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Selectivity during background extinction: Plio-Pleistocene
scallops in California

J. Travis Smith and Kaustuv Roy

Abstract.—Most studies of extinction selectivity have focused on mass extinctions. Here we analyze
the patterns of susceptibility to extinction during the late Pliocene and Pleistocene of California in
the family Pectinidae. The Pectinidae declined in diversity from a high of 32 species in the late
Pliocene to the current level of 11 species living in the California region, indicating that the com-
position of the living fauna has been shaped primarily by extinction in the last several million years.
Extinction appears to have occurred in one large pulse, but because of uneven sampling we were
unable to resolve the timing further and have analyzed the patterns of extinction treating the late
Pliocene through middle Pleistocene as a single period of elevated extinction. Extinctions were not
random with regard to taxonomic relationships. Species-level extinctions were higher in more spe-
ciose genera, but these genera were buffered against genus-level extinctions. This resulted in a
disproportionately large number of monospecific genera in the living fauna. In addition, extinc-
tions were not random with regard to body size, with large species preferentially surviving. This
selectivity pattern is evident only when clade membership is taken into account; when analyzed
across the entire family, no pattern of size selectivity was apparent. Our results suggest that (1)
patterns of extinction selectivity at the genus level may be a poor proxy for species-level patterns,
and (2) whole-fauna analyses may not uncover strong selectivity within lineages.
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Introduction

Relative vulnerability of taxa to extinction
has been the focus of studies in both paleon-
tology and conservation biology (McKinney
1997). Although it has been argued that biased
extinction is a common phenomenon both to-
day and in the past (McKinney 1997), most of
our existing knowledge of extinction selectiv-
ity in the fossil record comes from studies of
mass extinctions. Selectivity during back-
ground extinctions still remains poorly stud-
ied (Jablonski 1991, 1994, 1995), thus making
comparisons of past patterns with those from
ongoing extinctions difficult. In addition,
most analyses of extinctions in the fossil rec-
ord have focused on higher taxonomic levels
and considerable uncertainty exists about spe-
cies-level trends (Jablonski 1995).

The past 2.5 Myr of earth history provides
us with a rich record of extinctions and sur-
vival of species and lineages in the face of
long-term climatic and environmental chang-
es. Elevated levels of extinction during the late
Pliocene and Pleistocene have been reported

from the Caribbean (Stanley and Campbell
1981; Jackson et al. 1993; Johnson et al. 1995;
Allmon et al. 1996; Roopnarine 1996, 2001;
Anderson 2001; Todd et al. 2002), the Medi-
terranean (Raffi et al. 1985), New Zealand
(Johnson and Curry 2001), and the northeast-
ern Pacific (Stanley 1986). In the temperate
northeastern Pacific, especially in California,
species within the family Pectinidae show
high levels of extinction during the Plio-Pleis-
tocene and are the focus of this study. The Cal-
ifornia pectinids provide a useful system for
analyzing patterns of species-level extinction;
the group is well studied taxonomically (e.g.,
Grau 1959; Stump 1979; Moore 1984; Waller
1991, 1993; Smith 1991; Coan et al. 2000) and
has an excellent Neogene fossil record due to
the calcitic composition of the shells (Waller
1993). In this paper we use the fossil record of
pectinids in California to test for patterns of
selectivity during late Neogene extinctions.

Database

We compiled a database of stratigraphic oc-
currences and body sizes of Neogene pectin-
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ids from California. These data were collected
through an extensive search of the primary lit-
erature and the collections at the Los Angeles
County Museum of Natural History, San Di-
ego Museum of Natural History, and the Uni-
versity of California Museum of Paleontology.
The database consists of 72 species of Pectin-
idae and approximately 2650 occurrences, re-
corded by locality, as well as measurements
for more than 700 individual specimens (see
online supplemental material at http://dx.
doi.org/10.1666/05078.s1). Of these, 32 spe-
cies occurring during the late Pliocene and
Pleistocene were used in this study to analyze
extinction selectivity.

The taxonomy of Neogene and Recent Pec-
tinidae is currently in a state of flux (Waller
1991, 1993). To maintain an internally consis-
tent taxonomic structure for this study, we fol-
lowed Moore (1984), Stump (1979), Smith
(1991), Waller (1991, 1993, personal commu-
nication 1999), and Coan et al. (2000). Where
opinions diverged, Waller’s work took prece-
dence over other publications, because Wal-
ler’s (1991, 1993) analyses have been support-
ed by independent genetic work using a va-
riety of molecular markers (Matsumoto and
Hayami 2000; Barucca et al. 2004).

The California region, as defined here, ex-
tends from Humboldt Bay, California, to Isla
Cedros, Baja California Norte, Mexico. This in-
cludes the modern California Molluscan Prov-
ince and part of the Oregonian Province (Val-
entine 1961; Addicott 1970; Bernard et al.
1991). We chose this region because of its ex-
cellent Neogene fossil record; the record for
the rest of the Oregonian Province is too in-
complete for the kinds of analyses presented
here. A few of the Neogene basins of Califor-
nia have been the focus of sequence strati-
graphic work (e.g., Blake 1991; Bowersox
2005) but the vast majority of named forma-
tions in this region represent lithostratigraph-
ic units that are time transgressive (Blake
1991). Thus, correlating stratigraphic units
across our entire study area remains problem-
atic. In order to minimize such problems, we
divided the late Neogene deposits of Califor-
nia into nine ‘‘basins,’’ or localized areas of
deposition following the general outline of
Weaver et al. (1944). From north to south these

are Humboldt Basin, San Francisco Bay Area,
San Joaquin Basin, Santa Maria Basin, Ventura
Basin, Los Angeles Basin, Orange County, San
Diego, and Isla Cedros. Wherever possible, we
subdivided formations to get the best possible
temporal resolution. The ages of individual lo-
calities within each ‘‘basin’’ were then deter-
mined by using the local stratigraphic frame-
work. The ages of individual localities and the
basis for such age assignments are given in
Smith (2000; see online supplemental material
for references).

Body size for each species was calculated as
the geometric mean of length and height of the
largest available fossil specimen (Stanley 1986;
Jackson et al. 1996; Jablonski 1996, 1997). The
only exception to this protocol is for ‘‘Flabel-
lipecten’’ diegensis, a living species that is rare
as a fossil. No adult fossil specimens of this
species were observed in museum collections
and none were measured for this study, hence
we used the largest recent specimen for the
size analyses. Trends in species diversity and
extinction rates for the past 10 Myr were cal-
culated from the stratigraphic range of each
species computed from their occurrence data.

Timing and Magnitude of Extinctions

Pectinids in California suffered a high level
of extinction during the late Neogene (Stanley
1986) (Fig. 1) although the timing of these ex-
tinctions remains poorly constrained (Addi-
cott 1974, 1981; Stanley 1986). Our data show
that over the past 2.5 Myr the diversity of pec-
tinids in California has decreased from 32 spe-
cies in the late Pliocene to 11 species in the Ho-
locene, a 65% extinction at the species level
(Fig. 1). In contrast, generic diversity declined
from 14 to 10 genera, or roughly half the per-
centage decrease seen in species diversity.
Moreover, all but one of the living pecten spe-
cies in California originated before the Pleis-
tocene. Thus the composition of the living
pectinid fauna of California bears a strong leg-
acy of the Plio-Pleistocene extinctions.

To constrain the timing of the extinction we
analyzed the taxonomic diversity trends using
1-Myr intervals with the exception of the
youngest time bin (0.5 to 0 Ma). Given our
stratigraphic scheme, these intervals provided
the best possible temporal resolution without
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FIGURE 1. Extinction, origination, and diversity pat-
terns. The upper plot shows the species richness in the
California region over the past 10 Myr. The lower plots
show the actual numbers of first and last occurrences in
the region. The species diversity in the earliest time bin
(10.5 to 9.5 Ma) includes species with first occurrences
before 10.5 Ma that are not reflected in this plot.

FIGURE 2. Sampling effort. The sampling effort for the
four youngest time bins are shown. Number of occur-
rences is highest in the late Pliocene to early Pleistocene
(2.5 to 1.5 Ma), but sampling is possibly most complete
in the latest Pleistocene (0.5 to 0 Ma; see text).

introducing significant sampling error. Taken
at face value, these analyses indicate that ex-
tinctions occurred in one main pulse during
the latest Pliocene and earliest Pleistocene (2.5
to 1.5 Ma) with elevated extinction also occur-
ring in the middle to late Pleistocene (1.5 to 0.5
Ma) (Fig. 1). However, sampling is poorest
during the early to late Pleistocene (1.5 to 0.5
Ma, Fig. 2), which makes it difficult to sepa-
rate sampling effects from true biological sig-
nals. Sampling effort based on occurrences is
relatively low during the late Pleistocene (0.5
to 0 Ma, Fig. 2), but the shape of the sampling
curve indicates that sampling completeness is
high. In addition, 10 of the 11 living species
have occurrences during this time interval.
This indicates that the extinctions most likely

occurred before 0.5 Ma. Resolving the timing
of extinctions between the Plio-Pleistocene
(2.5 to 1.5 Ma) and the early to middle Pleis-
tocene (1.5 to 0.5 Ma) is difficult because of
uneven sampling effort. The sampling curves
(Fig. 2) indicate that the difference in diversity
between the two time bins is real; however,
there are approximately four times as many
occurrences during the Plio-Pleistocene.

The temporal distribution of depositional
environments poses another complicating fac-
tor. Middle to late Pleistocene deposits such as
the Santa Barbara Formation, Lomita Marl,
Timms Point Silt, Anchor Silt, and the San Pe-
dro Formation represent deeper-water set-
tings (Blake 1991), whereas others such as the
upper terraces on San Nicholas Island and at
Palos Verdes Peninsula represent the intertidal
zone (Vedder and Norris 1963; Woodring et al.
1946; Lindberg and Lipps 1997). In contrast,
the majority of the late Pliocene and earliest
Pleistocene formations, such as the San Diego,
Saugus, and portions of the Fernando Forma-
tions, represent shallow subtidal environ-
ments (Hertlein and Grant 1972; Groves 1991;
Blake 1991). The lack of extensive shallow sub-
tidal environments during the middle to late
Pleistocene raises the possibility that instead
of one Plio-Pleistocene extinction pulse, the
entire period from the late Pliocene to middle
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FIGURE 3. Distribution of species within genera. There
is a significant change in the distribution of species from
the late Pliocene to the Recent (Mann-Whitney U-test, p
� 0.05).

Pleistocene may have seen elevated extinction
levels. Although it is still plausible that the
California pectinids suffered one large extinc-
tion event, we prefer the more conservative in-
terpretation that the late Pliocene to middle
Pleistocene time in general was a period of el-
evated extinction for the California pectinids.
The timing of these extinctions is correlated
with known environmental changes including
the onset of Pleistocene glaciation and the loss
of several large shallow basins along the Cal-
ifornia margin, such as the San Joaquin Basin
(Woodring et al. 1946; Addicott 1970; Bower-
sox 2005).

Extinction Selectivity

Taxonomic Effects. Traits that determine ex-
tinction susceptibility of species are not ran-
domly distributed between lineages and high-
er taxa (McKinney 1997). For example, the dis-
tribution of rare species (i.e., those that are
more extinction prone) may not be indepen-
dent of the size of the taxonomic group; for
plants and some arthropod groups the num-
ber of rare species scales positively with the
size of the higher taxon (Schwartz and Sim-
berloff 2001; Webb and Pitman 2002; Lozano
and Schwartz 2005; Ulrich 2005) whereas the
opposite is true for birds and mammals (Purv-
is and Gittleman 2000; Purvis et al. 2000).
Thus clade membership can play an impor-
tant role in determining the likelihood of sur-
vivorship of a given species. There is also in-
creasing empirical evidence that extinction in-
tensities are often not randomly distributed
among higher taxa and that the pattern holds
for both human-mediated extinctions as well
as those in the geological past (Jablonski and
Flessa 1986; McKinney 1995, 1997; Bennett
and Owens 1997; Nee and May 1997; Purvis et
al. 2000; Lockwood et al. 2002). Such nonran-
dom extinctions can have important ecologi-
cal and evolutionary consequences, including
the potential for homogenizing the surviving
biota (McKinney 1997; McKinney and Lock-
wood 1999; Lockwood et al. 2000).

Within the family Pectinidae, genera differ
substantially with respect to traits such as
body size and life habits (e.g., Crassadoma is
large and lives cemented to hard substrates
whereas Leptopecten is small and lives bysally

attached to either substrate or other organisms
such as kelp), so we tested for taxonomic se-
lectivity at the genus level. The Plio-Pleisto-
cene extinctions significantly changed the dis-
tributions of species within genera (Fig. 3). For
the living pectens, 90% (9 out of 10) of the gen-
era are represented by just a single species,
but during the late Pliocene, only 50% (7 out
of 14) of the genera were monospecific. This is
consistent with the observation that an ‘‘ex-
tinction fauna’’ may often be made up of an
inordinately high number of species-poor lin-
eages (Purvis et al. 2000).

To test statistically for taxonomic selectivity,
we used a resampling algorithm to test if the
number of surviving genera was significantly
higher than would be expected under random
extinction. We randomly drew 11 species
without replacement from the total species
pool (32 species) to generate an expected dis-
tribution of the number of surviving genera
(Fig. 4). The observed number of surviving
genera (ten) was significantly higher than
would be expected if the extinctions were ran-
dom with respect to genus membership (p �
0.03 based on 1000 iterations).

The level of extinction was not the same
across all 14 genera and suggests that extinc-
tion risk of species was correlated with the
species richness of the genus. To test this di-
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FIGURE 4. Resampling analyses. The distribution of
surviving genera generated by using the resampling al-
gorithm described in the text. The arrow indicates the
observed number of surviving genera (ten), which is
significantly more than is expected (p � 0.03, based on
1000 iterations).

FIGURE 5. Body-size distributions for the extinct and
living species. The line in the center of each box repre-
sents the median value. These size distributions are not
significantly different (t-test, p � 0.91).

rectly, we compared the levels of extinction in
small genera (one or two species during the
late Pliocene) with those in larger genera
(more than two species). Species-level extinc-
tion in the larger genera was significantly
higher than would be expected from random
extinctions (G-test, d.f. � 1, p � 0.055).

Size Selectivity. Body size correlates with
many ecological and life-history traits that can
influence the extinction vulnerability of spe-
cies (Peters 1983; Gaston and Blackburn 1996;
Jablonski 1996). Hence considerable attention
has been focused on body size and its rela-
tionship to extinction risk (Pimm et al. 1988;
Gaston and Blackburn 1995, 1996; Jablonski
and Raup 1995). Living species of birds and
mammals that are at risk of extinction from
anthropogenic factors often show significant
size selectivity (Leck 1979; Pimm et al. 1988;
Gaston and Blackburn 1995; Bennett and
Owens 1997; Owens and Bennett 2000; Car-
dillo and Bromham 2001; Johnson et al. 2002).
Similar patterns of size-related extinction have
also been documented in some marine fish
(Dulvy and Reynolds 2002). In marine inver-
tebrates the pattern appears to be more com-
plex. Selective extinction of larger species has
been observed in tropical American corbulids
(Anderson 2001) and several genera of vener-
ids (Roopnarine 1996). Within corals in the
same region however, larger species have
preferentially survived (Johnson et al. 1995).
In other cases, there is little evidence for size
selectivity during large extinction events ex-

cept for the late Pleistocene extinction of the
vertebrate megafauna (Jablonski and Raup
1995; Jablonski 1996; McKinney 1997; Alroy
2001; Lockwood 2005).

For our data, when all species were ana-
lyzed together there was no significant differ-
ence between the size frequency distributions
of extinct and surviving species (Fig. 5). This
would suggest that extinction was not selec-
tive with respect to body size. However, such
an analysis ignores phylogenetic affinities of
species and could have missed selectivity
within lineages. This is particularly important
given the high heritability of body size (Ja-
blonski 1987), the overlap in size among pec-
tinid genera, and the observation that most ex-
tinctions are within species-rich genera. In
fact, it has been shown that incorporating in-
formation about phylogenetic relationships
even at a very coarse level in analyses of body-
size distributions can provide insights often
missed by non-phylogenetic approaches
(Purvis et al. 2003). Because a well-resolved
phylogeny of all the pectinid taxa used here is
currently unavailable we tested for the pres-
ence of size-selective extinctions within indi-
vidual genera to remove the effect of taxonom-
ic membership (our approach is similar to pre-
vious studies such as Stearns 1983, 1984). Be-
cause within-lineage selectivity can be tested
only for polytypic genera, sample size is sub-
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FIGURE 6. Body size within genera. Body sizes plotted
for species within each genus. Solid circles indicate liv-
ing (surviving) species and open circles represent ex-
tinct species. This figure includes the single-species gen-
era that are not included in the within-genera analysis
described in the text.

stantially reduced (n � 25, 7 extant and 18 ex-
tinct). Despite the reduced sample size a strik-
ing pattern emerges. The larger species pref-
erentially survived within each polytypic ge-
nus (Fig. 6). In seven out of seven cases, the
surviving species is larger than the median
size for the genus. Assuming a probability of
p � 0.5 for a surviving species to be larger
than the median size for the genus, the bino-
mial probability of all seven being larger than
the median size is p � 0.0469. Thus, signifi-
cantly more large species survived than ex-
pected if the extinctions were random. More-
over, the assumed probability of p � 0.5 in this
argument is a conservative estimate because
six of the seven surviving species were the
largest member of their respective genera (the
two largest in the genus Chlamys). Thus for
California pectinids, body size significantly
affects extinction susceptibility within indi-
vidual genera but not across all genera.

Discussion

The late Neogene extinction of scallops in
California was nonrandom with respect to
taxonomy. Extinction risk was higher for spe-
cies in species-rich genera, but genera with
more species were less susceptible to extinc-

tion. The substantial increase in the propor-
tion of monotypic genera following extinction
suggests that species richness can provide a
buffer against the extinction of genera. In this
respect our results differ from those of many
other studies where species richness did not
provide a similar advantage to genera (see Ja-
blonski 1995 for a review). This difference
could reflect the fact that most studies of ex-
tinction selectivity in the fossil record have fo-
cused on mass extinction events. Patterns of
selectivity during background times (i.e., ex-
tinctions of lesser magnitude) remain under-
studied. Alternatively, different clades or lin-
eages may show different patterns of selectiv-
ity irrespective of the magnitude of extinction.
These alternative hypotheses need to be tested
by comparing taxonomic selectivities across
extinctions that differ in intensity but involve
the same clade(s). Johnson et al. (1995) did an-
alyze selectivity patterns across differing lev-
els of extinction, but they did not account for
clade membership.

For pectinids in California, the Plio-Pleis-
tocene extinction was also nonrandom with
respect to body size, but the pattern was evi-
dent only within genera. No size selectivity
emerged when all genera were analyzed to-
gether, so the result of our whole faunal anal-
ysis is consistent with that of other studies
such as the K/T extinction of bivalves (Jablon-
ski and Raup 1995; Lockwood 2005) and dif-
fers from studies of bivalves in the Caribbean
during the same time period in that this study
found selectivity against larger species (Roop-
narine 1996; Anderson 2001). However, the
strong lineage-level selectivity in our study
suggests that the results from whole faunas
may not reflect patterns within lineages. Body
size is highly heritable and there may be a
strong phylogenetic component to size selec-
tivity during extinction events that could be
obscured in analyses that do not take clade
membership into account. The size selectivity
patterns observed here are also very different
from those in extinctions driven by anthro-
pogenic activities where species-level extinc-
tion has been quantified within a phylogenetic
framework. For birds and mammals small-
bodied species appear to be more resilient to
extinction (Gaston and Blackburn 1995; Ben-
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nett and Owens 1997; Cardillo and Bromham
2001; Johnson et al. 2002; but see Owens and
Bennett 2000), a pattern exactly opposite of
that found in this study. The ecological un-
derpinnings of these differences remain poor-
ly studied but fundamental life-history differ-
ences such as the scaling of fecundity and
body size (positive in marine mollusks but
negative in endothermic vertebrates) are po-
tentially important here (Jablonski 1996; Roy
et al. 2002).

In summary, the Plio-Pleistocene extinction
of pectinids in California shows strong taxo-
nomic and size selectivity. The patterns of ex-
tinction selectivity documented here stand in
contrast to those from many earlier studies of
extinction selectivity in the fossil record. How-
ever, very few of those studies have focused on
background extinctions or have analyzed pat-
terns within lineages at the species level. Our
results demonstrate that patterns of extinction
selectivity at the generic level may be a poor
proxy for species-level patterns, at least dur-
ing background extinctions. Whole-fauna
analyses could also miss significant selectivity
within individual lineages. Finally, these re-
sults underscore the importance of history in
shaping the composition of living faunas and
the differential recovery of taxa from extinc-
tion events. The pectinids in California have
not rebounded from the Plio-Pleistocene ex-
tinctions and those events remain one of the
major determinants of the present diversity
patterns within this group.
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San Diego Natural History Museum, L.
Groves at the Los Angeles County Museum of
Natural History, and D. Lindberg at the Uni-
versity of California Museum of Paleontology
for their assistance accessing and using the
collections in their respective museums.

Literature Cited
Addicott, W. O. 1970. Tertiary paleoclimatic trends in the San

Joaquin Basin, California. U.S. Geological Survey Professional
Paper 644-D:D1–D19.

———. 1974. Giant pectinids of the eastern north Pacific margin:
significance in Neogene zoogeography and chronostratigra-
phy. Journal of Paleontology 48:180–194.

———. 1981. Significance of pectinids in Tertiary biochronology
of the Pacific Northwest. Geological Society of America Spe-
cial Paper 184:17–37.

Allmon, W. D., G. Rosenberg, R. W. Portell, and K. S. Schindler.
1996. Diversity of Pliocene-Recent mollusks in the western
Atlantic: extinction, origination, and environmental change.
Pp. 271–302 in J. B. C. Jackson, A. F. Budd, and A. G. Coates,
eds. Evolution and environment in tropical America. Univer-
sity of Chicago Press, Chicago.

Alroy, J. 2001. A multispecies overkill simulation of the end-
Pleistocene megafaunal mass extinction. Science 292:1893–
1896.

Anderson, L. C. 2001. Temporal and geographic size trends in
Neogene Corbulidae (Bivalvia) of tropical America: using en-
vironmental sensitivity to decipher causes of morphologic
trends. Palaeogeography, Palaeoclimatology, Palaeoecology
166:101–120.

Barucca, M., E. Olmo, S. Schiaparelli, and A. Canapa. 2004. Mo-
lecular phylogeny of the family Pectinidae (Mollusca: Bival-
via) based on mitochondrial 16S and 12S rRNA genes. Molec-
ular Phylogenetics and Evolution. 31:89–95.

Bennett, P. M., and I. P. F. Owens. 1997. Variation in extinction
risk among birds: chance or evolutionary predisposition? Pro-
ceedings of the Royal Society of London B 264:401–408.

Bernard, F. R., S. M. McKinnell, and G. S. Jamieson. 1991. Dis-
tribution and zoogeography of the Bivalvia of the Eastern Pa-
cific Ocean. Canadian Special Publication of Fisheries and
Aquatic Sciences 112.

Blake, G. H. 1991. Review of the Neogene biostratigraphy and
stratigraphy of the Los Angeles Basin and implications for ba-
sin evolution. American Association of Petroleum Geologists,
Memoir 52:135–184.

Bowersox, J. R. 2005. Reassessment of extinction patterns of Pli-
ocene molluscs from California and environmental forcing of
extinction in the San Joaquin Basin. Palaeogeography, Palaeo-
climatology, Palaeoecology 221:55–82.

Cardillo, M., and L. Bromham. 2001. Body size and risk of ex-
tinction in Australian mammals. Conservation Biology 15:
1435–1440.

Coan, E. V., P. V. Scott, and F. R. Bernard. 2000. Bivalve seashells
of western North America: marine bivalve mollusks from
Arctic Alaska to Baja California. Santa Barbara Museum of
Natural History Monographs Number 2.

Dulvy, N. K., and J. D. Reynolds. 2002. Predicting extinction vul-
nerability in skates. Conservation Biology 16:440–450.

Gaston, K. J., and T. M. Blackburn. 1995. Birds, body size and
the threat of extinction. Philosophical Transactions of the
Royal Society of London B 347:205–212.

———. 1996. Conservation implications of geographic range–
body size relationships. Conservation Biology 10:638–646.

Grau, G. 1959. Pectinidae of the eastern Pacific. Allan Hancock
Pacific Expeditions 23. University of Southern California
Press, Los Angeles.

Groves, L. T. 1991. Paleontology and biostratigraphy of the Plio-
Pleistocene Lower Saugus Formation, Santa Susana Moun-
tains, Southern California. M.S. thesis. California State Uni-
versity, Northridge.

Hertlein, L. G., and U. S. Grant IV. 1972. The geology and pa-
leontology of the marine Pliocene of San Diego, California
(Paleontology: Pelecypoda). San Diego Society of Natural His-
tory Memoir 2B.

Jablonski, D. 1987. Heritability at the species level: analysis of
geographic ranges of Cretaceous mollusks. Science 238:360–
363.



415EXTINCTION SELECTIVITY

———. 1991. Extinctions: a paleontological perspective. Science
253:754–757.

———. 1994. Extinctions in the fossil record. Philosophical
Transactions of the Royal Society of London B 344:11–17.

———. 1995. Extinctions in the fossil record. Pp. 25–44 in R. M.
May and J. H. Lawton, eds. Extinction rates. Oxford Univer-
sity Press, Oxford.

———. 1996. Body size and macroevolution. Pp. 256–289 in D.
Jablonski, D. H. Erwin, and J. H. Lipps, eds. Evolutionary pa-
leobiology. University of Chicago Press, Chicago.

———. 1997. Body-size evolution in Cretaceous molluscs and
the status of Cope’s rule. Nature 385:250–252.

Jablonski, D., and K. W. Flessa. 1986. The taxonomic structure of
shallow-water marine faunas: implications for Phanerozoic
extinctions. Malacologia 27:43–66.

Jablonski, D., and D. M. Raup. 1995. Selectivity of end-Creta-
ceous marine bivalve extinctions. Science 268:389–391.

Jackson, J. B. C., P. Jung, A. G. Coates, and L. S. Collins. 1993.
Diversity and extinction of tropical American mollusks and
emergence of the Isthmus of Panama. Science 260:1624–1625.

Jackson, J. B. C., P. Jung, and H. Fortunato. 1996. Paciphilia re-
visited: transisthmian evolution of the Strombina group (Gas-
tropoda: Columbellidae). Pp. 234–270 in J. B. C. Jackson, A. F.
Budd, and A. G. Coates, eds. Evolution and environment in
tropical America. University of Chicago Press, Chicago.

Johnson, C. N., S. Delean, and A. Balmford. 2002. Phylogeny and
the selectivity of extinction in Australian marsupials. Animal
Conservation 5:135–142.

Johnson, K. G., and G. B. Curry. 2001. Regional biotic turnover
dynamics in the Plio-Pleistocene molluscan fauna of the
Wanganui Basin, New Zealand. Palaeogeography, Palaeocli-
matology, Palaeoecology 172:39–51.

Johnson, K. G., A. F. Budd, and T. A. Stemann. 1995. Extinction
selectivity and ecology of Neogene Caribbean reef corals. Pa-
leobiology 21:52–73.

Leck, C. F. 1979. Avian extinctions in an isolated tropical wet-
forest preserve, Ecuador. Auk 96:343–352.

Lindberg, D. R., and J. H. Lipps. 1997. Reading the chronicle of
Quaternary temperate rocky shore faunas. Pp. 161–182 in D.
Jablonski, D. H. Erwin, and J. H. Lipps, eds. Evolutionary pa-
leobiology. University of Chicago Press, Chicago.

Lockwood, J. L., T. M. Brooks, and M. L. McKinney. 2000. Tax-
onomic homogenization of the global avifauna. Animal Con-
servation 3:27–35.

Lockwood, J. L., G. J. Russell, J. L. Gittleman, C. C. Daehler, M.
L. McKinney, and A. Purvis. 2002. A metric for analyzing tax-
onomic patterns of extinction risk. Conservation Biology 16:
1137–1142.

Lockwood, R. 2005. Body size, extinction events, and the early
Cenozoic record of venerid bivalves: a new role for recover-
ies? Paleobiology 31:578–590.

Lozano, F. D., and M. W. Schwartz. 2005. Patterns of rarity and
taxonomic group size in plants. Biological Conservation 126:
146–154.

Matsumoto, M., and I. Hayami. 2000. Phylogenetic analysis of
the family Pectinidae (Bivalvia) based on mitochondrial cy-
tochrome c oxidase subunit 1. Journal of Molluscan Studies
66:477–488.

McKinney, M. L. 1995. Extinction selectivity among lower taxa:
gradational patterns and rarefaction error in extinction esti-
mates. Paleobiology 21:300–313.

———. 1997. Extinction vulnerability and selectivity: combining
ecological and paleontological views. Annual Review of Ecol-
ogy and Systematics 28:495–516.

McKinney, M. L., and J. L. Lockwood. 1999. Biotic homogeni-
zation: a few winners replacing many losers in the next mass
extinction. Trends in Ecology and Evolution 14:450–453.

Moore, E. J. 1984. Tertiary marine pelecypods of California and

Baja California: Propeamussiidae and Pectinidae. U.S. Geo-
logical Survey Professional Paper 1228-B.

Nee, S., and R. M. May. 1997. Extinction and the loss of evolu-
tionary history. Science 278:692–694.

Owens, I. P. F., and P. M. Bennett. 2000. Ecological basis of ex-
tinction risk in birds: habitat loss versus human persecution
and introduced predators. Proceedings of the National Acad-
emy of Sciences USA 97:12144–12148.

Peters, R. H. 1983. The ecological implications of body size.
Cambridge University Press, Cambridge.

Pimm, S. L., H. L. Jones, and J. Diamond. 1988. On the risk of
extinction. American Naturalist 132:757–785.

Purvis, A., and J. L. Gittleman. 2000. Predicting extinction risk
in declining species. Proceedings of the Royal Society of Lon-
don B 267:1947–1952.

Purvis, A., P. Agapow, J. L. Gittleman, and G. M. Mace. 2000.
Nonrandom extinction and the loss of evolutionary history.
Science 288:328–330.

Purvis, A., C. D. L. Orme, and K. Dolphin. 2003. Why are most
species small-bodied? A phylogenetic view. Pp. 155–173 in T.
M. Blackburn and K. J. Gaston, eds. Macroecology: concepts
and consequences. Blackwell, Malden, Mass.

Raffi, S., S. M. Stanley, and R. Marasti. 1985. Biogeographic pat-
terns and Plio-Pleistocene extinction of Bivalvia in the Med-
iterranean and southern North Sea. Paleobiology 11:368–388.

Roopnarine, P. D. 1996. Systematics, biogeography and extinc-
tion of chionine bivalves (Bivalvia: Veneridae) in Tropical
America: Early Oligocene to Recent. Malacologia 38:103–142.

———. 2001. A history of diversification, extinction, and inva-
sion in tropical America as derived from species-level phy-
logenies of chionine genera (Family Veneridae). Journal of Pa-
leontology 75:644–657.

Roy, K., D. Jablonski, and J. W. Valentine. 2002. Body size and
invasion success in marine bivalves. Ecology Letters 5:163–
167.

Schwartz, M. W., and D. Simberloff. 2001. Taxon size predicts
rates of rarity in vascular plants. Ecology Letters 4:464–469.

Smith, J. Travis. 2000. Extinction dynamics of the Late Neogene
Pectinidae in California. M.S. thesis. University of California,
San Diego.

Smith, Judith T. 1991. Cenozoic giant pectinids from California
and the Tertiary Caribbean province: Lyropecten, ‘‘Macroch-
lamis,’’ Vertipecten, and Nodipecten species. U.S. Geological
Survey Professional Paper 1391.

Stanley, S. M. 1986. Population size, extinction, and speciation:
the fission effect in Neogene Bivalvia. Paleobiology 12:89–110.

Stanley, S. M., and L. D. Campbell. 1981. Neogene mass extinc-
tion of western Atlantic mollusks. Nature 293:457–459.

Stearns, S. C. 1983. The influence of size and phylogeny on pat-
terns of covariation among life-history traits in mammals. Oi-
kos 41:173–187.

———. 1984. The effects of size and phylogeny on patterns of
covariation in the life history traits of lizards and snakes.
American Naturalist 123:56–72.

Stump, T. E. 1979. The evolutionary biogeography of the west
Mexican Pectinidae (Mollusca: Bivalvia). Ph.D. dissertation.
University of California, Davis.

Todd, J. A., J. B. C. Jackson, K. G. Johnson, H. M. Fortunato, A.
Heitz, M. Alvarez, and P. Jung. 2002. The ecology of extinc-
tion: molluscan feeding and faunal turnover in the Caribbean
Neogene. Proceedings of the Royal Society of London B 269:
571–577.

Ulrich, W. 2005. Regional species richness of families and the
distribution of abundance and rarity in a local community of
forest Hymenoptera. Acta Oecologica 28:71–76.

Valentine, J. W. 1961. Paleoecologic molluscan geography of the
California Pleistocene. University of California Publications
in Geological Sciences: 34:309–442.



416 J. TRAVIS SMITH AND KAUSTUV ROY

Vedder, J. G., and R. M. Norris. 1963. Geology of San Nicolas
Island. U.S. Geological Survey Professional Paper 369.

Waller, T. R. 1991. Evolutionary relationships among commer-
cial scallops (Mollusca: Bivalvia: Pectinidae). Pp. 1–73 in S. E.
Shumway, ed. Scallops: biology, ecology and aquaculture. El-
sevier, New York.

———. 1993. The evolution of ‘‘Chlamys’’ (Mollusca: Bivalvia:
Pectinidae) in the tropical western Atlantic and eastern Pacif-
ic. American Malacological Bulletin 10:195–249.

Weaver, C. E., R. S. Beck, M. N. Bramlette, S. A. Carlson, L. C.

Forrest, R. Frederic, R. M. Kleinpell, W. C. Putnam, N. L. Tal-
iaferro, R. R. Thorup, W. A. Ver Weibe, and E. A. Watson. 1944.
Correlation of the marine Cenozoic formations of western
North America (chart no. 11). Geological Society of America
Bulletin 55:569–598.

Webb, C. O., and N. C. A. Pitman. 2002. Phylogenetic balance
and ecological evenness. Systematic Biology 51:898–907.

Woodring, W. P., M. N. Bramlette, and W. S. W. Kew. 1946. Ge-
ology and paleontology of Palos Verdes Hills, California. U.S.
Geological Survey Professional Paper 207.


