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Comparative geographic and environmental diversity dynamics
of gastropods and bivalves during the Ordovician Radiation

Philip M. Novack-Gottshall and Arnold I. Miller

Abstract.—Bivalves and gastropods, prominent members of the Modern Evolutionary Fauna, are
traditionally noted for sharing remarkably similar global diversity trajectories and environmental
distributions throughout the Phanerozoic. By comparing their fossil occurrences at several scales
within a finely resolved geographic, environmental, and temporal framework, it is possible to eval-
uate whether such similarities are caused primarily by intrinsic macroevolutionary factors or ex-
trinsic ecological factors. Using a database of 7779 global gastropod and bivalve genus occurrences,
we investigate the geographical and environmental attributes of bivalves and gastropods during
the Ordovician Period at scales ranging from global, to a comparison among five paleocontinents,
to an intracontinental comparison of four regions within Laurentia. Although both classes shared
statistically indistinguishable global diversity trajectories and broadly similar environmental dis-
tributions during the Ordovician, their environmental distributions differed in several significant
features. Furthermore, the diversity trajectories and environmental distributions of these classes
differed significantly among paleocontinents and among regions within Laurentia. Bivalves were
consistently most diverse in deeper water, siliciclastic-rich settings in higher-latitude paleoconti-
nents whereas gastropods were consistently most diverse in shallower, carbonate-rich settings in
more-equatorial paleocontinents. Notably, these environmental differences were robust to chang-
ing physical parameters within paleocontinents, with each class consistently tracking its preferred
environmental setting. These results suggest that environmental factors played significant, albeit
distinct, roles in the Ordovician diversifications of gastropods and bivalves. However, their similar
global diversity trajectories suggest that shared, intrinsic macroevolutionary attributes also may
have played an important role in the evolution of these classes during the Ordovician Radiation.
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Introduction

Given the wide variation in diversity trajec-
tories of marine groups through the Phaner-
ozoic, it is remarkable that gastropods and bi-
valves consistently show similar diversity tra-
jectories (Sepkoski 1981; Bambach 1985), back-
ground turnover rates at several taxonomic
scales (Stanley 1985; Raup and Boyajian 1988;
Valentine et al. 1991), and extinction rates dur-
ing mass extinctions (Erwin 1990). It is un-
likely that such overwhelming similarities are
mere coincidence: one may expect an intrinsic
or extrinsic cause. With such similarities, how-
ever, it is not surprising that the global Phan-
erozoic diversity histories of these classes cor-
relate when subjected to quantitative analyses
(Sepkoski 1981, 1984). Combined with their
prominence in the post-Paleozoic, these simi-
larities led to their characterization as domi-
nant members of the Modern Evolutionary
Fauna (Sepkoski 1981).

Implicit in Sepkoski’s (1984, 1991) kinetic
models of Phanerozoic global diversification
was the assumption that shared intrinsic mac-
roevolutionary dynamics were the driving
force behind the diversity histories and sub-
sequent replacement of each evolutionary fau-
na, including gastropods and bivalves. Al-
though this model of evolutionary succession
was originally formulated from global diver-
sity data, an analysis of Paleozoic fossil com-
munities from Laurentia along an environ-
mental gradient illustrated that the evolution-
ary faunas, to a large degree, had distinct en-
vironmental, as well as temporal, patterns
(Sepkoski and Sheehan 1983; Sepkoski and
Miller 1985). Furthermore, the faunas dis-
played a general onshore-offshore pattern in
which succeeding evolutionary faunas origi-
nated in shallow water and expanded into
deeper-water environments during their his-
tory (Jablonski et al. 1983; Sepkoski and Shee-
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han 1983; Sepkoski and Miller 1985; Sepkoski
1991; but see Westrop and Adrain 1998). In
these onshore-offshore models, the Modern
Evolutionary Fauna, and particularly gastro-
pods and bivalves, were characterized pri-
marily as limited to nearshore and lagoonal
habitats from their initial radiations until the
Devonian, when they also became established
in deep-water environments (e.g., Kammer et
al. 1986).

Such observations were intended as gener-
alizations about Paleozoic marine community
evolution, but their support in other studies
(e.g., Bretsky 1968, 1969, 1970a,b; Boucot 1975;
Steele-Petroviç 1979; Westrop et al. 1995) cre-
ated an expectation that early Paleozoic gas-
tropods and bivalves were restricted to near-
shore, shallow-water environments. It was not
until the more focused work of Frey (1987)
and Miller (1988, 1989) that limitations in
these models were recognized by demonstrat-
ing, for example, that diverse and abundant
Late Ordovician bivalve faunas of the Cincin-
nati Arch also thrived in fine-grained, silici-
clastic sediments representing offshore envi-
ronments. Further limitations included the ob-
servation that bivalves and trilobites, mem-
bers of different evolutionary faunas,
commonly overlapped in their environmental
distributions (see also Westrop and Adrain
1998).

The greatest limitation, however, of these
onshore-offshore models was their reliance on
data from the single paleocontinent of Lauren-
tia. For mass extinctions, a limited geographic
focus may not necessarily confound studies,
as these processes are, by definition, global
events of limited temporal duration. For ex-
ample, Raup and Jablonski (1993; Jablonski
and Raup 1995) showed no differential geo-
graphic overprint on marine bivalve extinc-
tions during the end-Cretaceous extinction. It
is now clear, however, that evolutionary radi-
ations may display significant heterogeneity
among paleocontinents. Although much of
this work has focused on the Ordovician Ra-
diation (e.g., Miller 1997a, 1998 for global fau-
nas; Cope and Babin 1999 for bivalves; Wes-
trop and Adrain 1998 for trilobites), other re-
search on the recovery from the end-Creta-
ceous mass extinction (Jablonski 1998 for

molluscs) has also suggested differential geo-
graphic patterns. For the Ordovician, expla-
nations for such heterogeneity have most of-
ten involved local physical factors, such as
sedimentology and tectonism (Babin 1993,
1995; Miller and Mao 1995; Miller 1997a,b) or
oceanographic and sea level changes (Guens-
berg and Sprinkle 1992; Patzkowsky and Hol-
land 1996). Jablonski (1998) also stressed that
biotas recovering from mass extinctions may
also display geographically heterogeneous di-
versification dynamics for reasons not directly
related to ecological features, a compelling ex-
tension of the so-called evolutionary founder
effect of Raup (1979).

A comparison of the dynamics of individ-
ual taxonomic groups has great potential for
revealing the causal processes of the Ordovi-
cian Radiation and in teasing apart the often
subtle distinctions between intrinsic macro-
evolutionary dynamics and extrinsic ecologi-
cal factors. However, the usefulness of such a
comparison has been realized in only a few
studies (Miller 1998). In a series of elegant pa-
pers, Babin (1993, 1995; Cope and Babin 1999)
proposed that the Ordovician Radiation of bi-
valves was a two-step process, in which Early
Ordovician radiations began in siliciclastic,
Gondwanan shallow shelf platforms, whereas
later Ordovician radiations of bivalves in oth-
er paleocontinents, including Laurentia, Bal-
tica, Siberia, and Kazakhstania, occurred pri-
marily in carbonate settings (but see results
below). Similarly, Guensberg and Sprinkle
(1992) hypothesized that the Early Ordovician
diversification of attached echinoderms in
western Laurentia was prompted by the in-
hibition of siliciclastic influx and the concom-
itant creation of carbonate hardgrounds
caused by global sea level rise. Miller (1997b;
Miller and Mao 1995; Miller and Connolly
2001) emphasized the role of tectonically driv-
en sedimentation as a cause of the Ordovician
Radiation for several orders of brachiopods,
trilobites, and benthic molluscs (but see Con-
nolly and Miller 2002). It is clear that explain-
ing the causes of evolutionary radiations is not
a simple endeavor; different causes may be
found at different taxonomic levels, different
geographic scales, and over different time
frames. A fuller understanding requires that
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TABLE 1. Sample record in global database of Ordovi-
cian gastropods, bivalves, and monoplacophorans. For
discussion of the primary data fields, see text.

Genus
Genus synonym
Species
Class
Preservation
Formation

Glyptarca
Hemiprionodonta
lusitanica
Bivalvia
Internal mold/steinkern
Fonte da Horta

Lithology

Lithcode

Mudstone interbedded
with sandstone

Siliciclastic
Environment
Environmental zone
Country
Locality

Deepshelf
4.5
Portugal
Bucaco Syncline

Secondary localities
Latitude
Longitude
Paleocontinent

Dornes, Cacemes
408N
0088W
Iberia (Mediterranean

Province)
Harland Subsystem
Harland Series

M-Ord
L/U-Llde

New Standard Subsystem
New Standard Series
Reference

M-Ord
U-Darw
Young 1985

Revision reference
File number

Cope 1996: p. 991
911

these evolutionary phenomena be evaluated at
all of these scales. Among the unresolved
questions is the extent to which prominent
members of the same evolutionary fauna ex-
hibit similar diversification dynamics at all
scales: are similarities in global diversity tra-
jectories manifested paleoecologically at more
local levels?

Here, we evaluate the extent to which bi-
valves and gastropods exhibited similar geo-
graphic and environmental patterns during
the Ordovician at scales ranging from the
globe, to paleocontinents, to regions within
the paleocontinent of Laurentia. Using a lit-
erature-derived database, we demonstrate
that the similarity of the Ordovician histories
of bivalves and gastropods depends on the
scale at which the analysis is conducted. As
expected, both gastropods and bivalves show
remarkably similar Ordovician diversity tra-
jectories on a global scale, thus lending sup-
port to the synoptic model of global evolu-
tionary faunas. However, when these same
data are evaluated at the scales of paleoconti-
nents or regions within Laurentia, a more
complex picture of gastropod and bivalve evo-
lution during the Ordovician Radiation devel-
ops, in which global similarities are the result
of the accumulation of different paleoecolog-
ical and evolutionary histories in different re-
gions and environments throughout the
world.

Structure of the Database

The database for this study consists of 8237
Ordovician fossil occurrences compiled from
1090 faunal lists described in 407 paleoecolog-
ical, systematic, and biostratigraphic works
from the global literature. These occurrences
represent 364 genera and 1728 species of gas-
tropods, bivalves, and monoplacophorans
that were revised to accord with cladistic (e.g.,
Wagner 1995a, 1999) and traditional phylo-
genetic relationships (e.g., Cope 1996, 1997;
Wahlman 1992). Compiled data also include
geography, lithology, inferred depositional
environment, mode of preservation, and
stratigraphic interval of occurrence (Table 1).
All fossil occurrences reported within a single
lithological unit representing a single depo-
sitional environment at a single geographical

coordinate of a distinct age were pooled into
a faunal list. In cases where a stratigraphic in-
terval represented more than one depositional
environment, the fauna was divided, when
possible, into separate lithofacies to represent
the immediate surrounding strata of each fau-
nal list. However, although each faunal list is
most likely a good representation of the time-
averaged fossil assemblage from a particular
environmental setting, it is possible that all
members of a faunal list did not co-occur si-
multaneously. A complementary study (No-
vack-Gottshall and Miller in press) presents
the results of a field-based analysis of mollusc-
rich strata in the Cincinnati Arch, testing for
local co-occurrence in both taxonomic rich-
ness and individual abundance at the scale of
formations and single bedding planes.

Although the focus of this study is on gas-
tropod and bivalve co-occurrence, we includ-
ed monoplacophorans in the database because
of the convoluted historical relationships of
many bellerophont molluscs (see review in
Harper and Rollins 2000); monoplacophoran
results are not presented here. Because these
three classes shared similar shell chemistries
during the Ordovician and were commonly
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preserved in the same ways, they serve as
taphonomic control groups for one another
(sensu Bottjer and Jablonski 1988). Such con-
trol groups are helpful when evaluating the
environmental distributions of bivalves and
gastropods to determine whether the absence
of a particular class in a sampled unit is likely
caused by non-preservation or by true ecolog-
ical absence.

We used lithological information to infer a
general onshore-offshore environmental zo-
nation for approximately two-thirds of the
faunal lists. The remaining lists either lacked
lithological information, represented numer-
ous depositional environments, or were am-
biguously interpreted. This eight-zone frame-
work is adopted from that of Sepkoski (1988)
and is similar to others in the literature (e.g.,
Sepkoski and Sheehan 1983; Sepkoski and
Miller 1985; Miller 1988; Bottjer and Jablonski
1988; Brett et al. 1993; Jablonski et al. 1997).
Environmental zones were based on rock type
and sedimentary structures rather than the
presence of faunal elements, which is typically
used when designating Benthic Assemblages
(sensu Boucot 1975, 1981). The shallowest set-
ting, zone 1, is indicative of peritidal to shor-
eface settings characterized by desiccation
cracks or large-scale cross-bedding. Zone 2 is
characterized by protected, very shallow sub-
tidal settings such as lagoons, that often con-
tain restricted faunas. Zone 3 is characterized
by offshore wave-agitated environments in-
cluding bars and oolitic shoals with tabular or
trough cross-bedding. We included reefs and
other bioherm-rich settings in this zone, in
contrast with Sepkoski (1988) and others who
excluded them from study. Open marine shelf
and deltaic settings are subdivided into shal-
low (zone 3.5), middle (zone 4), and deep
(zone 4.5) subtidal components on the basis of
frequency of storm influence and the ratio of
tempestites to fine-grained shales and mud-
stones (Speyer and Brett 1988), with zone 3.5
dominated by tempestite sandstones, grain-
stones, and/or packstones and zone 4.5 dom-
inated by shales with fewer tempestite wack-
estones and/or siltstones. Zone 5 is character-
ized by deep-shelf, pro-deltaic, and shelf edge
settings below storm wave base and generally
lacking benthic calcareous algae. The deepest

setting, zone 6, is indicative of slope and ba-
sinal settings and is characterized by turbi-
dites and by hemipelagic and oxygen-deplet-
ed facies.

It is important to note that zones 1 through
5 are all relatively shallow from an oceano-
graphic perspective. The boundary between
zone 3 and 3.5 is defined here as fair-weather
wave base; likewise, the boundary between
zones 4 and 5 is defined here as storm wave
base, which can vary between 10 and 50 m in
modern settings (Brett et al. 1993). When in-
ferring the depositional environment of faunal
lists in this study, we made determinations in
consultation with appropriate sequence strat-
igraphical and sedimentological works (e.g.,
Crevello et al. 1989; Cope et al. 1992; Witzke
et al. 1996).

The database encompasses occurrences
from Australasia, Avalonia, Baltica, Laurentia,
the Mediterranean Province, Siberia, Ka-
zakhstania, Gondwanan South America, and
various oceanic terranes, including the Pre-
cordillera. However, because of limited data
and monographic biases from several of the
latter regions, results of paleocontinental
comparisons are illustrated in detail here only
for the first five of these paleocontinents. Nev-
ertheless, as the available data in the addition-
al, less studied regions are still concordant
with the results from the five better-explored
paleocontinents, qualitative summaries of
these regions will be presented in the subse-
quent discussion of paleocontinental trends.

Because of this global coverage, we used the
Ordovician timescale of Webby (1998), which
more accurately reflects global correlations
than previous efforts; 79% of the occurrences
were resolvable stratigraphically to the sub-
series level used in analyses of diversity tra-
jectories and 90% were resolvable to the series
level used in analyses of environmental dis-
tribution. Webby (1998) does not subdivide
the Ordovician series, so we used the follow-
ing British stages as subseries equivalents:
lower Tremadocian is Cressagian, middle
Darriwilian is Abereiddian, middle Carado-
cian is Burrellian/Cheneyan, and middle Ash-
gillian is Cautleyan/Rawtheyan; the remain-
ing subseries are easily inferred.

The nine paleocontinents in the database
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encompass the majority of the Ordovician
globe, excluding North and South China and
portions of South Africa, Antarctica, and the
Near and Middle East. Although China had
diverse marine biotas throughout the Ordo-
vician (e.g., Wang et al. 1987; BGMRGP 1988;
Rigby et al. 1995; Wang and Chen 1999; sum-
marized in Miller 1997a; Miller and Mao
1998), their reported molluscan diversity was
relatively minor and composed of cosmopol-
itan genera. Further systematic studies of the
mollusc fauna are encouraged, but the addi-
tion of currently published data from these re-
gions to our database is unlikely to change the
results presented here.

Because the compilation for Laurentia was
the most extensive of any paleocontinent in
the database and because there was significant
temporal variation in environmental condi-
tions within this paleocontinent during the
Ordovician, we analyzed the radiation at finer
geographical scales within four regions of this
paleocontinent: Appalachian Basin, Cincin-
nati Arch, Mississippi Valley, and Great Basin.
These regions comprise 87% of the occurrenc-
es in the Laurentian database and thus likely
represent the cumulative dynamics of Lauren-
tia as a whole. Additionally, during the Late
Ordovician, they composed a broad transect
from predominantly siliciclastic settings in
the eastern Appalachian Basin proximal to the
Taconic Orogeny, to mixed-siliciclastic-car-
bonate settings in the Cincinnati Arch and
Mississippi Valley showing orogenic influence
mainly in the form of fine-grained siliciclas-
tics, and, finally, to predominantly carbonates
in the Great Basin at the most distal portion of
orogenic influence. This variation in environ-
mental settings serves as a backdrop against
which to evaluate the paleoecological charac-
teristics of these classes.

Sampling intensity for data used to compile
diversity trajectories and environmental dis-
tributions for the various paleocontinents and
regions within Laurentia are listed in Appen-
dices 1 and 2; information includes the num-
ber of faunal lists; the total number of gastro-
pod, bivalve, and monoplacophoran occur-
rences; and the number of primary references
from which faunal lists were compiled. Dif-
ferences in tallied data between the two ap-

pendices are a result of the different criteria
used in compiling each data set. The four Lau-
rentian regions and the paleocontinents, ex-
cept for Laurentia, are all comparably sam-
pled. The greater sampling intensity in Lau-
rentia likely results from its greater Ordovi-
cian rock volume instead of a biased sampling
of the literature (Ross et al. 1982).

Despite this overall comparability, the fossil
record during certain intervals in some paleo-
continents and regions may be less well doc-
umented, because of diagenetic alteration,
lack of exposed strata, or lack of recent sys-
tematic study. The first two biases should af-
fect bivalves and gastropods equally, whereas
the last bias is lessened by the relatively stable
genus-level taxonomy of these classes and the
relatively small number of Ordovician bivalve
and gastropod systematists (Schneider 2001;
Wagner 2001). Baltica, the Mediterranean
Province, and Laurentia contain generally
well-studied and well-documented molluscan
records throughout the Ordovician. In con-
trast, Australasia, Avalonia, and the Lauren-
tian Great Basin suffer from one or more of
these sampling limitations during at least one
interval, the details of which are described be-
low. Although in some cases faunal lists were
sufficient to make statistical comparisons for
these venues, their interpretation in these lim-
ited instances should be considered prelimi-
nary pending corroboration from additional
field effort. As the primary aim of this study,
however, is a comparison, at several scales, of
the diversification dynamics of gastropods
and bivalves, it is most important that the
sampling effort within an interval be compa-
rable for both classes in each region; this aim
is satisfied given the comparable preservation
of these classes.

Methods

Diversity Trajectories. Diversity trajectories
of taxa through time were calculated on the
assumption that taxa range through the inter-
val demarcated by their stratigraphical first
and last occurrences. Although this assump-
tion makes sense for global compilations, it
may be problematical for smaller geographi-
cal scales because of immigration or emigra-
tion of taxa (Patzkowsky and Holland 1996).
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Lacking evidence to the contrary, we assumed
that a taxon was present throughout its strat-
igraphical range within a region.

To compare quantitatively gastropod and
bivalve diversity trajectories while avoiding
autocorrelation (McKinney 1990), we calculat-
ed proportional changes in diversity over
time, or ‘‘first differences’’ (Gould and Callo-
way 1980; Foote 1994; Wagner 1995a):

m 5 q • (D 2 D )
a amax at at21 (1)

where m
a

is the proportional change in diver-
sity (or slope) between adjacent time intervals
t and t21, D

a
is the diversity in a time interval,

and q
amax is the reciprocal of the maximum di-

versity attained by the class of interest (a) dur-
ing the Ordovician Period. Once the slopes
were calculated for both bivalves and gastro-
pods, the nonparametric Spearman’s rank cor-
relation coefficient was calculated to test the
significance of the correlation between the two
diversity trajectories.

Environmental Distribution. Environmental
distributions were determined by counting
the number of unique genera in a specific en-
vironmental zone during a time interval; no
assumptions were made regarding first and
last occurrences. The data were plotted on a
time-environment diagram with time arrayed
on the vertical dimension and the environ-
mental zonation arrayed along the horizontal
dimension. The diversities in each time-envi-
ronment cell were enclosed by shaded contour
lines, with increasingly darker shades denot-
ing greater diversity; unshaded, empty cells
contain no known occurrences of either gas-
tropods or bivalves in the database. Tapho-
nomic controls, representing the occurrence of
at least one gastropod, bivalve, or monopla-
cophoran fossil, were symbolized with a filled
circle within each cell. Because all three clas-
ses exhibited similar preservational potentials
during the Ordovician (Valentine 1989;
Palmqvist 1991; Foote and Sepkoski 1999), the
presence of a taphonomic marker (i.e., mono-
placophorans) in an environmental cell lack-
ing both gastropods and bivalves provides
greater confidence that the absence has true
ecological significance. In contrast, the dual
absence of a taphonomic marker and a gastro-
pod or bivalve genus in a zone could be the

result of a true absence of all three molluscan
classes or non-preservation of such fossils in
that setting at that time. Because no attempt
was made to determine whether non-mollus-
can collections are available for these empty
cells, no valid conclusions can be made with-
out further information. A comprehensive
analysis of the Ordovician benthos is beyond
the present study, but our results are evalu-
ated, where possible, by comparison with ad-
ditional studies.

Because of the limited environmental cov-
erage within most paleocontinents and re-
gions with Laurentia, analyses of environ-
mental distributions at these finer geographic
scales were conducted only at the level of Or-
dovician series rather than subseries; 64% of
global fossil occurrences could be categorized
within this framework. Although several
time-environment cells contain no known re-
cord of gastropods, bivalves, or monoplaco-
phorans (Appendix 2), the comparability of
sampling effort among the four Laurentian re-
gions and the paleocontinents and the similar
preservation potential of these classes allow
statistically meaningful comparisons to be
made.

Because the environmental framework is a
discrete adaptation of a continuous variable,
we used the Kolmogorov-Smirnov two-sam-
ple test to test the similarity of bivalve and
gastropod environmental distributions (Sokal
and Rohlf 1995). Distributions were tested at
the level of resolvable subseries for the global
comparison; data were tested for all geo-
graphic scales at the level of Lower (Trema-
docian–Latorpian), Middle (Volkhovian–Dar-
riwilian), and Upper Ordovician (Carado-
cian–Ashgillian) subsystems (Webby 1998).
Before testing, data were percent-maximum
transformed by dividing the diversity of each
class in each time-environmental cell by the
maximum diversity attained by that class in
any cell during the Ordovician. This transfor-
mation ensured that the test among distribu-
tions compared the shape of that distribution
independently of confounding differences in
the diversity of each class.

Although useful as a test for statistically
distinct environmental distributions, the Kol-
mogorov-Smirnov test cannot determine the
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FIGURE 1. Global Ordovician diversity trajectories for
gastropod and bivalve genera. In this figure, and in all
following diversity charts, solid lines depict the gastro-
pod trajectory and dotted lines depict the bivalve tra-
jectory. The timescale, with time proceeding from left to
right, is based on that of Webby (1998), using abbrevi-
ations for lower, middle, and upper subseries, where ap-
propriate: (T) Tremadocian, (L) Latorpian, (V) Volkhov-
ian, (D) Darriwilian, (C) Caradocian, and (A) Ashgilli-
an.

basis of such differences. In cases where two
distributions were statistically distinct, we
used the one-tailed, nonparametric Mann-
Whitney U-test to test whether the environ-
mental distribution of one class was skewed
significantly toward deeper or shallower
depths than the other (Sokal and Rohlf 1995).
These tests were conducted only at the sub-
system level to ensure adequate sample sizes.

Global Results and Discussion

Analyses conducted at each of the three
geographic scales are presented separately be-
low, with a summary of scale-transcendent
and scale-dependent patterns for all scales in
the concluding remarks.

Global Diversity Trajectories. Figure 1 de-
picts the global diversity trajectories of gastro-
pod and bivalve genera through the Ordovi-
cian Period. Gastropods and bivalves show
significantly correlated trajectories based on
first differences (rs 5 0.924; p , 0.005), al-
though gastropods were typically more di-
verse than bivalves throughout the Ordovi-
cian. Both classes shared a dramatic initial rise
in diversity through the Lower Ordovician,
stability in the Volkhovian, diversification into
the Caradocian, and descent through the end
of the period.

These trajectories are similar to those plot-
ted by Sepkoski (1995: Fig. 4) for both of these
classes and by Wagner (1995a: Fig. 5) for both
phylogenetically and taxonomically classified
gastropods; minor differences between their
results and those in Figure 1 are caused by the
different timescale used in this study and the
independent compilation of the respective da-
tabases. Despite the similarities of these clas-
ses, however, it is possible that the raw trajec-
tories may not entirely reflect the true Ordo-
vician biological history of these classes be-
cause no attempt was made to standardize
sampling biases (e.g., rock volume or sam-
pling intensity) that can substantially alter ob-
served diversity patterns (Miller and Foote
1996; Alroy 2000a,b; Alroy et al. 2001). How-
ever, as the focus of the present study is to test
for overall similarity in Ordovician trajecto-
ries of these classes, and assuming reasonably
that the biases are not skewed in favor of an
individual class (Foote and Sepkoski 1999),
the lack of such standardization does not af-
fect the comparisons presented here.

The Upper Ordovician decrease is in part a
sampling artifact caused by an absence of data
for Silurian occurrences that eliminates taxa
ranging through the Ashgillian, i.e., a lack of
the so-called Pull of the Silurian (sensu Miller
and Foote 1996). It likely also reflects the ini-
tial phase of the Late Ordovician mass extinc-
tion that occurred at the end of the middle
Ashgillian and is observed in the depleted di-
versity of upper Ashgillian (Hirnantian) taxa
(Brenchley 1990). The low diversity of both
classes in the Lower Ordovician is not likely
an artifact of range truncation, because only
eight gastropod genera have been document-
ed from the Upper Cambrian (Wagner 1995a)
and only four of those range into the Ordo-
vician. Similarly, only four unequivocal bi-
valve genera are known from the Cambrian,
and none of those are known in the Ordovi-
cian (Cope 1997; Cope and Babin 1999).

Global Environmental Distributions. Figure
2 displays the global environmental distribu-
tions of gastropods and bivalves during the
Ordovician Period. Gastropods were relative-
ly widespread throughout most Lower Ordo-
vician environments (zones 1 through 5), with
the greatest concentration in shallow offshore
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FIGURE 2. Contoured time-environment diagram depicting the global genus diversity of bivalves (left) and gas-
tropods (right) during the Ordovician. The dark circles within some cells are taphonomic markers that represent
the occurrence of at least one gastropod, bivalve, or monoplacophoran fossil (see text for details). The timescale is
the same as in Figure 1. The key at top depicts the genus diversity of each class within shaded contours.

settings (zones 3 and 3.5); in contrast, bivalves
were somewhat more restricted then to shelf
settings (zones 4 through 5), with few genera
in nearshore settings (zone 1). Thus, although
both classes inhabited a similarly wide range
of environments, bivalves were generally
more diverse in deeper water settings and gas-
tropods in shallower ones.

Given the diverse gastropod assemblages in
shallow settings (zones 2 through 3.5) during
this time, it is likely that the absence of bi-
valves in these settings is ecologically signifi-
cant. Five genera of gastropods are also
known from Laurentian lagoonal settings
(zone 2) during the Tremadocian (Poulsen
1937; Bass and Northrup 1953; Aitken and
Norford 1967), but a lack of precise subseries
resolution prevented them from being includ-
ed in Figure 1; these genera are included in the
series-level data from Laurentia below.

The apparent bottleneck exhibited by both
classes in the Volkhovian and lower Darriwil-
ian has several possible explanations. Al-
though it may reflect an ecologically or envi-
ronmentally meaningful restriction, a lack of
well-studied faunas from non-shelf environ-
ments could also contribute to the pattern ob-
served; indeed, there are few available faunal

lists during these time intervals (Appendix 2),
although the coverage in zones 3.5 and 4 is
comparable to other intervals. Whether real or
preservational, the restriction appears to af-
fect more than molluscs; Sepkoski and Shee-
han (1983) illustrated a similarly reduced en-
vironmental coverage for this time interval
among benthic fauna of Laurentia. Erosion
during the Sauk-Tippecanoe unconformity
that affected Laurentia, Siberia, and possibly
Gondwana and other paleocontinents (Ross et
al. 1982; Barnes et al. 1996; J. E. Repetski per-
sonal communication 2002) also may have
played a role. Regardless of the cause, both
classes were present in similar diversities in
the same environments during these intervals,
and paleontological exploration in additional
facies could be worthwhile.

In the middle and upper Darriwilian, both
gastropods and bivalves ranged throughout
most environmental zones with few absences.
Throughout the Caradocian and Ashgillian,
gastropods continued to display their greatest
diversity in nearshore through midshelf set-
tings (zones 1 through 4), withdrawing from
deeper water (zones 5 and 6) in the Ashgillian;
in contrast, bivalves were most diverse in
deeper shelf settings (zones 4 through 5).
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TABLE 2. Results of statistical comparisons of environmental distributions of global Ordovician gastropod and
bivalve genera during each Ordovician time interval. In the case of the lower Darriwilian, signified with asterisks,
data were insufficient to allow a statistical comparison. N.S. signifies a time interval when the environmental dis-
tributions of gastropods and bivalves were not statistically distinguishable (i.e., p . 0.05); dashes signify that a
comparison was not required. The Kolmogorov-Smirnov two-sample test, using percent-maximum transformed
data, was used to test whether the two distributions were dissimilar; in cases where dissimilarity was observed,
the one-tailed Mann-Whitney U-test was then used to test whether one class was displaced toward shallower or
deeper water than another. The table gives results from the perspective of bivalves; those of gastropods are opposite.

Kolmogorov-Smirnov test

D Probability

Mann-Whitney U-test

U z Probability Bivalves

Subsystem

U-Ord
M-Ord
L-Ord

0.157
0.152
0.690

p , 0.01
p , 0.05
p , 0.01

35,365.0
5909.5

845.5

23.582
0.368

27.304

p , 0.005
N.S.

p , 0.005

Deeper
—
Deeper

Subseries

U-Ashg
M-Ashg
L-Ashg
U-Cara
M-Cara
L-Cara
U-Darw
M-Darw
L-Darw

0.381
0.127
0.194
0.136
0.243
0.191
0.329
0.379

**

p , 0.01
p , 0.05
p , 0.05

N.S.
p , 0.01
p , 0.01
p , 0.01
p , 0.01

**

570.0
4504.0
1108.0

—
5543.0
2197.0

528.0
875.0
**

22.848
20.954
21.828

—
23.559
21.903
22.011

0.492
**

p , 0.005
N.S.

p , 0.05
—

p , 0.005
p , 0.05
p , 0.025

N.S.
**

Deeper
—
Shallower
—
Deeper
Deeper
Deeper
—
**

Volk
Latp
U-Trem
L-Trem

0.256
0.703
0.900
0.905

N.S.
p , 0.01
p , 0.01
p , 0.05

—
476.5

9.0
1.0

—
26.194
23.438
21.497

—
p , 0.005
p , 0.005

N.S.

—
Deeper
Deeper
—

Although there was much environmental
overlap, statistical comparisons verify that
gastropods and bivalves exhibited significant-
ly different environmental distributions, both
in ten of 13 resolvable subseries and in all
three pooled Ordovician subsystems (Table 2).
The aforementioned lower Darriwilian and
Volkhovian suffered from poor sampling, al-
though meaningful ecological similarity with-
in the better-sampled Volkhovian cannot be
excluded (Appendix 2). Both classes exhibited
similar environmental distributions during
the well-sampled upper Caradocian. During
intervals when the distributions were differ-
ent, the Mann-Whitney U-test demonstrated
that bivalves were typically more diverse in
deeper water settings than gastropods (Table
2).

Discussion of Global Patterns. At a global
level, diversity trajectories of gastropod and
bivalve genera were not appreciably different.
In contrast, their environmental distributions
revealed consistent, statistically significant
environmental differences: although both
classes exhibited broad and overlapping en-

vironmental distributions throughout the Or-
dovician, gastropods were more diverse in
shallower-water settings than bivalves, which
were most diverse in deeper settings.

These environmental patterns differ from
interpretations in earlier studies (Bretsky
1968, 1969, 1970a,b; Sepkoski and Sheehan
1983; Sepkoski and Miller 1985), which char-
acterized both classes as most highly concen-
trated in nearshore settings. Two explanations
may account for this difference. First, the pre-
sent database comes from an expanded global
analysis, whereas the earlier studies were lim-
ited primarily to the single paleocontinent of
Laurentia; as will be considered below, this
paleocontinent presents a biased reading of
the Ordovician bivalve diversification. Fur-
thermore, the earlier studies focused on the
relative diversity of entire faunas, instead of
on the absolute diversities of particular classes
of fossils. This distinction is important be-
cause diverse taxa can still be perceived as less
ecologically dominant when compared with
the diversity of the entire assemblage (Miller
1988; Westrop and Adrain 1998). Thus, the
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generally high diversities of molluscs in Or-
dovician shelf settings should not imply that
these molluscs were the dominant taxa in
these settings; it means simply that these clas-
ses were generally more diverse in shelf set-
tings than in nearshore ones. The generally
held notion of gastropod-dominated near-
shore settings could as easily arise from an ex-
clusion of more typically shelf-restricted biotic
elements (e.g., brachiopods, bryozoans, and
crinoids) from nearshore settings as it could
from a propensity of these molluscs to be re-
stricted to nearshore environments (Westrop
and Adrain 1998). Several cases are known,
however, in which bivalves and gastropods
were the dominant faunal elements in Ordo-
vician shelf environments. For example, sev-
eral studies (Frey 1987; Miller 1989; Patz-
kowsky and Holland 1999; Novack-Gottshall
and Miller in press) have demonstrated Mid-
dle and Late Ordovician deep subtidal set-
tings where bivalves constituted more than
half of the genera and total number of indi-
viduals within single assemblages, and shal-
low settings where gastropods constituted
similar levels of abundance. Regardless of the
explanation, the environmental distributions
of these classes at a global scale were appre-
ciably different than the nearly identical di-
versity trajectories might lead one to predict.

Paleocontinental Results and Discussion

Paleocontinental Diversity Trajectories and
Environmental Zones

Australasia. During the Early and Middle
Ordovician, Australasia (including present-
day Australia, Malaysia, and Thailand) exist-
ed as a series of island arcs on the equator
along the northeastern Gondwanan coast
dominated by siliciclastic and mixed-siliciclas-
tic-carbonate sedimentation (Cocks 2001). As
the paleocontinent moved northward during
the Late Ordovician, the paleocontinent be-
came more carbonate-rich (Cocks and Fortey
1988, 1997; Scotese and McKerrow 1991; Per-
cival 1995). First differences indicate that gas-
tropod and bivalve diversity trajectories (Fig.
3) were not significantly correlated (Table 3).
Gastropods were generally more diverse than
bivalves, although both classes exhibited a de-

cline in diversity through the Upper Ordovi-
cian; similar diversity trajectories were re-
ported for bivalves by Cope and Babin (1999).
Because of poor subseries resolution, the bi-
valve-rich Darriwilian Stairway Sandstone
fauna (Pojeta and Gilbert-Tomlinson 1977)
could not be included in these diversity tra-
jectories although it is included in the series-
level environmental distributions below. Once
a more precise age determination is made of
these sediments, the diversity trajectories for
Australasian bivalves and gastropods will be-
come even less comparable than presently ob-
served. The Upper Ordovician, and particu-
larly Ashgillian, decline is caused by both re-
duced available outcrop (Cocks and Fortey
1990) and a lack of recent taxonomic study
(Percival 1995; Cocks and Fortey 1997).

Both classes consistently inhabited open-
shelf settings (Fig. 4; zones 3.5 to 4), appearing
in deeper settings (zone 4.5 to 5) in the Tre-
madocian, and in shallower settings (zones 1
to 3) in the Latorpian, Darriwilian, and Car-
adocian. Despite such similarities, the envi-
ronmental distributions were statistically dif-
ferent throughout the Ordovician (Table 4).
Although the data were sufficient to statisti-
cally evaluate the environmental displacement
of these classes during the Lower and Middle
Ordovician, such analyses are difficult to in-
terpret given the patchy nature of the data.

Avalonia. During the Early Ordovician,
Avalonia lay peripheral to northwestern
Gondwana in high southern latitudes (Torsvik
1998). This island arc terrane separated from
Gondwana by the Middle Ordovician and
moved northward toward Laurentia and Bal-
tica, reducing the width of the Iapetus Ocean
(Cocks and Fortey 1990; Torsvik 1998). As
closing continued into the Late Ordovician,
Avalonia, now in subequatorial climates, su-
tured with Baltica, closing the Thor (Tornqu-
ist) Ocean (Berthelsen 1998; Torsvik 1998).
Sedimentation throughout the Ordovician was
predominantly siliciclastic from prolonged
periods of island arc volcanism (Traynor 1988;
Scotese and McKerrow 1991). With the excep-
tion of two recent collections (Cope 1996,
1999) that significantly elevate the Latorpian
and middle Darriwilian bivalve diversities, bi-
valves showed reduced Lower and Middle Or-
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FIGURE 3. Ordovician diversity trajectories for gastropod and bivalve genera in Australasia, Avalonia, Baltica, Lau-
rentia, and the Mediterranean Province. Lines and timescale are the same as in Figure 1.

TABLE 3. Results of the Spearman’s rank correlation co-
efficient comparing gastropod and bivalve diversity tra-
jectories by using first differences within five paleocon-
tinents. N.S. signifies that the trajectories were not sig-
nificantly correlated (i.e., p . 0.05).

Paleocontinents rs Probability

Australasia
Avalonia
Baltica
Laurentia
Mediterranean Province

0.386
0.721

20.082
0.334
0.310

N.S.
p , 0.01

N.S.
N.S.
N.S.

dovician diversities, a Caradocian increase in
diversity, and a decrease in the Ashgillian
(Fig. 3). Gastropods exhibited a broadly sim-
ilar pattern that was statistically correlated
with the bivalve trajectory (Table 3) despite
less diversity, especially in the Lower Ordo-
vician.

Both classes were most diverse in open-
shelf through pro-deltaic and deep-water set-
tings (Fig. 4; zones 3.5 to 6), with several gen-
era of both classes in nearshore, volcaniclastic
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settings (zone 1) in the Caradocian and a di-

verse nearshore bivalve fauna (Cope 1999) in

the Darriwilian. Despite such overall similar-

ities, the environmental distributions of these

classes were statistically different in the Lower

and Middle Ordovician, although the limited

environmental coverage prevented recogni-

tion of significant displacement with the U-

test (Table 4).

Note that the diverse and important Lator-

pian bivalve fauna that Cope (1996: p. 980) re-

ported from a ‘‘close inshore’’ setting has been

reinterpreted here, following several lithofa-

cies analyses of the strata (Traynor 1988; Be-

vins et al. 1992), as representing a deep-water,

fan-delta below storm wave base (zone 5). Al-

though it is possible that this fauna was rela-

tively close to shore given the steep slopes

along back-arc basinal deltas (Coleman and

Prior 1981), the presence of sediment-gravity

debris flows, hemipelagic muds, and the au-

tochthonous nature of the fauna all argue for

a zone 5 designation (Traynor 1988).

Baltica. During the Early Ordovician, Bal-

tica lay in temperate latitudes on the south-

eastern margin of the Iapetus Ocean (Torsvik

1998). As the Ordovician progressed, Baltica

moved equatorward toward Laurentia and Si-

beria, colliding with Laurentia in the Silurian

(Torsvik et al. 1996; Cocks and Fortey 1998;

Torsvik 1998). Throughout the Ordovician,

condensed sedimentation dominated with

cool-water carbonate production and minor

siliciclastics (Jaanusson 1973; Podhalanska

1995). Gastropod diversity increased through

the period to higher levels than bivalves (Fig.

3), and the trajectories of the two classes were

not significantly correlated (Table 3). The ab-

sence of gastropods and bivalves in Lower Or-

dovician sediments in this region possibly re-

flects ecologically significant patterns, as these

sediments bear moderately rich non-mollus-

can faunas (Tjernvik 1956, 1958). However, the

uncertain age determination of several gastro-

pods from the Tremadocian Bjorkäsholmen

Formation (Yochelson 1962) and the lack of

more recent systematic study are also signifi-

cant factors, although no Lower Ordovician

bivalves have been reported from this richly

fossiliferous region. Surprisingly, gastropods

seem to have been little affected by the Late
Ordovician extinction in this region.

Despite limited data from the Lower Or-
dovician, environmental distributions of both
classes overlapped throughout the remaining
Ordovician with greatest diversity of gastro-
pods in shelf settings (Fig. 4; zones 3.5 to 4.5)
and Upper Ordovician reefs (zone 3; Sheehan
1979; Harland 1981). Bivalves were rare in
these reefs, moderately diverse in nearshore
settings (zone 1) in the Ashgillian, and most
diverse in deeper shelf environments (zones 4
through 6). Darriwilian bivalves were absent
from all except the deeper midshelf (zones 4
to 4.5), despite the presence of moderately di-
verse gastropods in both deeper and shallow-
er environments; thus, despite limited num-
bers of faunal lists (Appendix 2), their absence
here is likely ecologically significant. There
were insufficient data to test the environmen-
tal distributions for the Lower Ordovician.
Their distributions were significantly differ-
ent during the Middle Ordovician (Table 4) al-
though limited bivalve data precluded a U-
test. Despite much overlap in their distribu-
tions, Upper Ordovician bivalves were
skewed statistically toward deeper water than
gastropods.

Laurentia. Laurentia occupied an equato-
rial position throughout the Ordovician Peri-
od (Scotese and McKerrow 1991). Early and
Middle Ordovician sedimentation consisted
predominantly of carbonates on passive-mar-
gin ramps and relatively shallow cratonic ba-
sins with occasional mixed-siliciclastic influx
(James et al. 1989; Read 1989; Ross et al. 1989;
Holland 1993; Ross and Ross 1995). Siliciclas-
tic sedimentation increased significantly in
eastern Laurentia during the Middle to Late
Ordovician with initiation of the Taconic
Orogeny (Holland and Patzkowsky 1996).
Carbonate and mixed regimes, however, still
predominated throughout much of the paleo-
continent (Holland 1993; Ross and Ross 1995).
Although Laurentia produced more faunal
lists than all other studied paleocontinents
(Appendix 1), identifiable bivalve species are
not recorded until the Darriwilian (Fig. 3);
sparse Latorpian bivalves from the Smithville
Formation of Arkansas remain taxonomically
indeterminate (Yochelson and Wise 1972). In
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FIGURE 4. Contoured time-environment diagrams depicting the genus diversity of gastropods (above) and bivalves
(below) in Australasia, Avalonia, Baltica, Laurentia, and the Mediterranean Province during the Ordovician. The
timescale is the same as in Figure 1. The key at top depicts the genus diversity of each class within shaded contours.

contrast to the bivalve record, the gastropod
faunas of Laurentia were the most diverse of
any Ordovician paleocontinent (Wagner
1999). Consequently, gastropod and bivalve
diversity trajectories were not statistically cor-
related (Table 3), even when only the Upper
Ordovician trajectories were compared (rs 5

0.700; p . 0.05). Both classes underwent dra-
matic radiations in the upper Darriwilian that
continued into the Caradocian, coincident
with the onset of the Taconic Orogeny. Re-
gional dynamics of these classes within Lau-
rentia are described below, as are the impli-
cations of the dramatic change in physical en-
vironment brought about by this orogenic
event.

Laurentian gastropods inhabited a range of
Lower and Middle Ordovician environments
(Fig. 4; zones 1 through 5), although they were
most diverse in nearshore, biohermal, and
shallow shelf settings (zones 1 and 3 to 3.5);
because of extensive coverage of faunal lists
(Appendix 2), the near absence of bivalves in
these environments is significant. When bi-
valves diversified in the Middle to Upper Or-
dovician, both classes occupied a full range of
environments, from nearshore (zone 1) to ba-
sinal (zone 6). However, Upper Ordovician
gastropods were most diverse in shallow-wa-
ter and shelf settings (zones 1 through 4.5),
with an absence from deep water during the
Ashgillian. Upper Ordovician bivalves were
consistently most diverse in shelf settings
(zones 3.5 through 5), although they were also
diverse in nearshore and lagoonal settings
(zones 1 through 2) in the Ashgillian. These
patterns were corroborated statistically, with
Middle Ordovician bivalves skewed toward
shallower settings than gastropods, and with
the converse pattern in the Upper Ordovician
(Table 4).

Mediterranean Province. The Mediterranean
Province denotes the faunas situated on small
continental blocks along the western Gond-
wanan margin found in present-day Portugal,
Spain, France, the Czech Republic, and the

Moroccan Anti-Atlas (Williams et al. 1995;
Cocks and Fortey 1988). During the Ordovi-
cian, these blocks bordered the Iapetus Ocean
in polar and subpolar latitudes of the South-
ern Hemisphere (Scotese and McKerrow
1991), dominated by siliciclastic sedimenta-
tion in shelf settings (Babin 1993, 1995). The
diversity trajectories of gastropods and bi-
valves throughout the period (Fig. 3) were not
significantly correlated (Table 3), with gastro-
pods generally less diverse than bivalves. Al-
though this paleocontinent was the second-
most intensively sampled, gastropod diversi-
ty was lower than any other paleocontinent or
region in Laurentia. Furthermore, gastropod
diversity here was relatively stable throughout
the Ordovician, with only a minor increase in
the middle Ashgillian. Bivalve diversity, in
contrast, increased to a Darriwilian peak and
decreased to the end of the Ordovician, with
a slight increase in the upper Ashgillian.

Throughout the Ordovician, both classes
were most diverse in shelf and deep-water set-
tings (Fig. 4; zones 3.5 through 6). Minor oc-
currences include gastropods in nearshore
settings (zone 1) in the Tremadocian and Up-
per Ordovician to the exclusion of bivalves.
Additionally, gastropods also occupied shoal
settings (zone 3) throughout the Upper Or-
dovician, sharing this setting with bivalves in
the Ashgillian. Despite the limited number of
faunal lists from shallower environments (Ap-
pendix 2), the absence of bivalves from mod-
erately gastropod-rich settings in six instances
throughout the Ordovician is likely ecologi-
cally meaningful. Accordingly, these classes
had distinct environmental distributions
throughout the Ordovician, although environ-
mental displacement was not distinguishable
with the U-test (Table 4).

Discussion of Paleocontinental Patterns

Of the five Ordovician paleocontinents dis-
cussed above, only Avalonia showed signifi-
cantly correlated diversity trajectories among
gastropod and bivalve genera. Thus, among
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TABLE 4. Results of statistical comparisons of environmental distributions of Ordovician gastropod and bivalve
genera for different paleocontinents and Laurentian regions. Comparisons were made at the level of Ordovician
subsystems: Lower (or Tremadocian–Latorpian), Middle (or Volkhovian–Darriwilian), and Upper (Caradocian–
Ashgillian). Statistical tests and representation of results are the same as in Table 2.

Lower Ordovician

K.-S. test

D Prob.

M.-W. U-test

U z Prob. Bivalves

Middle Ordovician

K.-S. test

D Prob.

Paleocontinent

Australasia
Avalonia
Baltica
Laurentia
Mediterranean Province

0.633
0.500

**
0.455
0.375

p , 0.01
p , 0.01

**
N.S.

p , 0.01

14.5
10.5
—
—

43.0

21.681
21.146

—
—

20.887

p , 0.05
N.S.
—
—

N.S.

Deeper
—
—
—
—

0.376
0.846
0.286
0.416
0.273

p , 0.01
p , 0.05
p , 0.05
p , 0.01
p , 0.01

Regions in Laurentia

Appalachian Basin
Cincinnati Arch
Mississippi Valley
Great Basin

**
**
**
**

**
**
**
**

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—

1.000
**

0.000
0.124

N.S.
**

N.S.
N.S.

these classes, the strong correlation of diver-
sity trajectories observed at the global scale is
not maintained at the finer scale of individual
paleocontinents. Although the data for other
paleocontinents were not presented above be-
cause of limited coverage in the database, sim-
ilar patterns are apparent in the available data
(see Appendix 1 for data coverage). Bivalves
and gastropods of Siberia and the South
American Precordillera exhibited no signifi-
cant correlations in their diversity trajectories
(rs 5 20.135 and 20.205, respectively; p .

0.05), whereas these classes were significantly
correlated in Kazakhstania and Gondwanan
South America (in both cases, rs 5 0.774; p ,

0.01). The diversity trajectories for bivalves
from several of these regions were reported by
Cope and Babin (1999).

A strong distinction is apparent throughout
the Ordovician between ‘‘gastropod-rich’’ and
‘‘bivalve-rich’’ paleocontinents. The former
category is exemplified by Baltica and Lauren-
tia, the latter by the Mediterranean Province,
South America, Precordillera, and Avalonia.
Australasia, Siberia, and Kazakhstania have
faunas with approximately equal diversities of
both classes. This heterogeneity of diversifi-
cation patterns amplifies the observations by
Babin (1993, 1995; Cope and Babin 1999) and
Miller (1997a) that the Ordovician Radiation
transpired differently among different paleo-
continents.

Given the limitations of smaller data sets at
the scale of paleocontinents, the environmen-
tal distributions of gastropods and bivalves at
these finer scales exhibited trends that were
broadly comparable to the global distribution.
Despite a pattern of broad environmental
overlap between the classes, statistical tests
demonstrate quite different environmental
distributions; only two in 14 comparisons
yielded statistically indistinguishable distri-
butions. Furthermore, bivalves repeatedly
were most diverse in deeper settings than gas-
tropods, although this was corroborated sta-
tistically in only three instances (Table 4). Giv-
en the heterogeneity of diversification pat-
terns found throughout the Ordovician world
and the evolution of significant morphologic
adaptations in both classes during the Ordo-
vician (Miller 1988; Wagner 1995b, 1996; Cope
1997; Cope and Babin 1999), it is notable that
the basic environmental distributions of these
classes were consistently maintained.

Dominance of these classes tends to corre-
late with variation in sedimentological re-
gime, paleoclimate, paleolatitude, and tectonic
activity among Ordovician paleocontinents
(Table 5). The most-diverse bivalve faunas
were found in temperate to polar paleoconti-
nents in fine-grained, deeper environments
(zones 3.5 to 5) where the rate of siliciclastic
influx was high or where carbonate produc-
tion was limited. Such regions included west-
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TABLE 4. Extended.

Middle Ordovician

M.-W. U-test

U z Prob. Bivalves

Upper Ordovician

K.-S. test

D Prob.

M.-W. U-test

U z Prob. Bivalves

292.5
12.0
67.0

525.5
350.5

2.102
1.364
0.233
2.188
1.227

p , 0.05
N.S.
N.S.

p , 0.05
N.S.

Shallower
—
—

Shallower
—

0.363
0.053
0.343
0.172
0.179

p , 0.01
N.S.

p , 0.01
p , 0.01
p , 0.01

56.0
—

1116.0
13,874.5

384.0

1.321
—

23.106
23.538
20.379

N.S.
—

p , 0.005
p , 0.005

N.S.

—
—

Deeper
Deeper

—

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—

0.217
0.191
0.175

**

p , 0.01
p , 0.01
p , 0.05

**

4804.5
3289.0

928.0
—

23.246
23.008
22.233

—

p , 0.005
p , 0.005
p , 0.05

—

Deeper
Deeper
Deeper

—

ern Gondwana (Mediterranean Province and
South America), Avalonia, and the Precordil-
lera (Cope and Babin 1999). Gastropod faunas
were negatively correlated with these same
factors, showing the greatest diversity in low-
er-latitude paleocontinents in more carbonate-
dominated, shallow environments (zones 1 to
4.5), although representing both tropical and
cool-water carbonate deposition. These set-
tings were most characteristic of Laurentia
and Baltica. The remaining paleocontinents,
Kazakhstania, Australasia, and Siberia, were
dominated by neither class and primarily rep-
resent low-latitude paleocontinents dominat-
ed by mixed-siliciclastic sedimentation and a
broad range of environmental settings, al-
though open-shelf settings were most com-
mon.

If this proposed ecological connection be-
tween physical environment and diversifica-
tion of these classes is true, one should expect
these classes to respond at least as rapidly to
changes in environmental conditions within a
paleocontinent as they did among paleoconti-
nents. As noted above, Laurentia was domi-
nated by carbonate environments during the
Early and Middle Ordovician; with the onset
of the Taconic Orogeny, the sedimentological
regime shifted dramatically in several por-
tions of the paleocontinent as a result of sili-
ciclastic sedimentation. Thus, if local environ-
mental regime was an important ecological

correlate of bivalve and gastropod diversifi-
cation during the Ordovician, one should ex-
pect their evolutionary dynamics within dif-
ferent regions within Laurentia to reflect these
changes in ways similar to those exhibited at
the scale of paleocontinents.

Laurentian Results and Discussion

Laurentian Diversity Trajectories and
Environmental Zones

Appalachian Basin. During the Early and
Middle Ordovician, the Appalachian Basin
was a passive carbonate shelf margin border-
ing the Iapetus Ocean (James et al. 1989; Read
1989). Middle to Late Ordovician tectonic col-
lision initiated the Taconic Orogeny (Rowley
and Kidd 1981), resulting in extensive silici-
clastic influx toward the present-day south-
west (James et al. 1989; Holland 1993). After
accounting for the absence of bivalves until
the lower Caradocian in this region, first dif-
ferences reveal that the trajectories of bivalves
and gastropods were still not significantly
correlated (Table 6, Fig. 5). Both classes radi-
ated dramatically in the lower Caradocian and
waned slightly throughout the remaining Or-
dovician, with gastropods more diverse than
bivalves.

Lower and Middle Ordovician gastropods
were most diverse in tidal flat and shallow
shelf settings, with minor occurrences in Dar-
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TABLE 6. Results of the Spearman’s rank correlation co-
efficient comparing gastropod and bivalve diversity tra-
jectories using first differences in four regions within
Laurentia. N.S. signifies that the trajectories were not
significantly correlated (i.e., p . 0.05). A single asterisk,
for the Cincinnati Arch, designates that the correlation
is an artifact of a shared lack of data during the Lower
and Middle Ordovician; when only the Upper Ordovi-
cian is considered, the results are not significantly cor-
related. In the case of the Great Basin, a double asterisk
indicates insufficient data to allow a meaningful com-
parison.

Laurentian region rs Probability

Appalachian Basin
Cincinnati Arch
Mississippi Valley
Great Basin

0.477
0.616
0.864

**

N.S.
p , 0.025/N.S.*
p , 0.005
**

riwilian biostromes (Fig. 6; zones 1 and 3 to
3.5); as is true for all Laurentian regions, bi-
valves were absent until the Darriwilian. Up-
per Ordovician gastropods were still present
in shallow-water settings but expanded their
range in all shelf settings (zones 1 to 4.5), with
only sparse Caradocian occurrences in deeper
water (zones 5–6). Though bivalves shared
generally similar ranges, they were most di-
verse in shelf settings (zones 3.5 to 4.5), with
lesser occurrences in nearshore, lagoonal, and
deep-water settings (zones 1 to 2 and 5 to 6).
Consequently, bivalves were skewed statisti-
cally toward deeper settings than gastropods
(Table 4).

Cincinnati Arch. Despite no outcropping
pre-Caradocian rocks in the Cincinnati Arch,
subsurface cores are similar to contempora-
neous Appalachian Basin strata (Feldman
1996). Late Ordovician sedimentation consist-
ed of mixed-carbonate-siliciclastic lithologies
in which orogenically derived shales were in-
terbedded with tempestite packstones, wack-
estones, and calcisiltites (Holland 1993). Di-
versity trajectories of gastropod and bivalve
genera were significantly correlated (Table 6,
Fig. 5). However, this similarity reflects the
lack of fossil data within the Lower and Mid-
dle Ordovician; when only the Upper Ordo-
vician is considered, the two trajectories are
not significantly correlated. Gastropods were
very diverse in the Caradocian, but their di-
versity waned in the Ashgillian whereas bi-
valve diversity matched that in the Appala-
chian Basin.
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FIGURE 5. Ordovician diversity trajectories for gastropod and bivalve genera in the Appalachian Basin, Cincinnati
Arch, Mississippi Valley, and Great Basin. Lines and timescale are the same as in Figure 1.

Caradocian gastropods and bivalves were
both found in open-shelf settings (zones 3.5 to
5), although bivalves were absent from peri-
tidal, lagoon, and shoal settings (zones 1 to 3).
These absences are significant given the mod-
erate gastropod diversity and intensive sam-
pling in these strata (Pojeta 1971, 1979). Both
classes occurred throughout a wide range of
Ashgillian settings (Fig. 6; zones 1 to 5), shar-
ing major diversity in lagoonal and midshelf
settings (zones 2 and 4). Bivalves, however,
were also more diverse than gastropods in
deeper shelf settings (zones 4.5 to 5), a differ-
ence that was statistically significant (Table 4).
This differentiation is further borne out in
field studies in the Cincinnati Arch (Novack-
Gottshall and Miller in press) that show bi-
valves were both most diverse and most abun-

dant in offshore, siliciclastic-dominated shales
with high turbidity, whereas gastropods were
most diverse and most abundant in shallower,
more carbonate-rich facies generally lacking
turbidity.

Mississippi Valley. Depositional environ-
ments in the Mississippi Valley during the
Early and Middle Ordovician consisted pri-
marily of relatively shallow, storm-influenced
carbonate platforms with occasional siliciclas-
tic influx derived from Precambrian basement
rock of the Transcontinental Arch (Raatz and
Ludvigson 1996; Barnes et al. 1996). As the ba-
sin deepened during the Late Ordovician, the
region was inundated with fine-grained, sili-
ciclastic sediments produced by both the Ta-
conic Orogeny and continued erosion of the
Transcontinental Arch, resulting in mixed-sil-
iciclastic-carbonate lithologies; however, car-
bonates still remained locally common. The
statistically indistinguishable diversity trajec-
tories of bivalves and gastropods were com-
parable to those in the Appalachian Basin (Ta-
ble 6, Fig. 5), with gastropods generally more
diverse than bivalves except in the Ashgillian
when the diversities of both classes declined.

In the Lower and Middle Ordovician, gas-
tropods were most common in nearshore and
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FIGURE 6. Contoured time-environment diagrams depicting the genus diversity of gastropods (above) and bivalves
(below) in the Appalachian Basin, Cincinnati Arch, Mississippi Valley, and Great Basin during the Ordovician. The
timescale is the same as in Figure 1. The key at top depicts the genus diversity of each class within shaded contours.

shallow-shelf settings (Fig. 6; zones 1 and 3.5)
with sparse occurrences in deep-shelf settings
(zone 5); as noted above, bivalves were absent
until the Darriwilian when they occurred in
nearshore settings (zone 1) with gastropods.
In the Upper Ordovician, both classes co-oc-
curred in shallow and midshelf settings
(zones 3.5 through 4); however, gastropods
also occurred in lagoons (zone 2), whereas bi-
valves were diverse in deep-shelf settings
(zone 5). Given these differences, their envi-
ronmental distributions were significantly
distinct in the Upper Ordovician, with bi-
valves extending to deeper environments than
gastropods (Table 4).

Great Basin. Located almost directly on the
equator for much of the Ordovician, the Great
Basin was a vast carbonate platform with a va-
riety of depositional environments (Ross et al.
1989). Sufficient aeolian sands and silts en-
tered the basin to produce mixed-carbonate-
siliciclastic lithologies, and cratonic erosion
during the latest Middle Ordovician Sauk-
Tippecanoe unconformity was sufficient to
nearly drown the shelf with coarse-grained
siliciclastics (Ross et al. 1989; Keller and Coo-
per 1995). However, nearly pure carbonate-
rich conditions resumed throughout the Late
Ordovician (Droser and Sheehan 1995). Gas-
tropods were quite diverse in this region in
the Lower and Middle Ordovician (Fig. 5),
with Upper Ordovician gastropods either un-
studied, poorly preserved, or with poor strat-
igraphical resolution (Webb 1958; Droser and
Sheehan 1995). Because of the rarity of bi-
valves from this region, statistical compari-
sons of the diversity trajectories were not pos-
sible (Table 4).

Gastropods were distributed throughout a
range of environments in the Lower and Mid-
dle Ordovician (Fig. 6; zones 2 to 5), attaining
greatest diversity in shoal and shallow-shelf
settings (zones 3 to 3.5). Upper Ordovician
gastropods were locally common in nearshore
settings (zone 1; Droser and Sheehan 1995);
additional occurrences from a variety of deep-

er-water settings are also known but unpub-
lished (Sheehan personal communication
2003). Indeterminate bivalves have been noted
only rarely and no taxonomic descriptions
have been published from this region since
Walcott’s classic study of the Eureka District
(1884). Given the numerous occurrences of
gastropods, the rarity of bivalves in the Great
Basin is likely ecologically meaningful. Re-
cently, several Middle Ordovician bivalves
have been discovered in the Great Basin (Mof-
fat et al. 2001), but these are not sufficiently
diverse to change significantly the results pre-
sented here. Regardless, statistical compari-
sons of environmental distributions were not
possible (Table 6).

Discussion of Laurentian Patterns

The diversity trajectories of gastropods and
bivalves within these four regions were simi-
lar to those of Laurentia as a whole, with bi-
valves absent until the latest Middle Ordovi-
cian when both classes diversified dramati-
cally. This diversification was not apparent in
the Great Basin, but the lack of well-preserved
and recently studied Upper Ordovician mol-
luscs limits further interpretation; the rarity of
pre-Caradocian bivalves in this region, how-
ever, is not likely to change. Of the four re-
gions studied, only the Mississippi Valley ex-
hibits significant correlations between gastro-
pod and bivalve diversity trajectories. Despite
moderately overlapping environmental distri-
butions for both classes in all four regions,
these classes had statistically different distri-
butions; gastropods were most diverse in
shallower-water settings than bivalves, which
were most diverse in deep-shelf, fine-grained,
siliciclastic settings.

Although gastropods were quite diverse in
each region, bivalves outnumbered them in
the Cincinnati Arch and the Mississippi Val-
ley; both of these regions were dominated by
storm-influenced sedimentation and mixed-
siliciclastic-carbonate lithologies. Notably, bi-
valve diversification in all four regions coin-
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cided with influx of fine-grained sediments
from either orogenic activity or erosion of cra-
tonic highlands. Gastropods exhibited similar
but reduced patterns in the Upper Ordovician,
and they maintained diversity throughout
shallow carbonate strata throughout the Or-
dovician. These environmental patterns par-
allel observations made at the scales of paleo-
continents and the world as a whole, in which
gastropods were generally most diverse in
shallower water than bivalves. Furthermore,
they support the earlier observation from the
comparisons among paleocontinents that the
nature of the physical environment was inti-
mately related to the diversification of these
classes.

General Discussion and Conclusions

The Ordovician Radiation of gastropods
and bivalves was a complex but especially im-
portant period in the history of these classes,
responsible for dramatic increases in the num-
ber of genera and the origins of many higher
taxonomic groups. Although gastropods and
bivalves displayed statistically indistinguish-
able global diversity dynamics throughout the
Ordovician, this study documents more dis-
parate dynamics at the finer scales of five pa-
leocontinents and four regions within Lauren-
tia. Furthermore, there was significant hetero-
geneity in diversity patterns among paleocon-
tinents, with bivalves diversifying first in the
Gondwanan paleocontinents before occurring
later in Laurentia and Baltica (see also Babin
1993, 1995 and Cope and Babin 1999), where
gastropods were already well established.
Among these paleocontinents, only Avalonia
exhibited significantly correlated bivalve and
gastropod diversity trajectories. These statis-
tical differences were further observed at the
finest scale of regions within Laurentia.

This scale-dependence of diversity trajec-
tories contrasts with the scale-independent
environmental distributions of these classes.
Regardless of whether Ordovician gastropod
and bivalve genus occurrences are considered
in global aggregate or at the finer scales of pa-
leocontinents or regions within Laurentia, a
similar environmental picture emerges in cas-
es where there are sufficient data to permit an
analysis. Gastropods were most diverse in

shallow water, carbonate-rich platforms in
low latitudes; in contrast, bivalves were most
diverse in deeper-water, higher-latitude set-
tings in which fine-grained siliciclastics pre-
dominated, whether resulting from tectonic
activity or a lack of carbonate production.

Although our study supports the conclu-
sions of Babin (1993, 1995; Cope and Babin
1999) regarding the paleocontinental diversi-
fication of bivalves, our results concerning en-
vironmental trends may appear at first glance
to be at odds with those Cope and Babin
(1999) in two significant details. First, they ar-
gued that Ordovician, and particularly Lower
Ordovician, bivalves were generally restricted
to nearshore clastic settings. Although it is
true that bivalves did inhabit shallow-water
settings throughout the Ordovician, our re-
sults, and those of several other studies (e.g.,
Babin et al. 1982; Frey 1987; Miller 1988, 1989)
clearly demonstrate that bivalves were neither
most diverse nor restricted to these settings at
any point during the Ordovician. In fact, with
three low-diversity, nearshore exceptions
(Harrington 1938; Nikitin et al. 1986; Shergold
et al. 1991), most Lower Ordovician bivalves
occurred in deeper-water settings, including
the diverse Latorpian fauna (Cope 1996) re-
interpreted here as representing deep-water,
fan-deltaic facies (zone 5). Reconciliation may
be found by differences in our definitions of
shallow water, as even our zone 5 shelf may be
considered ‘‘relatively shallow’’ or ‘‘onshore’’
compared with slope and basinal deposits
(see discussion in Structure of the Database
above).

A second, more significant point of differ-
ence is their conclusion that Late Ordovician
bivalve diversification in Laurentia was
spurred on by the presence of carbonate plat-
forms. Although Laurentia was indeed the site
of extensive Late Ordovician bivalve diversi-
fication (Fig. 3), this radiation was limited pri-
marily to settings influenced by siliciclastic
sedimentation in a significant part of the cen-
tral and eastern United States and Canada
(Fig. 5). It is possible that Cope and Babin
(1999) implied a role for carbonates because of
the tropical location of Laurentia during the
Ordovician. However, direct assessment of
Middle and Upper Ordovician strata makes
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FIGURE 7. Ordovician diversity trajectories for gastropod and bivalve genera in carbonate and siliciclastic sedi-
mentary regimes. Lines and timescale are the same as in Figure 1.

clear the increasing role in Laurentia of silici-
clastic sedimentation.

In contrast, gastropods continued to be di-
verse both in these siliciclastic settings and in
the vast carbonate platforms that persisted in
other parts of Laurentia. This sedimentologi-
cal conclusion is further supported at the
global scale by plotting the diversity trajecto-
ries of gastropods and bivalves in siliciclastic
and carbonate environments (Fig. 7). Both
classes inhabited both types of sediments, but
bivalves were significantly more diverse in sil-
iciclastic settings than they were in carbonate
settings throughout the Ordovician, with gas-
tropods exhibiting the opposite pattern.

Although compelling, depth and sedimen-
tation are likely not the sole ecological factors
underlying the diversification of these classes.
For example, if the presence of deep-water,
fine-grained siliciclastics were the sole prereq-
uisites for the establishment of bivalves in
Laurentia, one might expect a diverse bivalve
fauna in the Lower Ordovician Ninemile Shale
in Nevada (Merriam 1963). Clearly, other eco-
logical factors, such as substrate firmness, tur-
bidity, latitude, climate, dispersal histories,
microhabitat, or feeding strategies, may also
play important roles. For example, using a
field-based analysis of Upper Ordovician,
mollusc-rich strata in the Cincinnati Arch, No-
vack-Gottshall and Miller (in press) demon-
strated that bivalve dominance, in terms of
both species richness and individual abun-
dance, was correlated with high-turbidity set-
tings regardless of lithology, whereas gastro-

pods were generally correlated with low tur-
bidity settings.

What do these patterns reveal about the
causes of the radiation of gastropods and bi-
valves during the Ordovician and the cohe-
sion of evolutionary faunas? Clearly, any an-
swer must resolve the relationship between
scale-dependent diversity trajectories and
scale-independent environmental distribu-
tions. One view, originally formulated by Sep-
koski (1991, 1996; Sepkoski and Miller 1985;
Miller and Sepkoski 1988; Sepkoski et al.
2000), requires that these classes overlapped
in space and time and interacted ecologically
in similar ways with other species, either di-
rectly through predation, competition, and
parasitism or indirectly through decreased
availability of resources and habitat. Given the
disparate diversity trajectories and environ-
mental distributions of these classes around
the Ordovician world, such a hypothesis is not
obviously borne out unless these classes were
responding similarly to the same stimuli in-
dependently of their geographic venues and
environmental occurrences.

Another possibility is that the independent,
ecological requirements of these classes were
negligible relative to the similar, intrinsic
turnover dynamics of these classes. This view,
proposed by Sepkoski (1981), Gilinsky (1994),
and Benton (1995), holds that shared intrinsic
macroevolutionary propensities will result in
generally similar diversity trajectories as long
as both classes originated at approximately
the same time. Although this view appears to
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be borne out at the global scale, it is insuffi-

cient, by itself, to explain the rather different

dynamics of these classes in different geo-

graphic and environmental settings. Further-

more, such a macroevolutionary explanation

requires that the strong correlation between

the diversification of these classes and the

physical setting within these paleocontinents

is coincidental, which is unlikely given the

general observation that wherever shallow

carbonate settings flourished throughout the

regions covered in this database, gastropods

were diverse. In addition, wherever there was

significant influx of or sufficient sedimento-

logical conditions for fine-grained siliciclastic

sediments into deep subtidal settings, bi-

valves were more likely to flourish. These re-

lationships were best exemplified in Lauren-

tia, where the Taconic Orogeny dramatically

altered the physical setting of the paleoconti-

nent by introducing large amounts of silici-

clastic sedimentation. Only after the advent of

widespread siliciclastic sedimentation did bi-

valves become established there.

Thus, the Ordovician Radiation of gastro-

pods and bivalves appears to be best charac-

terized by a dynamic interaction between the

consistent environmental propensities of each

class in a world experiencing large-scale phys-

ical transitions, including tectonic, climatolog-

ical, and oceanographic changes (Miller

1997b, 1998). However, given that these clas-

ses responded differently to these environ-

mental transitions, and that the composite

global diversity trajectories of these classes

were statistically indistinguishable, this con-

clusion does not reject the claim that intrinsic

macroevolutionary properties of these classes

were also important contributors to their

global diversification (see Connolly and Miller

2002). For example, intrinsic factors may have

played significant roles in determining the

turnover rates, carrying capacities, or other

macroevolutionary factors underlying the dy-

namics of their radiations. However, our re-

sults suggest that the initial capacity of these

classes to diversify during the Ordovician was

affected greatly by their environmental pro-

pensities in a physically dynamic Ordovician

world.
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F. T. Fürsich, T. A. Hansen, S. M. Holland, L. C. Ivany, D. Ja-

blonski, D. K. Jacobs, D. C. Jones, M. A. Kosnik, S. Lidgard, S.

Low, A. I. Miller, P. M. Novack-Gottshall, T. D. Olszewski, M.

E. Patzkowsky, D. M. Raup, K. Roy, J. J. Sepkoski, Jr., M. G.

Sommers, P. J. Wagner, and A. Webber. 2001. Effects of sam-

pling standardization on estimates of Phanerozoic marine di-

versification. Proceedings of the National Academy of Scienc-

es USA 98:6261–6266.

Babin, C., R. Courtessole, M. Melou, J. Pillet, D. Vizcaino, and E.

L. Yochelson. 1982. Brachiopodes (Articulés) et mollusques

(bivalves, rostroconches, monoplacophores, gastéropodes) de
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Appendix 1

Sampling intensity for data used to compile diversity trajectories. Data are given for the five paleocontinents and
four regions within Laurentia for which results are illustrated in the text, as well as the four paleocontinents from
which data are only summarized.

No. of
faunal lists

No. of
occurrences

No. of primary
references

Global 711 6510 267

Paleocontinents from which results are reported:

Australasia
Avalonia
Baltica
Laurentia
Mediterranean Province

38
45
60

410
77

183
282
287

5126
330

15
16
30

132
26

Paleocontinents from which results are summarized:

Gondwanan South America
Kazakhstania
Precordillera
Siberia

22
8

11
17

58
82
31
82

15
7

10
13

Regions within Laurentia:

Appalachian Basin
Cincinnati Arch
Great Basin
Mississippi Valley

201
79
20
47

2807
570
117
926

50
13
14
19
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