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Does morphological variation buffer against extinction? A test
using veneroid bivalves from the Plio-Pleistocene of Florida

Sarah E. Kolbe, Rowan Lockwood, and Gene Hunt

Abstract—Although morphological variation is known to influence the evolutionary fates of species,
the relationship between morphological variation and survivorship in the face of extinction-inducing
perturbations is poorly understood. Here, we investigate this relationship for veneroid bivalves in
association with the Plio-Pleistocene extinction in Florida. Fourteen pairs of related species were
selected for analysis, with each pair including one species that survived the Plio-Pleistocene extinction
and another that became extinct during the interval. Morphological landmark data were acquired for
more than 1500 museum specimens, representing 19 localities that encompass four well-known Plio-
Pleistocene units in the study region. Procrustes superimposition was applied to each sample, and
overall multivariate variation was calculated as the mean squared partial Procrustes distance between
specimens and their mean form. Morphological variation was calculated at three geographic scales for
each species, and differences in variation between survivors and victims were examined within each
species pair. Results indicate that species surviving the Plio-Pleistocene extinction were significantly
more variable morphologically than victims. Greater morphological variation may promote
survivorship by directly enhancing species adaptations to changing conditions or by permitting the
occupation of a larger geographic range. Alternatively, high morphological variation and survivorship

may both be mediated by a third variable, such as large geographic range.
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Introduction

Analyses of biological selectivity during
mass extinctions have helped to identify
factors that influence the extinction risk of
taxa, as well as the causative roles of
extinction events in morphological and eco-
logical transitions (e.g., Stanley 1988; Jackson
et al. 1996a; Lockwood 2004). A variety of
organismal and species-level attributes have
been the foci of past investigations of extinc-
tion selectivity, including geographic range,
body size, abundance, and membership in
particular trophic groups (Stanley 1990;
McGhee 1995; Todd et al. 2002; Jablonski
and Hunt 2006). A promising, but largely
unexplored, factor is the potential for the
morphological variation of a species to affect
its susceptibility to extinction. Greater varia-
tion, or a wider range of forms, might afford a
species more ecological flexibility during
environmental perturbations or permit it to
inhabit a greater geographic range, an attri-
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bute that is known to promote survivorship
(Lloyd and Gould 1993; Payne and Finnegan
2007; Jablonski 2008). Moreover, because a
population’s rate of evolution by natural
selection is proportional to additive genetic
variance (Lande 1976), and morphological
variation may reflect additive genetic vari-
ance (Strauss 1991; Yezerinac 1992), greater
variation, if heritable, will result in faster
adaptation to changing selective conditions,
which may be particularly important during
intervals of environmental change associated
with extinction. Here, we assess whether
morphological variation affected the survi-
vorship of veneroid bivalve species in Florida
during the regional Plio-Pleistocene extinc-
tion.

The Plio-Pleistocene extinction affected
marine communities of the western Atlantic,
Caribbean, and eastern Pacific (Allmon
1993a), and was characterized by a protracted
interval of elevated extinction from the mid-
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Pliocene to the mid-Pleistocene, occurring
asynchronously across these regions (Stanley
1986). Recent revisions to the Neogene time-
scale (Ogg et al. 2008, with update from the
International Commission on Stratigraphy
[2009]) now place the extinction interval in
Florida largely in the early Pleistocene.
Mollusks, sea grasses, and corals were se-
verely affected by the extinction, with ap-
proximately 65% of bivalve species becoming
extinct regionally (Stanley 1986, 1990; Budd et
al. 1996; Jackson et al. 1996b). The extinction
was more severe in the western Atlantic than
in the eastern Pacific, possibly because the
western Atlantic contained a larger propor-
tion of endemic species (Vermeij and Petuch
1986). Several potential triggers of the Plio-
Pleistocene extinction have been proposed
(e.g., Olsson 1961; Woodring 1966; Stanley
and Campbell 1981; Petuch 1982a; Vermeij
1990; Jackson et al. 1993; Budd et al. 1996;
Roopnarine 1996, Allmon 2001), but regard-
less of its ultimate cause(s), the event encom-
passed a myriad of environmental changes
including shifts in temperature, ocean circu-
lation, sea level, and productivity (Stanley
and Campbell 1981; Stanley 1986; Vermeij and
Petuch 1986; Allmon 1993b; Cronin and
Dowsett 1996).

For this study, we first identified 14 pairs of
congeneric or otherwise closely related vener-
oid bivalve species, each consisting of one
species that was a victim of the Plio-Pleisto-
cene extinction, and another that survived.
We then quantified and compared morpho-
logical variation at multiple scales for each
victim-survivor pair, and tested whether
survivors were systematically more variable
than the extinct species with which they were
paired. If survivors consistently had greater
morphological variation than victims, this
could suggest that greater morphological
variation acted as a buffer to extinction
during the Plio-Pleistocene event.

Geologic Setting

Plio-Pleistocene deposits are extensive in
Florida, and contain abundant, well-pre-
served fossil assemblages representing a wide
range of environments. The deposits were
generally formed in shallow settings above

SARAH E. KOLBE ET AL.

storm wave base, with wave energy and
storm conditions similar to present-day con-
ditions (Allmon 1993a,b; Missimer 2001a).
Many of the Plio-Pleistocene deposits in
Florida are highly fossiliferous because of
high rates of biological productivity in com-
bination with sediment winnowing, which
produced condensed and time-averaged ac-
cumulations of fossil material (Allmon 1993a).
Taphonomic evidence indicates that the fossil
material experienced multiple episodes of
reworking, but underwent little spatial trans-
port (Allmon 1993a).

The Plio-Pleistocene deposits sampled in
this study are largely unlithified and include
the Pinecrest Beds, and the Caloosahatchee,
Jackson Bluff, and Nashua Formations
(Fig. 1). The Pinecrest Beds, exposed in
southern and central Florida, are dominated
by shells, shell fragments, and quartz sand
(Petuch 1982b). These beds represent a wide
variety of subtropical environments, includ-
ing shoreface, offshore subtidal, estuarine,
and lagoonal settings, as well as oyster reefs
(Petuch 1982b; Willard et al. 1993). The
Pinecrest Beds were deposited in two pulses
during the late Pliocene and early Pleistocene
(Jones et al. 1991; Missimer 2001b). (The 2009
International Commission on Stratigraphy
Geologic Time Scale is used here and
throughout the following sections.)

The Caloosahatchee Formation is exposed
in southern and central Florida, and occurs
stratigraphically above the Pinecrest Beds.
The formation consists of gray, fossiliferous,
calcareous marl and sandy limestones (DuBar
et al. 1991). Like the Pinecrest Beds, the
Caloosahatchee Formation was deposited in
subtropical conditions, and tropical and sub-
tropical mollusks are abundant (Willard et al.
1993; Allmon et al. 1996). Carbonate deposi-
tion predominated, with coastal influxes of
quartz sand, and a diversity of depositional
environments is represented, including car-
bonate-shelf, open-bay, and lagoon (Missimer
2001a). Helium-uranium dating suggests that
the Caloosahatchee Formation is early Pleis-
tocene in age, 1.8-2.5 Ma (Lyons 1991), but
faunal and strontium isotope evidence sug-
gests that the formation is slightly younger
(Allmon et al. 1996; Missimer 2001b).
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FIGURE 1. Generalized correlation chart of Pliocene and Pleistocene deposits in Florida (based on Akers 1972; Akers

and Koeppel 1973; Huddlestun 1988; Otvos 1988, 2005; Rupert 1990; DuBar et al. 1991; Jones et al. 1991; Lyons 1991;
Allmon 1992; McCartan et al. 1995; and Missimer 2001a,b). The units sampled in this study are indicated by shading;

known gaps are indicated by cross-hatching.

The Jackson Bluff Formation is exposed in
northwestern Florida. It is composed of
fossiliferous mixed clay and sand, and is
siltier and less calcareous than the Pinecrest
Beds and Caloosahatchee Formation to the
south, representing deposition in an offshore
environment (Akers 1972; Schmidt 1984;
Ward 1992). Biostratigraphic correlation indi-
cates a mid- to late Pliocene age (Akers and
Koeppel 1973; Berggren et al. 1995).

The Nashua Formation, exposed in north-
eastern Florida, is a heterogeneous unit
containing calcareous quartz sands and sandy
shell coquina (Huddlestun 1988). Considered
a biostratigraphic equivalent of the Caloosa-
hatchee Formation, the Nashua Formation
contains less limestone and more quartz sand

and dark clays than its southern counterpart,
and represents deposition in a shallow-water
nearshore to open-marine neritic continental
shelf (Huddlestun 1988; DuBar et al. 1991).
The Nashua Formation is considered to be
early Pleistocene in age on the basis of
evidence from planktonic foraminifera (Hud-
dlestun 1988).

Methods

Sampling.—We compared morphological
variation between victims and survivors of
the Plio-Pleistocene extinction for 14 pairs of
species, each consisting of species from the
same genus or related genera. To a large
extent, this sampling scheme controls for
phylogenetic non-independence of species,
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Species pairs included in the study. In each pair, the upper species was a victim of the Plio-Pleistocene

extinction, while the lower species survived. The total number of localities and specimens examined for each species

are indicated by columns 3 and 4, respectively.

Pair Victim survivor Number of localities Number of specimens
A Linga amabilis (Dall) 3 56
Linga pensylvanica (Linnaeus) 4 94
B Radiolucina waccamawensis (Dall) 3 86
Parvilucina multilineata (Tuomey and Holmes) 3 95
C Miltha caloosaensis (Dall) 3 78
Armimiltha disciformis (Heilprin) 3 58
D Carditamera arata (Conrad) 3 68
Carditamera floridana Conrad 3 52
E Eucrassatella meridionalis (Dall) 2 35
Eucrassatella speciosa (Adams) 2 40
F Crassinella acuta (Dall) 2 28
Crassinella lunulata (Conrad) 2 30
G Trachycardium emmonsi (Conrad) 2 29
Trachycardium muricatum (Linnaeus) 2 22
H Trigoniocardia willcoxi (Dall) 2 31
Americardia media (Linnaeus) 2 61
I Mulinia sapotilla Dall 2 91
Mulinia lateralis (Say) 3 72
] Panchione ulocyma (Dall) 4 86
Lirophira latilirata (Conrad) 3 66
K Anomalocardia caloosana (Dall) 2 48
Anomalocardia auberiana (d’Orbigny) 1 48
L Dosinia acetabula (Conrad) 2 27
Dosinia elegans (Conrad) 2 53
M Tellina strictolineata Olsson and Harbison 1 15
Tellina alternata Say 2 39
N Transennella caloosana Dall 1 27
Transennella conradina Dall 2 28

as each pair is phylogenetically independent
of all the others (Felsenstein 1985). It is not
necessary that each pair represents true sister
species; they are phylogenetically indepen-
dent as long as each species is more closely
related to its paired species than it is to any
other species in the analysis.

This sampling scheme, with its reliance on
survivor-victim species pairs, differs from the
traditional approach that would instead as-
semble aggregate sets of victim species and
survivor species and then determine whether,
on average, survivor species are more variable
than victims. However, as argued by Purvis
(2008), comparisons that do not take into
account the phylogenetic relatedness of spe-
cies can mislead inferences about extinction
selectivity because they can be confounded by
differences among clades. An example of this
effect was reported by Smith and Roy (2006),
who found that large body size conferred a
survivorship advantage for scallop species.
But, this body-size selectivity was only detect-
able when species were compared within

phylogenetic units (genera): a lumped survi-
vor-victim comparison showed no significant
difference with respect to body size. Purvis
(2008) provides a detailed list of similar
studies. Assessing variation difference in
survivor-victim pairs is consistent with previ-
ous approaches that rely on phylogenetically
informed contrasts (Felsenstein 1985; Maddi-
son 2000). No phylogenetic hypothesis exists
for the Veneroida as a whole that would allow
us to more fully integrate topology and
divergence times into this analysis, but our
paired approach uses phylogenetic informa-
tion to the extent it is available.

Victims and survivors were designated
from the literature; for the purposes of this
study, victims were defined as species that
had a last occurrence in the latest Pliocene or
early Pleistocene. Because the reliability of
stratigraphic ranges is limited by the quality
of mid- to late Pleistocene deposits in Florida,
survivors were defined as species that are
extant today (Table 1). The species were
sampled from an aggregate set of 19 localities
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FIiGURe 2. Sample localities in Florida. Specimens from these localities were examined from museum collections at the

Florida Museum of Natural History.

across Florida encompassing the aforemen-
tioned Plio-Pleistocene units from collections
at the Florida Museum of Natural History in
Gainesville, Florida. (Fig. 2, supplemental
Appendices 1 and 2 online at Dryad: http://
dx.doi.org/10.5061/dryad.8679).

Landmark  Collection—Digital images of
specimens were collected using an Epson
Perfection 1640 SU scanner (600-1200 dpi)
and an Olympus DP12 digital microscope
camera (1X-3X). Images were adjusted and
rotated to a uniform orientation using Adobe
Photoshop v.7.0.1 to facilitate the consistent
collection of data on maximum height and
width. Landmark coordinate points for mor-
phometric analysis were collected using
tpsDig v.2.05 (Rohlf 2006). Nine landmarks
common to all study species were digitized,
and scale data were collected for each
specimen (Fig. 3). The beak, the posterior
and anterior ends of the hinge plate, and the

intersections of the posterior and anterior
adductor muscles with the pallial line were
selected as Type I landmark points, and four
additional Type II landmark points were
digitized along the shell outline at points
representing maximum length and height to
capture additional aspects of shell shape.
These landmarks were chosen as homolo-
gous, repeatable, and functionally important
aspects of form, but of course other approach-
es can be used to capture other aspects of
bivalve morphology, such as valve outline.
Quantifying Morphological Variation.—Gen-
eralized Procrustes analysis (GPA) was ap-
plied to each species separately to quantify
morphological variation using the shapes
package (Dryden 2006) in R (R Core Devel-
opment Team 2006). GPA translates, scales,
and rotates all landmark sets within a group
to minimize the sum of the squared distances
between them (Rohlf 1990; Dryden and Mardia
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Ficure 3. Location of landmark points on an idealized
veneroid shell: beak (a); posterior end of hinge plate (b);
anterior end of hinge plate (c); posterior intersection of
adductor muscle scar with pallial line (d); anterior
intersection of adductor muscle scar with pallial line (e);
points representing maximum width (f, g); points
representing maximum height (i, j).

1998). A mean form is calculated during GPA
by averaging the x and y coordinates of each of
the fitted landmark points (Rohlf 1990). Pro-
crustes residuals then provide a vector record
of the distance from the landmark of each
specimen to the corresponding landmark of
the mean form (Chapman 1990); these residu-
als retain all information about shape differ-
ence from the mean after the removal of
specimen size, location, and orientation. Im-
portantly, although size is removed, size-
related shape variation is not. Potential effects
of this allometric shape variation will be
discussed below.

To quantify morphological variation, we
calculated what Zelditch et al. (2004) refer to
as morphological disparity (MD), which is
equal to the mean-squared Procrustes dis-
tance (D,), between specimens and their
mean form; (D,),, in turn, is the square root
of the summed squared distances between a
specimen and the mean form for each of k
landmarks (k = 9 in this study):

2

N
()
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k
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where X; and ¥; represent the j* landmark

coordinates of the mean form, and x;; and y;;
represent the coordinates for the jth landmark
of the i™ specimen (Zelditch et al. 2004;
Hopkins and Webster 2009).

Using this procedure, MD values were
calculated separately by locality for each
species. An overall estimate of variation for
each species was computed as the average of
its within-locality variances in partial Pro-
crustes distance. Because MD values, like all
measures of variation, are more precisely
measured with increasing sample size, the
average MD values were weighted by each
locality’s sample size. Unweighted average
MD values were also calculated and yielded
similar results to the weighted average MD
values; only the weighted average MD values
are reported here. Confidence intervals for
MD values were estimated via 1000 bootstrap
samples of each population. A measure of
total MD was also calculated for each species
by combining all samples of a given species
into one group, applying GPA, and calculat-
ing the resulting MD value. This total MD
value, unlike the average within-locality MD
value, incorporates both variation within sites
and differences in morphology between sites.

Morphological variation of victim and
survivor species was compared with the
paired Wilcoxon signed rank test, which
evaluates the null hypothesis that the median
survivor-victim difference is equal to zero. A
binomial test was also applied to determine
whether the number of pairs in which the
surviving species had greater morphological
variation than the victim was significantly
different than what would be expected by
chance. Victim and survivors were compared
in three ways: (1) at the species level, by
averaging the MD values across all localities
of a given species to calculate variation as
described above (“average within-locality
morphological variation”), (2) at the locality
level, comparing only specimens from partic-
ular sites in which a victim and survivor co-
occurred (“locality-controlled morphological
variation”), and (3) at the species level, using
the measure of total variation described above
(“"total regional morphological variation”).
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Alternative Measure of Morphological Varia-
tion and Allometry.—An alternative measure
of morphological variation was also exam-
ined that takes into account variation in shape
potentially related to allometric growth. If
allometry is significant, samples with a great
range of sizes may exhibit inflated shape
variation relative to samples with a narrow
range of sizes. Because the range of body sizes
represented in a sample is not easy to
standardize, the following procedure was
used to measure variation excluding allome-
tric shape differences. Principal components
analysis (PCA) was applied to the landmark
variables for each sample following Procrus-
tes superimposition, producing 14 meaning-
ful PC axes representing shape. Each result-
ing PC axis was regressed against the log
centroid size values of the sample to remove
the effects of allometry (““size standardiza-
tion” [Hopkins and Webster 2009]), and the
residuals of the regression were calculated.
The morphological variation of the sample
was calculated as the sum of the variances of
each of the PC residuals.

To evaluate how well linear regression of
shape onto log centroid size accounted for
allometry, we visually examined each cross-
plot of each PC axis against log centroid size,
and analyzed the R* and significance for the
regression of each PC axis against log
centroid size. If allometric growth is a
significant factor, a strong relationship would
be expected between log centroid size and
one or more PC axes.

As an alternative to MD, we also compared
variation within species pairs by calculating
the similar Procrustes root mean square
metric (Dryden and Mardia 1998) of each
species using full Procrustes distance, which
produced results identical to the results
produced by the MD metric.

Quantification of Digitizing Error.—Repeat-
ability analyses were conducted to determine
the magnitude of landmark digitizing error. A
group of 20 replicate landmark sets were
collected from a single specimen of Panchione
ulocyma, a species with relatively low mor-
phological variation, and landmark sets were
collected from 20 additional specimens in a
second group. Procrustes superimposition
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Ficure 4. Difference in average within-locality variation
between survivors and victims, with 95% confidence
intervals based on bootstrapping (1000 replicates). For
pairs that plot above the y = 0 line, the survivor species
had greater average within-locality variation than the
victim, whereas for pairs that plot below the y = 0 line,
the victim species was more variable. Pair differences are
individually statistically significant when the error bars
do not cross the y = 0 line. In this and subsequent figures,
letters A through N represent the 14 species pairs
designated in Table 1.

was applied to each group separately, and
an MD value was calculated for each group.
Variation in the replicate sets, representing
measurement error, was compared with
variation among the landmark sets of the
multiple-specimen group. Variation in the
replicate sets was much lower than variation
among specimens, with variation due to
digitizing error representing less than 3% of
the magnitude of among specimen variation.

Results

Average Within-Sample Morphological Varia-
tion.—Overall, surviving veneroid species had
significantly greater average morphological
variation than their non-surviving counterparts
during the Plio-Pleistocene extinction when the
weighted average MD values of all localities of
each species were calculated (Fig. 4, Wilcoxon
signed rank test, n = 14, V = 86, p = 0.035;
binomial test, n = 14, p = 0.013). Considered
individually, surviving species were more
variable than their victim counterparts for 12
of the 14 pairs. Of the 12 cases, the difference
was statistically significant (p < 0.05) in five
instances; this was true in one of the two cases
in which the victim was more variable.

Alternative Measure of Variation and Allome-
try.—For each within-pair comparison of
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Ficure 5. Comparison of difference in average within-
locality morphological variation using MD versus the
PCA-based metric. The metrics are significantly correlat-
ed (Spearman rank test, n = 14, S = 6, p < 0.000),
suggesting that results are robust to differences in the
morphological variation metric used.

variation, including average within-locality
variation, the PCA-based measure of mor-
phological variation produced results that
were similar to those obtained using MD
values (Fig. 5). Because the PCA-based ap-
proach uses the residuals of PCA shape
variables regressed against centroid size to
remove shape differences due to allometry,
the similarity between the PCA-based results
and the results based on the MD metric likely
reflects a lack of strong allometry in the
bivalves studied, at least over the range of
sizes observed. The regressions of log cen-
troid size against each of the 14 meaningful
PC axes for each species also indicate a lack of
strong allometry; the mean coefficient of
determination between log centroid size and
the 14 PC axes for each species ranged from
0.022 to 0.071. Of the 392 total regressions
performed, 66 were statistically significant at
the oo = 0.05 level, and the median R? of these
significant regressions was 0.124, further
indicating a lack of strong correlation be-
tween shape and log centroid size. Addition-
ally, some curvilinearity was evident in the
relationship between PC axes and log cen-
troid size for at least 82 of the 392 regressions,
potentially rendering simple linear regression
of one variable on the other inappropriate.
Because of this curvilinearity and because
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allometry appeared to be minimal in most
cases, the MD metric was favored over the
PCA-based metric.

Locality-Controlled Comparisons of Morpho-
logical Variation—Because many species re-
spond morphologically to local environmen-
tal conditions, one species of a given pair may
display greater morphological variation than
its counterpart simply because it was present
in environments that fostered greater ecophe-
notypic variation, or because it was sampled
from a wider range of environments. To
assess this possibility, we repeated our
analysis, but limited it to localities in which
the victim and survivor of a given pair both
occurred. After removing victim-survivor
pairs that never co-occurred at a locality, 11
pairs remained, with one to three shared
localities per pair; each pair’s difference in
survivor and victim MD was calculated only
on the basis of its shared localities. In
addition, to avoid weighting the comparison
toward cases in which species pairs had
multiple localities in common, the difference
in MD for survivor-victim pairs that co-
occurred at more than one locality was
calculated as the average of all shared
localities. A pattern similar to the initial
analyses results, with survivor variation
exceeding that of victims for most species
pairs (Fig. 6). However, the variation differ-
ences are not significant for this comparison,
although this may reflect the reduced power
due to the reduction in the number of pairs
and in the number of specimens per pair
(Wilcoxon signed rank test, n = 11, V = 47,
p = 0.240; binomial test, n = 11, p = 0.065).
Differences in average within-locality varia-
tion were significantly correlated with these
locality-controlled differences in morpholog-
ical variation, indicating that results of the
average within-locality comparison were not
systematically altered by differences in sam-
pling between victims and survivors in each
pair (Fig. 7).

Total Regional Morphological Variation.—The
analysis of total regional morphological var-
iation, based on lumping all localities of a
given species into one group and calculating
the resulting MD value, produced results
roughly similar to the results of the average
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FiGure 6. Locality-controlled comparison of morpholog-
ical variation in survivors and victims. In this analysis,
survivors and victims were compared only within
localities where both species of a given pair both
occurred. For survivor-victim pairs that had more than
one locality in common, the average difference in
morphological variation among those shared localities is
depicted in this plot; 95% confidence intervals are based
on bootstrapping (1000 replicates). Abbreviations as in
Figure 4.

within-locality variation and locality-con-
trolled variation analyses. Ten survivor spe-
cies were observed to be more variable than
their victim counterparts. Of these ten cases,
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Ficure 7. Comparison of average within-locality mor-
phological variation versus locality-controlled morpho-
logical variation for survivors and victims. The significant
correlation demonstrated here (Spearman rank test, n =
11,S = 84, p = 0.04587, r* = 0.4113) suggests that average
within-locality differences in MD are robust to sampling
biases potentially introduced by including different
samples for the victim and survivor species within
each pair.
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Ficure 8. Difference in total regional variation between
survivors and victims. For each species, variation was
calculated for a lumped sample that included all
specimens of the species, and variation of survivors and
victims were compared within species pairs; 95%
confidence intervals are based on bootstrapping (1000
replicates). Abbreviations as in Figure 4.

the difference was statistically significant
(p < 0.05) in five instances; as before, this
was true in only one of the four cases where
the victim was more variable (Fig. 8).

When these aggregate differences in survi-
vor and victim variation were tested using a
Wilcoxon signed rank test, the results were
not statistically significant (n = 14, p = 0.217).
This difference from the previous analysis is
related to the behavior of two victim-survivor
pairs, K (Anomalocardia caloosana and A.
auberiana) and G (Trachycardium emmonsi and
T. muricatum). For both pairs, the victim
increased in variation when samples were
combined much more than the survivor did,
either because the survivor was present at
only one locality (Pair K) or because the mean
forms at different localities differed more for
the victim than for the survivor (Pair G).
Because mean morphologies generally varied
somewhat from locality to locality, total
regional variation must be higher for each
species than average within-sample variation,
and the contributions of each sample to the
regional variation of a species could be
evaluated using an analysis of partial dispar-
ity (Foote 1993). However, given the limited
and variable number of locations examined
per species, an extensive comparison among
species of the contributions of within and
between-sample variation to total regional
variation is not currently feasible.
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Taxon Age and Survivorship.—Because ex-
tinction susceptibility may be related to taxon
age (e.g., Doran et al. 2006; Finnegan et al.
2008), we also examined differences in taxon
age, or time since a taxon’s origination, at the
time of the Plio-Pleistocene extinction (taxon
age at event). First occurrences of each species
were compiled from the literature (e.g.,
Anderson 1929; Mansfield 1932; Richards
and Harbison 1942) and the Paleobiology
Database. Although first occurrences are
unlikely to represent the true origination of
each species, given the high quality of
preservation and sampling within the Florida
Plio-Pleistocene, they are likely to record
accurately the order of first occurrence within
each species pair. Taxon age at the Plio-
Pleistocene extinction event was calculated
for each species as the number of stages
elapsed since the species’ first occurrence,
and taxon ages at event were compared
between victims and survivors. Victim spe-
cies were older than their corresponding
survivor species at the time of the Plio-
Pleistocene extinction in four cases; survivors
were older than victims in seven cases, and
for three pairs, the survivor and victim
species had the same stage of first occurrence.
There was no significant difference in taxon
age at the extinction event between victims
and survivors when compared within pairs
(Wilcoxon Signed Rank test, n = 14, V = 43,
p = 0.392) or as a group (Wilcoxon Rank Sum
test, 1y = np, = 14, W = 111, p = 0.547). The
relationship between taxon age and morpho-
logical variation at the time of the Plio-
Pleistocene extinction was also nonsignificant
(Spearman rank correlation test, n = 28, p =
—0.171, p = 0.383). Although a detailed
analysis of the relationships between taxon
age, morphological variation, and survivor-
ship is beyond the scope of the current study,
these results suggest that the observed rela-
tionship between variation and survivorship
is not the result of differences in taxon age
within pairs.

Discussion

Overall, species that survived the Plio-
Pleistocene extinction tended to have greater
morphological variation than related species

SARAH E. KOLBE ET AL.

that became extinct. Although results varied
somewhat among scales of comparison, sur-
vivors had greater variation than victims in
the majority of cases regardless of the
protocol, and in many cases this difference
was statistically significant. Morphological
variation may therefore play a significant role
in governing a species’ likelihood of becom-
ing extinct.

Recent work has indicated that intraspecific
morphological variation can govern clade
history in a number of ways. Morphological
variation can affect the direction and rate of
adaptive responses to selective pressures
(Schluter 1996; Renaud et al. 2006), and
evolutionary transitions can be concentrated
in features for which morphological variation
is the greatest (Hunt 2007). Evidence from
trilobites suggests that intraspecific morpho-
logical variation may also promote speciation
and diversification (Webster 2007). With
respect to extinction, morphological variation
may decrease extinction risk; a study by Liow
(2007) found that species described qualita-
tively as “highly variable’” had taxon longev-
ities twice the length of species that were not.
Although traits that promote survivorship
during background levels of extinction fre-
quently do not overlap with those promot-
ing survivorship during mass extinctions
(Jablonski 1986), our study suggests that the
advantages of morphological variation may
also extend to larger events on the scale of a
regional mass extinction.

Previous studies have examined several
other factors relating to extinction selectivity
in bivalves during the Plio-Pleistocene event.
Endemic species had a significantly lower
survival rate than species that occupied more
than one biogeographic province, and many
ecological groups dominated by endemic taxa
experienced higher rates of extinction than
groups with lower percentages of endemic
taxa (Stanley 1986; Vermeij and Petuch 1986).
Stanley (1986) observed that the extinction
selectively removed stenothermal tropical
species, while a larger percentage of eury-
thermal species survived, suggesting that
climate change may have played a role in
the extinction. Morphological evidence sug-
gests that changes in nutrient availability and
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productivity also played a role in the extinc-
tion: data from chionine and corbulid bi-
valves from the western Atlantic indicate that
body size decreased from the early Pliocene
to the Pleistocene (Roopnarine 1996; Ander-
son 2001), and some evidence suggests that
the extinction may also have been selective
against highly armored, sculptured mollusks
that presumably required high-productivity
conditions (Vermeij and Petuch 1986; howev-
er, see also Hansen et al. 1999). Although the
results of our study do not speak directly to
the cause of the Plio-Pleistocene event, they
do provide further insight into the processes
that control extinction dynamics.

The positive association between morpho-
logical variation and extinction survivorship
could result from several mechanisms. First,
high morphological variation may reflect high
levels of underlying, heritable additive genet-
ic variation (Strauss 1991; Yezerinac 1992),
which contribute directly to survivorship by
facilitating adaptation to changing environ-
mental conditions. Elementary quantitative
genetics predicts that the rate of evolution by
natural selection is proportional to additive
genetic variance (Lande 1976; Falconer and
Mackay 1996), and models suggest that
increased genetic variance can greatly reduce
extinction risk in the face of sustained
environmental change (Lande and Shannon
1996). The interval encompassing the Plio-
Pleistocene extinction was marked by numer-
ous environmental changes, and, if morpho-
logical variation or some fraction thereof is
heritable, the ability to adapt to these chang-
ing conditions may therefore have conferred a
benefit to species with high morphological
variation. It is also possible that species
benefit by exhibiting multiple morphological
forms among their populations at any given
point in time, as some forms might survive or
thrive during environmental changes that
hinder or cause the extinction of other
conspecific morphological forms (Liow
2007). Finally, even if differences in variation
have an environmental, rather than genetic
basis, phenotypic plasticity can itself be
adaptive (Via et al. 1995) and confer a
survival advantage (Lande 2009). In each of
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these scenarios, morphological variation di-
rectly causes differences in survivorship.

Alternatively, morphological variation may
contribute to survivorship by permitting
species to occupy a wider range of environ-
mental and geographic settings, increasing
the spatial range of the species, which would
reduce extinction risk. This possibility is
supported by recent studies indicating that
high morphological variation promotes inva-
sive behavior (Tomecek et al. 2007; Zahorska
et al. 2009). Numerous studies have demon-
strated that a large geographic or environ-
mental range size confers resistance to extinc-
tion (Lloyd and Gould 1993; Payne and
Finnegan 2007; Jablonski 2008). Morphologi-
cal variation has also been correlated with
niche breadth in several cases (Van Valen
1965; Findlay and Black 1983; Bolnick et al.
2007); if highly variable species act as gener-
alists they may be more robust to environ-
mental changes (Kammer et al. 1997). These
explanations posit an indirect but neverthe-
less causal relationship between variation and
extinction: variation causes geographic or
ecological breadth, which in turn promotes
survivorship.

Conversely, species that inhabit a wide
geographic and environmental range may
develop high morphological variation be-
cause of their broad distribution. A species
that occupies many selectively distinct envi-
ronments may have different optimal forms
across its range, and gene flow across
locations means that the morphologies found
in a given population can be a highly variable
compromise among these different optima
(Yeamon and Jarvis 2006). In this case, the
relationship between variation and survivor-
ship is not causal; both are governed by
geographic or ecological breadth. Modern
studies indicate that shifts in morphology
and morphological variation can be related to
expansions in geographic range caused by
other factors, such as habitat and food
availability, thereby supporting the plausibil-
ity of this third scenario (Alisauskas 1998).

Conclusions

Consistent with our initial hypothesis,
veneroid bivalve species that survived the
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regional Plio-Pleistocene extinction in Florida
were more variable morphologically in a
significant number of cases when compared
with closely related counterparts that did not
survive the event. Previous research indicates
that a variety of environmental factors fluc-
tuated over short time scales during the Plio-
Pleistocene extinction. High-variation species
may have benefited from a broader range of
adaptations, which caused them to be less
sensitive to these rapid environmental and
ecological changes, or from a greater ability to
respond to these stresses. Alternatively, the
relationship between variation and survivor-
ship may have been indirect, mediated
through factors such as geographic and
ecological range.
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