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Environmental determinants of extinction selectivity
in the fossil record
Shanan E. Peters1

The causes of mass extinctions and the nature of biological
selectivity during extinction events remain central questions in
palaeobiology. Although many different environmental perturba-
tions have been invoked as extinction mechanisms1–3, it has long
been recognized that fluctuations in sea level coincide with many
episodes of biotic turnover4–6. Recent work supports the hypo-
thesis that changes in the areas of epicontinental seas have influ-
enced the macroevolution of marine animals7,8, but the extent to
which differential environmental turnover has contributed to
extinction selectivity remains unknown. Here I use a new com-
pilation of the temporal durations of sedimentary rock packages
to show that carbonate and terrigenous clastic marine shelf
environments have different spatio-temporal dynamics and that
these dynamics predict patterns of genus-level extinction, extinc-
tion selectivity and diversity among Sepkoski’s Palaeozoic and
modern evolutionary faunae9. These results do not preclude a
role for biological interactions or unusual physical events as dri-
vers of macroevolution, but they do suggest that the turnover of
marine shelf habitats and correlated environmental changes have
been consistent determinants of extinction, extinction selectivity
and the shifting composition of the marine biota during the
Phanerozoic eon.

One of the most striking features of the Phanerozoic fossil record
of marine animals is a shift in the relative taxonomic richness of
clades that first appeared early in the Palaeozoic era. Sepkoski sum-
marized this transition by identifying three evolutionary faunae, each
composed of Linnaean classes with covarying diversity trajectories9,
broadly similar ecologies9–11, and comparable mean rates of taxo-
nomic turnover12. The Palaeozoic evolutionary fauna, which is typi-
fied by low-biomass, epibenthic suspension feeders, was dominant
during the Palaeozoic (Fig. 1a) and has higher and more variable rates
of extinction (Fig. 1b) than the modern evolutionary fauna, which is
typified by mobile infaunal suspension feeders and grazers9–12 (see
Methods). Selective extinction with respect to evolutionary fauna is
prominent at the end-Permian mass extinction, but other time inter-
vals also show differential rates of extinction (Fig. 1b).

Explanations for the transition between the Palaeozoic and mod-
ern evolutionary faunae have focused on biological interactions. For
example, Sepkoski modelled evolutionary fauna diversity dynamics
using coupled logistic equations that assume negative ecological
interactions12, but tests of this hypothesis fail at the genus level13,14.
The diversification of the modern evolutionary fauna and the decline
of the Palaeozoic evolutionary fauna has also been linked to increas-
ing predation intensity during the Phanerozoic15,16, but this hypo-
thesis is not supported by genus occurrence data17, nor does it predict
the observed extinction selectivity (Fig. 1b). High rates of Palaeozoic
evolutionary fauna extinction at the end-Permian mass extinction
have been attributed to ecological factors and causally linked to the
rise of the modern evolutionary fauna12,13,18–20, but this does not

explain longer-term shifts in evolutionary fauna dominance or
selective extinction in other time intervals (Fig. 1).

Here I explore the hypothesis that patterns of extinction and
extinction selectivity among the evolutionary faunae are linked, by
means of differential environmental tolerances, to spatio-temporal
dynamics in two types of marine shelf environments: those with sedi-
ments derived from the physical erosion of land (siliciclastics), and
those with sediments precipitated as calcium carbonate (carbonates),
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Figure 1 | Palaeozoic and modern evolutionary fauna genus diversity and
extinction. a, Total number of genera. b, Per-capita, per-interval extinction
rates. Error bars show 95% binomial confidence limits. Major mass
extinctions are labelled (O/S, end-Ordovician; D, late-Devonian; P/T, end-
Permian; Tr/J, end-Triassic; K/Pg, end-Cretaceous). O, Ordovician; S,
Silurian; D, Devonian; C, Carboniferous; P, Permian; Tr, Triassic; J, Jurassic;
K, Cretaceous; Pg, Palaeogene; Ng, Neogene. Myr ago, million years ago.
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ESCALATION AND EXTINCTION SELECTIVITY: MORPHOLOGY VERSUS ISOTOPIC
RECONSTRUCTION OF BIVALVE METABOLISM
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Abstract. Studies that have tested and failed to support the hypothesis that escalated species (e.g., those with predation-
resistant adaptations) are more susceptible to elimination during mass extinctions have concentrated on the distribution
and degree of morphological defenses in molluscan species. This morphological approach to determining level of
escalation in bivalves may be oversimplified because it does not account for metabolic rate, which is an important
measure of escalation that is less readily accessible for fossils. Shell growth rates in living bivalves are positively
correlated with metabolic rate and thus are potential indicators of level of escalation. To evaluate this approach, we
used oxygen isotopes to reconstruct shell growth rates for two bivalve species (Macrocallista marylandica and Glossus
markoei) from Miocene-aged sediments of Maryland. Although both species are classified as non-escalated based on
morphology, the isotopic data indicate that M. marylandica was a faster-growing species with a higher metabolic rate
and G. markoei was a slower-growing species with a lower metabolic rate. Based on these results, we predict that
some morphologically non-escalated species in previous tests of extinction selectivity should be reclassified as escalated
because of their fast shell growth rates (i.e., high metabolic rates). Studies that evaluate the level of escalation of a
fauna should take into account the energetic physiology of taxa to avoid misleading results.

Key words. Escalation, extinction selectivity, isotopes, metabolism, predation, shell growth rates.
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A fundamental question in macroevolution is whether there
are long-term, predictable patterns or trends in the history of
life (Gould 1985, 1990; Vermeij 1987, 1999). Implicit in this
question are two significant and related issues: the role of
biotic and abiotic factors in evolution, and the effect of mass
extinctions, including their selectivity, on evolution. Two
end-member points of view on these questions have been
articulated most forcefully by Vermeij (e.g., 1987, 1994,
1995, 1996, 1999) and Gould (e.g., 1985, 1988, 1989, 1990;
Gould and Eldredge 1993).
The hypothesis of escalation (Vermeij 1987, 1994, 1999),

which recognizes long-term directionality in the history of
life, places primary emphasis on the role of ecological in-
teractions in evolution. According to the hypothesis of es-
calation, the most important agents of selection among in-
dividual organisms are enemies (predators, competitors, and
dangerous prey). Vermeij (1987) argued that such biological
hazards as competition and predation have increased during
geologic time and that, consequently, adaptations to these
hazards have become better expressed. Vermeij supported
this hypothesis by documenting increases in frequency of
escalated species through time (e.g., among shelled molluscs;
those with higher metabolic rates, greater mobility, or stron-
ger armament including thick, highly ornamented shells and
tight valve closure in bivalves).
According to Vermeij (1987, 1995), although ecological

interactions produce escalation, the pace and degree of es-
calation are controlled by physical factors, particularly avail-
ability of resources. During times of abundant resources (nu-
trients, space), populations are able to expand and escalation
occurs; Vermeij (1995) attributed episodes of escalation in

the early Paleozoic and late Mesozoic to expansion of re-
sources (see also Allmon and Ross 2001 for discussion of
the linkage between nutrients and evolution). Reciprocally,
Vermeij argued that mass extinctions related to cooling, re-
gression, or loss of primary productivity will interrupt the
process of escalation. Vermeij (1987) suggested that highly
escalated species (e.g., mollusc species with antipredatory
adaptations such as thick shells or heavy ornamentation) will
be more susceptible than non-escalated species to elimination
by mass extinctions that are caused by cooling or other factors
that inhibit primary production. Escalated species were con-
sidered more vulnerable to interruptions in primary produc-
tivity because many characteristics that allow individuals to
cope with enemies require high metabolic rates and thus an
uninterrupted food supply (Vermeij 1987).
Vermeij’s view downplays the role of mass extinctions in

evolution, despite their selectivity. According to Vermeij,
although mass extinctions preferentially eliminate highly es-
calated prey, ‘‘reversals in the fortunes of high-energy en-
tities [i.e., highly escalated clades] are temporary and brief’’
(Vermeij 1999, p. 249). Thus mass extinctions do not den-
igrate the overall directionality imposed on life by the in-
equalities of ecological interactions in the context of a fa-
vorable environment (Vermeij 1999).
In contrast, Gould (1985, 1990) minimized the role of eco-

logical interactions, and therefore long-term directionality,
in macroevolution. Gould (1985) argued for a hierarchy of
processes that control evolution (i.e., ‘‘tiers’’ of selection).
Ecological interactions may be important at the level of nat-
ural selection among organisms (Gould’s first tier). However,
according to Gould, adaptation at the level of individuals is
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ABSTRACT 
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Planktonic foraminifera have radiated three times since the mid-Cretaceous and independently evolved similar morphological 
groups and patterns of species longevity in each diversification. All morphological groups include substantial numbers of short- 
ranging species, but only some groups include large numbers of long-ranging taxa. The long ranges of these "extinction- 
resistant" taxa are unlikely to be due to systematic differences in geographic range, body size, or taxonomic practice. Instead, 
life history traits such as trophic ecology and factors influencing population structure are closely correlated with species 
longevity during each of the radiations. Generation time and reproductive output are correlated with longevity in living species 
but the significance of these factors for extinct taxa is unknown. Other variables such as depth distribution are inversely 
correlated with longevity in Neogene and Cretaceous biotas, but not in Paleogene foraminifera. Perhaps the ability to use a 
wide variety of food types and maintenance of large populations contribute to extinction resistance. It is possible that these 
traits are correlated with life in geologically persistent watermasses. Indeed, long-ranging species are concentrated in geologically 
old, stable environments in the oligotrophic gyres and waters below the thermocline. In contrast, species that live in ephemeral 
boundary layers are frequently short-ranging. It may be the stability and trophic conditions in water-masses have been the 
ultimate arbitrators of species longevity. 

Introduction 

Extinction rates are known to display consider- 
able variation across all levels in the taxonomic 
hierarchy. Clades with high rates of turnover, like 
Mesozoic ammonoids, are characterized by 'boom- 
bust' cycles of diversification, while groups with 
lower rates of turnover may persist at low species 
diversity over long time spans. The purpose of this 
paper is to examine the relationship between the 
ecology and longevity of different morphologic 
and taxonomic groups. We wish to know how 
ecological differences between morphological 
groups affect the susceptibility of species to 
extinction. 

The high resolution fossil record of planktonic 

Correspondence to: R.D. Norris, Woods Hole Oceanographic 
Institution, Woods Hole, MA 02543, USA. 

foraminifera is uniquely suited for deducing the 
ecological controls on patterns of extinction and 
survivorship. Planktonic foraminifera display large 
variations in longevities across both taxonomic 
and morphologic groups which can be analyzed at 
the species level. For instance, Norris (1986, 1990, 
1991b) showed that morphologic groups of fora- 
minifera consistently evolved similar patterns of 
species longevity within each of their major radia- 
tions. Indeed, even taxa that evolved similar skele- 
tal shapes independently often have statistically 
identical geologic ranges. These results suggest that 
morphologic groups may share ecologic character- 
istics that regulate their susceptibility to extinction. 
Likewise, Stanley et al. (1988) observed substantial 
differences in turnover rates between two major 
clades of Neogene planktonic foraminifera. These 
authors inferred that systematic differences in pop- 
ulation structure were responsible for the varia- 
tions in turnover between the two clades. 

0031-0182/92/$0500 ~ 1992 - -  Elsevier Science Publishers B.V. All rights reserved. 

Selectivity of End-Cretaceous Marine 
Bivalve Extinctions 

David Jablonski* and David M. Raup 
Analyses of the end-Cretaceous or Cretaceous-Tertiary mass extinction show no selec- 
tivity of marine bivalve genera by life position (burrowing versus exposed), body size, 
bathymetric position on the continental shelf, or relative breadth of bathymetric range. 
Deposit-feeders as a group have significantly lower extinction intensities than suspen- 
sion-feeders, but this pattern is due entirely to low extinction in two groups (Nuculoida 
and Lucinoidea), which suggests that survivorship was not simply linked to feeding mode. 
Geographically widespread genera have significantly lower extinction intensities than 
narrowly distributed genera. These results corroborate earlier work suggesting that some 
biotic factors that enhance survivorship during times of lesser extinction intensities are 
ineffectual during mass extinctions. 

T h e  major mass extinctions of the geologic 
past are becoming increasingly well docu- 
mented, but patterns of selectivity remain 
poorly known. Selective survival, mediated 
by differences in environment, physiology, 
or life habits, might be a key to identifying 
the proximate causes of mass extinction and 
understanding the role of mass extinctions in 
large-scale evolutionary change (1 -3). The 
Cretaceous-Tertiary (K-T) mass extinction, 
which caused a 70 to 80% reduction in 
marine biodiversity at the species level and a 
50% reduction at the genus level (4), has 
received the most intensive study and thus 
affords the best opportunity to test for pat- 
terns of differential survival. In this report, 
we tested for patterns of selectivity related to 
life habits and distributional attributes, using 
a global database on K-T marine bivalves (5) 
and a subsidiary database on K-T marine 
bivalves and gastropods in the Gulf and At- 
lantic Coastal Plain (1,  6). 

Our global database consists of 3473 oc- 
currences of 347 genera of bivalve mollusks 
from 105 ~aastrGhtian (uppermost Creta- 
ceous) assemblages (5). The faunal lists 
were drawn for the most part from pub- 
lished sources but have been updated and 
revised on the basis of consultation with 
experts on subgroups or specific geographic 
areas and on examination of museum col- 
lections, to minimize taxonomic and strati- 
graphic inconsistencies. The subsidiary da- 
tabase (Gulf and Atlantic Coastal Plain of 
North America) contains perhaps the best 
preserved and most diverse Maastrichtian 
molluscan faunas in the world (1, 6, 7). 

As in (5), we have not subdivided the 
Maastrichtian interval in this analysis, .be- 
cause samples rigorously confined to assem- 
blages of latest Maastrichtian age would be 
too few and too scattered for meaningful 

statistical analysis. Thus, our results apply 
to extinction at the K-T boundarv event 
only to the extent that genus-level bivalve 
extinctions were concentrated at the end of 
the Maastrichtian stage. Although dilution 
by extinction within the Maastrichtian is 
probably minor, some extinctions, such as 
that of inoceramids (8) and perhaps rudists 
(9), may have preceded the K-T event and 
thus may blur our results. However, in the 
well-studied faunas of the North American 
Coastal Plain and Northern Europe, bivalve 
diversitv remains constant before and after 
the loss of inoceramids, which suggests that 
this enigmatic decline was not associated 
with a more general faunal turnover (1 0). 
The total extinction of the tropical plat- 
form-dwelling rudists contrasts so strongly 
with the milder extinction intensities of 

Table 1. Extinction intensities in K-T bivalves and 
one gastropod family, with 95% confidence limits 
given in parentheses (32). Rudists (n = 50 genera) 
were excluded from all analyses. The exclusion of 
seven inoceramid genera decreases epifaunal ex- 
tinction intensities to 50% (40 to 60%) and reduc- 
es suspension-feeding extinction intensities to 
60% (54 to 66%). Aporrhaid gastropod extinction 
data are from Roy (29). Poromyoidean bivalves, 
inferred to be carnivores by analogy to extant rel- 
atives, show an extinction intensity of 29% (0 to 
64%) (n = 7 genera). 

Strategy 
and taxa 

Living position 
lnfaunal 
Epifaunal 

Feeding strategy 
Suspension 
Deposit 

De~osit-feeding taxa 

Extinction 
intensities 

n (%) (95% 
confidence 

limit) 

198 58 (51 to 67%) 
99 54 (44 to 64%) 

' ~uculoida 
Department of the Geophysical Sciences, University of 

13 15 (Oto37%) 
Chicago, 5734 South Ellis Avenue, Chicago, IL 60637, Lucinoidea 15 20 (1 to 42%) 
,,..A Tellinidae 12 58 (30 to 86%) 
Van. Aponhaidae 25 76 (58 to 92%j 
'To whom carrespondence should be addressed. 

other tropical (and nontropical) bivalves 
(5) that they too appear to present an 
anomalous group. In order to minimize 
these artifacts, we excluded inoceramids 
and rudists from our analysis. 

The analysis was also run with and with- 
out a possible relict fauna of Cretaceous 
mollusks in earliest Tertiary strata of north- 
em Alaska (1 1). Inclusion of this fauna 
converts only four genera from victim to 
survivor status and does not affect the sta- 
tistical results. In this report, we treated the 
four genera as survivors. 

Several investigators have recorded dif- 
ferences in extinction rates between infau- 
nal organisms (for example, burrowing bi- 
valves such as quahogs and chenystones) 
and those that live epifaunally (for exam- 
ple, surfacedwelling bivalves such as scal- 
lops and oysters) (12-14). When rudists are 
excluded, K-T extinction intensities do not 
differ significantly between infauna and 
epifauna (Table 1). 

Several studies have concluded on the- 
oretical or empirical grounds that large- 
bodied forms are more vulnerable to ex- 
tinction than small-bodied forms (1 5, 16). 
For K-T bivalve genera, however, victims 
and survivors do not differ significantly in 
their frequency distribution of sizes (Fig. 
I). Significant differences in survivorship 
are absent even for the smallest size class 
(with shells < I  cm); the smallest bivalves 

I 1 1 G 15 
Size (cm) 

Size (cm) 

Fig. 1. Body size of victims (A) and survivors (B) of 
K-T mass extinction. The size for each genus was 
calculated as the geometric mean of length times 
height [following Stanley (7311 for the largest Maas- 
trichtian specimen in the literature or collections of 
the U.S. Geological Survey and the Natural Histo- 
ry Museum, London. Some genera are omitted 
because of a lack of reliable size data. When rud- 
ists (hatched boxes) are excluded, the two distri- 
butions are not significantly dierent, with or with- 
out inoceramids (open boxes), on the basis of a 
Kolmogorov-Smimov test. 
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Direct and indirect effects of biological factors on
extinction risk in fossil bivalves
Paul G. Harnik1
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Biological factors, such as abundance and body size, may contrib-
ute directly to extinction risk and indirectly through their influence
on other biological characteristics, such as geographic range
size. Paleontological data can be used to explicitly test many of
these hypothesized relationships, and general patterns revealed
through analysis of the fossil record can help refine predictive
models of extinction risk developed for extant species. Here, I use
structural equation modeling to tease apart the contributions of
three canonical predictors of extinction—abundance, body size,
and geographic range size—to the duration of bivalve species in
the early Cenozoic marine fossil record of the eastern United
States. I find that geographic range size has a strong direct effect
on extinction risk and that an apparent direct effect of abundance
can be explained entirely by its covariation with geographic range.
The influence of geographic range on extinction risk is manifest
across three ecologically disparate bivalve clades. Body size also
has strong direct effects on extinction risk but operates in opposing
directions in different clades, and thus, it seems to be decoupled
from extinction risk in bivalves as a whole. Although abundance
does not directly predict extinction risk, I reveal weak indirect
effects of both abundance and body size through their positive
influence on geographic range size. Multivariate models that
account for the pervasive covariation between biological factors
and extinction are necessary for assessing causality in evolutionary
processes and making informed predictions in applied conser-
vation efforts.

macroecology | macroevolution | Paleogene | Bivalvia | multigroup analysis

All species eventually go extinct, and biological correlates of
extinction risk have been the focus of many studies of extant

and extinct taxa (1–4). Most studies have analyzed biological
factors separately, tacitly assuming independence among them.
However, few biological characteristics are independent, and
unaccounted for covariation confounds causal interpretation,
weakens the power of predictive models, and inhibits successful
synthesis. In addition, most studies have considered only the
direct effects of biological factors on extinction. However, factors
can contribute both directly and indirectly through their in-
fluence on other more proximal biological characteristics, and
thus, accounting for indirect effects can be important when
assessing the relative influence of multiple factors (5–7).
Here, I investigate the direct and indirect effects of multiple

biological factors on extinction risk using the early Cenozoic
marine fossil record of the eastern United States. I focus on the
contributions of abundance, body size, and geographic range size
to the observed stratigraphic range (termed duration hereafter)
of species. Measures of geographic range and abundance are
commonly used to set conservation priorities (8), and empirical
support exists for the influence of both on extinction risk over
geologic time scales (9–14). Body size is also widely believed to
influence extinction risk, although support is equivocal (15–19).
These three factors often covary, although most of our un-
derstanding of these relationships is restricted to extant birds and
mammals (20, 21), and little is known about their variation over
evolutionary time. Abundance, body size, and geographic range

are dynamic attributes, and for this study, I use maximum abun-
dance, maximum body size, and cumulative geographic range size.
Marine bivalves are well-suited for testing models relating

biological factors to extinction risk over a range of spatial and
temporal scales. The bivalve fossil record is relatively complete
(22) and preserves ecological data such as relative abundance
with considerable fidelity (23–25). Extensive research on the
Paleogene (65.5–28.4 mya) sedimentary deposits of the US Gulf
and Atlantic Coastal Plains has generated a well-resolved taxo-
nomic (26, 27) and stratigraphic framework (28, 29) in which to
conduct these analyses.
Using species in three ecologically disparate superfamilies of

marine bivalves (the shallow infaunal Carditoidea, epifaunal
Pectinoidea, and shallow to deep infaunal Veneroidea), I ask
three questions. (i) What are the direct effects of abundance,
body size, and geographic range size on the duration of species,
and do estimates of these effects change when covariation be-
tween factors is taken into account? (ii) Do abundance and body
size contribute indirectly to species duration through their in-
fluence on geographic range size? (iii) Do biological correlates
of duration vary markedly among clades?

Results
Linear regression models were used to assess the direct effects of
biological factors on extinction risk. When each factor is con-
sidered separately (Fig. 1A and Table 1), geographic range size
exerts the strongest direct effect on the duration of bivalve
species. Species with larger geographic ranges persisted over
longer intervals of time than those species with smaller geo-
graphic ranges. Abundance also positively affects species dura-
tion, although its influence is weaker. In contrast, body size has
no measurable direct effect on duration. These results are robust
to distributional assumptions, remaining when nonparametric
rank order correlation is used to assess the association between
biological factors and duration (Table S1).
The relative strengths of these direct effects are confounded

by the lack of independence between factors. Abundance is
positively correlated with geographic range size (Spearman ρ =
0.36, P < 0.05) as are body size and geographic range (Spearman
ρ = 0.19, P = 0.05). Abundance negatively covaries with body
size in some marine and terrestrial systems (30, 31), but this
relationship depends on the spatial and phylogenetic scale of
analysis (32, 33). Across species in the three superfamilies ana-
lyzed here, abundance and body size are only weakly coupled
(Spearman ρ = 0.17, P = 0.07).
To measure the unique direct effect of each biological factor

on species duration, I used multiple linear regression. Abun-
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ABSTRACT
Patterns of taxonomic and ecologic selectivity are the most direct 

record of processes infl uencing survival during background and 
mass extinctions. The Guadalupian (Capitanian) and end-Permian 
(Changhsingian) extinctions have both been linked to environmental 
degradation from eruption of large fl ood basalts; however, the extent 
to which taxonomic selectivity conforms to the expected stresses 
remains incompletely understood because many of the relevant bio-
logical traits are mutually correlated. Here we use a large occurrence-
based database to quantify extinction selectivity during background 
and mass extinction intervals from the Kungurian (latest Early 
Permian) to Changhsingian. Our multiple logistic regression analysis 
confi rms that the end-Permian extinction was a physiological crisis, 
selecting against genera with poorly buffered respiratory physiology 
and calcareous shells. Genera with unbuffered physiology also fared 
poorly in the Guadalupian extinction, consistent with recognition of 
a pronounced crisis only among protists and reef-builders and imply-
ing similar respiratory physiological stresses. Despite sharing a simi-
lar trigger, the end-Permian extinction was considerably more severe 
than the Guadalupian or other Phanerozoic physiological crises. Its 
magnitude may have resulted from a larger environmental pertur-
bation, although the combination of warming, hypercapnia, ocean 
acidifi cation, and hypoxia during the end-Permian extinction likely 
exacerbated the crisis because of the multiplicative effects of those 
stresses. Although ocean carbon cycle and evolutionary changes have 
reduced the sensitivity of modern ecosystems to physiological stresses, 
extant marine invertebrates face the same synergistic effects of mul-
tiple stressors that were so severe during the end-Permian extinction.

INTRODUCTION
Extinction selectivity is a powerful control on macroevolution-

ary pattern and can often serve as a fi ngerprint for underlying causes. 
The end-Permian mass extinction was the most severe extinction event 
of the Phanerozoic (Raup and Sepkoski, 1982), causing dramatic and 
permanent shifts in the taxonomic and ecological structure of marine 
ecosystems (Bambach et al., 2002; Wagner et al., 2006). The differential 
impact of the end-Permian extinction on brachiopods relative to bivalves 
has long been known (e.g., Gould and Calloway, 1980; Sepkoski, 1981). 
Knoll et al. (1996, 2007; see also Kiessling and Simpson, 2011) have 
since shown that end-Permian extinction risk varied substantially across 
major marine animal clades as a function of respiratory and skeletal 
physiology. From these fi ndings, Knoll et al. (2007) proposed that end-
Permian extinction was primarily physiological in nature, resulting from 
the combined stresses of increased pCO2 and temperature and reduced 
pO2 and carbonate saturation.

Despite the strong association between physiology and extinction 
risk, the extent to which the end-Permian extinction resulted from direct 
physiological stress remains incompletely understood for two reasons. 
First, ecological and physiological variables are often mutually correlated, 
leading many variables to correlate with extinction risk when considered 

independently. Second, recent improvements to correlation of the Perm-
ian time scale and improved sampling of the Late Permian fossil record 
have vastly expanded the number of genera known from the Changhsin-
gian, from 443 including all range-through taxa (Knoll et al., 2007) to 701 
sampled-in-bin genera here, including many that were previously consid-
ered victims of a Guadalupian extinction event (Clapham et al., 2009). 
Consequently, reanalysis is required to determine the extent to which end-
Permian selectivity deviates from preceding stages.

Understanding the role of physiological stresses in marine extinc-
tions is particularly important because a number of major and minor 
biotic crises were caused by physiologically linked environmental per-
turbations similar to those faced by the modern marine fauna (Kiessling 
and Simpson, 2011). Hypoxic conditions, one potential contributor to the 
end-Permian mass extinction (Wignall and Twitchett, 1996; Grice et al., 
2005), are expanding in modern ocean “dead zones” (Diaz and Rosen-
berg, 2008). At the same time, rapidly increasing pCO2, also associated 
with numerous biotic crises (Wignall, 2001; Payne et al., 2010; Kiessling 
and Simpson, 2011), is exacerbating respiratory stress in those hypoxic 
settings (Pörtner et al., 2005; Brewer and Peltzer, 2009) and negatively 
impacting shell production in many calcifying groups via ocean acidifi ca-
tion (Caldeira and Wickett, 2003).

METHODS
We use a database of nearly 50,000 marine invertebrate fossil occur-

rences from 8900 collections to examine physiological, mineralogical, and 
ecological infl uences on genus-level extinction risk during the end-Perm-
ian (Changhsingian) and Guadalupian (Capitanian) extinctions. Extinction 
during the Changhsingian is assessed from occurrences in nearly 1900 
Triassic collections, supplemented by data from the Paleobiology Data-
base (http://www.paleodb.org). We further examine extinction selectivity 
during the other latest Early to Late Permian stages (Kungurian, Road-
ian, Wordian, and Wuchiapingian) to compare extinction patterns against 
a historical baseline. Species richness per genus (excluding occurrences in 
open nomenclature), abundance (number of occurrences), and geographic 
range (number of equal-area geographic bins occupied) were determined 
separately in each stage. Species richness was included in our analyses 
because genus-level traits such as abundance and geographic range are 
confounded by the number of species per genus. Physiology, skeletal 
mineralogy, and life habit were assumed to be constant over the lifetime 
of a genus. Although an organism’s ability to buffer intracellular condi-
tions and shell calcifi cation against changes in ambient water chemistry 
is highly variable within clades, even at the species or genus level (Wid-
dicombe and Spicer, 2008; Kroeker et al., 2010), we followed Kiessling 
and Simpson (2011) and Knoll et al. (1996, 2007) in classifying genera 
broadly as having well-buffered (active) or poorly buffered (passive) phys-
iology. Well-buffered groups include bivalves, gastropods, cephalopods, 
ostracods, and trilobites, whereas corals, sponges, brachiopods, bryozo-
ans, and crinoids were considered to have a poorly buffered physiology. 
Skeletal mineralogy was coded as aragonite, calcite (including biminer-
alic shells), or noncarbonate (chitin, phosphate, silica). Because infaunal 
taxa may experience and thus have adaptations for physiological stresses 
such as hypoxia or hypercapnia, each genus was classifi ed as infaunal or 
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Epicontinental Seas Versus
Open-Ocean Settings: The Kinetics of
Mass Extinction and Origination
Arnold I. Miller1* and Michael Foote2

Environmental perturbations during mass extinctions were likely manifested differently in
epicontinental seas than in open-ocean–facing habitats of comparable depth. Here, we present a
dissection of origination and extinction in epicontinental seas versus open-ocean–facing coastal
regions in the Permian through Cretaceous periods, an interval through which both settings are
well represented in the fossil record. Results demonstrate that extinction rates were significantly
higher in open-ocean settings than in epicontinental seas during major mass extinctions but not at
other times and that origination rates were significantly higher in open-ocean settings for a protracted
interval from the Late Jurassic through the Late Cretaceous. These patterns are manifested even
when other paleogeographic and environmental variables are held fixed, indicating that
epicontinental seas and open-ocean–facing coastlines carry distinct macroevolutionary signatures.

Throughout the global history of Phanero-
zoic marine life, patterns of diversification
and extinction varied substantially among

different regions such as paleocontinents (1–4)
and latitudinal belts (5). However, the primary
geographic and environmental dichotomy recog-
nized among ancient shallow-marine settings
is the distinction between epicontinental seas,
which covered broad regions of ancient continents
duringmuch of the Paleozoic era but began towane
thereafter, and open-ocean–facing coastlines,
which became increasingly important through
theMesozoic and Cenozoic eras and rim present-
day continents (6, 7). Because they extended over
unusually broad areas with water depths typically
less than 100 m, epicontinental seas were likely
characterized by sluggish circulation in compar-
ison to coastal settings of comparable depths that

faced the open ocean (8, 9), and this may have had
important ramifications for taxonomic origination
and extinction (6, 10). Potential mass extinction
agents were probably manifested differently in
the two settings. In epicontinental seas, for exam-
ple, drops in sea level would have been more
lethal because of the rapid subaerial exposure
of unusually large expanses of shallow seafloor
(11, 12), and biotas there may also have been
more susceptible to bottom-water anoxia because
of relatively poor circulation and enhanced strat-
ification (13). By contrast, shallow open-ocean–
facing settings may have been affected more
profoundly in cases where waterborne lethal ef-
fects emanated from point sources, such as im-
pacts or volcanic events, the propagation of which
may have been inhibited in epicontinental seas
because of sluggish circulation.

Here, we contrast the kinetics of extinction
and origination in epicontinental seas versus shal-
low ocean-facing settings during the Permian
through theCretaceous periods, an interval through
which both settings are well represented in the
fossil and sedimentary records. Global occurrences

of marine genera were extracted from the Paleo-
biology Database [PaleoDB (14)] for a set of
stage-level stratigraphic units that span the study
interval. We used global paleogeographic maps
(e.g., fig. S1) to demarcate the boundaries of epi-
continental seas for each stage (15), andwemapped
individual occurrences of marine genera in each
stage with respect to these two settings on the
basis of their paleogeographic locations. These, in
turn, were used to parse the roster of 7868 genera
into those with affinities for either epicontinental
seas or ocean-facing settings in cases where a sta-
tistical preponderance of occurrences for a given
genus was located in one regime or the other
(15, 16). In all, 3432 genera were assignable on
this basis, and, of these, 3418 had first and last
appearances that were stratigraphically resolvable
to the stage level. Patterns of extinction and origi-
nation were then compared stage by stage through
the study interval for genera with affinities for each
of the two regimes, on the basis of their first and
last appearances as depicted in the PaleoDB.

Comparative per capita extinction rates (17)
through the study interval (Fig. 1A) document a
striking pattern. Whereas there was virtually no
difference in average extinction intensity between
the two regimes, open-ocean–facing settings ex-
hibited significantly higher extinction rates during
the three most profound mass extinctions in the
study interval: the end-Permian, end-Triassic, and
end-Cretaceous events. This suggests that ocean-
facing settingsweremore susceptible to the agents
of extinction in these events.

In contrast, the penultimate stage of the Per-
mian, the Guadalupian, exhibited a significantly
higher extinction rate among genera in epicon-
tinental seas than in open-ocean settings. This dif-
ference from the subsequent end-Permian event
and the two other major extinctions does not
demonstrate conclusively that it was caused by a
mechanism unique to that interval. Nevertheless,
sea-level regression has been implicated in the
Guadalupian extinctions because of the loss of
major shallow-water provinces (12), and its
relation to the suite of catastrophic mechanisms
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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TABLE 1. Ecologic categories for tiering, motility level, and feeding mechanism.

Ecologic category Description Examples

Tiering
1. Pelagic In the water column Many graptolites and fish
2. Erect Benthic, extending into the water mass Crinoids, some corals
3. Surficial Benthic, not extending significantly upward Most gastropods
4. Semi-infaunal Partly infaunal, partly exposed The bivalve Modiolus
5. Shallow infaunal Living in the top !5 cm of the sediment Many clams
6. Deep infaunal Living more than !5 cm deep in the sediment The clam Panope

Motility Level
1. Freely, fast Regularly moving, unencumbered Most fish and arthropods
2. Freely, slow As above, but strong bond to the substrate Gastropods, echinoids
3. Facultative, unattached Moving only when necessary, free-lying Many clams
4. Facultative, attached Moving only when necessary, attached Mussels
5. Non-motile, unattached Not capable of movement, free-lying Reclining brachiopods
6. Non-motile, attached Not capable of movement, attached Pedunculate brachiopods

Feeding Mechanism
1. Suspension Capturing food particles from the water Brachiopods, bryozoans
2. Surface deposit Capturing loose particles from a substrate Tellinid bivalves
3. Mining Recovering buried food Nuculid bivalves
4. Grazing Scraping or nibbling food from a substrate Many gastropods
5. Predatory Capturing prey capable of resistance Cephalopods
6. Other e.g., photo- or chemosymbiosis, parasites

FIGURE 1. Theoretical ecospace use cube. Each of the
216 boxes represents a ‘‘mode of life’’—a unique com-
bination of the tiering, motility, and feeding categories.

sil record, some ecologic properties of fossil
taxa can be determined with good reliability
from functional morphology and, when need-
ed, by analogy with living relatives in cases in
which the ecologic property can be considered
a synapomorphy for the higher taxon to which
the fossil belongs (e.g., palp probiscide feed-
ing for nuculid bivalves). We have chosen
three such variables that are essential for un-
derstanding how animals live and function in
ecosystems (and that are potentially deter-

minable for fossils) to define the axes of eco-
space (Table 1, Fig. 1). The first is tiering, the
position of an (adult) organism relative to the
sediment/water interface. This identifies the
setting where the animal lives and seeks re-
sources. Tiering is generally interpretable
from fossil material because the physical con-
ditions associated with a tier determine many
of the morphological features necessary for
success in that setting. The second variable in
our system is motility, the capability of an or-
ganism to move under its own power. Motility
is a prime factor governing the interactions
among organisms and the methods by which
an organism copes with stresses and distur-
bances. The ability to attach to a substrate was
considered as part of motility, because attach-
ment is a major way organisms control their
own movement. The abilities to move and at-
tach are often interpretable from analyses of
the functional morphology of fossil material
because they require physical structures that
often can be preserved or interpreted. All or-
ganisms require an input of energy and nu-
trients, so feeding mechanism is the final var-
iable that defines an axis in our ecospace. An
animal’s diet may be difficult to determine
from fossil material, but the mechanism by
which that food is acquired is a physical pro-
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FIGURE 2. Changes in the average relative abundances (based on specimen counts) of tiering (A), motility (B), and
feeding types (C) between mid-Paleozoic (461–359 Ma) and late Cenozoic (23–0.01 Ma) fossil assemblages. First
row: temperate Cenozoic assemblages. Second row: tropical Cenozoic assemblages from the Panama Paleontology
Project. Third row: Paleozoic assemblages. For the two Cenozoic data sets, the 95% error bars represent simple
sampling uncertainty, and they were calculated by a two-stage bootstrap procedure that resampled (with replace-
ment) both the specimens in each sample and the samples used to calculate each mean, thus adding together the
uncertainty generated by both stages of sampling (number of iterations ! 50,000). For the Paleozoic data (third
row), the error bars represent the range of values resulting from different assumptions about the strength of the
bias against aragonite preservation. The shaded bars show the bias-simulated results assuming that 40% of the
individuals in the average original community were aragonitic, a value we consider reasonable. The ‘‘taphonomic
error bars’’ encompass the raw data (bases of triangles; assumes no dissolution bias) and the bias-simulated data
for 70% aragonitic specimens (uncapped ends of lines). Although we consider this value to be unlikely as an average
case, we include it to be conservative and note that most of the patterns we describe would hold even if this value
were correct. The Paleozoic data do not have sampling error bars, but they would be of the same magnitude as
those shown for the Cenozoic data. Examples of the ecologic groups are shown below (from left to right: nautiloid,
crinoid, tabulate coral, bivalve, bivalve, bivalve; trilobite, gastropod, bivalve, bivalve, bivalve, brachiopod; bryozoan,
bivalve, bivalve, echinoid, gastropod; the ‘‘other’’ feeding type is not illustrated since it includes a variety of feeding
types).

ficial fauna (average of 39–44%), over half of
the individuals were semi-infaunal or infau-
nal by this time, with at least 46% in the shal-
low infauna in each Cenozoic data set (Fig.
2A). Numerically, bivalves drive this pattern
in our data, but by the Cenozoic, representa-

tives of many other groups also had adopted
infaunal modes of life (Thayer 1983). The low
abundance of pelagic animals in all data sets
(0–1%) reflects in part a preservational bias;
pelagic animals would have been present in
these settings, but they did not preserve as
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of body fossil occurrences, with only minimal
trace fossil representation, our results must be
interpreted entirely within the context of the
metazoan body fossil record.

Fossil-Rock Matching Procedure.—In order to
measure the intersection of the rock and fossil
records, it was necessary to match each
PaleoDB fossil collection to a specific litho-
stratigraphic rock unit in the macrostrati-
graphic database (Macrostrat). This was done
by using algorithms that could take advan-
tage of the underlying table structures in both
Macrostrat and the PaleoDB. For each fossil
collection, all of the rock units with a
stratigraphic name matching the collection’s
stratigraphic name(s) were retrieved. If more
than one rock unit in Macrostrat was identi-
fied as a potential match for that collection
(units with the same stratigraphic name can
appear in many stratigraphic columns), the
rock unit belonging to the column (Fig. 1A)
with the minimum great circle distance from
the PaleoDB collection coordinates was as-
signed as a tentative match. To reduce the
frequency of spurious matches and to prevent
fossil collections with greatly errant geo-
graphic coordinates from being included, no
matches exceeding 300 km were permitted.

Match results from this algorithmic proce-
dure were stored as key pairs in a separate
database table and no modification was made
to either the PaleoDB or Macrostrat entries.
All matches were assumed to apply through-
out the entire temporal range of the matched
rock unit. A schematic representation of the
matching procedure and the results for
stratigraphic columns in Wisconsin are
shown in Figure 2.

After the automatic matching procedure
was executed for (in sequential order) the

FIGURE 2. Example of fossil-collection matching proce-
dure. A, Map of the region around Wisconsin showing
location of PaleoDB collections and geologic columns.
Lines attached to collections show column matches. Note
that some fossil-collection coordinates are incorrect in the
PaleoDB. For example, the collections with coordinates
located near NMC 18 are on Cambrian and Precambrian
aged rock, but the collections are Ordovician in age.
These collections were assigned generic coordinates for
the geographic center of Wisconsin when they were
entered in the PaleoDB. Here, they have been matched to
the nearest columns that contain the appropriate rock

r

unit. B, Example portion of column NMC 15. Lithostrati-
graphic units are labeled by their name in Macrostrat.
Distinct stratigraphic name combinations for matched
PaleoDB fossil collections are shown in gray boxes. The
units to which name combinations have been matched are
indicated by arrows. Note variation in unit hierarchy (Gp,
Fm). In this example, 1/1 columns, 2/3 packages, and 12/
14 lithostratigraphic units have been matched. See text for
discussion and explanation.
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of body fossil occurrences, with only minimal
trace fossil representation, our results must be
interpreted entirely within the context of the
metazoan body fossil record.

Fossil-Rock Matching Procedure.—In order to
measure the intersection of the rock and fossil
records, it was necessary to match each
PaleoDB fossil collection to a specific litho-
stratigraphic rock unit in the macrostrati-
graphic database (Macrostrat). This was done
by using algorithms that could take advan-
tage of the underlying table structures in both
Macrostrat and the PaleoDB. For each fossil
collection, all of the rock units with a
stratigraphic name matching the collection’s
stratigraphic name(s) were retrieved. If more
than one rock unit in Macrostrat was identi-
fied as a potential match for that collection
(units with the same stratigraphic name can
appear in many stratigraphic columns), the
rock unit belonging to the column (Fig. 1A)
with the minimum great circle distance from
the PaleoDB collection coordinates was as-
signed as a tentative match. To reduce the
frequency of spurious matches and to prevent
fossil collections with greatly errant geo-
graphic coordinates from being included, no
matches exceeding 300 km were permitted.

Match results from this algorithmic proce-
dure were stored as key pairs in a separate
database table and no modification was made
to either the PaleoDB or Macrostrat entries.
All matches were assumed to apply through-
out the entire temporal range of the matched
rock unit. A schematic representation of the
matching procedure and the results for
stratigraphic columns in Wisconsin are
shown in Figure 2.

After the automatic matching procedure
was executed for (in sequential order) the

FIGURE 2. Example of fossil-collection matching proce-
dure. A, Map of the region around Wisconsin showing
location of PaleoDB collections and geologic columns.
Lines attached to collections show column matches. Note
that some fossil-collection coordinates are incorrect in the
PaleoDB. For example, the collections with coordinates
located near NMC 18 are on Cambrian and Precambrian
aged rock, but the collections are Ordovician in age.
These collections were assigned generic coordinates for
the geographic center of Wisconsin when they were
entered in the PaleoDB. Here, they have been matched to
the nearest columns that contain the appropriate rock

r

unit. B, Example portion of column NMC 15. Lithostrati-
graphic units are labeled by their name in Macrostrat.
Distinct stratigraphic name combinations for matched
PaleoDB fossil collections are shown in gray boxes. The
units to which name combinations have been matched are
indicated by arrows. Note variation in unit hierarchy (Gp,
Fm). In this example, 1/1 columns, 2/3 packages, and 12/
14 lithostratigraphic units have been matched. See text for
discussion and explanation.
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Macrostratigraphy

carbonate truncation than the modern evolutionary fauna is corre-
lated with either environment.

The inability of sampling bias to explain adequately environment–
evolutionary fauna correlations leaves two alternative hypotheses.

First, it is possible that genus last occurrences are taxonomic arte-
facts, and that the observed correlations reflect a tendency among
systematists to arbitrarily truncate continuous lineage segments dur-
ing times of environmental turnover. Although conceivable, this
hypothesis is unlikely because short-term variability in rates of
extinction would persist even if most lineages were artificially trun-
cated, provided that true lineage extinctions also result in genus last
occurrences (see Supplementary Information). The second, much
more probable, hypothesis is that both evolutionary fauna turnover
and shelf sedimentation share a common cause. The most plausible
mechanism is sea-level change and the resultant expansion and con-
traction of epicontinental seas, phenomena which are intimately
linked to tectonics via crustal uplift and subsidence, and to global
climate via temperature and continental ice volume.

Whatever the reasons for the close statistical similarities between
patterns of marine shelf sedimentation and rates of extinction among
Sepkoski’s Palaeozoic and modern evolutionary faunae, these results
must affect our understanding of large-scale patterns in the fossil
record. If the correlations reflect taxonomic artefacts, then extinction
rate estimates, including those at the major mass extinctions, require
substantial revision. If, instead, both selective biological extinction and
differential environmental turnover share a common cause, then
mechanisms for extinction and extinction selectivity gain important
new constraints. Although the ultimate explanation is likely to be more
complicated than a simple species area effect, these results do provide a
substantial measure of support for the intriguing and long-standing
hypothesis5,6 that changes in the areas of unique epicontinental sea
habitats, as well as correlated environmental effects, have consistently
influenced rates of extinction, extinction selectivity, and the shifting
composition of the marine biota during the Phanerozoic eon.

METHODS SUMMARY
Genus data derive from Sepkoski’s global compendium29 of marine animal
genera (http://strata.geology.wisc.edu/jack). Only genera with both range end-
points resolved to one of Sepkoski’s 63 post-Cambrian time intervals (stages)
were used. The evolutionary faunae were based on Sepkoski9 and partitioned as
follows. A total of 8,009 genera from Bivalvia, Echinoidea, Gastropoda,
Gymnolaemata and Malacostraca constitute the modern evolutionary fauna,
and 7,460 genera from Anthozoa, Articulata, Asteroidea, Blastoidea, Crinoidea
and Stenolaemata comprise the Palaeozoic evolutionary fauna. Together, these
two evolutionary faunae include more than 70% of all post-Cambrian genera in
Sepkoski’s compilation.

To estimate environmental preferences, global genus occurrences were down-
loaded from the Paleobiology Database (http://paleodb.org) marine invertebrate
working group on 7 September 2007. Multiple species from the same genus in a
collection were grouped together and subgenera were kept separate. Of 308,865
genus occurrences, 256,481 (83%) could be assigned to one of three evolutionary
faunae. Each collection was assigned to one of four lithologies (carbonate, sili-
ciclastic, mixed, unknown) on the basis of the primary and secondary lithology
fields (see Supplementary Information). Occurrences in mixed collections
(those with primary and secondary lithologies from two different environments)
were assigned one-half of an occurrence to each environment. Changing this
protocol does not substantively affect the results.

Macrostratigraphy is based on the temporal ranges of gap-bound rock
packages compiled separately for different geographical locations25. The correla-
tion charts of ref. 30 were used to compile the temporal ranges of surface and
subsurface rock packages at 541 locations in the United States (see
Supplementary Information). A total of 1,518 carbonate and 2,422 siliciclastic
packages were recognized. Reference 26 describes the survivorship-based rate
parameters calculated for both gap-bound rock packages and marine animal
genera.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | First differences in evolutionary fauna extinction rates versus
environmental truncation rates. a, Palaeozoic evolutionary fauna versus
carbonate. b, Modern evolutionary fauna versus siliciclastic. Linear product-
moment correlation coefficients, P-values and reduced major axis trend
lines are shown. The last Permian stage is omitted in a owing to low numbers
of carbonate packages (if included, r 5 0.815). See Table 1 for rank-order
correlations for all pairwise comparisons.

Table 1 | Spearman rank-order correlation coefficients

Lithofacies Raw extinction rates Corrected extinction
rates

North America
extinction rates

Palaeozoic evolutionary fauna
Carbonate* 0.752{ 0.686{ 0.747{
Siliciclastic 0.204 (NS) 0.106 (NS) 0.157 (NS)
Modern evolutionary fauna
Carbonate* 0.265 (NS) 0.061 (NS) 0.547{
Siliciclastic 0.409{ 0.451{ 0.406{

Data are de-trended (first differences) time series of genus extinction rates and environmental
truncation rates. Raw extinction rates are face-value extinction rates in Sepkoski’s compendium
(Fig. 1b). Corrected extinction rates are extinction rates corrected for variable and incomplete
sampling (mean of 194 pulsed model iterations26). North America extinction rates use only
genera occurring in North America according to the Paleobiology Database (,30% of genera
used to calculate raw extinction rates). Cross-correlations for carbonate–siliciclastic, 0.116*
(NS); Palaeozoic–modern evolutionary faunae, 0.675 (P , 0.0001). NS, not significant
(P $ 0.1137).
*Carbonate rates are constrained only in the Palaeozoic (Tremadocian–Guadalupian; n 5 27).
The last Permian stage (Tatarian) is omitted because of limited carbonate packages; including it
strengthens the correlation between carbonate and Palaeozoic evolutionary fauna (raw
extinction rates r 5 0.778). Correlations for siliciclastics include Tremadocian–Pliocene
(n 5 62).
{ P # 0.0043.
{ P # 0.0002.
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carbonate truncation than the modern evolutionary fauna is corre-
lated with either environment.

The inability of sampling bias to explain adequately environment–
evolutionary fauna correlations leaves two alternative hypotheses.

First, it is possible that genus last occurrences are taxonomic arte-
facts, and that the observed correlations reflect a tendency among
systematists to arbitrarily truncate continuous lineage segments dur-
ing times of environmental turnover. Although conceivable, this
hypothesis is unlikely because short-term variability in rates of
extinction would persist even if most lineages were artificially trun-
cated, provided that true lineage extinctions also result in genus last
occurrences (see Supplementary Information). The second, much
more probable, hypothesis is that both evolutionary fauna turnover
and shelf sedimentation share a common cause. The most plausible
mechanism is sea-level change and the resultant expansion and con-
traction of epicontinental seas, phenomena which are intimately
linked to tectonics via crustal uplift and subsidence, and to global
climate via temperature and continental ice volume.

Whatever the reasons for the close statistical similarities between
patterns of marine shelf sedimentation and rates of extinction among
Sepkoski’s Palaeozoic and modern evolutionary faunae, these results
must affect our understanding of large-scale patterns in the fossil
record. If the correlations reflect taxonomic artefacts, then extinction
rate estimates, including those at the major mass extinctions, require
substantial revision. If, instead, both selective biological extinction and
differential environmental turnover share a common cause, then
mechanisms for extinction and extinction selectivity gain important
new constraints. Although the ultimate explanation is likely to be more
complicated than a simple species area effect, these results do provide a
substantial measure of support for the intriguing and long-standing
hypothesis5,6 that changes in the areas of unique epicontinental sea
habitats, as well as correlated environmental effects, have consistently
influenced rates of extinction, extinction selectivity, and the shifting
composition of the marine biota during the Phanerozoic eon.

METHODS SUMMARY
Genus data derive from Sepkoski’s global compendium29 of marine animal
genera (http://strata.geology.wisc.edu/jack). Only genera with both range end-
points resolved to one of Sepkoski’s 63 post-Cambrian time intervals (stages)
were used. The evolutionary faunae were based on Sepkoski9 and partitioned as
follows. A total of 8,009 genera from Bivalvia, Echinoidea, Gastropoda,
Gymnolaemata and Malacostraca constitute the modern evolutionary fauna,
and 7,460 genera from Anthozoa, Articulata, Asteroidea, Blastoidea, Crinoidea
and Stenolaemata comprise the Palaeozoic evolutionary fauna. Together, these
two evolutionary faunae include more than 70% of all post-Cambrian genera in
Sepkoski’s compilation.

To estimate environmental preferences, global genus occurrences were down-
loaded from the Paleobiology Database (http://paleodb.org) marine invertebrate
working group on 7 September 2007. Multiple species from the same genus in a
collection were grouped together and subgenera were kept separate. Of 308,865
genus occurrences, 256,481 (83%) could be assigned to one of three evolutionary
faunae. Each collection was assigned to one of four lithologies (carbonate, sili-
ciclastic, mixed, unknown) on the basis of the primary and secondary lithology
fields (see Supplementary Information). Occurrences in mixed collections
(those with primary and secondary lithologies from two different environments)
were assigned one-half of an occurrence to each environment. Changing this
protocol does not substantively affect the results.

Macrostratigraphy is based on the temporal ranges of gap-bound rock
packages compiled separately for different geographical locations25. The correla-
tion charts of ref. 30 were used to compile the temporal ranges of surface and
subsurface rock packages at 541 locations in the United States (see
Supplementary Information). A total of 1,518 carbonate and 2,422 siliciclastic
packages were recognized. Reference 26 describes the survivorship-based rate
parameters calculated for both gap-bound rock packages and marine animal
genera.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | First differences in evolutionary fauna extinction rates versus
environmental truncation rates. a, Palaeozoic evolutionary fauna versus
carbonate. b, Modern evolutionary fauna versus siliciclastic. Linear product-
moment correlation coefficients, P-values and reduced major axis trend
lines are shown. The last Permian stage is omitted in a owing to low numbers
of carbonate packages (if included, r 5 0.815). See Table 1 for rank-order
correlations for all pairwise comparisons.

Table 1 | Spearman rank-order correlation coefficients

Lithofacies Raw extinction rates Corrected extinction
rates

North America
extinction rates

Palaeozoic evolutionary fauna
Carbonate* 0.752{ 0.686{ 0.747{
Siliciclastic 0.204 (NS) 0.106 (NS) 0.157 (NS)
Modern evolutionary fauna
Carbonate* 0.265 (NS) 0.061 (NS) 0.547{
Siliciclastic 0.409{ 0.451{ 0.406{

Data are de-trended (first differences) time series of genus extinction rates and environmental
truncation rates. Raw extinction rates are face-value extinction rates in Sepkoski’s compendium
(Fig. 1b). Corrected extinction rates are extinction rates corrected for variable and incomplete
sampling (mean of 194 pulsed model iterations26). North America extinction rates use only
genera occurring in North America according to the Paleobiology Database (,30% of genera
used to calculate raw extinction rates). Cross-correlations for carbonate–siliciclastic, 0.116*
(NS); Palaeozoic–modern evolutionary faunae, 0.675 (P , 0.0001). NS, not significant
(P $ 0.1137).
*Carbonate rates are constrained only in the Palaeozoic (Tremadocian–Guadalupian; n 5 27).
The last Permian stage (Tatarian) is omitted because of limited carbonate packages; including it
strengthens the correlation between carbonate and Palaeozoic evolutionary fauna (raw
extinction rates r 5 0.778). Correlations for siliciclastics include Tremadocian–Pliocene
(n 5 62).
{ P # 0.0043.
{ P # 0.0002.
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Extinction Selectivity

probability of extinction: q = 3 ÷ 8 = 0.375



probability of extinction: q = 3 ÷ 8 = 0.375

probability of survival:     p = 1 - q = 0.625

Extinction Selectivity



probability of extinction: q = 3 ÷ 8 = 0.375

probability of survival:     p = 1 - q = 0.625

odds of extinction:         q ÷ p = 0.375 ÷ 0.625 = 0.6
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probability of extinction: q = 3 ÷ 8 = 0.375

probability of survival:     p = 1 - q = 0.625

odds of extinction:         q ÷ p = 0.375 ÷ 0.625 = 0.6

log-odds of extinction:    ln(0.6) = -0.51
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Conclusions
• Multiple logistic regression is a simple, straightforward 

method for assessing risk associated with multiple factors

• Relatively little selectivity for size + tiering

• Carbonate-associated taxa have increased extinction risk 
and decreased odds of origination during the post-Jurassic

• Predators show consistent selectivity for extinction and 
origination, reflecting high turnover


