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ABSTRACT

Existing reconstructions of the Phanerozoic history of biological diversity are based on
occurrences of taxa and do not include abundance data. This study examines trendsin the
relative abundance of taxa and provides a new perspective on the Phanerozoic history of
marine diversity. We compared the abundance versus diversity (AD) structure of early
Paleozoic and Cenozoic samples of marine benthic genera compiled from the literature. The
sample-standardized results indicate (1) a two-and-a-half-fold increase in sampled alpha
diversity but, concurrently, (2) an increase in the evenness of fossil samples through time.
The observed evenness trend may be due to taphonomic biases, time-averaging trends, dif-
ferences in sampling techniques, or real changes in the structure of marine communities.
Regardless of the underlying factors, the results indicate that the evenness of fossil samples
increased through the Phanerozoic, largely owing to a decrease in the relative abundance
of the most common taxa. Because sampling fossil sites of different evenness can result in
different estimates of species richness even if their total alpha diversity is the same, the
observed changes in evenness may have contributed to the Phanerozoic increase in sampled
alpha diversity and, at least in part, to the increase in global diversity. The incorporation
of taxon abundance data into future studies should produce a more robust, perhaps even
different, interpretation of the Phanerozoic history of diversity.
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INTRODUCTION

For decades, paleontologists have mined
the fossil record to compile taxonomic data-
bases and explore the Phanerozoic history of
diversity (e.g., Newell, 1959; Valentine,
1969; Raup, 1976, 1978; Bambach, 1977,
1999; Sepkoski, 1978, 1981; Sepkoski et al.,
1981; Benton, 1995; Alroy et al., 2001).
Those studies used counts of taxa derived
from range-based compilations (e.g., Newell,
1959; Valentine, 1969; Sepkoski, 1978,
1979, 1984), taxon occurrences in fossil col-
lections (e.g., Alroy et al., 2001), and species
richness at single fossil sites (e.g., Bambach,
1977). However, none of the previous pro-
jects incorporated abundance data to evaluate
Phanerozoic trends in evenness (i.e., the
abundance versus diversity [AD] structure of
fossil assemblages).

Estimates of diversity are dependent on the
underlying abundance distribution (Koch,
1978). Sampling the same number of individ-
uals from two sites with the same total apha
diversity but different abundance distributions
will produce different estimates of sampled al-
pha diversity. Alroy (2000) and Alroy et al.
(2001) pointed out that this problem underlies
al previous attempts at reconstructing the
Phanerozoic history of diversity.
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We use literature data to compare bulk sam-
ples of marine benthic macroinvertebrate gen-
era collected from early Paleozoic (Cambrian-
Silurian) and Cenozoic (Eocene-Miocene)
sites. By including data on the abundance of
taxa we aim to determine if the AD structure
(i.e., evenness) of fossil samples has changed
through time. Quantitative estimates of secular
changes in relative abundance patterns at in-
dividual fossil sites are needed to properly re-
construct the Phanerozoic history of marine
diversity.

DATA AND METHODS
A literature search yielded 147 bulk sam-
ples of marine benthic invertebrate genera or
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species (Table 1%) that include absolute spec-
imen counts for al taxa in the samples. Each
raw sample was randomly subsampled with-
out replacement 1000 times down to a stan-
dardized abundance of 90 specimens. This
value was selected to include as many sites as
possible while maintaining a statistically rea-
sonable sample size (analyses performed at
various subsampling levels [n = 45, 190, and
290] yielded results consistent with those
shown here). For each sample, 1000 random
subsamples were used to compute a mean
abundance versus diversity curve (MAD)
(means were indistinguishable from medians
[r2 > 0.99] but resulted in smoother curves).
These curves, generated by plotting mean cu-
mulative abundance against mean cumulative
diversity, are avariation of the dominance ver-
sus diversity curve of Whittaker (1975). Av-
erage MAD curves for groups of samples
were computed as median abundance and di-
versity values calculated from MAD curves of
individual samples. Traditionaly, ecologists
have used rank-ordered abundance distribu-
tion plots (RADs), generated by plotting
logged abundance versus richness, with gen-
era added in rank order (most common genera
first); AD curves contain the same informa-
tion—they are unlogged, cumulative RADs—
but simplify calculation of MAD curves
(RADs require integer values for ranked gen-

1GSA Data Repository item 2002032, Raw
data, is available on request from Documents Sec-
retary, GSA, PO. Box 9140, Boulder, CO 80301-
9140, USA, editing@geosociety.org, or at www.
geosoci ety.org/pubs/ft2002.htm.

TABLE 1. SUMMARY OF DATA SETS

© 2002 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.
Geology; April 2002; v. 30; no. 4; p. 331-334; 4 figures; 1 table; Data Repository item 2002032.

Type of data set Total Median Median Number of  Number of
number of  sample alpha genus- species-
data sets size diversity level data  level data

sets sets

Carbonate samples

Early Paleozoic 29 176.9 6.1 25 4

Cenozoic 4 118.0 12.8 4 0

Total 33 147.0 9.4 29 4

Siliciclastic samples

Early Paleozoic (fine-grained) 30 321.1 11.3 19 11

Early Paleozoic (coarse-grained) 5 178.2 11.6 3 2

Early Paleozoic (total) 35 249.6 11.4 22 13

Cenozoic (fine-grained) 12 502.8 23.7 0 12

Cenozoic (coarse-grained) 21 768.8 36.0 0 21

Cenozoic (total) 33 635.8 29.8 11 22

Siliciclastic samples (total) 68 442.7 20.6 33 35
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era, which is not always possible when cal-
culating a mean curve).

Because of the weaknesses of traditional di-
versity and evenness indices (Lande, 1996;
Peters, 2001), we use the Kolmogorov-Smir-
nov D statistic (Zar, 1999) to measure the de-
viation of a standardized sample from a per-
fectly even sample of the same richness. This
is conceptually based on the approach sug-
gested by Tipper (1979) but applied to stan-
dardized samples; other workers (e.g., Ben-
nington and Bambach, 1996; Peters and Bork,
1999) have used parametric chi-square teststo
compare distributions. We use the evenness
index D’ (D’ = 1 — D), which varies from 0
(maximum unevenness) to 1 (maximum even-
ness). Because D’ statistic is a new metric
with unknown theoretical properties, we also
used for each fossil site a traditional evenness
index J, which is calculated as the Shannon-
Weaver diversity index divided by the natural
log of the taxonomic richness and, like D’,
varies from 0 to 1 (Zar, 1999). Both J and D’
performed consistently in our analysis, al-
though D" appears to be more sensitive to
changes in evenness than J: the differences be-
tween groups of samples were more notable
when D' was used. Peters (2001) proposed a
sum of squares metric (E) and showed in
simulations that Eg outperforms other com-
monly used evenness metrics; we have found
that D’ correlates very highly with Eg.

DATA SET EFFECTS

Because genus-level samples dominate our
data (n = 108) and species-level dataare more
prone to taxonomic errors, we converted all
datato the genus level (genus-level AD curves
show nearly perfect overlap with the species-
level curves from which they were derived).
In addition, two unwanted sources of variation
may affect the samples. differences in domi-
nant higher taxa and facies.

Single higher taxa, which may have had an
inherently distinct AD structure, commonly
dominate paleontological bulk samples (as is
the case here). After restricting our data by
time interval and facies, the largest number of
samples suitable for comparison of higher taxa
was provided by Ordovician carbonates. Pair-
wise comparisons of Ordovician brachiopods
(n = 11), cords (n = 4), and multiple higher
taxa (n = 14) show that the curves do not
differ notably (Fig. 1A) and are statistically
indistinguishable (Kolmogorov-Smirnov test:
multiple taxa vs. brachiopods: D = 0.19, p =
0.08; multiple taxa vs. corals: D = 0.12, p =
0.52; brachiopods vs. corals: D = 0.08, p =
0.95). This result is consistent with theoretical
expectations (McKinney, 1996) and indicates
that the inclusion of samples dominated by
different higher taxa does not introduce any
significant variation.
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Because carbonates are typically limited to
warm, shallow-marine environments far from
clastic sediment sources, carbonate and sili-
ciclastic samples may represent inherently dis-
tinct evenness structures with different AD
curves. Moreover, lithology-specific fossil-ex-
traction techniques may produce samples with
different sampling biases. A comparison of
carbonate (n = 29) and siliciclastic (n = 23)
samples from the Ordovician time interval
(Fig. 1B) (mixed carbonate-siliciclastic sam-
ples were excluded from analysis) shows that
the two facies are indeed significantly differ-
ent (D = 0.23, p = 0.02). Consequently, we
restricted our temporal analyses to siliciclastic
sites, which provide a well-balanced and rea-
sonably large number of samples: 35 for the
early Paleozoic and 33 for the Cenozoic.
However, the siliciclastic facies still encom-
pass a range of settings that may introduce
unwanted variation. In particular, the Ceno-
zoic and early Paleozoic samples differ in the
proportion of fine-grained and coarse-grained
deposits sampled; any systematic differences
in evenness between the two settings may lead
to a spurious temporal trend. For both time
intervals, the two types of samplesyield MAD
curves that are similar in shape (Fig. 1, C and
D) and statistically indistinguishable (early
Paleozoic: n = 35, D = 0.13, p = 0.41; Ce-
nozoic: n = 33, D = 0.16, p = 0.17). The
limited variation in evenness across a wide
range of siliciclastic settings from a given
time interval justifies the inclusion of al sili-
ciclastic samples in the final analysis. The ob-
served limited variation is consistent with
comparisons of present-day marine commu-
nities from mud and sand substrates (Wu and
Shin, 1997).

RESULTS

The comparison of early Paleozoic (n = 35)
and Cenozoic (n = 33) genus-level siliciclas
tic samples (Fig. 2) shows two significant dif-
ferences in AD structure. First, sampled apha
diversity is higher in the Cenozoic than in the
early Paleozoic. The median sampled alphadi-
versity for n = 90 is 7.8 genera in the early
Paleozoic samples and 19.3 genera in the Ce-

Figure 1. Mean abundance vs. diversity
(MAD) curves showing sources of unwanted
variation in data. All inset plots show medi-
an MAD curves for groups of samples. A:
Ordovician carbonate brachiopod (gray
lines), coral (black lines), and multiple taxa
(dashed lines). B: Ordovician carbonate
samples (black lines) and siliciclastic sam-
ples (gray lines). C: Early Paleozoic fine-
grained samples (gray lines) and coarse-
grained samples (black lines). D: Cenozoic
fine-grained samples (gray lines) and
coarse-grained samples (black lines).
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Figure 2. MAD curves for early Paleozoic
(black lines) and Cenozoic (gray lines) genus-
level siliciclastic samples. Inset shows me-
dian mean abundance vs. diversity curves for
samples grouped by time interval.

nozoic samples, a factor of 2.47 increase in
diversity.

Second, the Cenozoic samples display sig-
nificantly higher evenness than the early Pa
leozoic samples (Fig. 2, D = 031, p =
0.0004). The early Paleozoic samples are
dominated by few genera with relatively high
abundance (75% of the abundance is repre-
sented on average by just 2.4 genera), whereas
Cenozoic samples are less oligarchic in the
partitioning of abundance across genera (75%
of the abundance is represented on average by
5.7 genera). For both evenness indices used
(Fig. 3), the difference is statistically signifi-
cant (Wilcoxon test; p = 0.01 for J; p <
0.0001 for D'). Moreover, the difference be-
tween the two average curves (Fig. 2) is much
larger than the differences observed acrossthe
two siliciclastic facies included in the analysis
(Fig. 1, C and D) or across higher taxa (Fig.
1A).

A log plot of the median relative abundance
of genera (RAD) shows that the relative abun-
dance of the most common genera (ranked
genera 1-3) is enriched in the early Paleozoic
relative to the Cenozoic (Fig. 4). All other
genera are enriched in the Cenozoic relative
to the early Paleozoic. The difference between
the RAD plots corresponds to a flatter shape
(higher evenness) of the median Cenozoic
MAD curve (Fig. 2).

DISCUSSION

Given that heterogeneities in facies and
higher taxa cannot account for the observed
differences in AD structure, our results sug-
gest that the alpha diversity and evenness of
fossil samples have increased through time.

The increase in sampled alpha diversity by
a factor of 2.47 from the early Paleozoic to
the Cenozoic is remarkably consistent with the
estimates of Bambach (1977; see aso Sep-

GEOLOGY, April 2002

-
o
|

1 A cenozoic

.
o o ©
[P |

L

L

Early Paleozoic

-
[=}

L

Frequency of Samples
o &
L J

L

L

o

02 03 04 05 06 07 08 09 10
Traditional Evenness, J

-
=}
]

B Cenozoic

Early Paleozoic

Frequency of Samples
5
i

02 03 04 05 06 07 08 09 10
Kolmogorov-Smirnov Evenness, D'

Figure 3. Sample-frequency distribution of
evenness indices. A: Evenness index J for
Cenozoic (top) and early Paleozoic (bot-
tom). B: Evenness index D' for Cenozoic
(top) and early Paleozoic (bottom).

koski, 1988). Over acomparabletimeinterval,
but using different literature data, Bambach
found an increase in species-level apha di-
versity by a factor of 2.44 in variable near-
shore environments and by a factor of 2.48 in
open-marine environments. However, sampled
apha diversity does not necessarily reflect the
total alpha diversity because it is a combined
function of the evenness of the underlying
population and the sampling intensity (Koch,
1978; Alroy, 2000). Our samples are insuffi-
cient in size to evaluate the analyzed sites
against theoretical abundance distribution
models, and thus we cannot assess the biolog-
ical legitimacy or falacy of the observed in-
crease in apha diversity.

Several causes may underlie the observed
increase in evenness. First, taphonomic mega-
biases may have distorted relative abundance
of taxain fossil assemblages. In particular, the
diagenetic loss of aragonite fossils (e.g.,
Cherns and Wright, 2000) may have lowered
the evenness of the early Paleozoic samples.
Koch and Sohl (1983) explicitly compared
collections with well-preserved aragonite and
calcite to collections of poorer preservational
quality and found significant differencesin the
number of taxa and makeup of the preserved
fauna. Second, some authors have suggested
that the levels of time-averaging may have in-
creased through the Phanerozoic (e.g., Kid-
well and Brenchley, 1996; Kowalewski,
1996). Time-averaging processes that mix
communities of different taxonomic compo-
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Figure 4. Rank-order abundance distribu-
tions of median mean abundance vs. diver-
sity curves for early Paleozoic (closed cir-
cles) and Cenozoic (open circles).

sitions can lower the relative abundance of
dominant species, thereby increasing diversity
and evenness. Third, Paleozoic fossils, which
generaly need to be extracted from lithified
rocks, are more difficult to sample than Ce-
nozoic fossils, which are typically sieved from
unlithified sediment. The restriction of data to
larger size fractions may result in the removal
of some common taxa and an apparent de-
crease in evenness (see aso Kidwell, 2001).

The observed trend may represent a rea
secular increase in the evenness of marine
benthic invertebrate communities. This trend
is expected, considering that habitat utiliza-
tion, marine biomass, and rates of trophic
flows may have increased significantly and
systematically through time (Vermeij, 1977,
1995; Sepkoski, 1981; Bambach, 1983, 1999).
In addition, as the dominant marine fauna
changed through time (Sepkoski, 1981) and
mass extinctions repeatedly altered ecological
interactions and habitat resources (DiMichele
and Phillips, 1996), new communities with
different AD structures may have appeared.

One bias may work in the opposite direc-
tion. Paleozoic samples are more often tropi-
cal than Cenozoic samples (Allison and
Briggs, 1993). This is the case here because
most of our data are from North America or
Europe. Because evenness and sampled apha
diversity tend to decrease toward high lati-
tudes, the evenness of the Paleozoic sites may
be overestimated relative to the Cenozoic
ones. If the paleolatitudinal bias is a factor, it
is clearly insufficient to overwhelm the other
factors listed here.

The existing data are inadequate to evaluate
which of the posed factors were the most im-
portant. Nevertheless, the observed trend is
important because empirical paleontological
data, including those used in previous studies
of diversity, ultimately derive from fossil sam-
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ples. This study demonstrates that fossil sam-
ples have changed AD structure through time.

IMPLICATIONS AND CONCLUSIONS
The increase in the evenness of fossil sam-
ples through the Phanerozoic, which primarily
reflects the decrease in relative abundance of
the most common taxa (Fig. 4), has two im-
plications. First, the observed secular changes
in evenness of the fossil samples may have
contributed to the observed increase in alpha
diversity. Fossil sites with the same total di-
versity but of different evenness may produce
samples that yield different estimates of sam-
pled diversity. Thus, it istheoretically possible
that our results reflect only one change: the
increase in evenness through time. Second, the
change in evenness of fossil samples may be
an important driver of the secular increase in
global diversity. Because the relative abun-
dance of the most common taxa has decreased
through time, the likelihood of sampling less
common taxa may have necessarily increased.
Thus, higher diversity estimates can be ex-
pected for the Cenozoic simply because of the
increase in evenness through time. However,
the magnitude of the effect is difficult to as-
sess because data based on taxonomic rather
than bulk samples may be less prone to even-
ness changes (i.e., not all collections are ran-
dom bulk samples: rare taxa may be better
represented in taxonomic collections that aim
to capture al taxa present in an outcrop).
Alroy et al. (2001) demonstrated that di-
versity estimates based on data standardized
for multiple occurrences of taxa in faunal lists
can depart notably from the traditional curve
of Sepkoski, underscoring the sensitivity of
diversity estimates to sampling issues. Our
study echoes previous warnings (Alroy, 2000;
Alroy et a., 2001) that studies of diversity
should also incorporate abundance data to ac-
count for potential changes in evenness (a no-
table increase in evenness documented here
may bias synoptic diversity curves even if
sampling problems are otherwise accounted
for analytically). Although the observed in-
crease in sampled alpha diversity may or may
not have biological significance (see preced-
ing), the increase is real in a sampling sense
by affecting any estimates of diversity based
on empirical data. ldeally, many large bulk
samples should be collected and compared
against theoretical abundance distribution
models, and necessary corrective methods
(see especialy Alroy, 2000; Alroy et a.,
2001) should then be applied to improve our
understanding of secular changes in diversity.
Such efforts may ultimately give rise to a ro-
bust (and perhaps different) interpretation of
the marine Phanerozoic history of diversity.
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