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ABSTRACT
The stratigraphic distribution of fossils refl ects a combina-

tion of physical and biological factors. Although many studies have 
addressed the distribution of fossils at a basin scale and within sedi-
mentary sequences spanning 104–106 yr, little is known about the 
distribution of fossils within longer duration sedimentary succes-
sions covering broad geographic regions. Here we combine a North 
American macrostratigraphic database with fossil occurrence data 
from the Paleobiology Database to quantify the stratigraphic dis-
tribution of fossils within hiatus-bound marine sedimentary rock 
packages that have a mean duration of 107 yr. We fi nd that fossil col-
lections and marine genera are, when averaged over all Phanerozoic 
sedimentary rock packages, more abundant than expected in the 
top 40% of package durations, and less common than expected in 
the bottom ~25%. Generic fi rst and last appearance datums (FADs 
and LADs) in North America are not randomly distributed among 
fossil collections. Instead, LADs are more common than expected 
in the top ~20% of package durations, whereas FADs are more uni-
formly distributed. This result is not consistent with an unconfor-
mity-related sampling bias, but is indicative of greater congruence 
in the temporal scales over which genus extinction and regression 
occur than genus initiation and transgression. These results support 
the hypothesis that macroevolution, particularly genus extinction, 
and large-scale patterns of sedimentation share a common set of 
forcing mechanisms that are related to the formation and destruc-
tion of shallow-marine habitats.

INTRODUCTION
The distribution and abundance of fossils within sedimentary succes-

sions are controlled by both physical and biological factors. In the marine 
realm, physical control is related primarily to transgressive-regressive 
cycles that cause upsection changes in environmental sampling (e.g., 
Brett, 1998; Scarponi and Kowalewski, 2004; McLaughlin and Brett, 
2007), taphonomic regime (e.g., Brett and Baird, 1993), and the degree 
of temporal and spatial condensation of biological communities (e.g., 
Kidwell, 1993, 1997; Kowalewski et al., 1998). Biological controls on 
the distribution of fossils include real evolutionary and ecological change, 
which may occur independently of, or in coordination with, transgression 
and regression (e.g., Scarponi and Kowalewski, 2007). Taxonomic fi rst 
and last appearance datums (FADs and LADs) are similarly related to 
large-scale stratigraphic architecture, either as a result of artifi cial trun-
cation of taxon range endpoints at unconformities and environmental 
discontinuities (Holland, 1995; Holland and Patzkowsky, 1999; Smith et 
al., 2001), or as a result of coordinated responses in sedimentation and 
biological evolution (Newell, 1962; Hallam, 1989; Peters, 2005, 2008).

Determining the extent to which physical versus biological fac-
tors control the stratigraphic distribution of fossils is important because 
a growing body of work has empirically linked large-scale patterns in 
the sedimentary rock record to macroevolutionary patterns in the fossil 
record, including biodiversity, faunal composition, and rates of origination 
and extinction (e.g., Raup, 1976; Smith, 2001; Smith et al., 2001; Peters 
and Foote, 2001; Peters, 2006, 2008; Smith and McGowan, 2007; Wall 
et al., 2009). Thus, either physically induced preservation biases (bias 
hypothesis), biological responses to environmental perturbations associ-
ated with transgression and regression (common cause hypothesis), or, 
more likely, some combination of the two must be responsible for a sig-

nifi cant component of the temporal variability that is observed in the fossil 
record. Nevertheless, most analyses to date have treated stratigraphic and 
paleontological data separately, thereby making it impossible to evaluate 
the large-scale stratigraphic distribution of fossils or to determine the loca-
tion of taxon range end points within sedimentary successions. This is a 
substantive limitation because, at least in some cases, the bias and com-
mon cause hypotheses make different predictions regarding how fossils 
and FADs/LADs should be distributed within sedimentary deposits.

Here we seek to improve upon our understanding of the nature of the 
Phanerozoic fossil record and the causes of macroevolutionary patterns 
among marine organisms by measuring the large-scale stratigraphic dis-
tribution of fossils and taxon FADs and LADs within hiatus-bound marine 
sedimentary rock packages in North America. To do this, we use the inter-
section of two data compilations, the Paleobiology Database (PaleoDB; 
http://paleodb.org) and Macrostrat (http://macrostrat.geology.wisc.edu), 
which provide regionally comprehensive summaries of the fossil and rock 
records. Specifi cally, we address the following fundamental question: are 
marine fossils and generic FADs and LADs distributed within sedimentary 
packages, corresponding roughly to second-order Sloss sequences (Sloss, 
1963), in a way that is consistent with preservation-induced sampling 
biases, or in a way that refl ects a biological response to changing envi-
ronmental conditions during large-scale transgressive-regressive cycles?

METHODS
Fossil collections consisting of 1 or more taxonomic occurrences in 

the PaleoDB were matched to 1 of 16,322 pre-Pleistocene sedimentary 
lithostratigraphic rock units in Macrostrat using the procedure described 
by Peters and Heim (2010). Of 4152 hiatus-bound sedimentary rock 
packages from 814 geographic locations in the United States and Can-
ada, a total of 1415 packages (34%) contain at least 1 lithostratigraphic 
rock unit that has been matched to 1 or more of 27,239 PaleoDB fossil 
collections. This study utilizes the 900 marine sediment packages that 
span >1 time interval (median package duration 5 stages, 30 m.y.; mean 
duration 6 stages, 40 m.y.), that have >1 lithostratigraphic rock units 
(median 7 units), and that also have at least 1 matched fossil collection. 
Lithostratigraphic units that are known to be nonmarine in origin are 
excluded from the analysis and from the defi nition of packages. Nearly 
all of the sedimentary packages analyzed here accumulated in shallow 
continental shelf settings.

The distribution of fossils within hiatus-bound sedimentary rock 
packages was quantifi ed using the following procedure. First, the dura-
tion of each sediment package was estimated from the ages of its top and 
bottom boundaries using 86 time intervals (primarily stages) in the Pha-
nerozoic (see the GSA Data Repository1). Each package duration was then 
scaled to unity. Lithostratigraphic units within each package were then 
distributed within the scaled package based on the estimated ages of their 
top and bottom boundaries (temporal overlap is possible due to nomencla-
tural hierarchy and binning resolution; Fig. 1A). Next, the number of fos-
sil collections, occurrences, and the number of genera in each lithostrati-
graphic unit were tabulated as a function of their scaled durations. In all 
cases, fossils were assumed to span the entire duration of their matched 
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rock unit. For example, the fossils in a PaleoDB collection resolved to a 
group-level unit were assumed to be representative of the entire duration 
of that group, whereas collections resolved to a single formation within 
a group were assumed to range only through the duration of that forma-
tion (Fig. 1A). Although this procedure introduces error because the actual 
distribution of PaleoDB fossil collections can be limited to a single strati-
graphic level, this is currently the best possible stratigraphic resolution. 
Tests for signifi cant patterns in fossil distribution will explicitly account 
for this uncertainty as well as for the exact nature of the distribution of 
lithostratigraphic units within rock packages (see the following).

Having established the stratigraphic distribution of fossil collections 
within each sediment package, the total number of collections, occur-
rences, and genera in each scaled time increment were tabulated and then 
scaled to the maximum value. The result for each package is a dimension-
less curve ranging from zero to unity. Packages with a uniform distribution 
of fossils are represented by a horizontal line at a value of unity (Fig. 1B). 
Packages with only one fossil-bearing lithostratigraphic unit have a single 
fl at-topped peak at unity (width determined by proportional duration of 
rock unit) surrounded by values of zero. The distribution of fossils within 
many hiatus-bound rock packages can, therefore, be summarized inde-
pendent of the effects of package duration and the total number of fossil 
collections. Here we focus on the mean distribution of fossils by summing 
the occupancy values for each proportional time increment over all pack-
ages and then dividing each time increment by the total number of pack-
ages. This procedure is similar to the method used by Foote (2007) and 
Liow and Stenseth (2007) to tabulate the occupancy of collections within 
the ranges of taxa.

Determining the stratigraphic distribution of generic FADs and 
LADs within packages followed a similar procedure, but with one impor-
tant difference. The age of the FAD and/or LAD for any given genus in 
North America may be defi ned by multiple collections from many differ-
ent rock packages. To account for this, a separate occupancy curve was 
calculated for each package containing a range-defi ning collection and 
then a mean occupancy curve for each of 9066 marine genera was calcu-
lated by pooling the results.

To test for statistically signifi cant patterns in the observed distribu-
tion of fossils, the stratigraphic position of fossil collections was random-
ized among lithostratigraphic units within each package and then occu-
pancy curves were calculated for the randomized data. Each randomized 
data set contains the same packages and the same number of collections as 
the original data set. Because our objective is to test for a nonrandom dis-
tribution of fossils within package durations, not for clustering of collec-
tions within lithostratigraphic units, groups of fossil collections assigned 
to the same unit were randomized with respect to all of the units in that 
package. This procedure is conservative because it preserves, on average, 
the observed distribution in the number of collections per unit. Results for 
the alternative randomization procedure, in which individual collections 
are randomly assigned to lithostratigraphic units, pertains primarily to the 
clustering of collections within packages (for results, see the Data Reposi-
tory) (collections are generally more clustered within units than expected).

The randomization procedure was repeated 1000 times for the entire 
data set to generate a null distribution for the stratigraphic distribution of 
fossils; if lithostratigraphic units were uniformly distributed within pack-
ages, then the expected pattern of fossil occupancy would be a fl at line. 
Thus, this randomization procedure simultaneously accounts for any pat-
terns in the empirical fossil occupancy curve that could refl ect the non-
uniform distribution of lithostratigraphic units within packages and the 
specifi c nature of the lithostratigraphic and temporal binning scheme 
that is employed in this study. The randomization procedure for FADs 
and LADs was similar, but involved shuffl ing the identity of the collec-
tions that defi ne FADs and LADs, not the position of those collections 
within packages. This randomization procedure is conservative because 
it preserves the original positional information of fossil collections within 
packages, making it is possible for fossil collections to be nonrandomly 
distributed within packages, but for FADs and LADs to be randomly or 
nonrandomly distributed among those same collections.

RESULTS
Marine fossils in the PaleoDB are not randomly distributed within 

hiatus-bound sedimentary rock packages in North America. On average, 
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Figure 1. Example distributions of Paleobiology Database (PaleoDB; see text) fossil collections within hiatus-bound sedimen-
tary packages. A: Single sedimentary package showing lithostratigraphic units and number of PaleoDB fossil collections. Fm—
formation; Mbr—member. B: 30 examples of scaled collection occupancy curves.
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there are fewer fossils than expected in the bottom 25% of package 
durations and more than expected in the top 40% (Fig. 2). This is true 
for collections, occurrences, and the total number of genera (results for 
occurrences not shown, but not signifi cantly different). The null distribu-
tion of fossils within packages (gray area, Fig. 2) is not uniform because 
lithostratigraphic rock units are not uniformly distributed. This irregular-
ity likely refl ects changes in environmental heterogeneity and, therefore, 
lithological variability during the evolution of large-scale transgressive-
regressive cycles, such that peak lithological heterogeneity is typically 
achieved at ~60% of package duration. Alternatively, the peaked null dis-
tribution could refl ect edge effects, whereby the probability of lithostrati-
graphic binning and nomenclatural overlap (Fig. 1A) is higher near the 
middle part of a package than it is at its terminations. Regardless of the 
reason for the peaked null distribution, the observed distribution of col-
lections within packages diverges signifi cantly, indicating that fossils are 
nonrandomly distributed among the available rock units. Results are simi-
lar if we exclude the paleontologically heavily sampled Late Cretaceous, 
which also has many package truncations (Heim and Peters, 2011; see the 
Data Repository).

Mean fossil occupancy for the entire Phanerozoic is shown in Fig-
ure 2, but there is temporal variation (see the Data Repository). Although 
understanding the cause of temporal heterogeneity in fossil distribu-
tion requires more detailed, time-specifi c analyses, we suspect that the 
boundary conditions and environmental characteristics that characterize 
each large-scale sedimentary succession in North America are respon-
sible for differences in fossil occupancy patterns. For example, marine 
packages that initiate in the Cambrian tend to have more fossil collec-
tions in the bottom 50% of their duration than in their upper half, which 
is consistent with the occurrence of many unfossiliferous rock units in 
the Late Cambrian and Early Ordovician (Peters, 2007; Pruss et al., 
2010; see the Data Repository).

It is possible for taxon range end points to be randomly distributed 
among fossil collections even though collections are, on average, non-

randomly distributed within hiatus-bound packages; this is, however, not 
what we observe. FAD and LAD distributions differ signifi cantly from 
one another and from their respective null distributions (Fig. 3). Specifi -
cally, LADs are more prevalent than expected in the top ~20% of packages 
and less common than expected in the bottom. FADs, by contrast, are gen-
erally more uniformly distributed than LADs and are only less common 
than expected in the top ~20% of package durations. The null distributions 
for FADs and LADs differ because the packages that contain genus FADs 
and LADs are only a partially overlapping set and have slightly different 
distributions of fossils and lithostratigraphic units.

DISCUSSION
This study demonstrates that fossils and generic FADs and LADs 

in the PaleoDB are, on average, nonrandomly distributed within hiatus-
bound sedimentary rock packages in North America. There are two pos-
sible explanations for this result: (1) fossil distribution refl ects a combi-
nation of taphonomic and sequence stratigraphic factors that govern the 
preservation and sampling of biological communities and taxon range end 
points, and (2) environmental changes occurring during the deposition 
of second-order sedimentary sequences and the formation of intervening 
hiatuses infl uence the diversity of biological communities and macroevo-
lution. Although both factors are likely to be relevant, the results of this 
study suggest an important role for biological control on the distribution 
of fossils and generic FADs and LADs.

Principles of sequence stratigraphy predict that fossil concentration 
should be highest during periods of relatively low rates of sediment accu-
mulation. Such conditions occur most commonly during the deposition of 
transgressive systems tracts (e.g., Kidwell, 1997), which occupy the base 
of most hiatus-bound marine sediment packages. Thus, the fact that fossil 
concentration is highest in the upper ~60% of package durations (Fig. 2) 
may seem contradictory. However, the temporal and spatial scale of this 
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Figure 2. Mean Phanerozoic distribution of fossil collections and di-
versity of 9066 genera within hiatus-bound sedimentary packages. 
Shaded region shows 95% confi dence limits around expected distri-
bution based on 1000 randomizations. See text for discussion.

Figure 3. Mean stratigraphic distribution of generic fi rst and last ap-
pearance datums (FADs and LADs) in North American marine sedi-
ment packages. Shaded regions encompass all outcomes for 1000 
randomizations of FADs and LADs among collections. Null distri-
butions differ because packages containing FAD- and LAD-defi ning 
collections are a partially overlapping subset of all fossil-bearing 
packages. See text for discussion.
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analysis is much larger than that of other analyses examining the strati-
graphic distribution of fossils. Thus, our results are more likely to refl ect 
wholesale changes in the environmental characteristics of marine shelves 
during the accumulation of second-order sedimentary successions rather 
than changing rates of sediment supply that concentrate or dilute skeletal 
remains within individual beds or bed sets. This possibility is reinforced 
by the peaked null distribution of fossil occupancy (Fig. 2), which may 
indicate changes in lithological and environmental heterogeneity during 
the accumulation of packages.

One of the most compelling aspects of our results is the differ-
ence between the stratigraphic distribution of generic FADs and LADs. 
Although principles of sequence stratigraphy imply that FADs and LADs 
should cluster around unconformities and the sampling gaps that defi ne 
sediment package boundaries, the expectation is that FADs and LADs 
should be similarly infl uenced. That is, a hiatus in sedimentation should 
result in the artifi cial clustering of LADs at the top of the underlying 
sequence and a comparable artifi cial clustering of FADs in the bottom 
of the overlying sequence (Holland, 1995). This is, however, not what 
we observe. LADs are more asymmetrically distributed within packages 
than FADs. This difference implies that environmental changes result-
ing in the truncation of sedimentary successions (i.e., marine regression) 
often correspond to the truncation of locally occurring genera. The envi-
ronmental changes associated with marine transgression do not, how-
ever, correspond to a similarly well coordinated pulse of taxon FADs 
(Fig. 3). Thus, the consistent ability of the rock record to better predict 
extinction than origination (Foote, 2003; Peters, 2005; Heim and Peters, 
2011) is likely related to a disconnect between the temporal scales over 
which biological extinction and origination operate and the environmen-
tal changes to which each respond.
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