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Are the most durable shelly taxa also the most common in the
marine fossil record?

Anna K. Behrensmeyer, Franz T. Fürsich, Robert A. Gastaldo,
Susan M. Kidwell, Matthew A. Kosnik, Michal Kowalewski, Roy E. Plotnick,
Raymond R. Rogers, and John Alroy

Abstract.—This paper tests whether the most common fossil brachiopod, gastropod, and bivalve
genera also have intrinsically more durable shells. Commonness was quantified using occurrence
frequency of the 450 most frequently occurring genera of these groups in the Paleobiology Database
(PBDB). Durability was scored for each taxon on the basis of shell size, thickness, reinforcement
(ribs, folds, spines), mineralogy, and microstructural organic content. Contrary to taphonomic ex-
pectation, common genera in the PBDB are as likely to be small, thin-shelled, and unreinforced as
large, thick-shelled, ribbed, folded, or spiny. In fact, only six of the 30 tests we performed showed
a statistically significant relationship between durability and occurrence frequency, and these six
tests were equally divided in supporting or contradicting the taphonomic expectation. Thus, for
the most commonly occurring genera in these three important groups, taphonomic effects are ei-
ther neutral with respect to durability or compensated for by other factors (e.g., less durable taxa
were more common in the original communities). These results suggest that biological information
is retained in the occurrence frequency patterns of our target groups.
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Introduction

Taxa vary widely in their representation in
the fossil record, ranging from singleton oc-
currences to widespread and frequent. But
why are some fossil taxa more common than
others? To what degree does this reflect orig-
inal biological frequency versus artifacts of
preservation, driven by inherent differences in
postmortem durability or in environments of
deposition? The reliability of fossil-occurrence
frequency has profound implications for pa-
leobiological analyses at many scales, from
studies of the structure of ancient communi-

ties preserved within individual beds to tests
of large-scale macroevolutionary and macroe-
cological diversity patterns.

At coarse taxonomic levels, durability—
such as the contrast between mineralized and
less mineralized forms—clearly biases fossil
occurrences; jellyfish have lower preservation
potential than clams, and insects are less pre-
servable than dinosaurs. Less clear is the net
effect of relative durability on the occurrence
frequency of taxa within and among the major
mineralized metazoan groups—mollusks,
brachiopods, echinoderms, corals, etc.—
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FIGURE 1. Schematic representation of the generally ac-
cepted taphonomic expectation that physically and
chemically durable taxa are more common than less du-
rable taxa in the fossil record.

which constitute the bulk of the known ma-
rine fossil record and are the focus of most
quantitative macroevolutionary analyses. For
the purposes of this paper, we define durable
taxa as having large, thick and/or reinforced
shells and diagenetically resistant mineralo-
gies (e.g., calcite versus aragonite) or shell mi-
crostructures with low ratios of organic ma-
trix to mineral crystallites (e.g., fibrous versus
prismatic calcite and cross-lamellar versus na-
creous aragonite). A priori, one might expect
that taphonomic processes by themselves
would lead to overrepresentation of more du-
rable shelly taxa relative to less durable shelly
taxa. If more durable organisms comprise a
disproportionately large number of fossils
within their taxonomic groups, then this will
affect measures of past taxonomic richness,
ecological dominance, and ecomorphic vari-
ability as well as potentially obscure under-
lying large-scale secular trends.

However, do durable taxa actually domi-
nate the known fossil record? Extrapolating
from actualistic studies within particular
groups of shelly benthos suggests that this
should be the case (e.g., various lab and field
experiments going back to Chave 1964; Dris-
coll 1970; for reviews see Martin 1999; Zuschin
and Oliver 2003). In actualistic tests of time-
averaging, Cummins et al. (1986) found much
shorter taphonomic half-lives among small-
bodied versus large-bodied bivalve individu-
als, and Krause et al. (2002) showed that cal-
citic brachiopods have equal or greater time-
averaging than similar-sized aragonitic bi-
valves. In contrast, Martin et al. (1996) found
that high Mg-calcitic benthic foraminifera had
maximum postmortem ages comparable to
those of large-bodied aragonitic bivalves, in-
dicating similar net durabilities (i.e., more du-
rable shell mineralogy can compensate for
small body size).

The potential impact of taphonomic pro-
cesses on the preservability of an individual
organism, that is, the per capita probability of
preservation, is illustrated in Figure 1. It can
be argued that this per capita preservation
probability should be greater for large organ-
isms than for small organisms, for organisms
with thick and/or reinforced shells compared
to those with thin and smooth shells, and for

those with calcitic rather than aragonitic shells
(see ‘‘Methods: Taphonomic Data Set’’ for rea-
soning and supporting references). The taph-
onomic expectation is that shells that are more
durable according to these criteria should be
disproportionately represented in fossil as-
semblages, all else being equal. Of course, the
actual representation of a taxon in a fossil as-
semblage depends not only on its per capita
preservation probability (resulting from all
durability factors), but also on the supply side
of original biological populations (their abun-
dance and turnover rates). For example, a ge-
nus with higher durability but low abundance
in the living assemblage might still be rare at
a fossil locality, whereas an originally abun-
dant taxon with a high turnover rate might
still be abundant as a fossil despite low du-
rability. In either case, these taxa would be
preserved and recorded as present in a collec-
tion captured by the Paleobiology Database
(PBDB).

In this paper we test whether the most com-
mon fossil brachiopod, gastropod, and bivalve
genera have intrinsically durable shells—with
commonness measured by occurrence fre-
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FIGURE 2. Overview of the compiled data on the three
target groups, showing their distribution through time
(10-Myr bins) based on the PBDB records for the total
number of formation-occurrences in each bin. Dashed
boxes show the data subsets used in the durability anal-
ysis. The peak in I1 for brachiopods indicates an unusu-
ally large number of formations with common brachio-
pod genera; likewise for bivalves and gastropods in last
Cretaceous bins. Note that the I1 fossil record is better
sampled than I2, on the basis of formation-occurrences.
Total invertebrate marine genera: 16,380; total occur-
rences (collections): 214,428.

quency in the PBDB (http://paleodb.org).
These analyses constitute the first steps to-
ward developing a conceptual model that in-
corporates both biological reasoning and al-
ternative impacts of taphonomic filters relat-
ing to shell durability. We used the PBDB to
test whether the taphonomic filter defined
above is directional enough and strong
enough to result in a statistical correlation be-
tween durability and occurrence frequency
for fossil marine brachiopods, bivalves, and
gastropods. Our ability to infer a taphonomic
filter from such a correlation assumes either
that the original (living) occurrence frequen-
cies of durable and less durable taxa were
comparable or that less durable taxa had high-
er occurrence frequencies (see reasoning be-
low). In September 2003, the three target
groups represented 43% of the genera and
66% of the occurrences in PBDB, and they ar-
guably include the most common and best
preserved higher taxa found in the marine fos-
sil record (Alroy et al. 2001). The 450 genera
we investigated (the top 150 of each group)
also constitute more than half of all occur-
rences for their respective groups. The top 150
genera include a wide range of occurrence fre-
quencies, from PBDB-common taxa in more
than 200 formations down to PBDB-infrequent
taxa that occur in as few as 14 formations.
Representation of the three groups through
time is uneven (Fig. 2), with brachiopods
dominating in the Paleozoic and mollusks in
the post-Paleozoic, but the combined data set
provides coverage for most of the Phanero-
zoic.

Conceptual Model

Although our goal is to test whether the
most common taxa in the PBDB are character-
ized by high shell durability, we realize that
many other taphonomic and biological factors
could contribute to such a pattern. Figure 3
presents a range of scenarios that would lead
to different proportions of durable and less
durable taxa in the sampled fossil record, e.g.,
in the PBDB.

Conceptually, we can divide organisms in a
living assemblage into two categories: those
with less than average durability and those
with greater than average durability. Here we

consider two possible initial (biological) fre-
quency distributions of more and less durable
taxa (left column of Fig. 3). In the upper ex-
ample, the frequency distributions of the two
groups in the living community are equal, and
this is the simplest assumption. In the lower
example, the less durable taxa (black outline)
are more common on average than the more
durable taxa (shaded area), and this may be
biologically plausible. For example, several
studies suggest that the local abundance of
marine invertebrate species can peak at either
small or intermediate body sizes (e.g., War-
wick and Clarke 1996; McClain 2004). Thus, if
we use body size as a proxy for durability (i.e.,
large-bodied taxa have more durable shells),
then less durable taxa are more abundant in
the original biological communities and have
a supply-side advantage to compensate for
their intrinsically low durability. A converse
relationship in which large-bodied taxa are
more abundant represents a third possible
condition in the living community, but this is
less biologically plausible and is not consid-
ered further here. Note that although the il-
lustrated taxon frequency distributions (his-
tograms) are normal, the argument is inde-
pendent of the shape of the distribution.

Taphonomic modifications of the original
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FIGURE 3. Given differing initial frequency distribu-
tions of more durable (shaded area) and less durable
(area under solid black line) taxa in a local life assem-
blage (left column), local taphonomic processes and re-
lationships between durability and temporal-spatial
distributions (filters represented by shaded vertical
bars) can result in different frequency distributions in
the fossil record (right column). Eight qualitatively dif-
ferent scenarios (A–H) are illustrated here. The tapho-
nomic filter is always present but may be neutral or di-
rectional and strong, that is, causing the local death as-
semblage (middle column) to be more or less similar to
the initial frequency distribution (operationally, a
strong filter causes the fossil pattern to differ qualita-
tively from the original biological signal). Similarly, the
spatial-temporal filter may be neutral or directional and
strong, causing the ultimate fossil frequency distribu-
tions to be less or more offset from what is observed in
local death assemblages. See text for further detail. Key:
Individual frequency curves are normal and depict ide-
alized distributions of taxa; the x-axis represents occur-
rences (grouped as sequential categories) and the y-axis
represents frequencies of taxa, i.e., resulting in a histo-
gram of numbers of taxa in each occurrence category.
Thus, a shift to the right on the x-axis indicates abso-
lutely more occurrences. Dashed vertical lines (‘‘veil
lines’’ of Preston 1948) show the lower limit of a sample
comparable to our most common 150 taxa of each major
group; only taxa to the right of the lines are sampled.

frequency distributions are shown in the mid-
dle column of Figure 3. A ‘‘neutral’’ tapho-
nomic filter is random with respect to dura-
bility; more durable and less durable individ-
uals have on average the same per capita pres-
ervation probability, and thus their relative
representation in the local death assemblage

remains unchanged from the living assem-
blage. A ‘‘directional’’ taphonomic filter pref-
erentially removes less durable individuals,
causing the local death assemblage (middle
column) to differ qualitatively from the orig-
inal biological signal, e.g., by changing the
rank order occurrence frequencies of taxa. For
our model, such modifications would be the
result of a ‘‘strong’’ taphonomic filter, and this
is what we focus on in Figure 3. If the two dis-
tributions were originally equal, the fossil dis-
tribution becomes biased, with durable forms
more common than less durable forms (sec-
ond row). If the less durable forms were orig-
inally more common than the durable ones,
the filter results in bias by causing their dis-
tributions to coincide, or even to become offset
in the opposite direction (fourth row). A
‘‘mild’’ directional taphonomic filter would
produce a range of patterns intermediate to
the neutral and strong filters (not depicted in
Fig. 3).

Occurrence frequencies in the actual fossil
record reflect not only taphonomic filters act-
ing at single localities, but also a variety of
broader spatial and temporal range effects.
For example, studies of terrestrial vertebrates
suggest a relationship between geographic
range and body size (Brown 1995), with larger
animals generally having larger geographic
ranges. Unfortunately, there is little macroe-
cological information to indicate what these
relationships might be for marine shelly ma-
crobenthos; available evidence suggests that
bivalve genera with small body size can have
small or large geographic ranges, but large-
bodied taxa only have large ranges (Roy et al.
2001; unpublished data of Roy et al. 2000). Du-
rability-related variables may be linked not
only with local abundance and geographic
range, as considered above, but also taxon du-
ration, stenotypy, and other factors that might
increase or decrease occurrence frequency in
the fossil record.

The right column in Figure 3 shows differ-
ent combined influences of stratigraphic and
geographic range on the total number of oc-
currences. In the right column, rows 1, 3, 5,
and 7 reflect the absence of a relationship be-
tween range and durability; rows 2, 4, 6, and
8 show the resulting pattern if this effect is
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strongly positive. The predicted scenarios in
the right column of Figure 3 are not exhaus-
tive but explore the consequences of macroe-
cological relationships such as body size and
spatial-temporal ranges. In order to quanti-
tatively assess the importance of such relation-
ships for the composition of the marine fossil
record, more information will have to be col-
lected for modern benthos. Only then will we
be able to assess rigorously whether durabil-
ity-related variables (e.g., large body size, re-
sistant shell mineralogy) are positively, nega-
tively, or neutrally related to other biological
factors that contribute to high occurrence lev-
els in the fossil record (e.g., wide geographic
range, long evolutionary range, high local
abundance).

This thought experiment produces eight
possible idealized occurrence frequencies of
durable versus less-durable taxa (right col-
umn of Fig. 3). In each scenario, the vertical
dashed line represents the division between
unsampled taxa on the left (‘‘rare’’ taxa) and
sampled taxa on the right (‘‘veil line’’ of Pres-
ton 1948). Focusing only on the sampled taxa,
three scenarios (A, F, and G) predict that more
durable and less durable forms will be equally
represented. Four scenarios (B, C, D, and H)
predict a dominance of more durable forms
among the sampled taxa; this is how many pa-
leontologists would visualize taphonomic bias
that is linked to shell durability. Only one sce-
nario (E) predicts that less durable forms
would dominate.

Methods

We used the PBDB to test the relationship
between durability and occurrence frequency
among the most common fossil marine bra-
chiopods, bivalves and gastropods, corre-
sponding to taxa to the right of the veil line in
Figure 3. Our analyses were based on three
data sets: (1) Occurrence Data Set, initiated by
a download of the 150 most commonly occur-
ring brachiopod, bivalve, and gastropod gen-
era (;450 genera total; we included genera
with tied rankings) in the PBDB. This data set
was continuously updated until 15 September
2003; (2) Taphonomic Data Set, consisting of
multivariate data on the durability character-
istics of the genera present in the occurrence

data set—the taphonomic data set was gen-
erated from original specimens or from pub-
lished literature; and (3) Lithologic Data Set,
downloaded from the PBDB lithology field for
each collection.

In this section, we briefly describe variables
and data-collecting strategies that we used to
assemble these three data sets (See the sup-
plementary material online at http://dx.doi.
org/10.1666/04023.S1).

Occurrence Data Set. Our measure of fossil-
occurrence frequency is based on the number
of occurrences recorded in the PBDB, where
an occurrence is a record of a genus from a
specific formation. Occurrence frequency does
not reflect the abundance of specimens of a ge-
nus in individual collections, but rather it re-
fers to the number of collections in which the
genus is known to be present. An individual
occurrence may be based on thousands of
complete specimens or on a single fragment.
Collections entered in the PBDB are as specific
as possible to particular sites or strata. Thus,
there may be multiple collections from a sin-
gle measured section or from a single litho-
stratigraphic formation. For our analysis we
binned occurrence data by formation (‘‘for-
mation-occurrences’’) to minimize the effect
of multiple records within single well-studied
formations (see Appendix for discussion of
monographic effects).

Two time segments of the Phanerozoic, re-
ferred to as ‘‘I-1’’ (Late Ordovician through
Late Carboniferous) and ‘‘I-2’’ (Late Jurassic
through Paleogene), respectively (Alroy et al.
2001), were best represented in the PBDB at
the time of our study, thus we focused on
these intervals (Fig. 2). We downloaded oc-
currence data by genus, both for the database
as a whole (i.e., total numbers of occurrences
over the entire span of geologic time repre-
sented by the combined I-1 and I-2 time inter-
vals) and for data binned into 10-myr inter-
vals.

Taphonomic Data Set. Information relevant
to postmortem durability was gathered for the
top 150 taxa in the PBDB for each of our three
target groups (see Appendix for more details
about sample sizes, taxa studied, and proce-
dures, and Supplementary Materials for a list
of these taxa). Durability variables for speci-
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TABLE 1. Measures of durability used in this study. n 5 total number of genera with taphonomic data for that
variable.

Durability measure n Variables Units

Size 266 X: maximum dimension
Y: intermediate dimension perpendicular to X
Z: smallest dimension perpendicular to X

Millimeters

Thickness 114 From interior to exterior surface of shell;
semi-quantitative score relative to shell size

Ranks:
0 5 thin
1 5 intermediate
2 5 thick

Skeletal reinforcement 249 Spines
Folds
Ribs

Ranks:
0 5 absent
1 5 present
2 5 prominent

Mineralogy 309 Dominant shell layers, based on published
literature for the genus or family

Categories:
High-Mg calcite
Low-Mg calcite
Aragonite
Bimineralic
Organophosphate

Organic content 217 Dominant shell layers in mollusks only, based
on published data for microstructural types

Categories:
High organic 5 $1%
Low organic 5 ,1%
Bimineralic-organic

mens representing each target genus were
scored by one or more of the authors, using a
set of durability scales suitable for statistical
analysis (described below; Table 1) and either
museum or teaching/research collections or
the published literature (e.g., monographs,
treatises). Choice of specimens was deter-
mined by availability, but an effort was made
to include a wide range of species and speci-
mens for each genus.

We define taphonomically durable taxa as
those having shells with high intrinsic resis-
tance to destruction by physical, chemical, and
biological processes. A wealth of evidence
from manipulative and observational experi-
ments over the last several decades indicates
that, in modern environments, shell robust-
ness generally increases in some positive fash-
ion with shell size, presence of prominent
shell reinforcements (ribs, folds, spines), rel-
ative shell thickness standardized against the
overall shell size, and the inclusion of calcite
and/or low-organic microstructures (Fig. 1)
(for reviews, see Parsons and Brett 1991; Kid-
well and Bosence 1991; Briggs 1995; Martin
1999; Harper 2000; Sanders 2003; Wright et al.
2003; Zuschin et al. 2003). In addition, we sus-

pect that (1) larger shells are more likely to be
seen and recovered (especially if specimens
are collected from outcrop surfaces rather
than derived from bulk samples) and identi-
fied at the genus or species level; and (2) shells
with more or stronger ribs, folds, and spines
will leave more identifiable fragments than
unornamented or unreinforced shells (Kowa-
lewski et al. 2003). Both of these factors would
further increase the likelihood that intrinsi-
cally durable genera would be included in fos-
sil-taxon compendia such as the PBDB.

1. Shell size. We measured the X, Y, and Z lin-
ear dimensions of shells (mm), with X the lon-
gest dimension, Y the longest dimension per-
pendicular to X, and Z the length perpendic-
ular to X and Y. When information from mul-
tiple individual specimens or congeneric
species was available to estimate the body size
of a genus, mean dimensions were used. All
size variables were transformed as natural
logs (ln) to normalize distributions. Given the
difficulty of obtaining all three X-Y-Z mea-
surements for some specimens and the fact
that the three variables are highly correlated
(r2 . 0.65 in all cases), we restricted final anal-
yses to the maximum dimension (X) only. The
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median size of genera within each of the major
groups was used to categorize each genus as
either ‘‘large-bodied’’ or ‘‘small-bodied.’’ This
median value of X varies depending on the
temporal and taxonomic scope of the partic-
ular analysis; median values used as thresh-
olds are reported in subsequent tables.

2. Relative shell thickness. On the basis of a pi-
lot study that included tests for operator error
(see Appendix), we assigned genera to three
ordinal categories based on a visual assess-
ment: 0 5 thin, 1 5 intermediate, 2 5 thick.
Thick shells have a high ratio of shell thickness
relative to body size; generally, taxa assigned
to this category had shells of $3 or 4 mm
thickness regardless of shell length (except for
brachiopods, where a shell thickness of ;2
mm qualified as thick). Thin shells have a low
ratio of thickness relative to body size, which
generally meant an absolute shell thickness
#1 mm regardless of shell length (all groups).

3. Shell reinforcements. Each of three charac-
ters (ribs, folds, spines) was scored in ordinal
ranks (0 5 absent, 1 5 present, 2 5 promi-
nent) and these were summed to obtain the to-
tal Shell Reinforcement score (SR). Irregular-
ities or comarginal banding in shells caused
by growth lines were not considered as rein-
forcements; however, concentrically ridged
ornament (including axial sculpture on gas-
tropods due to apertural thickening during
shell growth) was considered along with ra-
dial or spiral ridges as ‘‘ribs.’’ ‘‘Folds’’ are rel-
atively large invaginations of the commissure
(bivalves, brachiopods) or aperture (gastro-
pods) that deflect the interior as well as exte-
rior surface of the shell (if such deflections are
filled, they were considered ‘‘ribs’’).

4. Shell mineralogy. To characterize mineral-
ogy we used five categorical variables: (1)
high-Mg calcite, (2) low-Mg calcite, (3) ara-
gonite, (4) bimineralic calcite-aragonite, and
(5) organophosphate. Shell mineralogy for
each genus was assigned according to litera-
ture for that genus (if possible) or the lowest-
rank higher taxon (usually the family for mol-
lusks, order for brachiopod) that includes that
genus. Primary sources were Taylor et al.
(1969, 1973), Carter (1990), and Williams et al.
(2000). Mollusks containing both aragonitic

and low-Mg calcitic shell layers were catego-
rized as ‘‘bimineralic.’’

5. Organic content of microstructure. All gen-
era were scored in terms of shell organic con-
tent as either ‘‘high’’ ($1% organic content by
weight), ‘‘low’’ (#1%), or ‘‘mixed’’ (different
organic contents in different shell layers). This
follows the system of Kidwell and Brenchley
(1996), drawing on published measurements
in particular from Taylor et al. (1969, 1973),
Harper (2000), Jope (1965), and Peck et al.
(1987).

For each of the five durability metrics, the
durability of genus [D] was computed as fol-
lows:

D 5 d /n (1)O i t

where di is a value of the durability measure
for the ith specimen representing this genus
and nt is the total number of specimens from
that genus included in the analysis.

To analyze changes in durability between I1
and I2, we merged data for all measured taxa
in 10-Myr intervals within I-1 and I-2 to obtain
characteristic durability values for each inter-
val. Two methods were used to obtain these
values: the unweighted average interval du-
rability (DU) was calculated from

D 5 D /N (2)OU i t

where Di is the durability of the ith genus and
Nt is a total number of genera in a given time
interval. This calculation counts all genera
equally, independent of the number of genus
occurrences. We also calculated a weighted
average interval durability:

(Q 3 D )O i i
D 5 (3)W OO t

where Oi is the number of formation-occur-
rences of the ith genus in that time interval, and
Ot is the total number of formation-occurrenc-
es of all genera in that time interval. Equation
(2) weights all genera equally when comput-
ing average durability per time interval; equa-
tion (3) assigns more importance to genera
with higher formation-occurrence frequen-
cies.

Lithologic Data Set. In addition, we tested
the relationship of different lithologies and oc-
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TABLE 2. Summary of formation-occurrence data for genera grouped into two size categories: ‘‘small’’ (genus size
, median size) and ‘‘large’’ (genus size . median size). Data analyzed for pooled data as well as separately for
the three higher taxa: brachiopods, bivalves, and gastropods. Differences in median size and shape of the size dis-
tribution were tested using the Wilcoxon and K-S Tests, respectively; neither shows any significant difference. Pear-
son and Spearman Rank Tests show that the formation-occurrence patterns for the two size groups are not signif-
icantly different.

Taxon
Median
(mm)

Small (,median)

No. of
genera

Median
no. of
occur-
rences

Large (median)

No. of
genera

Median
no. of
occur-
rences

Wilcoxon
Two-sample

Test

Z p

Kolmogorov-
Smirnov Test

D p

Correlation between
taxon size and no. of

formation-occurrences

Pearson*
Spearman

Rank

Total 24.4 133 25 133 24 0.26 0.8 0.12 0.29 r 5 20.0008 r 5 20.016
p 5 0.99 p 5 0.8

Brachio-
pods 21.5 39 51 39 32 21.29 0.098 0.23 0.25 r 5 20.12 r 5 20.13

p 5 0.30 p 5 20.24
Bivalves 28.6 44 25 43 28 0.29 0.58 0.13 0.86 r 5 0.18 r 5 0.12

p 5 0.10 p 5 0.26
Gastro-

pods 28.6 51 16 50 15 20.61 0.53 0.13 0.80 r 5 20.009 r 5 20.06
p 5 0.93 p 5 0.52

* Pearson correlation coefficients and corresponding p-values computed for log-transformed size data.

currence frequency in our target groups, for a
total of 453 taxa (including a few that had tied
scores or shifted rank into and out of the top
150 during the course of our study). This ad-
dressed the question of whether taxa might be
more frequent than expected on the basis of
durability because they occur in commonly
preserved marine environments or in a wider
range of lithologies.

Using the three independently derived data
sets, we evaluated the influence of shell du-
rability on the occurrence frequency of fossil
genera. Concurrently, we examined data reli-
ability issues including sample size, operator
error, and other causes of variability in the du-
rability measurements, taxonomic represen-
tation in the I1 and I2 time intervals, binning
effects on occurrence data, and monographic
biases (Appendix). The univariate statistical
tests employed in this study were restricted to
nonparametric, rank-based techniques (Wil-
coxon two-sample median test, Kruskal-Wal-
lis multi-sample test, etc.). These tests were
deemed more appropriate than standard
parametric tests (e.g., t-test, ANOVA) because
(1) the data include unbalanced sampling de-
signs; (2) obvious departures from normality
affect some of our variables; (3) some of the
samples may be insufficient in terms of sam-
ple size to overcome those departures from
normality; and (4) the selected rank-based

tests would offer nearly as much power as
their parametric counterparts, even when the
assumptions of the latter methods were not vi-
olated (e.g., Zar 1999). The significance level of
a 5 0.05 has been used in all our analyses.

Results

General Characteristics of the Data. We com-
pared the number of more durable versus less
durable taxa in terms of their occurrence fre-
quency in the PBDB for the whole data set, for
I1 and I2, and for each of the major groups. We
also used our data set to examine secular var-
iation in shell mineralogy of these groups
through the Phanerozoic; additional investi-
gation of secular patterns in durability is be-
yond the scope of this paper. The durability
variables (shell size, thickness, reinforcement,
mineralogy, organic content) behaved inde-
pendently, according to bivariate tests that
failed to show any tendency for covarying re-
lationships. For example, there is no tendency
for genera with calcitic shells to be large bod-
ied, thick, highly reinforced, and/or low-or-
ganic, or for genera with low-durability min-
eralogies also to have smaller body sizes, thin-
ner shells, etc.

Body Size. Small-bodied and large-bodied
taxa, which are separated into two groups at
24.4 mm (median maximum dimension of 266
genera) (Table 2, Fig. 4), show no statistical
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FIGURE 4. Formation-occurrence frequency distribu-
tions for genera grouped into ‘‘large’’ (.median) and
‘‘small’’ (,median) shells. A, Combined data. B, Bi-
valves. C, Brachiopods. D, Gastropods. See Table 2 for
data summary and statistical tests.

FIGURE 5. Scatter plot of average per-genus maximum
size versus number of formation-occurrences on log10

axes, showing that shell size is not correlated with for-
mation-occurrence frequency in the combined sample of
brachiopod, bivalve, and gastropod genera. Data plotted
separately for I-1 (empty points) and I-2 (filled points)
10-Myr time intervals. See Table 2 for data summary and
statistical tests.

TABLE 3. Summary of formation-occurrence data for genera grouped into thickness categories: ‘‘thin’’ (average
per-genus thickness , 0.67) and ‘‘thick’’ (average per-genus thickness . 1.34). Genera with ‘‘intermediate thick-
ness’’ (0.67–1.34; a large proportion of the scored sample) were excluded from the analysis to highlight the thick-
thin differences. Data analyzed for pooled data as well as separately for the three higher taxa: brachiopods, bivalves,
and gastropods.

Taxon

Thin (score , 0.67)

No. of genera

Median no. of
formation-

occurrences

Thick (score . 1.34)

No. of genera

Median no. of
formation-

occurrences

Wilcoxon
Two-sample Test

Z p

Total data 63 43 51 30 21.85 0.065
Brachiopods 29 71 21 34 22.55 0.01*
Bivalves 20 28 21 31 20.31 0.75
Gastropods 14 22 9 17 20.99 0.32

* Tests significant at a 5 0.05 level.

difference overall or within any of the major
taxonomic groups in the frequency distribu-
tion of occurrences. The distributions do not
differ in central tendency or shape, and ln-
body size and frequency of formation-occur-
rences are not correlated significantly (Table
2). Comparison of I1 and I2 (Fig. 5) shows that
there is no difference in the median size pre-
served, although the range for I2 extends to
both larger and smaller genera than that for
I1.

Shell Thickness. Thin-shelled and thick-
shelled genera (Na 5 114 genera; Table 3, Fig.
6; ‘‘intermediate thickness’’ taxa were exclud-
ed from the analysis) show no statistical dif-
ference overall or within any of the major
groups in the frequency distribution of occur-
rences. Exceptionally, brachiopods do show a
significant difference, but the relationship is
opposite to the taphonomic expectation: thin-
shelled genera have a higher median occur-
rence than thick-shelled genera.

Shell Reinforcement (SR). The shell rein-
forcement index shows no statistical differ-
ence overall or for any of the major groups in
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FIGURE 6. Formation-occurrence frequency distribu-
tions for genera grouped into ‘‘thick’’ (thickness . 1.34)
and ‘‘thin’’ (thickness , 0.67) shells. Genera categorized
as ‘‘intermediate’’ were excluded from the analysis. A,
Pooled data. B, Bivalves. C, Brachiopods. D, Gastropods.
See Table 3 for data summary and statistical tests.

FIGURE 7. Formation-occurrence frequency distribu-
tions for genera grouped into three shell reinforcement
categories: ‘‘high’’ (SR $ 2); ‘‘medium’’ (1 , SR , 2);
and ‘‘low’’ (SR # 1). A, Pooled data. B, Bivalves. C, Bra-
chiopods. D, Gastropods. See Table 4 for data summary
and statistical tests.

TABLE 4. Summary of formation-occurrence data for genera grouped into three shell reinforcement (SR) categories:
‘‘low’’ (average per-genus SR score # 1); ‘‘medium’’ (1 , average per-genus SR score , 2), and ‘‘high’’ (average
per-genus SR score $ 2). SR scores computed as a sum of raw scores for folds, ribs, and spines. Data analyzed for
pooled data as well as separately for the three higher taxa: brachiopods, bivalves, and gastropods.

Taxon

Low

No. of
genera

Median no. of
occurrences

Medium

No. of
genera

Median no. of
occurrences

High

No. of
genera

Median no. of
occurrences

Kruskal-Wallis Test

x p

Total data 74 26 109 24 66 26.5 2.06 0.36
Brachiopods 8 38 26 57.5 44 35.5 1.26 0.53
Bivalves 37 26 23 34 23 25 1.72 0.42
Gastropods 21 23 25 18 42 15 4.89 0.09

the frequency distribution of occurrences (Na

5 249 genera; Table 4, Fig. 7). Differences in
SR distribution for I1 and I2 appear to result
from a somewhat higher degree of shell rein-
forcement in common I1 brachiopods than in
I2 mollusks.

Shell Mineralogy. Only a few genera among
the targeted 450 have organo-phosphatic
shells (n 5 5, all linguliform brachiopods),
and these genera were excluded from the anal-
ysis. Low-Mg calcitic genera (i.e., more chem-
ically stable shells) do have a significantly
higher number of occurrences than biminer-
alic or aragonitic genera in the overall data set.

(Na 5 309 genera, p 5 0.0001; Table 5, Fig. 8).
Significant differences appear within the Pa-
leozoic subset of data, but not within the post-
Paleozoic, where genera are overwhelmingly
aragonitic (p 5 0.12, Table 5, Fig. 9). Within
major groups, bivalves show no significant
differences in median occurrences of calcitic
versus aragonitic genera, brachiopods are not
relevant (calcitic genera only), and I2 gastro-
pod genera differ significantly but opposite to
taphonomic expectation (aragonitic genera
have more occurrences than bimineralic gen-
era; Table 5). Where significant differences ex-
ist in the overall data set, they are driven by
the exceptionally high occurrences of very
thin-shelled calcitic brachiopods.

Approximately the same range of body siz-
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TABLE 5. Summary of formation-occurrence data for genera grouped into three mineralogic categories: ‘‘low Mg-
calcite,’’ ‘‘bimineralic,’’ and ‘‘aragonite.’’ The other two categories in the durability data set (‘‘high Mg-calcite’’ and
‘‘phosphate’’) are not included because of small sample sizes. Note that for seven out of the nine groups analyzed
here (taxic groups listed in the first column from the left), the total number of genera for the entire Phanerozoic
(the second column from the left) is smaller than the sum of the genera computed by adding the I1 (the fourth
column from the left) and I2 (the sixth column from the left) genera. This is because some genera range through I1
and I2: they are included as observations in both time intervals, while representing only one observation in the
pooled data. However, these long-ranging genera represent ,5% of genera for each mineralogical group (1.7% for
low Mg-calcite taxa, 2.8% for bimineralic taxa, and 4.8% for aragonite taxa, respectively). Their complete exclusion
does not change the outcome of any of the tests reported in the table. Significant results are in boldface.

Taxon

Phanerozoic (I1 1 I2)

No. of
genera

Median no. of
formation-

occurrences

I1

No. of
genera

Median no. of
formation-

occurrences

I2

No. of
genera

Median no. of
formation-

occurrences

All taxa–low Mg-cal-
cite

116 35.5 94 40.5 24 23

All taxa–bimineralic 35 28.0 18 35.0 18 18.5
All taxa–aragonite 158 21.5 26 28.0 140 20.5
Kruskal-Wallis Test x2 5 49.5 x2 5 9.6 x2 5 4.3

p , 0.0001** p 5 0.008* p 5 0.12

Wilcoxon Two-sample
Rank Test (bimineralic
taxa excluded)***

Z 5 7.05
p , 0.0001**

Z 5 2.93
p 5 0.003**

Z 5 2.05
p 5 0.04*

Bivalves–low mg-cal-
cite

22 27 1 40 21 25

Bivalves–bimineralic 15 33 3 41 12 28
Bivalves–aragonite 63 26 15 21 55 25

Kruskal-Wallis Test x2 5 0.36 x2 5 3.34 x2 5 0.06
p 5 0.83 p 5 0.19 p 5 0.97

Wilcoxon Two-sample
Rank Test (bimineralic
taxa excluded)***

Z 5 0.10
p 5 0.92

Insufficient sample size
(n 5 1 for low Mg-cal-
cite)

Z 5 0.14
p 5 0.89

Brachiopods–low Mg-
calcite

94 40 93 41 3 16

Gastropods–biminer-
alic

20 24 15 35 6 12.5

Gastropods–aragonite 95 16 11 33 85 16

Wilcoxon Test Z 5 1.17 Z 5 0 Z 5 22.22
p 5 0.24 p 5 1 p 5 0.03*

* Tests significant at a 5 0.05 level.
** Tests significant at a 5 0.005 level.
*** All p-values for Wilcoxon Test are based on a two-tailed test with normal approximation. Other approximations, based on the t and x2 distributions

(not reported here), have yielded in all cases outcomes consistent with those reported here.

es is represented by calcite, aragonite, and
bimineralic shell mineralogies (Fig. 10). How-
ever, within each major group, the number of
occurrences increases with body size up to
about ln(length) 5 3.5 (33 mm). Above this
size there is no further trend or difference be-
tween calcitic and aragonitic shells.

Shell Organic Content. We tested this vari-
able for mollusks only (Table 6). Among bi-
valves, differences are significant (p 5 0.02)
but opposite to those expected: genera with
high-organic shells have a higher number of
occurrences than other genera. Gastropods

show no significant differences as a function
of organic content.

Lithology. Occurrence frequency is not cor-
related with either carbonate or siliciclastic li-
thology for any of the groups. Thus, durability
and general lithology are independent in our
data set. Taxa with greater occurrence frequen-
cies tend to be represented in a broader array of
facies (Fig. 11; Supplementary Materials 4).

Discussion

Our results, based on formation-occurrence
frequencies of the 450 most common brachio-
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FIGURE 8. Formation-occurrence frequency distribu-
tions for genera grouped into mineralogical categories.
A, Pooled data. B, Bivalves. C, Brachiopods. D, Gastro-
pods. See Table 5 for data summary and statistical tests.

FIGURE 9. Plots of mineralogical patterns through the
two target-time intervals (I1 and I2) with data binned
into 10-Myr time intervals. The data are plotted sepa-
rately for unweighted (A) and weighted (B) formation-
occurrence data (see text for equations 2, 3). The 10-Myr
time bins offered the highest possible resolution in
which reasonable sample sizes (.75 formation-occur-
rences per interval) were maintained for all time inter-
vals included in the analysis (Alroy et al. 2001).

pods, bivalves, and gastropods in the PBDB,
generally show that commonness (i.e., occur-
rence frequency in the PBDB) is not correlated
with shell durability (Table 6). Of the 30 tests
we performed, only six show a significant re-
lationship of shell durability with occurrence
frequency, of which three are concordant with
and three contrary to the taphonomic expec-
tation of a positive relationship. Although
taphonomic processes undoubtedly acted
upon these durability factors and modified
the pattern of fossil occurrences to some de-
gree, our results suggest that durability-relat-
ed taphonomic filters are either (1) neutral to
mild or (2) compensated for by other factors,
e.g., high supply-side input of less durable
shells and/or spatial-temporal range effects.
Testing these other factors explicitly will re-
quire basic macroecological data to generate
realistic null expectations for supply-side in-
put of durable and less durable shells in living
communities.

Returning to Figure 3, almost none of our
results match the most common taphonomic
expectations (Fig. 3B,C,D,H), which are that
durable genera should be more common in the
fossil record (on the basis of occurrence fre-
quency). Body size, shell thickness, shell re-

inforcement, and shell organic content show
no significant relationships in this expected
direction (i.e., that larger, thicker, more rein-
forced, lower organic content should be more
common). The only significant positive rela-
tionships between occurrence and durability
are found in mineralogy, but even these were
not consistent: six out of nine either were not
significant or were significant but contrary to
taphonomic expectation. The three significant
positive relationships occurred both for
pooled data and when I1 and I2 were consid-
ered separately.

Reconsidering the alternative conceptual
scenarios (Fig. 3), the bulk of our observations
are consistent with the three pathways (A, F,
G) that show no significant difference in the
occurrences of more or less durable taxa. On
the basis of our analyses, we cannot empiri-
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FIGURE 10. Scatter plot of the number of per-genus for-
mation-occurrence versus shell size for bivalves with
different shell mineralogies on log10 axes. Convex hulls
for each type enclose the point scatters and the ovals
show the 95% confidence intervals of the centroids. Key:
Filled points and solid line for calcite, open points and
short-dash line for aragonite, crosses and long-dash line
for bimineralic mineralogies.

TABLE 6. Summary of information regarding tests of durability vs. occurrence-frequencies. ‘‘O’’ 5 no statistically
significant relationship; ‘‘Yes’’ 5 significant on the basis of the taphonomic expectation of a positive relationship
between durability and occurrence-frequency; ‘‘No’’ 5 significant but contrary to the taphonomic expectation of a
positive relationship between durability and occurrence-frequency. Blank cells were not tested in this study.

Tests for differences
in median

no. of formation-
occurrences

for durability categories

Ln body size
(smaller vs.
larger than

median value)

Thin vs.
thick shells
(intermed.
excluded)

Low vs.
medium vs.
high shell

reinforcement

Aragonite
vs. calcite

(bimineralic
excluded)

High- vs. low-
organic micro-

structures
(hetero-organ-

ic excluded)

Carbon-
ate vs.

siliciclastic
facies

n genera w/data 266 114 249 309 207 453
All data O O O Yes O
All brachiopods O No O O
All bivalves O O O O No O
All gastropods O O O O O O
I1 Paleozoic O Yes
I2 post-Pz O Yes
I1 Paleozoic brachiopods
I2 post-Pz brachiopods
I1 Paleozoic bivalves O
I2 post-Pz bivalves O
I1 Paleozoic gastropods O
I2 post-Pz gastropods No

cally evaluate the relative importance of these
alternatives, and it is possible that all three
could hold for different taxonomic groups,
times, or geographic locales. Given initially
identical frequency distributions of more and
less durable taxa, scenario A supposes no rel-
ative change in the fossil record, either from
local taphonomic biases (the first filter in Fig.

3) or from spatial-temporal distribution ef-
fects (the second filter in Fig. 3); although
these processes may have been operating, they
do not affect less and more durable taxa dif-
ferentially. Scenarios F and G suppose a dif-
ferent, biologically realistic initial distribution
with less durable taxa more common than du-
rable ones. In F, local taphonomic bias is neu-
tral but spatial-temporal effects are direction-
al and strong, whereas in G, local taphonomic
effects are directional and strong and spatial-
temporal effects are neutral.

It is possible that the top 150 genera in each
group may not reflect the durability trends of
other, less common genera in the database.
However, we have reason to believe that our
current results are more broadly representa-
tive of the groups we examined. As noted ear-
lier, the 450 most common PBDB taxa that we
considered include a large number of taxa
with only moderate numbers of occurrences
(down to 14 formation-occurrences; see Sup-
plementary Materials); thus our sample covers
more than just the extreme tail of the occur-
rence frequency distribution.

Recording durability variables and testing
all genera for the three groups are beyond the
scope of this project, but we can examine the
robustness of our results using bivalve shell
mineralogy. Mineralogy was the one param-
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FIGURE 11. Plot of number of per-genus formation-oc-
currences versus lithological score. A, Bivalves. B, Bra-
chiopods. C, Gastropods. Lithologies were taken from
the PBDB, which provides a list of standardized terms
and definitions for dominant lithology associated with
a fossil collection. Lithologic score is determined by the
number of different lithologies in which a genus is re-
corded. The plots show a general tendency for more
common genera in each major group to occur in a larger
number of lithologies. See Supplementary Materials 4
for data.

eter that showed a significant relationship for
the pooled data consistent with taphonomic
expectations, although this relationship did
not hold for bivalves alone. An additional data
set compiled of one of us (Kidwell 2005) per-
mitted a test for consistency between the top
150 bivalve genera in the PBDB and all record-
ed bivalve genera. In comparing the rarest
taxa in the PBDB (n 5 238 genera having sin-
gle documented occurrences) to the top 150
bivalves in our data set, we find no significant

difference in the proportion of taxa that are
aragonitic (less chemically durable) versus
calcite-bearing (69% of the singletons versus
63% of the top taxa; p 5 0.08 according to the
G-test). This implies that we would have come
to the same conclusion with regard to miner-
alogy if we had scored the entire PBDB bivalve
data set.

Additional research could focus on distin-
guishing the alternatives outlined in Figure 3.
For example, actualistic research could test
whether, in fact, taphonomic filters do or do
not have a net effect on occurrence frequencies
in the three target groups as a function of du-
rability. Two scenarios, A and F, posit that fil-
ters do have a net effect, whereas one scenario
(G) posits that they do not. Macroecological
research could test whether spatial-temporal
effects are linked to shell durability; one sce-
nario (F) posits that they do have a net effect,
whereas two scenarios (A and G) posit that
they do not. Despite the remaining unre-
solved alternatives, this study eliminated five
out of eight predicted scenarios, thus success-
fully reducing the number of initial working
hypotheses regarding the relationship of du-
rability and occurrence frequency in the fossil
record.

Conclusions

The central goal of this research project was
to test, for bivalves, gastropods, and brachio-
pods, whether genera with durable shells are
more common in the fossil record than genera
with less durable shells. Using occurrence fre-
quencies in the Paleobiology Database (PBDB),
we conclude that durability is not significantly
related to occurrence frequencies for the top
150 genera of each group. The most frequently
occurring genera include as many taxa having
small, thin-shelled, and unreinforced shells as
taxa having large, thick-shelled, ribbed, fold-
ed, or spiny shells. Exceptionally, there is an
effect of mineralogy: common genera are
more likely to be calcitic than aragonitic when
all groups are pooled, but this does not hold
up when they are considered separately. Con-
sequently, because (1) so few of the 30 tests we
performed show any significance and (2) the
few that were significant were equally divided
in supporting or rejecting the taphonomic ex-
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pectation, we conclude that taphonomic ef-
fects relating to durability are either neutral
with respect to the shell durability factors in
the groups we examined or compensated for
by other biological factors (e.g., less durable
taxa were more abundant in the original com-
munities). If the former is true and the taph-
onomic filter is indeed neutral, then the oc-
currence frequency patterns of our target
groups in the PBDB retain biological infor-
mation.

The tests of shell durability in this paper
provide an example of how a compendium
such as the Paleobiology Database can be used
to explore questions that relate to the quality
of the fossil record. Fossil occurrences are
complex in origin, resulting from multiple bi-
ologic, taphonomic, spatial-temporal, and
methodological factors, which at this point re-
main difficult to parse. Conceptually (Fig. 3)
we found it useful to differentiate between al-
ternative biological starting points, with the
frequency distributions of durable versus less
durable taxa being modified by taphonomic
filters, spatial-temporal effects, or both.
Through this exercise, we became aware of
what will be needed to evaluate these effects
rigorously, namely data on (1) the original bi-
ological distributions of durable versus less
durable taxa (supply-side issues), (2) the mac-
ro-ecological properties of taxa (linkages
among species-level characters such as shell
type, body size, geographic range), and (3)
more information on taphonomic filters af-
fecting shell preservation in modern benthic
environments. The approach initiated with
this study should be useful in exploring the
nature of the fossil record for other marine
groups, as well as for terrestrial organisms
such as tetrapods and plants. Defining more
precisely the taxonomic or morphological lev-
els at which durability does affect large-scale
(or any-scale) patterns in the preserved fossil
record will be critical to the goal of differen-
tiating taphonomic and biological signals in
the fossil record.
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Appendix

Data Quality

Most of the taxa in our data set were recognized as common
prior to the creation of the database, supporting the assumption
that PBDB fairly represents the known molluscan and brachio-
pod fossil record in this respect. It is clear from previous work
that large segments of the fossil record are not represented in
the scientific literature because of historical and geographic
contingencies, with potential impact on reconstructions of evo-
lutionary and ecological trends through the Phanerozoic. For
example, it is known that sampling intensity biases (Raup 1972)
distort these trends, including changes in the number of avail-
able fossil samples, and indirect proxies for sampling such as
variation in the amount of available outcrop (Raup 1972, 1976;
Smith 2001) and/or the number of named formations (Peters
and Foote 2001). Sampling intensity biases can be accounted for
(Alroy et al. 2001), but additional problems include changes
through time in the latitudinal distribution of fossil samples
(Allison and Briggs 1993) changes in beta diversity driven by
paleobiogeography and the geographic concentration of sam-
ples (Valentine 1970; Sepkoski 1993) changes in sampling of en-
vironments (Smith et al. 2001) monographic effects such as var-
iation in the quality of taxonomy (Patterson and Smith 1987;
Wagner 1995; Adrain and Westrop 2000) and the general fact
that rare taxa are underrepresented in the record (Koch 1978;
Jackson and Johnson 2001). The durability versus occurrence-
frequency patterns we found for the most common shelly taxa
could be seriously affected by these issues if there were many
unsampled regions and time periods that have durability-oc-
currence relationships contrary to what is documented in the
available fossil record.

Methodology

Evaluating Variability in Durability Scores

To evaluate potential problems related to the combined sam-
pling and operator errors, all of the authors measured and
scored the durability variables for the same subset of 15 genera.
The authors shared responsibility for collecting taphonomic
data from the sources available to them. Because each operator
used a different set of specimens (often from congeneric species,
time intervals, and depositional systems), this estimate pro-
vides the worst-case scenario for the amount of variability in
our genus-level estimates of durability. The test indicates that
variation was low except for maximum shell size, where the me-
dian coefficient on a natural log scale was 0.47. This reflects the
fact that congeneric species can vary considerably in size, but it
is a small proportion of the total range of size values in our data
set (Fig. 5; 0.47 would span only one-tenth of the range of values
on the x-axis).

Validity of Taxa and Time Intervals as Proxies

The two selected time intervals represent substantial portions
of the Paleozoic and post-Paleozoic fossil record. In terms of
PBDB coverage, these time intervals were, and still are, the best-
represented segments of the Phanerozoic. The three selected

groups represent 43% of the genera and 66% of the occurrences
in PBDB as of September 2003, representing a large proportion
of the higher taxa recorded in the marine fossil record (Alroy et
al. 2001). Thus, whereas the results and interpretations pre-
sented below primarily apply to mollusks and brachiopods
from I-1 and I-2 time intervals, these groups and time intervals
represent a substantial portion of the entire Phanerozoic marine
record.

Monographic Biases I: Variable Research Intensity

Occurrence frequency estimates may be heavily biased by
variable research intensity across formations. Genera may ap-
pear frequent simply because they happened to occur in for-
mations that have been extensively sampled (e.g., Providence
Formation [Sohl and Koch 1983]) and are therefore reported in
a large number of collection lists. To minimize this effect of mul-
tiple (and potentially duplicative) records, we binned occur-
rence data by formation (‘‘formation-occurrences’’). Such bin-
ning should dampen the effects of uneven field and monograph-
ic effects among geologic periods and regions. For the genera in
our analysis, the coefficient of variation for unbinned occur-
rences is 146%, whereas for the binned data it is 114%. Never-
theless, the correlation between the number of unbinned and
binned occurrences per time bin is quite high, 0.71, suggesting
that the two metrics yield consistent results. Indeed, with few
exceptions ‘‘formation-occurrence’’ estimates and ‘‘raw occur-
rence’’ estimates yielded consistent results. Further support for
consistency is the observation that the ratio of binned to non-
binned occurrences does not suggest any dramatic secular
trends through time (i.e., I-1 and I-2 ratios vary over comparable
range of values). Thus, there is no evidence that our occurrence
data set is severely affected by long-term biases in geographic
and temporal coverage of the fossil record. Because ‘‘formation-
occurrence’’ estimates should be less sensitive to monographic
biases, all figures and tables graphing results use ‘‘formation-
occurrence’’ estimates.

Monographic Biases II: Garbage Can Taxa

An implicit assumption of this analysis is that the individual
genera recorded in the database are monophyletic. However, it
is possible that taxa in the top 150 for each group have a large
number of occurrences as a result of taxonomic practices, with
many of these common genera representing ‘‘garbage can taxa’’
(Plotnick et al. 2002). Garbage can taxa can be both paraphyletic
(comprising related forms grouped together because of gener-
ally primitive morphology) and/or polyphyletic (comprising
mainly unrelated forms, often poorly preserved, but with some
distinctive morphologic feature) and can arise as a result of ei-
ther taxonomic practice or taphonomy (Plotnick and Wagner in
press).

Lithology

We downloaded lithologic information for each raw occur-
rence to evaluate lithofacies-level effects on occurrence frequen-
cy data. Twenty lithologic terms are available for scoring PBDB
occurrences with respect to sedimentary matrix (e.g., among sil-
iciclastics, six terms ranging from claystone through conglom-
erates; among carbonates, eight terms ranging from lime mud-
stone to framestone and bindstone; plus chert, phosphorite, etc.;
see PBDB website: http://paleodb.org). These were used to
classify genera in terms of their occurrence in different lithol-
ogies.


