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A B S T R A C T

We estimate the effects of three biases on the observed alpha diversity of paleocommunities from the Middle Paleozoic
and Late Cenozoic. The first bias results from the preferential dissolution of aragonite relative to calcite; this bias
can lower the relative abundance and preserved diversity of aragonitic taxa, potentially lowering the rarefied diversity
of an entire fossil assemblage. We model the effects of this bias by analytically reinserting aragonitic specimens and
taxa into Paleozoic assemblages that have been described in the literature. The aragonitic specimens are inserted
using a wide range of reasonable assumptions about the original local paleocommunity composition. Although the
dissolution bias is probably not as severe as has been argued by some, our analytical modeling indicates that the
average Paleozoic assemblage may have lost up to 29% of its total diversity. The second bias results from the higher
diversity of the tropics relative to temperate latitudes, but the Late Cenozoic collections we analyzed from the
literature represent temperate assemblages whereas the Paleozoic collections were tropical in origin (the northward
drift of North America and Europe through time caused this difference). On the basis of latitudinal diversity gradients
in the Late Cenozoic, the diversity of the temperate Late Cenozoic samples should be at least doubled for an accurate
comparison to the tropical Paleozoic samples. The third bias is environmental: our Late Cenozoic samples tend to
come from more onshore, stressed habitats than the Paleozoic samples. In our study, this factor should reduce the
apparent diversity of Late Cenozoic paleocommunities by about 9%. After correcting for these biases, standardized
alpha diversity appears to increase by a factor of 3.0–3.7 from the Middle Paleozoic to the Late Cenozoic. Previous
studies that did not correct for these biases suggested that alpha diversity increased by a factor of 2.5 times; the
earlier studies produced approximately correct results because (by chance) the effects of the biases largely cancel out.
In the “consensus” article on marine diversity history, an observed increase in alpha diversity was taken as powerful
support for an increase in global diversity from the Paleozoic to the Cenozoic. Although we do not test all conflating
factors, this study provides new rigor to this longstanding view on alpha diversity change in the Phanerozoic.

Online enhancement: appendix.

Introduction

Community paleoecology is, ultimately, the analy-
sis of which taxa co-occur and at what relative abun-
dances. Paleocommunities have proved useful, for
example, in mapping environmental patterns and
gradients (Ziegler 1970; McGhee and Sutton 1981;
Springer and Bambach 1985; Bambach and Benning-
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ton 1996; Holland et al. 2001). Also, analyses of pa-
leocommunity (or alpha) diversity (Seilacher 1974,
1977; Bambach 1977) provided key support for the
“consensus” model of Phanerozoic marine diversity
(Sepkoski et al. 1981) because they were not biased
by variations in rock availability (Raup 1972; Peters
and Foote 2001; Smith 2001) or paleontological in-
terest (Sheehan 1977), two biases that plague global
compilations of diversity (for other current opinions
on Phanerozoic diversity history, see Miller 2000;
Alroy et al. 2001; Foote 2001; Jackson and Johnson
2001; Bush et al. 2004).
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Despite these successes, most analyses of paleo-
communities have remained descriptive, and the-
oretical breakthroughs are generally lacking. As a
result, Gould (1980, p. 108, 112) noted that com-
munity paleoecology received mixed reviews in an
informal survey of “subjects of invertebrate pale-
ontology that had been most fruitful or most dis-
appointing since 1959.” More recently, the debate
over the coordinated stasis model of paleocom-
munity change has not resulted in a clear resolu-
tion (Miller 1997; Ivany 1999). At the theoretical
and analytical level, community paleoecology has
been a disappointing endeavor in part because
many biological, chemical, and geological pro-
cesses obscure the original taxonomic structure of
a community. Here we present the first in a series
of articles that we hope will place paleocommunity
analysis on a more rigorous foundation.

Due to time averaging (the mixing of noncon-
temporaneous organisms), the assemblages in our
database do not represent biological communities
in the sense of groups of organisms living and in-
teracting in single places at single instants. How-
ever, they do represent paleocommunities—groups
of organisms that lived in single places through a
period of time (Bambach and Bennington 1996).
Typically, the interval of time averaging in such
assemblages is on the order of hundreds to
thousands of years (Kowalewski and Bambach
2003). Since the analysis is restricted to untrans-
ported fossil assemblages, these assemblages reflect
the general makeup of the fossilizable portion of
the living community as it accumulated over time
(Kidwell 2001, 2002) and, therefore, they do carry
an ecological signal, which is not necessarily true
of every fossil assemblage. We use the term paleo-
community to emphasize the strong ecologic signal
borne by these fossil assemblages.

In this article we test the effects of several biases
on the measurement of local paleocommunity di-
versity. Previous studies showed that marine alpha
diversity increased by a factor of 2.5 from the Pa-
leozoic to the Cenozoic (Bambach 1977; Powell and
Kowalewski 2002). Powell and Kowalewski’s (2002)
study is particularly noteworthy because these au-
thors corrected for variations in sample size using
rarefaction (Hurlbert 1971; Raup 1975; Tipper
1979), an important first step toward the rigorous
comparison of paleocommunities. However, no
corrections for preservational or collecting biases
were applied in either of these alpha diversity stud-
ies, although Powell and Kowalewski explicitly
discussed biases. After correcting for biases of pres-
ervation and collection, will Cenozoic paleocom-

munities still appear more diverse than Paleozoic
ones?

The first bias addressed here, the inhomogeneous
preservation of aragonitic and calcitic shells, was
recently discussed by Cherns and Wright (2000).
Aragonite and calcite are both forms of calcium
carbonate, but aragonite is less stable under earth-
surface and near-surface conditions and, therefore,
aragonitic shells are more likely to dissolve before
permanent burial. Cherns and Wright compared Si-
lurian fossil assemblages with “normal” preserva-
tion to assemblages in which silica had replaced
many fossils (calcitic and aragonitic) before disso-
lution. (For purposes of this article, “normally” pre-
served assemblages are not silicified, phosphatized,
or preserved in a fossil lagerstätten. They consist
of original or recrystallized shell material, casts,
and molds.) Cherns and Wright claimed a 100-fold
to 150-fold reduction in the abundance of aragonitic
bivalves relative to calcitic brachiopods in the non-
silicified assemblages they studied and suggested
that such shortfalls might typify Paleozoic faunas
and lead to significant underestimates of species
richness. Wright et al. (2003) reached similar con-
clusions about Mesozoic faunas. These studies im-
plied that “missing molluscs” may cripple local pa-
leocommunity reconstruction and the analysis of
alpha diversity in the Paleozoic and Mesozoic.

To test the effects of aragonite dissolution on ob-
served patterns of change in alpha diversity, we
compiled a data set from the literature on Middle
Paleozoic and Late Cenozoic fossil assemblages. We
then analytically model the potential original (i.e.,
predissolution) diversities of the Paleozoic paleo-
communities by reinserting aragonitic specimens
and taxa under a range of reasonable parameters.

We also examine two additional biases that may
affect studies of alpha diversity—paleolatitudinal
and paleobathymetric setting. Many paleontologi-
cal samples are collected from North America and
Europe, which were near the equator during the
Paleozoic but shifted to temperate latitudes by the
Cenozoic (Ziegler et al. 1979; Scotese 1997). Be-
cause diversity typically increases from the poles
to the tropics (Fischer 1960; Roy et al. 1996, 1998;
Crame 2001, 2002), comparing tropical Paleozoic
assemblages to temperate Cenozoic assemblages
should bias against the recognition of a diversity
increase from the Paleozoic to the Late Cenozoic
(Allison and Briggs 1993; Jackson and Johnson
2001). Also, local diversity tends to increase from
stressed inshore habitats to more stable offshore
habitats (Bambach 1977), thus introducing yet an-
other bias in recognizing diversity trends if samples
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are not similarly distributed among environments
over time.

In their study of alpha diversity, Powell and Ko-
walewski (2002) suggested that the observed in-
crease in rarefied diversity from the Paleozoic to
the Cenozoic might reflect an increase in taxo-
nomic evenness rather than taxonomic richness
(see also Peters 2001); we discuss this problem
briefly at the end of the article. We conclude by
assessing the combined effects of the three biases
and offering an answer to the question, did alpha
diversity increase from the Paleozoic to the
Cenozoic?

Data Compilation

Criteria for Selecting Data. Our literature-based
data set contains 79 fossil assemblages from the
Late Ordovician through Frasnian (Late Devonian)
and 47 from the Miocene through Pleistocene (see
the online-only appendix, also available from the
Journal’s Data Depository in the Journal of Geology
office upon request, for sources). The Paleozoic data
sets postdate the Ordovician radiation but precede
the ecological reorganizations of the later Paleozoic
(sensu Bambach 1999; Droser et al. 2000). The Late
Cenozoic was chosen for comparison to maximize
the chance of finding a diversity change because
genus richness does not convincingly rise above Pa-
leozoic levels until the mid-Cenozoic in some
treatments of Sepkoski’s global compendium (Al-
roy et al. 2001, their fig. 1). Late Cenozoic samples
were used instead of recent ones because fossil fau-
nas from the Miocene to Pleistocene have passed
through the filters of taphonomy and preservation,
maximizing their potential similarity to Paleozoic
collections. Important differences in preservational
state certainly remain between Paleozoic and Late
Cenozoic faunas, especially the degree of lithifi-
cation of the enclosing rock. However, the use of
sampling-standardization counteracts biases intro-
duced by the ease of recovering large samples from
unlithified Late Cenozoic locales (but see Kowa-
lewski and Hoffmeister 2003 on sieve-size effects).

The samples were drawn from those used by Bam-
bach (1977), Powell and Kowalewski (2002), the Pa-
leobiology Database (http://www.paleodb.org), and
our own literature searches (appendix). In all cases,
we examined the original publication to determine
whether it met our criteria for inclusion. Abun-
dance counts were necessary for quantitative anal-
ysis, and each assemblage had to contain at least
100 specimens, with 37 Paleozoic and 38 Late Ce-
nozoic collections containing more than 200 spec-
imens. Each Paleozoic sample had to include all

macrofauna present; that is, no sample excluded
some higher taxa. Because many quantitative stud-
ies of Late Cenozoic assemblages report only mol-
lusks, we were forced, like Bambach (1977), to use
a number of exclusively molluscan samples. How-
ever, many Late Cenozoic fossil assemblages are
heavily dominated by mollusks anyway.

Most samples were single collections from single
beds and thus represent local paleocommunities
sensu Bennington and Bambach (1996). A few sam-
ples represent a set of replicate collections from the
same paleocommunity type, that is, collections
from the same facies that contain the same general
fauna. Bennington and Bambach (1996) restricted
the use of the term paleocommunity to sets of local
paleocommunities that cannot be statistically dis-
tinguished; because we have not statistically com-
pared any of the collections in our database, this
term does not strictly apply to any part of our anal-
ysis. When we use the term paleocommunity in
this article without the modifiers “local” or “type,”
we are referring to the general concept of ecological
affiliation and its analyzable features at the local
habitat level, which are accessible in the fossil
record.

All samples represent level-bottom environ-
ments (i.e., no reefs or bioherms), and these envi-
ronments were classified in an onshore-offshore
gradient, to be discussed later. Analyses were per-
formed at the genus level for comparability with
other studies of Phanerozoic-scale diversity trends.
Powell and Kowalewski (2002) found that genera
were good proxies for species in analyses of alpha
diversity patterns.

Raw Data and Diversity Patterns. Figure 1 shows
the rarefaction curves for the raw Paleozoic and
Late Cenozoic data, and table 1 summarizes the
genus richness expected at several sampling levels.
The average curve for the Late Cenozoic is well
above that of the Paleozoic; at 100 specimens, the
average Late Cenozoic sample has 1.84 times as
many genera as the Paleozoic, and at 200 speci-
mens, this ratio equals 1.92 (table 1). (We use
means, not medians, because the total diversity in
a region is a multiplicative function of the mean
diversity of local assemblages, e.g., Whittaker
1960.) The apparent diversity increase is less than
that observed by Bambach (1977) and Powell and
Kowalewski (2002), who found a rise in alpha di-
versity of about 2.5 times. We had hoped to run
analyses at the 400-specimen level, but our sam-
pling of large Late Cenozoic collections was biased
toward less diverse, inshore habitats (discussed sub-
sequently). Since diverse offshore collections were
not large enough to include in the rarefaction at
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Figure 1. Rarefaction of raw data for the (A) Paleozoic and (B) Late Cenozoic samples. Lines are shaded to help
distinguish different samples.

Table 1. Average Diversity of the Raw Paleozoic and
Late Cenozoic Samples Rarefied to 100, 200, and 400
Specimensa

Number of specimens 100 200 400

Late Cenozoic mean 18.40 24.20 26.23
Late Cenozoic median 19.00 23.80 23.59
Paleozoic mean 9.99 12.62 16.75
Paleozoic median 9.52 12.39 15.11
LC/Pz mean 1.84 1.92 1.57
LC/Pz median 2.00 1.92 1.56
a Also listed is the ratio of Late Cenozoic to Paleozoic diversity
(LC/Pz).

the 400-specimen level, the median collection rich-
ness of Late Cenozoic samples in our data set ac-
tually drops between 200 and 400 specimens (table
1). (Even so, at 400 specimens these Late Cenozoic
samples are again half as diverse as the Paleozoic
samples.) The lack of large, offshore Late Cenozoic
collections is interesting because there is a com-
mon impression that Cenozoic samples are gen-
erally larger than Paleozoic samples. Large Late Ce-
nozoic samples certainly exist, but the ones we
found tabulated in the literature were primarily re-
stricted to the least diverse habitats. Because re-
sults were similar when analyses were run at sam-
ple sizes of 100 and 200 specimens, we present the
results at the 200-specimen level, over twice the
sample size at which Powell and Kowalewski
(2002) did their analyses.

Bias 1: The Early Dissolution of
Aragonite in the Paleozoic

Dissolution and Preservation of Aragonitic Fossils.
Aragonite dissolves more rapidly than calcite in
seawater (Canfield and Raiswell 1991; Smith et al.
1992; Brachert and Dullo 2000; Morse and Arvidson
2002), although both can be destroyed easily by dis-
solution if not removed from hostile near-surface
conditions (Driscoll 1970; Davies et al. 1989; Cal-
lender et al. 2002; Powell et al. 2002). Thus, ara-
gonitic shell material often has a lower probability
of entering the fossil record than calcitic material.
Studies by Palmer et al. (1988) and Cherns and
Wright (2000) for the Paleozoic; Palmer et al. (1988),
Sanders (2001), and Wright et al. (2003) for the Me-

sozoic; and Smith et al. (1992) and Brachert and
Dullo (2000) for the Cenozoic document the pref-
erential dissolution of aragonite throughout the
Phanerozoic. The strength of this bias may have
fluctuated between aragonite and calcite seas (Stan-
ley and Hardie 1998), but the bias has always
existed.

However, fossils of aragonitic taxa do remain in
many Paleozoic rocks despite the loss of their shells
by dissolution. In cohesive sediments, the inner
and outer surfaces of the void left by a dissolved
shell often are pressed together and superimposed
as the void closes during sediment compaction,
forming a composite mold (McAlester 1962). This
composite surface will remain during lithification,
but because no open void is left, composite molds
are not visible (except on bedding planes) unless
the rock is split. In the Paleozoic, composite molds
of aragonitic fossils are common in unreworked
beds deposited in environments that supported
mollusk-rich faunas. For example, the Silurian
mudstones of Arisaig, Nova Scotia, contain abun-
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dant, well-preserved composite molds of aragonitic
mollusks, even though no shell material remains
(Bambach 1969), whereas calcitic brachiopods from
the same location retain their original shell ma-
terial (Harper 1973). However, mollusks did not
thrive in all Paleozoic marine habitats, as has been
extensively documented (Sepkoski and Miller
1985; Springer and Bambach 1985; Miller 1988;
Novack-Gottshall and Miller 2003). Another indi-
cation that infaunal bivalves were not more com-
mon in many Paleozoic habitats is the shallow
depth of bioturbation in many Paleozoic sediments
(Sepkoski et al. 1991). If abundant infaunal bivalves
had been present, more Paleozoic sediments would
be homogenized in the manner of most Cenozoic
deposits.

In many unreworked Paleozoic sediments, the
shallowness of bioturbation and the preservational
redundancy provided by composite molds often al-
low most of the original shelly fauna to be collected
despite the taphonomic loss of the original arago-
nitic shell material. However, composite molds are
generally destroyed in Cenozoic sediments by the
deeper and more extensive bioturbation typical of
the later Phanerozoic (Thayer 1983; Sepkoski et al.
1991; Droser and Bottjer 1993; Bottjer and Droser
1994); more extensive bioturbation also irrigates
the sediments, facilitating carbonate dissolution
(Canfield and Raiswell 1991; Green et al. 1992).
Even if composite molds were present in a Ceno-
zoic deposit, they could not easily be collected from
unlithified sediments.

Most Paleozoic collections come from shell con-
centrations because sampling is easier and more
efficient than splitting lithified rocks to find indi-
vidual specimens. Shell beds form by the reworking
and concentration of shells while sediments are
still unlithified (Kreisa 1981; Kreisa and Bambach
1982); undissolved shells can be reworked and re-
deposited into shell beds, but physical or biological
reworking destroys composite molds in unconsol-
idated sediments. Therefore, shell beds may con-
tain a fossil assemblage in which the original pro-
portions of taxa are skewed because remains of
aragonitic individuals are preferentially lost during
reworking compared with calcitic individuals.

Winnowing may also reduce the duration of time
averaging of aragonitic forms in shell beds relative
both to the calcitic shells in the shell bed and the
composite molds of a nonwinnowed deposit. Only
recently dead aragonitic shells should remain un-
dissolved and available for reworking, whereas cal-
citic shells are more resistant to dissolution and
may range more widely in age (cf. Kowalewski
1997; Kidwell 1998; but see Carroll et al. 2003).

Variations in the amount of time averaging can
affect diversity estimates. For example, Kidwell
(2002) found that time-averaged, modern mollus-
can death assemblages had on average 1.22 times
more diversity than the non-time-averaged, living
communities from which they were forming (when
sampling intensity was standardized). Kowalewski
et al. (2003) found similar results for mixed mol-
lusk-brachiopod assemblages from the San Juan Is-
lands, U.S.A. Two points suggest that the difference
in time averaging between winnowed aragonitic
faunas and calcitic or nonwinnowed aragonitic fau-
nas in the Paleozoic should be less than the differ-
ence between grab samples of Recent life and death
assemblages. First, time averaging is (if anything)
more intense in the Recent than the Paleozoic (Kid-
well and Brenchley 1994, 1996; Kidwell 1998; Ko-
walewski and Bambach 2003). Second, winnowed
aragonitic faunas in the Paleozoic may be some-
what time-averaged, unlike living grab samples.
Therefore, the calcitic and nonwinnowed aragonit-
ic faunas should, on average, be no more than 1.22
times as diverse as winnowed aragonitic faunas,
once sampling intensity is standardized.

By comparing winnowed and nonwinnowed bi-
valve faunas from the same paleocommunities
from Arisaig, Nova Scotia (Bambach 1969), we find
that winnowing reduces diversity by a range of fac-
tors. In some of Bambach’s units, the winnowed
and nonwinnowed samples of bivalves have equiv-
alent standardized diversities. However, in one unit
(faunal subdivision 20 of Bambach 1969), the non-
winnowed collections rise to be about 1.6 times as
diverse as the nonwinnowed collections from the
same paleocommunity setting (fig. 2). Figure 2 ap-
pears to represent a worst-case scenario.

Carbonate dissolution certainly occurs in the Ce-
nozoic as well, but we do not test its effects on
diversity. Although there is a differential loss of
aragonite compared with calcite in the Cenozoic
(Brachert and Dullo 2000), many Cenozoic mol-
lusks have robust, organic-poor shells that make
them more durable than Paleozoic shells, and Late
Cenozoic shell beds contain an abundance of both
calcitic and aragonitic skeletons (Kidwell and
Brenchley 1994, 1996). Furthermore, Kidwell (2001,
2002) found that modern molluscan death assem-
blages record rather faithfully the rank abundances
of taxa in the living community. Many Cenozoic
collections may be biased instead by the failure to
include nonmolluscan fossils in abundance counts,
but again, we do not correct for this bias.
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Figure 2. Rarefaction of bivalve faunas from shell beds
(gray) and composite mold collections (black) from Bam-
bach’s (1969) unit 20 at Arisaig, Nova Scotia. This ex-
ample is shown as a worst-case scenario; in other units
from Arisaig, the bivalve faunas from shell beds are sim-
ilar in diversity to composite mold faunas.

Previous Estimates of the Magnitude of the Aragonite
Megabias. Cherns and Wright (2000) attempted to
study the preferential loss of aragonitic fossils in
the Silurian of Gotland, Sweden, by comparing a
normally preserved fauna (as defined previously) to
a silicified fauna. The silicified fauna was relatively
immune to the bias of early aragonite dissolution
because both calcitic and aragonitic shells were re-
placed by silica soon after burial, giving a glimpse
of the original percentage of each mineralogy in
that environment. In the silicified assemblage, the
calcitic brachiopods were about one-third (36%) as
abundant as were specimens of the aragonitic bi-
valves, whereas brachiopod specimens outnum-
bered bivalves 59 to 1 in the nonsilicified assem-
blage. Cherns and Wright (2000) concluded that the
early dissolution bias underrepresented aragonitic
fossils by a factor of 100–150 in the normally pre-
served assemblage. They also noted that only about
half as many bivalve species were recovered from
the nonsilicified assemblage as from the silicified
assemblage. Wright et al. (2003) performed a similar
study on Jurassic fossils. These studies imply that
extreme losses of aragonitic forms might typify Pa-
leozoic and Mesozoic faunas, but several aspects of
the authors’ methodology raise questions about the
quantitative accuracy of their results. We will dis-
cuss the study of Cherns and Wright (2000) because
it directly pertains to preservation in the Middle
Paleozoic.

The drop in bivalve diversity from the silicified

to nonsilicified assemblages of Cherns and Wright
(2000) gives the impression that the early dissolu-
tion of aragonite severely reduced the diversity of
the fauna. However, the taxon counts of Cherns
and Wright (2000) were compiled from raw samples
with no correction for variations in sample size.
The silicified fauna contained almost double the
number of species of bivalves as the nonsilicified
fauna, but it also contained 38 times more bivalve
specimens (3421 vs. 89). Rarefying the original data
presented by Liljedahl (1985) and Pojeta (1979), the
two bivalve paleocommunities appear similarly di-
verse (at 89 specimens, there were seven species in
the nonsilicified samples vs. 6.6 in the silicified
samples). The apparent decrease in bivalve diver-
sity observed by Cherns and Wright results pri-
marily from collecting fewer bivalves from the non-
silicified fauna. It would have been interesting to
look as well at the effects of early dissolution on
the standardized diversity of the entire assemblage,
an approach we use below. (Of course, if bivalves
were lost from an assemblage, then standardization
alone would not correct the ratio of bivalves to
brachiopods.)

In addition, the two Silurian assemblages stud-
ied by Cherns and Wright (2000) were not col-
lected from similar paleocommunity types, and
there is no reason to expect them to be quanti-
tatively comparable in terms of abundance or spe-
cies-richness of bivalves. Although both assem-
blages came from the same general part of the
spectrum of shelf habitats (Benthic Assemblage
zone 2 of Boucot 1975), the assemblages were
dominated by different taxonomic suites of both
brachiopods and bivalves. These differences can-
not be attributed to preservational differences. In
addition to the taxonomic differences, the two bi-
valve faunas were dominated by species with dif-
ferent lifestyles: suspension feeders dominated the
nonsilicified bivalve fauna, whereas 90% of the
silicified bivalve fauna were burrowing deposit-
feeders. As Cherns and Wright noted as an alter-
native hypothesis, some of the differences be-
tween samples in the relative abundances of
bivalves and brachiopods could be ecologic, not
taphonomic; although their nonsilicified assem-
blage doubtlessly suffers from an aragonite dis-
solution bias, the quantitative magnitude of the
bias is not determined by comparing it with an
entirely different taxonomic assemblage.

Koch and Sohl (1983) examined the effects of
aragonite dissolution on the diversity of local mol-
luscan paleocommunities from the Late Creta-
ceous of the Gulf of Mexico coast of the United
States. They classified each of 83 collections into
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one of six preservational categories based on the
preservational quality of aragonite and calcite.
They corrected for sample size variation using rar-
efaction and found that, at 200 specimens, 15%–
20% of species-level diversity was lost between
collections containing calcite and aragonite and
those from which aragonite was leached, leaving
molds. Their results are difficult to compare quan-
titatively with the model we develop below. Their
analysis was performed at the species level, and
they note that taxa identifiable to genus-level but
not species-level occurred in their poorly pre-
served collections. This counted as missing di-
versity in their work, although it would not in our
genus-level analysis. Also, Koch and Sohl studied
the effects of aragonite dissolution throughout the
history of a deposit, not just early, syndepositional
dissolution. In one treatment, Koch and Sohl lim-
ited the analysis to assemblages collected from
similar sediments, but it is not clear that the well-
preserved and poorly preserved collections were
derived from the same paleocommunity or paleo-
community type. As they recognized, some of the
diversity difference they observed could be
ecologic.

Although Bambach (1969) did not make exact
counts of brachiopod specimens when breaking
rock to collect composite mold bivalves, brachio-
pods generally outnumbered bivalves in the mud-
stones from which the composite mold samples
were collected, but bivalves equaled or slightly
exceeded brachiopods in some cases. The ratio of
brachiopods to bivalves in the shell bed collec-
tions was clearly greater, however, with brachio-
pods outnumbering bivalves seven to one (deter-
mined from the average number of brachiopod
specimens per collection from Harper [1973] com-
pared with the number of bivalves from those
same shell beds). Thus, bivalves in shell beds were
12.5% of the combined brachiopod-bivalve fauna
rather than the 30%–60% fraction of specimens
in interbedded mudrocks (composite mold collec-
tions). This is equivalent to a loss of aragonitic
specimens by a factor of three to 10, far less than
the factor of 100–150 suggested by Cherns and
Wright (2000).

Because no available study documents precisely
the actual loss of aragonite compared with calcite,
we model the entire range of possible values for
the strength of the aragonite dissolution bias in
the model we develop below. We also model the
loss of diversity due to reductions in time aver-
aging using as a worst-case scenario the 1.6-fold
difference in diversity between bivalves found as

composite molds and those found in shell beds in
Bambach’s (1969) unit 20.

Correcting Standardized Paleozoic Alpha
Diversity: Modeling the Effects

of Aragonite Dissolution

Modeling the Loss of Aragonite. How much does
the preferential dissolution of aragonite affect mea-
surements of alpha diversity? In particular, how
much could the dissolution bias depress the diver-
sity of entire assemblages, such as those studied by
Bambach (1977) and Powell and Kowalewski
(2002)? Could this bias cause the observed differ-
ence in alpha diversity between the Paleozoic and
Late Cenozoic?

We test the effects of this bias in the context of
standardized sampling to avoid the conflating fac-
tor of sample size. However, sample size is not the
only factor that confounds the measurement of the
true taxon richness of a sample. Most notably,
evenness (a measure of the similarity of taxa in
relative abundance) influences rarefied diversity at
low sampling levels (Peters 2001; Powell and Ko-
walewski 2002). For now, we use rarefied diversity
as a measure of the relative diversity of collections,
and we reserve comment on evenness until the
“Discussion.”

When aragonite dissolves preferentially, the total
percentage of aragonitic specimens in an assem-
blage drops, making aragonitic taxa more rare and
lessening the likelihood of collecting them. Thus,
altering the relative abundances of aragonitic taxa
changes the rarefied diversity of the sample (often,
but not necessarily, lowering it). The effect of the
dissolution bias can be corrected by increasing the
percentage of aragonitic specimens in a sample
back to the level of the original local paleocom-
munity; as discussed previously, this level is not
precisely known, so the analytical model developed
below includes the full range of possible values. To
increase the percentage of aragonitic specimens, we
first classified each Paleozoic genus in the database
as having a calcitic or aragonitic skeleton. Most
bimineralic genera of mollusks were classed with
the aragonitic taxa because, in our judgment, the
calcitic shell layer of most bimineralic taxa in our
database did not have a much higher preservation
potential than aragonite alone (as in Kidwell and
Brenchley 1994). For instance, prismatic layers gen-
erally have a high content of organic matrix, and
the calcite prisms tend to disaggregate once these
organics decay. The remaining calcite certainly
would be more vulnerable to destruction in re-
working than whole shells. Most mollusks were
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Figure 3. Rarefaction of Paleozoic samples, divided into (A) calcitic and (B) aragonitic fractions. In A and B, the
lines are shaded to help distinguish different samples. C, Mean, minimum, and maximum rarefaction curves for
calcitic (gray) and aragonitic (black) fractions.

thus classed as aragonitic, whereas other major taxa
such as brachiopods, trilobites, and rugose and tab-
ulate corals were classified as calcitic. Most sam-
ples in our Paleozoic data set had few aragonitic-
shelled specimens: the mean percentage of
aragonitic specimens was 7.8%, and the median
was 1.5%.

The model estimates the rarefied diversity ex-
pected from the Paleozoic samples as the percent-
age of aragonite (pa) varies from 0% to 100%. If the
chosen pa matches that of the original living as-
semblage, then the model estimates the standard-
ized diversity of the original assemblage. Other val-
ues of pa demonstrate the diversity expected by
different magnitudes of the taphonomic bias be-
tween calcite and aragonite. Although calcitic and
aragonitic taxa are assumed to have different pres-
ervation potentials, the model assumes that all cal-
citic taxa were equally preservable at one level and
that all aragonitic taxa were equally preservable at
a second, generally lower, level.

For a particular run of the model, the desired pa

and the sample size (n) are set. The number of ara-
gonitic fossils in the modeled sample equals npa/
100, and the number of calcitic fossils equals

. Ideally, one would then rarify the ara-n(1 � p /100)a

gonitic fraction of a test sample to npa/100 speci-
mens and the calcitic fraction to spec-n(1 � p /100)a

imens and add the expected number of taxa in each
to get the expected diversity of the sample at size
n. However, many of the samples contained few
aragonitic specimens (fig. 3B), and npa/100 ara-
gonitic specimens were not available for many runs
of the model. To do this analysis, therefore, one

must estimate how many aragonitic taxa would
have been present if the sampling intensity of the
aragonitic fraction had been greater. Such estima-
tions are generally taboo (rarefaction calculates the
number of taxa expected if sampling intensity was
lower, not higher), but we suggest a method that is
a sufficient approximation in this case. Since we
must approximate the number of aragonitic taxa
that would have been present, the model does not
calculate the exact diversity expected under vari-
ous taphonomic regimes, but it provides a reason-
able first-order approximation.

Figure 3A and 3B shows the rarefaction curves
for the calcitic and aragonitic fractions of all Pa-
leozoic samples. From the available data, the dis-
tribution of the aragonitic rarefaction curves ap-
pears quite similar to that of the calcitic curves.
From one to 26 specimens, at which point many
of the aragonitic samples run out of specimens, the
minimum, maximum, and mean of the two distri-
butions are quite similar (fig. 3C). Therefore, the
model uses the rarefaction curves of the calcitic
fractions as substitutes for the rarefaction curves
of the aragonitic fractions. In the simplest case, the
model estimates the rarefaction curve of the ara-
gonitic fraction of a sample using a randomly drawn
rarefaction curve from the calcitic fraction (fig. 3A).
Specifically, the model draws a random calcitic
fraction and a random aragonitic fraction, calcu-
lates the estimated diversity of each at n(1 �

specimens and npa/100 specimens, respec-p /100)a

tively, and adds these to get the estimated total
diversity. This procedure was run at 100,000 iter-
ations for values of pa ranging from 0% to 100%,
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Figure 4. Modeled average genus richness of the Pa-
leozoic samples rarified to 200 specimens when the per-
centage of aragonitic specimens is varied. In the lowest
curve (diamonds), the aragonitic fractions of the samples
are assumed to be similar to the calcitic fractions in abun-
dance-diversity structure. In the next three curves (cir-
cles), the diversities of the aragonitic fractions are in-
flated relative to the calcitic fractions by factors of 1.2,
1.4, and 1.6, from lowest to highest. The number 1.2 is
derived from Kidwell’s (2002) meta-analysis, 1.6 is de-
rived from Bambach’s (1969) data from unit 20 (fig. 2),
and 1.4 is shown as an intermediate value. The stan-
dardized diversities of the raw Late Cenozoic and Paleo-
zoic samples are also shown; the shading is for aesthetic
reasons.

thus estimating the diversity of samples at any orig-
inal percentage of aragonitic specimens.

The model probably overestimates the effects of
the dissolution bias because we model all local pa-
leocommunities as having the same original per-
centage of aragonite. In reality, some paleocom-
munity types may not have originally had an
abundant aragonitic fauna (Sepkoski and Miller
1985; Springer and Bambach 1985; Miller 1988;
Novack-Gottshall and Miller 2003), but we model
all as having the same original percentage as the
other paleocommunity types more influenced by
the bias. In this way, the analysis is biased against
seeing an increase in diversity from the Paleozoic
to the Cenozoic.

The lowest curve in figure 4 (diamonds) shows
the average diversity expected for 200 specimens
in the Paleozoic samples for varying pa. Average
diversity peaks when aragonitic and calcitic spec-

imens each make up 50% of the assemblage and
decreases as either calcite or aragonite begins to
dominate; the symmetry exists because of the as-
sumption that the calcitic and aragonitic fractions
have similar distributions of rarefaction curves. If
all aragonite is lost from a set of such local paleo-
communities, then a standardized sample loses
39% of its diversity. One might expect 50% of the
diversity to be lost, but we are modeling sampling-
standardized samples. Because we maintain a con-
stant total number of specimens, if one loses 50
aragonitic specimens from a sample, one also gains
50 calcitic specimens, and these specimens will
partly offset the diversity loss.

The retention of a fairly low amount of aragonite
can greatly ameliorate the reduction in diversity—
a loss of aragonite from 50% to 20% of a sample
causes only a mild 6% loss in diversity. In fact,
expected diversity changes little between 20% and
80% aragonitic specimens (fig. 4) because the cal-
citic and aragonitic fractions both contain suffi-
cient specimens for their rarefaction curves to have
flattened somewhat; gaining or losing a few spec-
imens from either fraction has relatively little ef-
fect on diversity. However, with fewer than 20%
aragonitic specimens, the expected diversity drops
rapidly as aragonitic specimens are lost because
there are few specimens in the aragonitic fraction
and its rarefaction curve is steep. With this simple
model, the maximum possible diversity loss in our
Paleozoic samples (because they do have some ara-
gonitic taxa still represented by fossils) is 22%, in
which case the raw Late Cenozoic data still have
a higher average alpha diversity than the Paleozoic
data.

Modeling the Reduction in Time Averaging. More
complex runs of the model were devised to coun-
teract the possible effects of time averaging on di-
versity, which are twofold. First, the aragonitic frac-
tion of an assemblage may not be as time averaged
as the calcitic fraction, lowering aragonitic diver-
sity, as discussed earlier. To counteract this bias,
we scaled the rarefaction curves representing the
aragonitic fraction of a sample upward by a range
of factors—the aragonite inflation factors. (The en-
tire rarefaction curve is not scaled upward by the
amount of this factor; given one specimen, every
rarefaction curve has one taxon. At the one-speci-
men sampling level, therefore, the inflation factor
must be one. As sampling intensity increases, the
scaling factor rises at a rate determined by the ratio
between the rarefaction curves from the composite
mold and shell bed collections in Bambach’s unit
20. For example, an inflation factor of 1.6 indicates
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that the inflation factor rises from 1.0 to 1.6 as
sampling intensity increases.)

Given Kidwell’s meta-analysis (Kidwell 2002),
we expect the average aragonite inflation factor to
be no more than 1.22. We also modeled inflation
factors as high as 1.6, which was the maximum
observed value for a single set of samples from Bam-
bach’s (1969) data from Arisaig (fig. 2). However, in
many cases an inflation factor may not actually be
needed—in figure 3C, the overlap between the
mean, minimum, and maximum rarefaction curves
of the calcitic and aragonitic sample fractions is
quite striking. It would be quite a coincidence if
the aragonitic rarefaction curves were higher before
the loss of time averaging due to differential dis-
solution, only to lose exactly the right amount of
diversity to equal the calcitic fractions. In any case,
the use of the inflation factors makes this a con-
servative analysis.

Second, time averaging might influence the ac-
curacy of these models if the intensity of time av-
eraging changed through the Phanerozoic (Kowa-
lewski and Bambach 2003), over-inflating the
diversity of collections from geologic periods char-
acterized by more time averaging. Many factors in-
fluence the intensity of time averaging; for exam-
ple, Kidwell and Brenchley (1994, 1996) and
Kidwell (1998) suggested an increase in time av-
eraging because common Paleozoic taxa such as
brachiopods have organic-rich shells presumed to
disintegrate relatively rapidly as the organics decay,
whereas most modern mollusks have organic-poor
shells and very robust skeletons. However, Carroll
et al. (2003) found that death assemblages of mod-
ern terebratulid brachiopods in Brazil were just as
time averaged as modern bivalves. Also, Kowa-
lewski and Flessa (1996) have noted that the pres-
ervation of organophosphatic lingulide brachiopods
has decreased since the Paleozoic, probably because
of increased bioturbation, implying that Paleozoic
samples of such organic-rich shells are more time
averaged than later. Thus, a secular trend in change
in time averaging remains unproven, but our anal-
yses include a broad range of scenarios that encom-
pass the possible effects of a change in time
averaging.

If we assume that calcitic Paleozoic faunas and
Cenozoic mollusks are similarly time averaged (one
possible interpretation of Carroll et al.’s [2003]
work), then the inflation factor for aragonitic fau-
nas in Paleozoic shell beds is at most 1.22 (it would
be less if the aragonitic faunas are somewhat time
averaged, as is likely). This is at the low end of the
range we modeled (1.0–1.6). If Paleozoic faunas are
less time averaged than Late Cenozoic ones, then

Paleozoic fossil assemblages should be less than
1.22 times as diverse as the living assemblages from
which they formed. Thus, an aragonitic inflation
factor above 1.22 is unlikely. In this case, the di-
versity of entire Paleozoic assemblages should be
scaled upward by a factor no more than 1.22 to
account for the lower amount of time averaging (on
top of the aragonitic inflation factor). Since we have
modeled aragonitic inflation factors greater than
1.22, the range of results we will show is large
enough to accommodate both of these corrections.
If, for some reason, the Paleozoic is more time av-
eraged than the Late Cenozoic, then Paleozoic di-
versity values are already artifactually inflated and
our analysis is biased against seeing a diversity
increase.

In the runs of the model that make use of the
aragonitic inflation factor, the estimated original
diversity of the Paleozoic samples rises above that
seen in the simpler version of the model (circles vs.
diamonds in fig. 4). The aragonitic fractions now
have steeper rarefaction curves than the calcitic
fractions, destroying the symmetry seen when the
aragonitic fractions were assumed to have the same
diversity structure as the calcitic fractions. As the
aragonitic inflation factor increases, so does the to-
tal possible diversity and the percentage of arago-
nitic specimens at which that diversity is achieved
(about 60%–80%).

If no aragonitic inflation factor is needed in this
analysis, then the maximum loss of diversity from
Paleozoic communities was 22% at a sample size
of 200. The preferred maximum value of the arago-
nite inflation factor is 1.2 because of Kidwell’s
(2002) meta-analytic results, in which case the total
loss of diversity from local paleocommunities can
be no more than 29% (fig. 4). This is our best upper
estimate of diversity loss. If the aragonitic inflation
factor is higher than expected, say 1.6, then the
maximal average diversity loss could be as high as
40%. Even in this case, the original diversity of
Paleozoic local paleocommunities still does not
reach Late Cenozoic levels (fig. 4). In fact, in order
to make Paleozoic assemblages equal the diversity
of Late Cenozoic assemblages, the average arago-
nite inflation factor would have to achieve values
not yet observed (2.0, whereas the greatest inflation
factor yet observed is 1.6), and the original propor-
tion of aragonitic specimens would commonly
have to be about 70%–80%. We consider both of
these conditions highly unlikely.

Bias 2: Latitude
If it is necessary to correct for the taphonomic bias
of aragonite dissolution in Paleozoic assemblages,
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Figure 5. Latitudinal bias in comparing Paleozoic and
Cenozoic samples. A, Paleolatitudes of Paleozoic (dark
gray) and Late Cenozoic (light gray) samples. The South-
ern Hemisphere is reflected onto the Northern Hemi-
sphere. B, Average rarefaction curve for the temperate
Late Cenozoic samples (black curve) at the species level
and the number of specimens versus number of subgen-
era (x’s) for tropical Late Cenozoic molluscan assem-
blages from the Panama Paleontological Project (Jackson
et al. 1999). C, Ratio of tropical richness to average tem-
perate richness at the same sampling intensity.

it is equally necessary to correct for geographic and
environmental differences in the distribution of Pa-
leozoic and Late Cenozoic samples. The diversity
of many higher taxa increases from temperate to
tropical climes in modern and fossil biotas (Fischer
1960; Roy et al. 1996, 1998; Crame 2001, 2002).
Paleontological data (including the current data set)
often overrepresent North America and Europe,
which shifted from tropical latitudes in the Paleo-
zoic to temperate latitudes in the Cenozoic (Ziegler
et al. 1979; Scotese 1997). Comparing tropical Pa-
leozoic biotas to temperate Cenozoic ones should
bias against observing an increase in diversity (Al-
lison and Briggs 1993; Jackson and Johnson 2001).
This bias is apparent in our data set: the sampled
Late Cenozoic faunas all lived between 28� and
55�N paleolatitude, whereas the Paleozoic faunas
were confined to 10�–25�S paleolatitude (fig. 5A).

To correct for this bias, we could either adjust
the Paleozoic data to estimate temperate Paleozoic
alpha diversity, or we could adjust the Late Ceno-
zoic data to estimate tropical Late Cenozoic alpha
diversity. The former is difficult without better
data on the strength of latitudinal diversity gradi-
ents in the Paleozoic, whereas the latter is straight-
forward given published data. Strictly speaking, the
result is a comparison of alpha diversity between
tropical environments of the Paleozoic and Late Ce-
nozoic; a comparison of temperate samples might
yield somewhat different quantitative results, al-
though it would not negate or reverse our conclu-
sions since temperate faunas in the Paleozoic were
less diverse than tropical faunas, although the gra-
dient may not have been as steep as in the Late
Cenozoic (Crame 2001).

To test the effects of this latitudinal bias, we
compared our temperate Late Cenozoic samples
with published data on tropical molluscan assem-
blages studied by the Panama Paleontology Project
(the Panama data included only mollusks, but the
same is true of most of our temperate data). Jackson
et al. (1999) listed the number of specimens and the
number of taxa for a variety of Late Cenozoic
(Miocene-Pleistocene) samples from the New
World tropics; figure 5B compares these data to our
Late Cenozoic data. Since Jackson et al. (1999) re-
port results at the subgenus level, we ran the com-
parison with the temperate data tabulated at both
the genus and species level, thus bracketing the
subgenus level. The rarefaction curves of the tem-
perate data were highly similar at the genus and
species level; to be conservative, we show the re-
sults using species for the temperate data.

For samples with less than 800 specimens, the
tropical samples average 2.45 times the diversity of
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the temperate samples (fig. 5C). For larger numbers
of specimens, this factor may even increase. Roy
et al. (1996) found a similar pattern in the total
bivalve genus richness along the modern eastern
Pacific coast: the average diversity of 5�-wide bins
doubles from about 300 genera between 25� and 55�
latitude to about 600 genera between 10� and 25�.
Thus, we estimate that the Late Cenozoic samples
would have been 2–2.45 times as diverse had they
been collected from tropical rather than temperate
locales.

Bias 3: Environment

On the basis of paleocommunity compositions re-
ported in the literature, Bambach (1977) found that
species richness increased from stressed shoreline
habitats to stable offshore settings throughout the
Phanerozoic. Therefore, heterogeneous sampling
among environmental zones through time may bias
studies of alpha diversity. We tested for this pos-
sibility by classifying each sample on a five-cate-
gory, onshore-offshore gradient: (e1) shoreline com-
plex, (e2) nearshore shelf, (e3) open shelf, (e4) distal
open shelf, and (e5) outer shelf margin. The envi-
ronmental designations are those of the original au-
thors or, in cases where environmental identifica-
tion was not explicit, they are interpreted from the
geological context of the strata collected. The
shoreline complex includes estuarine, lagoonal, in-
tertidal, and shoreface habitats. Nearshore shelf
was assigned, when not specified, if a collection
was clearly from a shallower, more nearshore set-
ting than other, more open shelf collections from
the same study. Distal open shelf was assigned, if
not specified, if a collection was clearly from a
deeper, more offshore or outer shelf habitat than
other shelf collections from the same study. Outer
shelf margin was assigned to collections identified
as shelf margin or slope.

The Paleozoic and Late Cenozoic samples have
obviously different environmental distributions
(fig. 6A, 6B). The modal environment in the Paleo-
zoic is the open shelf, and there is only one sample
from the shoreline complex (fig. 6A); in contrast,
the modal Late Cenozoic environment is the shore-
line complex, and there are no outer shelf margin
samples (fig. 6B). When the samples are rarefied to
100 or 200 specimens, alpha diversity in the Paleo-
zoic stays rather constant from the nearshore shelf
(e2) to the open shelf (e3), then increases further
offshore (e4–e5; fig. 6C, 6E). At 100 and 200 spec-
imens, Late Cenozoic alpha diversity increases
from e1 to e2, then remains constant or increases
slightly through e4 (fig. 6D, 6F).

What is the magnitude of the bias introduced by
unequal sampling of the environmental zones in
the two time intervals? In the average diversity val-
ues shown in table 1, each individual sample is
weighted equally, so that each environmental zone
is weighted by the number of samples assigned to
it. Ideally, to eliminate any bias, one would like an
equal number of samples in each environmental
zone in each time interval. We can simulate this
collection scheme by recalculating the average di-
versity of each time interval with each environ-
mental zone weighted equally. Averaging the
means of every environmental zone present in each
time interval, the Late Cenozoic is 1.94 times as
diverse as the Paleozoic at 100 specimens and 2.10
times as diverse at 200 specimens. This average is
conservative because the Paleozoic data include
samples from environmental zone e5, its highest
diversity zone, whereas the Late Cenozoic average
does not. Also, these figures include zone e1 in the
Paleozoic, even though there is only one data point.
According to our Late Cenozoic data and the work
of Bambach (1977), one would expect that faunas
from the shoreline complex in the Paleozoic should
be less diverse than more offshore faunas, so the
one data point in e1 may be high for the e1 habitat.
The ratios of Late Cenozoic to Paleozoic alpha di-
versity of 1.94 and 2.10 are slightly higher than
those obtained for the raw data, for which the Late
Cenozoic is 1.84 times as diverse as the Paleozoic
at 100 specimens and 1.92 times as diverse at 200
specimens. The environmental distribution of the
samples is biased slightly against seeing a diversity
increase from the Paleozoic to Late Cenozoic, low-
ering the observed average diversity in the Late Ce-
nozoic by 9% at 200 specimens.

This environmental bias may affect global stud-
ies of diversity change as well. Exposed Paleozoic
rocks often represent shelf habitats, which are more
easily preserved and more extensive than habitats
in the shoreline complex, especially in intracra-
tonic basins. Shoreline complex habitats exist only
at the shoal margins of basins, so they are more
subject to erosional loss during times of lowered
sea level. In contrast, most exposed Late Cenozoic
sediments represent onshore habitats because these
sediments are all that is exposed of still flooded
marine basins. (These onshore habitats, too, will be
more subject to erosion in the future.)

Discussion

Cumulative Effects of Biases on Alpha Diversity. In
the raw data shown in table 1, rarefied alpha di-
versity rose from the Paleozoic to Late Cenozoic
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Figure 6. Environmental distributions of samples and sample diversity along an onshore-offshore transect. A, En-
vironmental distribution of Paleozoic samples. B, Distribution of Late Cenozoic samples. C, D, Genus richness of
Paleozoic (C) and Late Cenozoic (D) samples by environmental category, rarefied to 100 specimens. E, F, Genus
richness of Paleozoic (E) and Late Cenozoic (F) samples by environmental category, rarefied to 200 specimens.

by a factor of about two. However, the analyses
above show that this value is influenced by taph-
onomic, latitudinal, and environmental biases.

The exact magnitude of the aragonite dissolu-
tion bias on diversity cannot be gauged without
knowing more about the aragonitic components
of Paleozoic faunas. First, we do not know the
original ratio of aragonitic to calcitic specimens
in the studied assemblages, and second, we do not
know the exact diversity structure of the arago-
nitic faunas (e.g., the shapes of their rarefaction

curves). Therefore, we modeled a range of plau-
sible scenarios. To raise Paleozoic alpha diversity
to levels found in the Late Cenozoic, one must
assume that the average aragonitic sample fraction
was twice as diverse as the average calcitic frac-
tion, and aragonitic individuals must have made
up 70%–80% of the original local paleocommun-
ity. Experience with mollusk-rich Paleozoic as-
semblages demonstrates that the aragonitic sam-
ple fractions are not that diverse and that
aragonitic specimens generally comprise only
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Figure 7. Paleozoic versus Late Cenozoic genus rich-
ness corrected for all biases considered. The shaded area
(Paleozoic Corrected for Dissolution and Time Averag-
ing) contains the results of figure 4 for reasonable esti-
mates of the aragonitic inflation factor (1.0–1.6). The
shading is for aesthetic reasons.

about one-third to one-half of the original local
paleocommunity. With reasonable parameters, al-
pha diversity is only underestimated by 22%–40%
(figs. 4, 7), with a preferred value of 29%.

Even if the taphonomic bias did account for the
observed diversity difference between the raw Pa-
leozoic and raw Late Cenozoic data (which it does

not), the Late Cenozoic data must be corrected for
the other two biases for a proper comparison with
the Paleozoic. In the raw data, Late Cenozoic alpha
diversity is underestimated relative to Paleozoic al-
pha diversity because the Cenozoic data are from
temperate settings whereas the Paleozoic data are
tropical. Also, the difference in the environmental
distribution of the samples from the two time in-
tervals requires a further adjustment. After cor-
recting for these two biases, Late Cenozoic paleo-
communities are at least 3.0–3.7 times as diverse
as Paleozoic ones (fig. 7).

In the end, the taphonomic, latitudinal, and en-
vironmental biases largely cancel out; by coinci-
dence, our estimate of alpha diversity increase (3.0–
3.7 times) is fairly close to the estimates of
Bambach (1977) and Powell and Kowalewski (2002;
2.5 times) who made no corrections for these bi-
ases, though they recognized them.

Evenness and Alpha Diversity. When an assem-
blage is sampled, the number of taxa recovered is
affected both by the total number of taxa in the
assemblage and by the evenness of their relative
abundances. Like Powell and Kowalewski (2002),
we found an increase in evenness between the Pa-
leozoic and Cenozoic (Bush and Bambach 2004). At
greater sampling intensities than those attempted
here, the standardized alpha diversity of Paleozoic
paleocommunities could theoretically catch up to
the standardized alpha diversity observed in the
Late Cenozoic. However, this would require that
rare species accumulate more slowly as sampling
intensity increases in Late Cenozoic assemblages
than in Paleozoic ones, and in our data, the Late
Cenozoic rarefaction curves continue to rise more
rapidly than the Paleozoic ones, even at 800 spec-
imens (data to be published in Bush and Bambach
2004). Also, all observational data known to us in-
dicate that Late Cenozoic and Recent faunas do not
approach saturation, even when sampled at huge
sample sizes (Williams 1964; Cobabe and Allmon
1994; Collins and Coates 1999; Daley and Kowa-
lewski 2000; Bouchet et al. 2002). On the other
hand, near-saturation of sampling in the Paleozoic
has been observed in several instances (e.g., Bam-
bach 1969 for Silurian bivalves; Tolmacheva et al.
2003 for Middle Ordovician brachiopods, ostracods,
and conodonts). This suggests that Paleozoic alpha
diversity is unlikely to “catch up” to Late Cenozoic
alpha diversity at any practical sample size. In an-
other article in preparation, we will address the
evenness issue explicitly and link it to increases in
ecospace use through the Phanerozoic (Bambach
1983, 1985).
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Conclusions

The early dissolution of aragonitic shells distorts
the fossil record, but some preservational windows,
including silicification and composite mold pres-
ervation, ameliorate the bias. In their comparison
of a silicified fauna with a nonsilicified fauna,
Cherns and Wright (2000) estimated that aragonitic
mollusks are underrepresented by a factor of 100–
150 relative to brachiopods in the Silurian of Swe-
den. This value is questionable because Cherns and
Wright did not compare the same paleocommunity
type under different preservational regimes but
compared samples from different paleocommunity
types containing different taxa.

Modeling the effects of the preferential loss of
aragonitic shells on rarefied diversity indicates that
this bias could reduce the apparent diversity of Pa-
leozoic assemblages by at most 22%–40%, with a
best maximum estimate of 29%. Although it is pos-
sible to invent a scenario in which these assem-
blages lost half their original diversity, the neces-
sary parameters for that level of diversity loss do
not represent realistic average conditions.

Comparing temperate Late Cenozoic assem-
blages with tropical Paleozoic assemblages biases
against finding an increase in diversity since the
Paleozoic. The raw diversity of temperate Late Ce-
nozoic assemblages must be more than doubled for
an accurate comparison to tropical Paleozoic as-
semblages. Environmental biases underestimate
the relative alpha diversity of the Late Cenozoic by
9%.

As a result of all three biases combined, Paleozoic
alpha diversity is underestimated by no more than
22%–40%, and Late Cenozoic alpha diversity is un-

derestimated by more than half. After adjusting for
all biases, average alpha diversity probably in-
creased by a factor of 3.0–3.7 between the Middle
Paleozoic and Late Cenozoic. This result supports
the conclusions of Bambach (1977), which were
used as support for the consensus model of Phan-
erozoic marine diversity (Sepkoski et al. 1981).

Coincidentally, taphonomic, latitudinal, and en-
vironmental biases approximately cancel out (al-
though they may depress the relative diversity of
the Late Cenozoic more), so earlier reports of
changes in alpha diversity were of the correct
magnitude.
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Foote, M.; Fürsich, F. T.; Hansen, T. A.; et al. 2001.
Effects of sampling standardization on estimates of
Phanerozoic marine diversification. Proc. Natl. Acad.
Sci. USA 98:6261–6266.

Bambach, R. K. 1969. Bivalvia of the Siluro-Devonian
Arisaig group, Nova Scotia. Ph.D. dissertation. Yale
University, New Haven, Conn., 524 p.

———. 1977. Species richness in marine benthic habitats
through the Phanerozoic. Paleobiology 3:152–167.

———. 1983. Ecospace utilization and guilds in marine
communities through the Phanerozoic. In Tevesz, M.
J. S., and McCall, P. M., eds. Biotic interactions in

recent and fossil benthic communities. New York,
Plenum, p. 719–746.

———. 1985. Classes and adaptive variety: the ecology
of diversification in marine faunas through the Phan-
erozoic. In Valentine, J., ed. Phanerozoic diversity pat-
terns: profiles in macroevolution. Princeton, N.J.,
Princeton University Press, p. 191–253.

———. 1999. Energetics in the global marine fauna: a
connection between terrestrial diversification and
change in the marine biosphere. Geobios 32:131–144.

Bambach, R. K., and Bennington, J. B. 1996. Do com-
munities evolve? a major question in evolutionary pa-
leoecology. In Jablonski, D.; Erwin, D. H.; and Lipps,
J. H., eds. Evolutionary paleobiology. Chicago, Uni-
versity of Chicago Press, p. 123–160.

Bennington, J. B., and Bambach, R. K. 1996. Statistical



640 A . M . B U S H A N D R . K . B A M B A C H

testing from paleocommunity recurrence: are similar
fossil assemblages ever the same? Palaeogeogr. Pa-
laeoclimatol. Palaeoecol. 127:107–133.

Bottjer, D. J., and Droser, M. L. 1994. The history of
Phanerozoic bioturbation. In Donovan, S. K., ed. The
palaeobiology of trace fossils. Baltimore, Md., Johns
Hopkins University Press, p. 155–176.

Bouchet, P.; Lozouet, P.; Maestrati, P.; and Heros, V. 2002.
Assessing the magnitude of species richness in trop-
ical marine environments: exceptionally high num-
bers of molluscs at a New Caledonian site. Biol. J.
Linn. Soc. 75:421–436.

Boucot, A. J. 1975. Evolution and extinction rate con-
trols. New York, Elsevier, 427 p.

Brachert, T. C., and Dullo, W. C. 2000. Shallow burial
diagenesis of skeletal carbonates: selective loss of ara-
gonite shell material (Miocene–Recent, Queensland
Plateau and Queensland Trough, NE Australia), im-
plications for shallow cool-water carbonates. Sedi-
ment. Geol. 136:169–187.

Bush, A. M., and Bambach, R. K. 2004. Phanerozoic in-
creases in alpha diversity and evenness: linked con-
sequences of increased ecospace use. Geol. Soc. Am.
Abstr. Program 36, in press.

Bush, A. M.; Markey, M. J.; and Marshall, C. R. 2004.
Removing bias from diversity curves: the effects of
spatially organized biodiversity on sampling-standard-
ization. Paleobiology 30:666–686.

Callender, W. R.; Staff, G. M.; Parsons-Hubbard, K. M.;
Powell, E. N.; Rowe, G. T.; Walker, S. E.; Brett, C. E.;
et al. 2002. Taphonomic trends along a forereef slope:
Lee Stocking Island, Bahamas. I. Location and water
depth. Palaios 17:50–65.

Canfield, D. E., and Raiswell, R. 1991. Carbonate pre-
cipitation and dissolution: its relevance to fossil pres-
ervation. In Allison, P. A., and Briggs, D. E., eds. Ta-
phonomy: releasing the data locked in the fossil
record. New York, Plenum, p. 411–453.

Carroll, M.; Kowalewski, M.; Simões, M. G.; and Good-
friend, G. A. 2003. Quantitative estimates of time-
averaging in terebratulid brachiopod shell accumula-
tions from a modern tropical shelf. Paleobiology 29:
381–402.

Cherns, L., and Wright, V. P. 2000. Missing molluscs as
evidence of large-scale, early skeletal aragonite dis-
solution in a Silurian sea. Geology 28:791–794.

Cobabe, E. A., and Allmon, W. D. 1994. Effects of sam-
pling on paleoecologic and taphonomic analyses in
high-diversity fossil accumulations: an example from
the Eocene Gosport Sand, Alabama. Lethaia 27:167–
178.

Collins, L., and Coates, A. G., eds. 1999. The Neogene
of the Isthmus of Panama: a paleobiotic survey of the
Caribbean coast. Ithaca, N. Y., Bull. Am. Paleontol.
357. 351 p.

Crame, J. A. 2001. Taxonomic diversity gradients
through geological time. Divers. Distrib. 7:175–189.

———. 2002. Evolution of taxonomic diversity gradients
in the marine realm: a comparison of Late Jurassic and
recent bivalve faunas. Paleobiology 28:184–207.

Daley, G. M., and Kowalewski, M. 2000. Species accu-
mulation curves and sampling efficiency of paleon-
tological data sets. Geol. Soc. Am. Abs. Prog. 32:95–
96.

Davies, D. J.; Powell, E. N.; and Stanton, R. J., Jr. 1989.
Relative rates of shell dissolution and net sediment
accumulation—a commentary: can shell beds from by
the gradual accumulation of biogenic debris on the
sea floor? Lethaia 22:207–212.

Driscoll, E. G. 1970. Selective bivalve shell destruction
in marine environments: a field study. J. Sediment.
Petrol. 40:898–905.

Droser, M. L., and Bottjer, D. J. 1993. Trends and patterns
of Phanerozoic ichnofabrics. Annu. Rev. Earth Planet.
Sci. 21:205–225.

Droser, M. L.; Bottjer, D. J.; Sheehan, P. M.; and McGhee,
G. R., Jr. 2000. Decoupling of taxonomic and ecologic
severity of Phanerozoic marine mass extinctions. Ge-
ology 28:675–678.

Fischer, A. G. 1960. Latitudinal variations in organic di-
versity. Evolution 14:64–81.

Foote, M. 2001. Inferring temporal patterns of preser-
vation, origination, and extinction from taxonomic
survivorship analysis. Paleobiology 27:602–630.

Gould, S. J. 1980. The promise of paleobiology as a nomo-
thetic, evolutionary discipline. Paleobiology 6:96–
118.

Green, M. A.; Aller, R. C.; and Aller, J. Y. 1992. Exper-
imental evaluation of the influence of biogenic re-
working on carbonate preservation in nearshore sed-
iments. Mar. Geol. 107:175–181.

Harper, C. W., Jr. 1973. Brachiopods of the Arisaig Group
(Silurian-lower Devonian) of Nova Scotia. Geol. Surv.
Can. Bull. 215, 163 p.

Holland, S. M.; Miller, A. I.; Meyer, D. L.; and Datillo,
B. F. 2001. The detection and importance of subtle
biofacies within a single lithofacies: the upper Ordo-
vician Kope Formation of the Cincinnati, Ohio region.
Palaios 16:205–217.

Hurlbert, S. H. 1971. The nonconcept of species diversity:
a critique and alternative parameters. Ecology 52:577–
586.

Ivany, L. C. 1999. So … now what? thoughts and rumi-
nations about coordinated stasis. Palaios 14:297–300.

Jackson, J. B. C., and Johnson, K. G. 2001. Measuring past
biodiversity. Science 293:2401–2404.

Jackson, J. B. C.; Todd, J. A.; Fortunato, H.; and Jung, P.
1999. Diversity and assemblages of Neogene Carib-
bean Mollusca of lower Central America. In Collins,
L., and Coates, A. G., eds. A paleobiotic survey of
Caribbean faunas from the Neogene of the Isthmus of
Panama. The Neogene of the Isthmus of Panama: a
paleobiotic survey of the Caribbean coast. Ithaca, N.
Y., Bull. Am. Paleontol. 357:193–230.

Kidwell, S. M. 1998. Time-averaging in the marine fossil
record: overview of strategies and uncertainties. Geo-
bios 30:977–995.

———. 2001. Preservation of species abundance in ma-
rine death assemblages. Science 294:1091–1094.

———. 2002. Time-averaged molluscan death assem-



Journal of Geology P H A N E R O Z O I C A L P H A D I V E R S I T Y 641

blages: palimpsests of richness, snapshots of abun-
dance. Geology 30:803–806.

Kidwell, S. M., and Brenchley, P. J. 1994. Patterns in bio-
clastic accumulation through the Phanerozoic:
changes in input or in destruction? Geology 22:1139–
1143.

———. 1996. Evolution of the fossil record: thickness
trends in marine skeletal accumulations and their im-
plications. In Jablonski, D.; Erwin, D. H.; and Lipps,
J. H., eds. Evolutionary paleobiology. Chicago, Uni-
versity of Chicago Press, p. 290–336.

Koch, C. F., and Sohl, N. F. 1983. Preservational effects
in paleoecologic studies: Cretaceous mollusc exam-
ples. Paleobiology 9:26–34.

Kowalewski, M. 1997. The reciprocal taphonomic model.
Lethaia 30:86–88.

Kowalewski, M., and Bambach, R. K. 2003. The limits
of paleontological resolution. In Harries, P. J., ed. Ap-
proaches in high-resolution stratigraphic paleontol-
ogy. New York, Kluwer Academic/Plenum, p. 1–48.

Kowalewski, M.; Carroll, M.; Casazza, L.; Gupta, N. S.;
Hannisdal, B.; Hendy, A.; Krause, R. A., Jr.; et al. 2003.
Quantitative fidelity of brachiopod-mollusk assem-
blages from modern subtidal environments of San
Juan Islands, USA. J. Taphonomy 1:43–65.

Kowalewski, M., and Flessa, K. W. 1996. Improving with
age: the fossil record of lingulide brachiopods and the
nature of taphonomic megabiases. Geology 24:977–
980.

Kowalewski, M., and Hoffmeister, A. P. 2003. Sieves and
fossils: effects of mesh size on paleontological pat-
terns. Palaios 460–469.

Kreisa, R. D. 1981. Storm-generated sedimentary struc-
tures in subtidal marine facies with examples from
the Middle and Upper Ordovician of southwestern
Virginia. J. Sediment. Petrol. 51:823–848.

Kreisa, R. D., and Bambach, R. K. 1982. The role of storm
processes in generating shell beds in Paleozoic shelf
environments. In Einsele, G. and Seilacher, A., eds.
Cyclic and event stratification. Berlin, Springer, p.
200–207.

Liljedahl, L. 1985. Ecological aspects of a silicified bivalve
fauna from the Silurian of Gotland. Lethaia 18:53–66.

McAlester, A. L. 1962. Mode of preservation in early Pa-
leozoic pelecypods and its morphologic and ecologic
significance. J. Paleontol. 36:69–73.

McGhee, G. R., and Sutton, R. G. 1981. Late Devonian
marine ecology and zoogeography of the central Ap-
palachians and New York. Lethaia 14:27–43.

Miller, A. I. 1988. Spatio-temporal transitions in Paleo-
zoic Bivalvia: an analysis of North American fossil
assemblages. Hist. Biol. 1:251–273.

———. 1997. Coordinated stasis or coincident relative
stability? Paleobiology 23:155–164.

———. 2000. Conversations about Phanerozoic global di-
versity. In Erwin, D. J., and Wing, S. L., eds. Deep time:
paleobiology’s perspective. Paleobiology 26(suppl.):
53–73.

Morse, J. W., and Arvidson, R. S. 2002. The dissolution

kinetics of major sedimentary carbonate minerals.
Earth Sci. Rev. 58:51–84.

Novack-Gottshall, P. M., and Miller, A. I. 2003. Com-
parative geographic and environmental diversity dy-
namics of gastropods and bivalves during the Ordo-
vician radiation. Paleobiology 29:576–604.

Palmer, T. J.; Hudson, J. D.; and Wilson, M. A. 1988.
Palaeoecological evidence for early aragonite disso-
lution in ancient calcite seas. Nature 335:809–810.

Peters, S. E. 2001. The evenness and richness components
of taxonomic diversity. Geol. Soc. Am. Abstr. Program
33:141.

Peters, S. E., and Foote, M. 2001. Biodiversity in the Phan-
erozoic: a reinterpretation. Paleobiology 27:583–601.

Pojeta, J., Jr. 1979. Pelecypods. In Jaanusson, V.; Laufeld,
S.; and Skoglund, R., eds. Lower Wenlock faunal and
floral dynamics: Vattenfallet section, Gotland. Sver.
Geol. Unders. Ser. C Avh. Uppsats. 762:109–111.

Powell, E. N.; Parsons-Hubbard, K. M.; Callender, W. R.;
Staff, G. M.; Rowe, G. T.; Brett, C. E.; Walker, S. E.;
et al. 2002. Taphonomy on the continental shelf and
slope: two-year trends—Gulf of Mexico and Bahamas.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 184:1–35.

Powell, M. G., and Kowalewski, M. 2002. Increase in
evenness and sampled alpha diversity through the
Phanerozoic: comparison of early Paleozoic and Ce-
nozoic marine fossil assemblages. Geology 30:331–
334.

Raup, D. M. 1972. Taxonomic diversity during the Phan-
erozoic. Science 177:1065–1071.

———. 1975. Taxonomic diversity estimation using rar-
efaction. Paleobiology 1:333–342.

Roy, K.; Jabolonski, D.; and Valentine, J. W. 1996. Higher
taxa in biodiversity studies: patterns from eastern Pa-
cific molluscs. Philos. Trans. R. Soc. Lond. B Biol. Sci.
351:1605–1613.

Roy, K.; Jablonski, D.; Valentine, J. W.; and Rosenberg,
G. 1998. Marine latitudinal diversity gradients: tests
of causal hypotheses. Proc. Natl. Acad. Sci. USA 95:
3699–3702.

Sanders, D. 2001. Burrow-mediated carbonate dissolu-
tion in rudist biostromes (Aurisina, Italy): implica-
tions for taphonomy in tropical, shallow subtidal car-
bonate environments. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 168:39–74.

Scotese, C. R. 1997. Paleogeographic atlas. Arlington,
Tex., PALEOMAP Project, University of Texas at Ar-
lington, 50 unnumbered pages.

Seilacher, A. 1974. Flysch trace fossils: evolution of be-
havioural diversity in the deep-sea. Neues. Jahrb.
Geol. Paleontol. Monat. H4:233–245.

———. 1977. Evolution of trace fossil communities. In
Hallam, A., ed. Patterns of evolution. Amsterdam, El-
sevier, p. 359–376.

Sepkoski, J. J., Jr.; Bambach, R. K.; and Droser, M. L. 1991.
Secular changes in Phanerozoic event bedding and the
biological overprint. In Einsele, G.; Ricken, W.; and
Seilacher, A., eds. Cycles and events in stratigraphy.
Berlin, Springer, p. 298–312.

Sepkoski, J. J., Jr.; Bambach, R. K.; Raup, D. M.; and Val-



642 A . M . B U S H A N D R . K . B A M B A C H

entine, J. W. 1981. Phanerozoic marine diversity: a
strong signal from the fossil record. Nature 293:435–
437.

Sepkoski, J. J., Jr., and Miller, A. I. 1985. Evolutionary
faunas and the distribution of Paleozoic benthic ma-
rine communities in space and time. In Valentine, J.,
ed. Phanerozoic diversity patterns: profiles in mac-
roevolution. Princeton, N.J., Princeton University
Press, p. 153–190.

Sheehan, P. M. 1977. Species diversity in the Phanero-
zoic: a reflection of labor by systematists? Paleobiol-
ogy 3:325–329.

Smith, A. B. 2001. Large-scale heterogeneity of the fossil
record: implications for Phanerozoic biodiversity
studies. Philos. Trans. R. Soc. Lond. B Biol. Sci. 356:
351–367.

Smith, A. M.; Nelson, C. S.; and Danaher, P. J. 1992.
Dissolution behaviour of bryozoan sediments: taph-
onomic implications for nontropical shelf carbonates.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 93:213–226.

Springer, D. A., and Bambach, R. K. 1985. Gradient versus
cluster analysis of fossil assemblages: a comparison
from the Ordovician of southwestern Virginia. Lethaia
18:181–198.

Stanley, S. M., and Hardie, L. A. 1998. Secular oscillations
in the carbonate mineralogy of reef-building and sed-
iment-producing organisms driven by tectonically
forced shifts in seawater chemistry. Palaeogeogr. Pa-
laeoclimatol. Palaeoecol. 144:3–19.

Thayer, C. W. 1983. Sediment-mediated biological dis-
turbance and the evolution of marine benthos. In

Tevesz, M., and McCall, P., eds. Biotic interactions in
recent and fossil benthic communities. New York,
Plenum, p. 479–625.

Tipper, J. C. 1979. Rarefaction and rarefiction: the use
and abuse of a method in paleoecology. Paleobiology
5:423–434.

Tolmacheva, T.; Egerquist, E.; Meidla, T.; Tinn, O.; and
Holmer, L. 2003. Faunal composition and dynamics
in unconsolidated sediments: a case study from the
Middle Ordovician of the East Baltic. Geol. Mag. 140:
31–44.

Whittaker, R. H. 1960. Vegetation of the Siskiyou Moun-
tains, Oregon and California. Ecol. Monogr. 30:279–
338.

Williams, C. B. 1964. Patterns in the balance of nature.
New York, Academic Press, 324 p.

Wright, P.; Cherns, L.; and Hodges, P. 2003. Missing mol-
luscs: field testing taphonomic loss in the Mesozoic
through early large-scale aragonite dissolution. Ge-
ology 31:211–214.

Ziegler, A. J.; Scotese, C. R.; McKerrow, W. S.; Johnson,
M. E.; and Bambach, R. K. 1979. Paleozoic paleogeog-
raphy. Annu. Rev. Earth Planet. Sci. 7:473–502.

Ziegler, A. M. 1965. Silurian marine communities and
their environmental significance. Nature 207:270–
272.

———. 1970. Geosynclinal development of the British
Isles during the Silurian Period. J. Geol. 78:445–479.

Ziegler, A. M.; Cocks, L. R. M.; and Bambach, R. K. 1968.
The composition and structure of Lower Silurian ma-
rine communities. Lethaia 1:1–27




