119 -103.4036  16.8417 8.7475 8.7357 4.5891 2.3042 0.7686
388121 -99.7585  13.6307 8.1514 7.0001 5.0742 1.4799 1.7644
423709 -100.4538  44.4267  21.6462  13.1858 3.7117  -2.4171 -2.9126
423710 -87.5506  47.5513  23.1222 922  -0.3274  -3.7079 -3.38
423712 -96.5207  24.5034  15.8116 9.3514 4.5009 0.3804  -0.7775
423713 -88.2684  45.1279  22.3188 8.7466 0.2682  -3.7408  -2.3926
422690 -92.0025  18.9308  14.0916 7.2566 4.0594 0.5433  -0.2572
422691 -93.871  13.7614  10.6379 6.2009 4.1464 1.1822 0.8458
422697 -92.3906  13.9304  10.4404 6.1754 4.6829 0.8922 0.6565
425182 -87.2196  19.3928  13.6144 7.7692 2.4982 0.6257  -0.8894
425180 -85.4833  27.6978  12.8032 7.9309 3.2178 0.4019 0.5057
166374 -102.3535  19.8302  11.7273  10.2283 5.9681 2.6913 0.9016
376908 -89.4987 9.996 7.8595 3.827 0.7373 0.6277  -0.3311
422681 -87.215  17.7051  13.1634 7.3055 4.0023 0.4903 0.201
105962 -93.6398  16.6622  12.5668 6.7251 4.2946 0.5704  -0.5479
105964 -93.6052 17.659  13.4595 7.6402 4.1748 097  -0.8593
105965 -97.7701  10.1429 8.1617 5.5528 4.3112 1.7136 1.2557
105968 -106.0026  12.0856 7.0344 6.1262 4.9331 1.3106 1.169
163913 -97.1708  21.6088  13.1134 8.6728 3.8801 0.3434 -1.73
239763 -98.879  14.8525 10.228 7.8609 5.2787 2.4676 1.6316
239764 -100.1223 6.529 6.6892 3.6873 3.4274 1.7019 1.0776
106003 -99.61  21.6374  12.5206 8.5901 3.7336 0.0816  -1.0435
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USNM

catalog no. Cl C2 C3 C4 Cs Cé6 Cc7
(PAL #)
376927 -114.1826 22426  11.2487  10.8165 7.1321 3.5958 1.6075
29498 -110.9202  34.7428  16.8126  13.1315 6.3212 0.3827  -1.4336
411503 -114.2327  43.6786  17.0899  17.3626 4.4981 1.0271 -2.2321
411504 -118.5023 283679  13.3147  13.2442 7.134 2.0852  -0.0287
411506 -117.1449  25.8433 9.7824  13.3869 5.0026 3.7835  -0.5624
411507 -116.5689  31.6446 12.53  13.8388 3.797 1.1111 -2.74
425303 -111.0272 299785 13.6761  13.5774 5.8919 1.7114 0.007
427950 -121.2909  43.7081  16.5526 19.503 3.973 2.466 -2.086
106001 -98.5661  20.6968  12.1414 8.0031 5.1558 0.1012 0.4513
108316a -101.8417  32.6267 16.3147  11.7541 4.1789  -1.0464  -1.6313
108317a -95.4571  46.7641  22.6023  11.5717 23369  -1.7349  -3.1319
108317b -117.6458  42.5436  16.7859  17.7246 3.4204 1.8232 -2.919
108318a -115.1706 423123  16.8032  17.0838 3.629 1.276 ~ -2.3371
108318b -117.4439  40.1378  17.2999  17.0177 5.643 1.7604  -0.7739
108319b -112.8321  34.1369  15.2269  14.7781 6.4795 23828  -1.1115
108321 -121.1273  39.7625  16.2837  17.9479 5.9197 25726  -1.0278
108322a -115.5416  39.2419  15.7699  17.6501 5.5248 29633  -1.2311
108323b -123.0876  36.4829  14.7094  17.3714 6.9095 29186  -0.4625
220382 -118.7764  39.2065  15.7932  17.6585 5.5782 1.7334  -0.8494
423759 -102.8653  38.2092  17.2946  13.8144 4.1971 -0.5655  -0.9849
425308 -105.6184 37.751  15.5245  13.4612 2.8193  -1.1234  -2.5085
427947 -113.3195 423759  17.1392  17.1892 3.3564 0.9029 -2.279
427949 -109.6906  16.7769 8.9503 9.0962 6.0807 3.5034 1.6868
443802 -115.5736  37.3327  15.8467 16.0911 5.4489 1.9299  -1.3006
427908 -113.3405 299391  12.3567  14.7831 5.4124 2.4626 -0.125
427909 -114.9549  27.2503  11.1141  14.2293 5.9032 3.0916 0.2727
427915 -120.7567  34.1224 12.48  17.2305 5.8201 3.9998  -0.4046
427918 -120.963  29.7394  11.0141  15.8303 5.9645 3.8044 0.0553
427936 -108.6996  22.4015 11.0555 11.2774 5.8022 3.5926 0.5708
105992b -112.2848  20.7258 7.5889  10.2202 4.7432 1.7725 0.4599
427941 -92.7968  31.8567  16.3728  10.9972 3.4492 0.3164 -1.122
427942 -99.5147  29.0846  16.5664  11.2246 5.2664 0.387  -0.7902
105984 -101.3723  20.4813  12.1352 9.1527 6.0384 1.6673 0.5953
220381 -102.3117  16.3958 9.7786 6.1328 4.4714 0.0041 0.2346
388156 -95.0952  21.3004  13.8978 7.9478 4.9726 0.2866 0.5119
388157 -97.0721 28.179 16.831 9.8577 3.9951 -0.0787  -1.8731
388158 -103.0499  25.7348  16.1716  10.0266 6.4241 0.9324  -0.1768
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USNM

catalog no. Cl C2 C3 C4 Cs Cé6 Cc7
(PAL #)
388162 -101.1596  28.7561  16.4925  10.6463 5.6009 0216  -0.7721
388163 -99.6367  26.4486 13.536  10.7735 4.5525 0.8898  -1.0551
388168 -107.8773  13.5695 9.7417 5.8339 5.8127 1.6234 1.6825
388169 -103.6262  12.8249 8.1608 6.6358 4.8869 2.1453 1.4338
400813 -105.6367  10.8507 6.2322 7.1875 4.3057 2.7141 1.8394
411489 -109.7239  11.0895 5.0141 7.2885 4.2248 3.0136 1.4499
400805 -109.5449  13.2937 5.7975 7.935 4.2634 2.4298 1.282
400808 -107.6243 9.4292 6.8364 5.9961 5.0782 2.9428 1.8872
105974 -98.4346  12.2629 5.7207 5.2427 3.4568 1.1561 1.1796
423698 -102.1544 5.7848 4.3188 4.6867 3.2705 2.4825 1.7767
108841 -103.4773 7.2672 4.5808 5.01 3.3267 1.8446 1.5758
108855 -102.9078  13.5938 7.798 7.9245 4.0825 2.5392 0.9731
108861(1) -100.3515  10.4925 6.1013 5.1903 3.0721 0.7983 0.7596
108861(2) -88.4683  13.8604  13.1699 3.8305 33214  -1.7625  -0.1844
108861(3) -83.9872  18.0818  15.8864 7.2818 1.4109  -0.3502  -1.5556
239761 -100.7321  21.4005  12.3246 8.6088 4.0909  -0.1409  -0.8089
400761 -101.6997  11.7527 8.5016 6.4093 4.3853 2.5022 1.113
400765 -104.6393  11.3279 5.2724 6.6408 3.581 2.3424 1.2981
400766 -97.3423  10.4393 8.5543 5.0327 3.7511 0.3989 0.6761
400767 -92.8342  15.5536  13.3913 5.8704 4.5947  -0.0968  -1.0863
400769 -107.2294  10.0159 4.0398 6.7157 4.0383 2.1827 2.011
USNM
catalog no. Dl D2 D3 D4 D5 D6 D7
(PAL #)
108826(1) -0.1796 0.0239 0.0647 0.0458 0.0533 0.0263 0.0241
108826(2) -0.4278 0.2275 0.1767 0.1338 0.0704 0.0186  -0.0313
239766 -0.3257 0.1593 0.1211 0.1206 0.0195  -0.0128  -0.0383
239768 -0.4391 0.1943 0.1633 0.0582 0.0682  -0.0188  -0.0005
239769 0.0109 -0.02 0.0005 0.0073 0.012 0.0054  -0.0004
239771 -0.2575 0.0945 0.0704 0.0524 0.0665 0.0216 0.032
239772 -0.7913 0.2722 0.3241 0.234 0.2689 0.0617 0.0756
239773 -0.56 0.1926 0.1095 0.1314 0.0511 0.0355 0.0069
252729 -0.1546 0.0855 0.1318 0.1223 0.1012 0.0074  -0.0375
416063 -0.6958 0.1753 0.1667 0.1216 0.1258 0.01 0.0378
420216 -0.2074 0.0537 0.0697 0.0679 0.0339 0.0006  -0.0116
420218 0.1686 0.0289 0.0473 0.019 0.0398 0.0263 0.0121
420220 -0.15 0.0295 0.0458 0.0482 0.0391 0.0164 0.0084
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USNM

catalog no. D1 D2 D3 D4 D5 D6 D7
(PAL #)
420221 -0.4457 0.1059 0.1555 0.177 0.1141 0.0497  -0.0145
420223 -0.1258 0.0205 0.0256 0.0289 0.0145 -0.014  -0.0083
420224 -0.4062 0.1107 0.1074 0.0562 0.055 0.0031 0.0077
420226 -0.6511 0.408 0.2967 0.2558 0.0724 0.0232 -0.076
420227 -0.4918 0.3872 0.3695 0.201 0.0829  -0.1018  -0.0884
420230 0.0798  -0.0537 0.0204 0.0357 0.0285 -0.0064 0.0033
420231 -0.5239 0.1535 0.1377 0.1123 0.0656 0.0357  -0.0418
388094 -0.2999 0.0963 0.1679 0.0972 0.0533 -0.0087  -0.0101
388095 -0.3913 0.159 0.1852 0.0857  -0.0873 -0.0672 0.0496
388097 -0.5762 0.3661 0.2915 0.2698 0.0224  -0.0675 -0.106
388098 0.0089  -0.0202 0.0212 0.0136  -0.0008 -0.0056  -0.0057
388100 -0.3466 0.1197 0.1018 0.0527 0.0798 0.0069 0.0182
388102 -0.4646 0.1554 0.2056 0.1083 0.107  -0.0232  -0.0214
388103 -0.2024 0.0495 0.0699 0.0595 0.0434  -0.0066  -0.0237
388104 -0.2187 0.0795 0.096 0.0754 0.0499 0.0062  -0.0073
388109 -0.4463 0.111 0.1783 0.1058 0.073 0.0316  -0.0234
388112 -0.4097 0.2474 0.2098 0.1602 0.0889  -0.0104 -0.043
388113 0.0966 0.0062  -0.0179  -0.0005 0.0168 0.0331 0.0084
388114 -0.066 0.0643 0.0088 0.0079 0.0038 0.0104  -0.0043
388115 -0.1639 0.1199 0.1128 0.0544 0.026  -0.0243 -0.027
388116 -0.4291 0.2153 0.2196 0.1387 0.0919  -0.0288  -0.0456
388118 0.0836  -0.0284 -0.11 -0.1335  -0.0621 -0.0119 0.0118
388119 -0.4615 0.0834 0.1071 0.1529 0.0823 0.0347 0.0142
388121 -0.2113 0.0356 0.0514 0.0793 0.055 0.0201 0.0256
423709 -0.4317 0.3804 0.2888 0.2282 0.0792  -0.0642  -0.0909
423710 -0.6492 0.6979 0.5218 0.2786  -0.0115 -0.1647  -0.1726
423712 -1.0351 0.5794 0.4664 0.3792 0.2462 0.0376  -0.0689
423713 -0.8238 1.1193 0.6901 0.4296 0.0555 -0.3115  -0.2272
422690 -0.6429 0.246 0.2348 0.146 0.0983 -0.0105  -0.0403
422691 -0.1347 0.0401 0.0452 0.0354 0.0299 0.01 0.009
422697 -0.2724 0.0677 0.0991 0.0887 0.0863 0.0226 0.0136
425182 -0.2543 0.1138 0.1172 0.0879 0.033 0.0112  -0.0174
425180 -0.3936 0.2471 0.1472 0.1208 0.0509 0.0126 0.0138
166374 -0.4536 0.2013 0.1333 0.1612 0.1165 0.077 0.0187
376908 -0.1998 0.043 0.0541 0.0369 0.0096 0.01 -0.0049
422681 -0.0883 0.0629 0.058 0.0341 0.0459 0.022 0.0095
105962 -0.2469 0.0385 0.0901 0.0612 0.0319 0.0014  -0.0077
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USNM

catalog no. D1 D2 D3 D4 D5 D6 D7
(PAL #)
105964 -0.1947 0.0486 0.0788 0.0582 0.0333 0.0014  -0.0152
105965 -0.1524 0.0012 0.04 0.0587 0.0439 0.013 0.0106
105968 -0.7444 0.1301 0.1268 0.1781 0.1629 0.0388 0.0322
163913 -0.3867 0.1861 0.1306 0.1237 0.0733 0.0113 -0.0507
239763 -0.2792 0.0897 0.0935 0.0701 0.0765 0.0388 0.0287
239764 0.3669 0.0146 -0.026  -0.0136  -0.0226  -0.0096  -0.0157
106003 -0.2949 0.1468 0.1167 0.1126 0.0652 0.0116  -0.0233
376927 -0.3584 0.1406 0.1034 0.1356 0.1117 0.0671 0.0352
29498 -0.2126 0.1402 0.0849 0.0958 0.0616 0.0037  -0.0188
411503 -0.125 0.179 0.0576 0.071 0.0342 0.0277 -0.018
411504 -0.3019 0.1371 0.048 0.084 0.0748 0.0133 -0.0014
411506 -0.0252 0.0326 0.037 0.0435 0.0257 0.0146  -0.0002
411507 -0.2676 0.1435 0.04 0.0828 0.0324 0.0276 -0.027
425303 -0.0045 0.0133 -0.0137  -0.0132  -0.0094 0.0002  -0.0021
427950 -0.418 0.3016 0.1675 0.2657 0.0672 0.0518  -0.0508
106001 -0.4826 0.218 0.1356 0.1072 0.082 0.0031 0.0296
108316a -0.3101 0.1169 0.1182 0.1349 0.0388 -0.0302  -0.0408
108317a -0.2879 0.2856 0.1921 0.1379 0.0369  -0.0301 -0.0656
108317b -0.3765 0.3223 0.1634 0.2182 0.05 0.0526  -0.0578
108318a -0.1729 0.142 0.029 0.0585 0.0157 0.023 -0.0205
108318b -0.2964 0.208 0.1229 0.1619 0.0652 0.0258  -0.0151
108319b -0.3263 0.1981 0.1314 0.1702 0.0937 0.0412  -0.0225
108321 -0.4972 0.3083 0.1364 0.2412 0.0956 0.0476  -0.0353
108322a -0.2763 0.1843 0.1188 0.173 0.066 0.0425  -0.0203
108323b -0.2629 0.1623 0.0862 0.1431 0.0724 0.0382  -0.0082
220382 -0.0726 0.0605 0.0567 0.0729 0.0324 0.0082  -0.0069
423759 -0.0415 0.0848 0.0431 0.0393 0.022 0.0148  -0.0042
425308 -0.5027 0.3461 0.1901 0.2072 0.0363 -0.0473 -0.0841
427947 -0.5152 0.3848 0.2151 0.2847 0.063 0.0208  -0.0778
427949 0.1512  -0.0778  -0.0122  -0.0178  -0.0382  -0.0256  -0.0064
443802 -0.5901 0.3542 0.2937 0.3568 0.1432 0.0641 -0.0344
427908 -0.0909 0.0253 0.052 0.0827 0.0479 0.0114  -0.0053
427909 -0.1912 0.0907 0.0574 0.0969 0.0498 0.0318 0.0038
427915 -0.4361 0.2508 0.1246 0.2375 0.0973 0.0886  -0.0115
427918 -0.5437 0.3034 0.1102 0.2291 0.1078 0.1022 0.0038
427936 -0.1976 0.0807 0.0612 0.0829 0.0532 0.0391 0.0072

105992b -0.1347 0.0744 0.0395 0.0516 0.0317 0.0222 0.0204
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USNM

catalog no. D1 D2 D3 D4 D5 D6 D7
(PAL #)
427941 -0.1981 0.1477 0.0798 0.079 0.0258 0.0032  -0.0218
427942 -0.1698 0.0973 0.0862 0.0804 0.0454 0.0035  -0.0102
105984 -0.4071 0.1584 0.1491 0.1535 0.125 0.0391 0.0167
220381 -0.1931 0.0617 0.0565 0.0315 0.0505 0.0065 0.0064
388156 -0.8266 0.3075 0.3588 0.2717 0.1926 -0.009  -0.0034
388157 0.0138  -0.0314 0.0677 0.0784 0.0026  -0.0107 0.0068
388158 -0.2853 0.1324 0.1514 0.0985 0.1058 0.0081 -0.0021
388162 -0.5719 0.3492 0.2593 0.2166 0.1458 0.013 -0.0232
388163 0.0125  -0.0136 0.0121 0.0092 0.0137 0.0006 0
388168 -0.3209 0.0678 0.111 0.1029 0.1247 0.0643 0.0451
388169 -0.7095 0.1965 0.1525 0.1495 0.1676 0.0903 0.0676
400813 -0.4588 0.0288 0.1108 0.1538 0.1108 0.0655 0.0751
411489 -0.1466  -0.0077 0.0355 0.0617 0.0487 0.0229 0.0201
400805 -0.226  -0.0029 0.0617 0.1221 0.1254 0.0409 0.0214
400808 0.041 -0.0164 -0.008  -0.0038  -0.0045 -0.0065  -0.0064
105974 -1.088 0.2385 0.1807 0.2361 0.2071 0.0599 0.0742
423698 -0.1682  -0.0706 0.0765 0.0578 0.0093 0.0392 0.0439
108841 -0.0627  -0.0237 0.0111 0.0341 0.0151 0.0041 0.0027
108855 -0.7648 0.3281 0.0881 0.1381 0.1115 0.112 0.018
108861(1) -0.2685 0.0558 0.0491 0.0581 0.0417 0.0142 0.0151
108861(2) -0.0705 0.0344 0.0659 -0.005 0.0183 0.0299  -0.0108
108861(3) -0.995 0.4456 0.4972 0.2986 0.0427 -0.032 -0.108
239761 -0.8656 0.3558 0.3301 0.3099 0.1958 -0.0063 -0.0491
400761 0.1333 -0.0279  -0.0398  -0.0001 -0.0183 -0.0093 0.0022
400765 -0.4571 0.1322 0.0697 0.0796 0.0554 0.0535 0.0493
400766 -0.2885 0.0629 0.0751 0.0594 0.0546 0.0083 0.0123
400767 -0.431 0.214 0.1206 0.0292 0.1282 0.0085  -0.0498
400769 -0.2262  -0.0029  -0.0143 -0.0135  -0.0388 -0.0031 -0.006
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Appendix B.4: Superimposed original (dashed line) and size-standardized (solid line) aperture
outlines for specimens used in this study. Outlines are scaled by centroid size, colored by genus,
and arranged alphabetically by genus and species. USNM catalog numbers (PAL #) provided,
with multiple individuals of the same number indicated in parentheses. See Appendix 2.1 for
additional specimen information.
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Appendix B.5: Intraspecific shape change with latitude with geographic outliers removed for
species with greater than five specimens. Shape is measured as scores along the first two
principal components axes. Gray shading indicates 95% confidence interval around the
regression line. Reported coefficients and support values are estimated using multivariate linear
regression.
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Appendix C

Supporting material for Chapter 3
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Appendix C.2: Names and references for genera found to be paraphyletic in previously published
phylogenies. This table was used to assign species to genus groupings/tree tips that are not

known to be paraphyletic.
genus species source trees

Adipicola 1 iwaotakii Miyazaki et al. 2010

Adipicola 2 pacifica Miyazaki et al. 2010

Adipicola 3 crypta Miyazaki et al. 2010

Anodontia 1 alba Taylor, Williams, Glover, and Dyal 2007; Taylor,
Williams, and Glover 2007; Taylor et al. 2011;
Taylor et al. 2014; Williams et al. 2004

Anodontia 2 bullula Taylor, Williams, Glover, and Dyal 2007; Williams
et al. 2004

Anodontia 2 omissa Williams et al. 2004

Anodontia 2 philippiana Taylor, Williams, Glover, and Dyal 2007; Williams
et al. 2004

Anodontia 2 sp. Williams et al. 2004

Anodontia 3 fragilis Williams et al. 2004

Anodontia 3 ovum Taylor, Williams, and Glover 2007; Williams et al.
2004

Archivesica 1 gigas Valdés et al. 2012

Archivesica 2 sp. Valdés et al. 2012

Barbatia 1 barbata Bieler et al. 2014; Giribet and Distel 2003; Giribet
and Wheeler 2002; Plazzi et al. 2011

Barbatia 2 virescens Giribet and Distel 2003; Steiner and Hammer 2000

Barbatia 3 amygdalumtostum  Matsumoto 2003

Barbatia 4 lacerata Matsumoto 2003

Barbatia 5 cfr. setigera Plazzi et al. 2011

Barbatia 5 reeveana Plazzi et al. 2011

Barbatia 6 cancelllaria Steiner and Hammer 2000

Barbatia 7 lima Matsumoto 2003

Barbatia 8 parva Plazzi et al. 2011

Bathymodiolus 1~ sp. NZ3 Miyazaki et al. 2010

Bathymodiolus 2 aduloides Miyazaki et al. 2010

Bathymodiolus 2~ manusensis Miyazaki et al. 2010

Bathymodiolus 2 sp. Laul Miyazaki et al. 2010

Bathymodiolus 2 sp. Nel Miyazaki et al. 2010

Bathymodiolus 3 aff. thermophilus ~ Miyazaki et al. 2010

Bathymodiolus 3 azoricus Miyazaki et al. 2010

Bathymodiolus 3~ brevior MT Miyazaki et al. 2010

Bathymodiolus 3~ brevior NF Miyazaki et al. 2010

Bathymodiolus 3~ brooksi Miyazaki et al. 2010
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genus species source trees

Bathymodiolus 3~ heckerae Miyazaki et al. 2010

Bathymodiolus 3~ marisindicus Miyazaki et al. 2010

Bathymodiolus 3 puteoserpentis Miyazaki et al. 2010

Bathymodiolus 3 septemdierum Miyazaki et al. 2010

Bathymodiolus 3 sp. BRI Miyazaki et al. 2010

Bathymodiolus 3 sp. EF1 Miyazaki et al. 2010

Bathymodiolus 3 thermophilus Miyazaki et al. 2010

Bathymodiolus 4 childressi Miyazaki et al. 2010

Bathymodiolus 4 hirtus Miyazaki et al. 2010

Bathymodiolus 4 japonicus Miyazaki et al. 2010

Bathymodiolus 4  mauritanicus Miyazaki et al. 2010

Bathymodiolus 4 platifrons Miyazaki et al. 2010

Bathymodiolus 4 securiformis Miyazaki et al. 2010

Bathymodiolus 4 sp. Cl Miyazaki et al. 2010

Bathymodiolus 4 sp. Kikaijima Miyazaki et al. 2010

Bathymodiolus 4 sp. Sill Miyazaki et al. 2010

Bathymodiolus 4 sp. Si2l Miyazaki et al. 2010

Bathymodiolus 4 sp. Si33 Miyazaki et al. 2010

Bathymodiolus 4 tangaroa Miyazaki et al. 2010

Calyptogena 1 magnifica Bieler et al. 2014; Giribet and Distel 2003; Giribet
and Wheeler 2002; Mikkelsen et al. 2006; Taylor,
Williams, and Glover 2007; Valdés et al. 2012;
Williams et al. 2004

Calyptogena 2 packardana Valdés et al. 2012

Calyptogena 3 pacifica Taylor, Williams, Glover, and Dyal 2007; Valdés et
al. 2012

Calyptogena 4 sp. mtV Valdés et al. 2012

Calyptogena 5 Jausta Valdés et al. 2012

Calyptogena 5 gallardoi Valdés et al. 2012

Calyptogena 5 sp. mtll Valdés et al. 2012

Calyptogena 5 sp. mtllI Valdés et al. 2012

Calyptogena 6 undesc. sp. 2 Valdés et al. 2012

Calyptogena 7 magnocultellus Valdés et al. 2012

Calyptogena 7 undesc. sp. 1 Valdés et al. 2012

Calyptogena 8 tsubasa Valdés et al. 2012

Calyptogena 9 extenta Valdés et al. 2012

Calyptogena 10 similaris Valdés et al. 2012

Calyptogena 10
Chlamys 1

undesc. sp. 3
multistriata

Valdés et al. 2012
Barucca et al. 2004
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genus species source trees

Chlamys 1 varia Barucca et al. 2004; Giribet and Distel 2003; Giribet
and Wheeler 2002

Chlamys 2 hastata Giribet and Distel 2003

Chlamys 2 islandica Barucca et al. 2004; Giribet and Distel 2003;
Matsumoto 2003; Plazzi et al. 2011; Steiner and
Hammer 2000

Chlamys 3 glabra Barucca et al. 2004

Chlamys 4 livida Plazzi et al. 2011

Chlamys 5 Jarreri Plazzi et al. 2011; Xu et al. 2011

Circe 1 cf. rivularis Mikkelsen et al. 2006

Circe 1 nummulina Mikkelsen et al. 2006

Circe 1 plicatina Mikkelsen et al. 2006

Circe 2 rivularis Mikkelsen et al. 2006

Circe 2 scripta Mikkelsen et al. 2006

Ctena 1 chiquita Taylor et al. 2011; Taylor et al. 2014

Ctena 1 imbricatula Taylor et al. 2011; Taylor et al. 2014

Ctena 1 mexicana Taylor, Williams, Glover, and Dyal 2007; Taylor et
al. 2011; Taylor et al. 2014

Ctena 1 orbiculata Taylor et al. 2011; Taylor et al. 2014; Williams et al.
2004

Ctena 2 bella Taylor et al. 2011; Taylor et al. 2014

Ctena 2 delicatula Taylor, Williams, Glover, and Dyal 2007; Taylor et
al. 2011; Taylor et al. 2014

Ctena 2 Sp. Taylor et al. 2011

Ctena 3 decussata Taylor et al. 2011; Taylor et al. 2014

Ctena 3 eburnea Taylor et al. 2011; Taylor et al. 2014

Ctena 4 divergens Giribet and Distel 2003; Steiner and Hammer 2000

Diplodonta 1 subrotundata Giribet and Distel 2003; Steiner and Hammer 2000;
Taylor, Williams, and Glover 2007

Diplodonta 2 circularis Taylor, Williams, Glover, and Dyal 2007; Taylor,
Williams, and Glover 2007

Donax 1 Jaba Taylor, Williams, Glover, and Dyal 2007

Donax 2 veruinus Taylor, Williams, Glover, and Dyal 2007

Donax 3 trunculus Bieler et al. 2014; Giribet and Distel 2003

Donax 4 variabilis Steiner and Hammer 2000

Donax 5 Sp. Plazzi et al. 2011

Ectenagena 1 nautilei Valdés et al. 2012

Ectenagena 2 laubieri Valdés et al. 2012

Ectenagena 3 elongata Valdés et al. 2012

Electroma 1 zebra Tsubaki et al. 2011

Electroma 2 ovata Tsubaki et al. 2011
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genus species source trees

Electroma 3 alacorvi Giribet and Distel 2003; Steiner and Hammer 2000;
Témkin 2010

Ennucula 1 cf. cardara Sharma et al. 2013

Ennucula 1 tenuis expansa Sharma et al. 2013

Ennucula 2 granulosa Sharma et al. 2013

Epicodakia 1 tatei Taylor et al. 2011; Taylor et al. 2014

Epicodakia 2 falklandica Taylor et al. 2014

Gafrarium 1 tumidum Mikkelsen et al. 2006

Gafrarium 2 dispar Mikkelsen et al. 2006

Gafrarium 3 alfredense Plazzi et al. 2011

Glycymeris 1 reevei Matsumoto 2003

Glycymeris 2 rotunda Matsumoto 2003

Glycymeris 3 insubrica Giribet and Distel 2003; Giribet and Wheeler 2002

Glycymeris 3 pedunculus Giribet and Distel 2003; Steiner and Hammer 2000

Glycymeris 3 sp. Steiner and Hammer 2000

Glycymeris 4 glycymeris Bieler et al. 2014; Sharma et al. 2012

Gonimyrtea 1 sp. VAN Taylor et al. 2014

Gonimyrtea 2 ferruginea Taylor et al. 2014

Laevichlamys 1 cuneata Barucca et al. 2004

Laevichlamys 2 wilhelminae Barucca et al. 2004

Laevichlamys 3 squamosa Matsumoto 2003

Ledella 1 Jamesi Sharma et al. 2013

Ledella 1 sp. Sharma et al. 2013

Ledella 1 ultima Sharma et al. 2013

Ledella 2 ecaudata Sharma et al. 2013

Ledella 2 pustulosa Sharma et al. 2013

Lima 1 pacifica

galapagensis Plazzi et al. 2011

Lima 2 sp. Plazzi et al. 2011

Lima 3 lima Bieler et al. 2014; Giribet and Distel 2003; Giribet
and Wheeler 2002; Sharma et al. 2012; Steiner and
Hammer 2000

Lima 4 Sfujitai Matsumoto 2003

Lucina 1 pensylvanica Bieler et al. 2014; Taylor, Williams, and Glover
2007; Taylor et al. 2011; Taylor et al. 2014;
Williams et al. 2004

Lucina 2 adansoni Taylor et al. 2011; Taylor et al. 2014

Lucinisca 1 Jfenestrata Taylor et al. 2011; Taylor et al. 2014

Lucinisca 2 centrifuga Taylor et al. 2011; Taylor et al. 2014

Lucinisca 2 nassula

Taylor et al. 2011; Taylor et al. 2014
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genus species source trees

Mirapecten 1 mirificus Barucca et al. 2004

Mirapecten 2 rastellum Barucca et al. 2004

Myrtea 1 spinifera Giribet and Distel 2003; Taylor, Williams, and
Glover 2007; Taylor et al. 2011; Taylor et al. 2014;
Williams et al. 2004

Myrtea 2 sp. Taylor et al. 2011

Myrtea 3 sp. Taylor et al. 2014

Myrtea 4 Slabelliformis Taylor et al. 2011

Nipponomysella 1 subtruncata Goto et al. 2012

Nipponomysella2  oblongata Goto et al. 2012

Notomyrtea 1 flabelliformis Taylor et al. 2014

Notomyrtea 2 mayi Taylor et al. 2011; Taylor et al. 2014

Notomyrtea 3 botanica Taylor, Williams, and Glover 2007; Williams et al.
2004

Notomyrtea 4 sp. Taylor et al. 2014

Notomyrtea 5 vincentia Taylor et al. 2014

Nucula 1 sulcata Bieler et al. 2014; Giribet and Distel 2003; Sharma et
al. 2013

Nucula 2 atacellana Sharma et al. 2013

Nucula 2 profundorum Sharma et al. 2013

Nucula 2 proxima Giribet and Distel 2003; Giribet and Wheeler 2002;
Sharma et al. 2012; Sharma et al. 2013; Steiner and
Hammer 2000

Nucula 3 decipiens Plazzi et al. 2011

Nucula 3 nucleus Plazzi et al. 2011

Nucula 3 sp. Plazzi et al. 2011

Nuculana 1 conceptionis Sharma et al. 2013

Nuculana 2 minuta Giribet and Distel 2003; Giribet and Wheeler 2002;
Sharma et al. 2013

Nuculana 2 pernula Giribet and Distel 2003; Giribet and Wheeler 2002;
Sharma et al. 2013

Nuculana 3 pella Giribet and Distel 2003; Goto et al. 2012; Sharma et
al. 2013; Steiner and Hammer 2000

Nuculana 4 commutata Plazzi et al. 2011

Parvilucina 1 crenella Taylor et al. 2011; Taylor et al. 2014

Parvilucina 1 pectinella Taylor et al. 2011; Taylor et al. 2014

Parvilucina 2 costata Taylor et al. 2014

Pecten 1 albicans Matsumoto 2003

Pecten 2 jacobaeus Barucca et al. 2004; Giribet and Distel 2003; Plazzi

etal. 2011
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genus species source trees

Pecten 2 maximus Barucca et al. 2004; Bieler et al. 2014; Giribet and
Distel 2003; Giribet and Wheeler 2002; Matsumoto
2003; Sharma et al. 2012; Steiner and Hammer 2000

Phreagena 1 nankeiensis Valdés et al. 2012

Phreagena 2 kilmeri Valdés et al. 2012

Phreagena 2 okutanii Valdés et al. 2012

Pillucina 1 pisidium Taylor et al. 2014; Williams et al. 2004

Pillucina 2 sp. Taylor et al. 2011

Pillucina 3 sp. Taylor et al. 2014

Pillucina 4 vietnamica Taylor, Williams, Glover, and Dyal 2007; Williams
et al. 2004

Pillucina 5 australis Taylor et al. 2011; Taylor et al. 2014

Pitar 1 simpsoni Mikkelsen et al. 2006

Pitar 2 Julminatus Mikkelsen et al. 2006

Pitar 3 Sp. Plazzi et al. 2011

Pliocardia 1 cordata Valdés et al. 2012

Pliocardia 2 crenulomarginata  Valdés et al. 2012

Pliocardia 2 kuroshimana Valdés et al. 2012

Pliocardia 3 krylovata Valdés et al. 2012

Pliocardia 3 ponderosa Valdés et al. 2012

Pliocardia 4 stearnsii Valdés et al. 2012

Pseudopythina 1 aff. nodosa Goto et al. 2012

Pseudopythina 2 aff. ariake Goto et al. 2012

Pseudopythina 3 macrophthalmensis Goto et al. 2012

Pseudopythina 3 subsinuata Goto et al. 2012

Pseudopythina4  ochetostomae Goto et al. 2012

Pteria 1 hirundo Bieler et al. 2014; Giribet and Distel 2003; Giribet
and Wheeler 2002; Plazzi et al. 2011; Sharma et al.
2012; Steiner and Hammer 2000

Pteria 2 macroptera Giribet and Distel 2003; Steiner and Hammer 2000

Pteria 3 brevialata Steiner and Hammer 2000; Tsubaki et al. 2011

Pteria 3 colymbus 1 Témkin 2010

Pteria 3 dendronephythya  Tsubaki et al. 2011

Pteria 3 loveni Matsumoto 2003; Témkin 2010; Tsubaki et al. 2011

Pteria 3 penguin Tsubaki et al. 2011

Pteria 3 stema Témkin 2010

Radiolucina 1 cancellaris Taylor et al. 2011; Taylor et al. 2014

Radiolucina 2 amianta Taylor et al. 2011; Taylor et al. 2014

Ruditapes 1 decussatus Mikkelsen et al. 2006
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genus species source trees

Ruditapes 2 philippinarum Mikkelsen et al. 2006; Taylor, Williams, Glover, and
Dyal 2007

Ruditapes 3 bruguieri Mikkelsen et al. 2006

Scintilla 1 aff. hydatina Goto et al. 2012

Scintilla 2 sp.1 Goto et al. 2012

Scintilla 3 rosea Goto et al. 2012

Scintilla 4 sp.2 Goto et al. 2012

Septifer 1 excisus Matsumoto 2003

Septifer 2 virgatus Matsumoto 2003

Septifer 3 bilocularis Giribet and Distel 2003; Steiner and Hammer 2000

Silicula 1 rouchi Sharma et al. 2013

Silicula 2 sp.A Sharma et al. 2013

Silicula 3 sp.B Sharma et al. 2013

Thyasira 1 cf. subovata Taylor, Williams, and Glover 2007

Thyasira 1 flexuosa Sharma et al. 2012; Taylor, Williams, and Glover
2007; Williams et al. 2004

Thyasira 1 gouldi Taylor, Williams, and Glover 2007; Williams et al.
2004

Thyasira 1 polygona Taylor, Williams, Glover, and Dyal 2007; Taylor,
Williams, and Glover 2007; Taylor et al. 2011;
Taylor et al. 2014

Thyasira 2 methanophila Taylor, Williams, and Glover 2007

Thyasira 2 sarsi Giribet and Distel 2003; Taylor, Williams, Glover,
and Dyal 2007; Taylor, Williams, and Glover 2007

Thyasira 2 vent sp. Taylor, Williams, and Glover 2007

Thyasira 3 perplicata Taylor, Williams, and Glover 2007

Thyasira 4 equalis Bieler et al. 2014; Taylor, Williams, Glover, and
Dyal 2007

Tivela 1 stultorum Mikkelsen et al. 2006

Tivela 2 mactroides Mikkelsen et al. 2006

Yoldia 1 limatula Bieler et al. 2014; Giribet and Distel 2003; Giribet
and Wheeler 2002; Sharma et al. 2012; Sharma et al.
2013; Steiner and Hammer 2000

Yoldia 2 myalis Giribet and Distel 2003; Giribet and Wheeler 2002;
Sharma et al. 2013

Yoldia 2 scissurata Sharma et al. 2013

Yoldia 3 eightsi Sharma et al. 2013

Yoldiella 1 americana Sharma et al. 2013

Yoldiella 2 inconspicua

inconspicua Sharma et al. 2013
Yoldiella 2 orcia Sharma et al. 2013
Yoldiella 3 nana Giribet and Distel 2003; Steiner and Hammer 2000
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Appendix C.3: Maximum likelihood tree of Bivalvia based on concatenated sequences (128,

168, 188, 28S, COI, and H3). Bootstrap support values > 70% and < 90% (white nodes) and >
90% (gray nodes) are shown.
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Appendix C.3: Maximum likelihood tree of Bivalvia (continued).
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Appendix C.3: Maximum likelihood tree of Bivalvia (continued).
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