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Bedrock geological map predictions for Phanerozoic
fossil occurrences

Shan Ye* and Shanan E. Peters

Abstract.—Geographically explicit, taxonomically resolved fossil occurrences are necessary for recon-
structing macroevolutionary patterns and for testing a wide range of hypotheses in the Earth and life
sciences. Heterogeneity in the spatial and temporal distribution of fossil occurrences in the Paleobiology
Database (PBDB) is attributable to several different factors, including turnover among biological commu-
nities, socioeconomic disparities in the intensity of paleontological research, and geological controls on the
distribution and fossil yield of sedimentary deposits. Herewe use the intersection of global geologicalmap
data fromMacrostrat and fossil collections in the PBDB to assess the extent to which the potentially fossil-
bearing, surface-expressed sedimentary record has yielded fossil occurrences. We find a significant and
moderately strong positive correlation between geological map area and the number of fossil occurrences.
This correlation is consistent regardless of map unit age and binning protocol, except at period level; the
Neogene andQuaternary have non-marine map units covering large areas and yielding fewer occurrences
than expected. The sedimentary record of North America and Europe yields significantly more fossil
occurrences per sedimentary area than similarly aged deposits in most of the rest of the world. However,
geographic differences in area and age of sedimentary deposits lead to regionally different expectations for
fossil occurrences. Using the sampling of surface-expressed sedimentary units in North America and Eur-
ope as a predictor for whatmight be recoverable from the surface-expressed sedimentary deposits of other
regions, we find that the rest of the globe is approximately 45% as well sampled in the PBDB. Using age
and area of bedrock and sampling in North America and Europe as a basis for prediction, we estimate that
more than 639,000 occurrences from outside these regions would need to be added to the PBDB to achieve
global geological parity in sampling. In general, new terrestrial fossil occurrences are expected to have the
greatest impact on our understanding of macroevolutionary patterns.

Shan Ye and Shanan E. Peters. Department of Geoscience, University of Wisconsin–Madison, Madison, Wisconsin
53706, U.S.A. E-mail: shan.ye@wisc.edu, peters@geology.wisc.edu

Accepted: 8 December 2022
*Corresponding author.

Introduction

In 1860, John Phillipsmade one of the earliest
known attempts to estimate global Phanerozoic
biodiversity (Phillips 1860; Miller 2000). In his
largely qualitative estimate, Phillips identified
two major diversity declines, one at the end
of the Paleozoic and one at the end of the
Mesozoic, and two major diversity increases,
one during the early Paleozoic and one during
the Cenozoic. Newell (1952) used a more taxo-
nomically and temporally explicit dataset to
identify broadly similar patterns, but with
more temporal structure. Cutbill and Funnell
(1967) binned the number of taxa to the stage
level, enabling a more detailed quantitative

analysis on the Phanerozoic diversity and iden-
tifying several peaks in marine extinction. Sep-
koski (1981) assembled a global compendium
of marine animal genus first and last appear-
ances, allowing more nuanced reconstructions
of diversity, turnover, and faunal composition
that led to the quantitative identification of
three marine evolutionary faunas (Sepkoski
1981) and five major mass extinctions (Raup
and Sepkoski 1982). Analogous compilations
for the non-marine fossil record (Benton et al.
2011, 2013) demonstrated a protracted and
largely uninterrupted increase in diversity from
a LateOrdovician/Silurian low to aRecent high.
Although most such compilations of fossil

taxonomic diversity and turnover have yielded
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broadly similar temporal patterns that suggest
a biological signal is present, it is well known
that sampling effort and fossil preservation can
significantly distort macroevolutionary patterns
(Raup 1972, 1976; Benton and Emerson 2007).
Indeed, overcoming sampling-related biases
was one of the primary motivations for the cre-
ation of the Paleobiology Database (PBDB), a
geographicallyand taxonomically explicit global
compilation of fossil occurrences that allowed for
the development and application of sampling
standardization approaches, among other things
(e.g., Alroy et al. 2001, 2008; Finnegan et al. 2015;
Bush et al. 2016;Klompmakeret al. 2017; Sansom
et al. 2018; Chiarenza et al. 2020; Song et al. 2021;
Raja et al. 2022; Siqueira et al. 2022; Spiridonov
and Lovejoy 2022).
Despite the utility of the PBDB, fossil occur-

rences and the macroevolutionary signals they
reveal are embedded in the sedimentary rock
record, which itself exhibits significant tem-
poral variability in quantity and quality
(Ronov et al. 1980; Berry and Wilkinson 1994;
Peters 2006b; Meyers and Peters 2011; Peters
and Husson 2017). Covariation between tem-
poral patterns in the sedimentary rock and fos-
sil records has been demonstrated many times
and in many different ways (Raup 1972, 1976;
Holland 2000; Peters and Foote 2001, 2002;
Smith 2001; Smith et al. 2001; Peters 2005,
2006a; Peters and Ausich 2008; Alroy 2010;
Heim and Peters 2010, 2011; Benton et al.
2011, 2013; Lloyd et al. 2011; Rook et al. 2013;
Zaffos et al. 2017). The traditional view is that
the sedimentary record is dominated by post-
depositional destruction and modification,
leading to variability and an expected decrease
in quantity and quality with increasing age,
both of which can distort macroevolutionary
patterns (e.g., Darwin 1859; Huxley 1862;
Foote 2000; Peters and Foote 2001, 2002;
Smith 2001; McGowan and Smith 2008). How-
ever, it has also been suggested that variability
in the sedimentary rock record reflects changes
in the state of the Earth system, such as the extent
of continental flooding, which can affect macro-
evolutionary outcomes (Newell 1956, 1959 1962,
1963; Valentine and Moores 1970, 1972; Sep-
koski 1976; Ronov et al. 1980; Raup and Sep-
koski 1982; Peters and Foote 2002; Peters 2005,
2006a, 2007; Peters and Heim 2010, 2011; Butler

et al. 2011;Hannisdal andPeters 2011;Heimand
Peters 2011; Zaffos et al. 2017).
In addition to the preservation and availabil-

ity of sedimentary rock, inconsistencies in the
intensity of geographic sampling and geo-
chronological correlation challenges have also
contributed to the distortion of macroevolu-
tionary patterns, particularly in ostensibly glo-
bal databases like Sepkoski’s compendium and
the PBDB (Sheehan 1977; Crampton et al. 2003;
Raja et al. 2022). For example, Kiessling (2005)
found that socioeconomic factors are respon-
sible for some amount of sampling bias in
Phanerozoic fossil reefs, with higher gross
domestic product (GDP) correlated with more
ancient reef data. Other studies have found
that countries withmore developed economies,
political stability, and higher political influ-
ence, especially those in North America and
Europe, tend to be more productive in generat-
ing paleontological publications that can be
included in global databases (Amano and Suth-
erland 2013; Hughes et al. 2021). Notably, Raja
et al. (2022) found that there is a large imbal-
ance between fossil data from developed and
developing countries in the PBDB, with a vast
majority of global fossil data contributed by
high- or upper-middle-income countries.
Here, we assess temporal and spatial vari-

ability in the distribution of PBDB fossil occur-
rences within the geological context that is
provided by the global surface-expressed sedi-
mentary rock record in Macrostrat (https://
macrostrat.org). Our primary motivation is to
answer three questions: First, given the spatial
and temporal variability that is inherent in the
sedimentary rock record, how much better
sampled are North America and Europe than
other regions? Second, how consistent and
strong are the expected positive correlations
between fossil occurrences, generic diversity
derived from those occurrences, and geological
map area of sedimentary rock units yielding
fossil occurrences? Third, if the rock record of
other geographic regions yielded occurrences
in numbers comparable to those of North
America and Europe, how many more fossil
occurrences would be added to the PBDB,
and what would be the effect of these new
occurrences? In answering these questions, we
seek to provide geologically calibrated
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expectations for the global Phanerozoic fossil
record and to provide a tangible, geological
foundation upon which to assess geographic
disparities in fossil occurrences in the PBDB.

Datasets and PBDB Collection–Geological
Map Polygon Matching

At the time of this analysis (February 2022),
we retrieved data for 224,107 fossil collections
from the PBDB, which included their respective
geographic coordinates, maximum and min-
imum age estimates (in Ma), inferred deposi-
tional environments, and the number of
occurrences and list of genera. These data can
be retrieved from the current PBDB using the
application programming interface (Peters
and McClennen 2016). The PBDB dataset we
used here contains 1,547,258 total occurrences
and 66,782 genera from both marine and terres-
trial environments (see Supplementary File for
the formatted raw data used in this analysis).
We obtained global geologicalmap polygons

from the Macrostrat database at the “small”
scale (Peters et al. 2018), with corresponding
spatial information and metadata, including
top and bottom ages (in Ma), and lithologies
(Fig. 1A). A total of 124,081 map polygons are
in the dataset, of which 55,969 are Phanerozoic
sedimentary polygons (see Supplementary File
for the formatted rawdataused in this analysis).
All igneous, metamorphic, and Precambrian
polygons are either excluded or identified as
such in all of our analyses. Map polygons with
identical metadata (name, age, lithology, etc.)
from the samemap source (Asch 2003;Harrison
et al. 2008; Garrity and Soller 2009; Raymond
et al. 2010; Thiéblemont 2016; Gómez et al.
2019) are grouped into distinct map units,
which may comprise many individual, spatially
disconnected but proximal map polygons. A
total of 3464 distinct such map units are in the
globalmap dataset. For an online interactive ver-
sion of the map data used here (as well as map
data not used here but that are available at differ-
ent scales of resolution), see https://macrostrat.
org/map/#x=0&y=0&z=3.47 (zoom level, “z,”
must be between 3 and 6 to see the same map
sources and polygons used in this research).
With the above raw data in hand, we used

ArcGIS Pro and its companion ArcPy library

for Python to intersect the Macrostrat map
data and PBDB fossil data based on their spatial
and temporal attributes (geographic coordinate
system of WGS84). We excluded 869 fossil col-
lections that are more than 150 km from any
land as indicated by the map data (Supplemen-
tary Fig. S1), which left 223,238 collections. Fos-
sil collections falling within a sedimentary/
metasedimentary map polygon that also have
overlapping age estimates are directly matched
to their containing polygon; 49% of PBDB fossil
collections are matched in this way. Each map
polygon then acquires all the information corre-
sponding to the matched collection(s), includ-
ing the type of environment and the number
of occurrences and genera. If the fossil collec-
tion’s age ranges and the polygon it is located
in do not overlap, or if a fossil collection is out-
side any sedimentary polygon, then sediment-
ary polygons with overlapping age ranges are
searched for within a radius of 150 km. This
150-km buffer was used after testing different
distances; it was found to achieve a balance
between the precision of spatial matching and
the spatial uncertainties in fossil data. Key
results are not sensitive to this convention. If
within the 150-km tolerance there are polygons
that match a collection based on age, then the
closest polygon to the collection is assigned.
An additional 42% of the PBDB fossil collec-
tions can be matched to a map polygon after
this second round of intersection, resulting in
a total of 90.7% polygon-matched collections.
Next, a temporal buffer of 2 Myr is allowed
for the remaining unmatched fossil collections
(Supplementary Fig. S1). This results in another
1% of collections being matched, for a com-
bined total of 92% (n = 205,388; Fig. 1B). Of
the remaining 8% (n = 17,850) of unmatched
collections, 35.4% are from the Cenozoic
(17.1% are Quaternary); 30.8% are Mesozoic;
and 33.8% are Paleozoic (Fig. 1C). The most
likely reasons for these collections being left
unmatched include their derivation from geo-
logical units that are not mapped at the scale
of resolution used here (e.g., Quaternary depos-
its in much of the Midwest of the United
States), errors in the coordinates entered in
the PBDB, and discrepancies and errors in the
ages of PBDB collections and/or geological
map units.
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FIGURE 1. Geological map and fossil collections. A, “Small”-scale geological map from the Macrostrat database (Precam-
brian and igneous/metamorphic rocks are separately colored). B,Matched PBDB collections colored by the color scheme of
their matched Macrostrat map polygons. C, Unmatched collections colored by their age in the PBDB and the standard col-
ors for periods.
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Most fossil collections have an inferred
depositional environment in the PBDB, and
we classified all types of environments into
marine and terrestrial categories (about 6500
collections with unknown environments are
omitted from the analysis). For all polygons
that match at least one fossil collection, we
count the number of marine and terrestrial col-
lections they contain and calculate the fraction
of marine collections (Fig. 2A). A map polygon
is defined as marine if more than 60% of the
contained collections are marine; a map poly-
gon is defined as terrestrial if less than 40% of
contained collections are marine; if the marine
collections in a map polygon have a fraction
between 40% and 60%, then the polygon is
defined as a mixed marine/non-marine poly-
gon (Fig. 2B). Because some map units consist
of relatively thick succession of marine and ter-
restrial sedimentary deposits, mixed propor-
tions of PBDB environments are expected in
many cases.
All of the above operations were conducted

at the granular level of individual map poly-
gons. As mentioned, individual polygons from
the same map source that have identical

metadata can be grouped into the same geo-
logical map unit. In our dataset, there are 3464
such sedimentary/metasedimentary map units
of Phanerozoic age. For each distinct map unit,
which may consist of multiple individual poly-
gons, we sum the number of fossil occurrences
recorded in each of the individual polygons to
obtain the number of occurrences for that map
unit; the unique genera in each polygon are
also summed for each map unit. Finally, the
number of marine and terrestrial collections
are tabulated in each distinct map unit and the
same fraction cutoffs (40% and 60%) are used
for defining the marine, mixed, and terrestrial
map units.

Results

The “small”-scale geological map of the
world compiled by Macrostrat (Fig. 1A) exhi-
bits spatial variability in the distribution and
age of sedimentary deposits. For example,
Precambrian-aged rocks and igneous rocks
occupy significant fractions of the area of
some continental blocks, notably in northern
North America, South America, and Africa
(Fig. 1). Neogene/Quaternary sedimentary
deposits are also very widespread in some of
these same regions, resulting in somewhat dif-
ferent area–age relationships across continental
blocks (see below).
At the granular polygon level (Fig. 3A), the

proportion of area among Phanerozoic sedi-
mentary polygons that is matched to at least
one fossil collection is between 0.7 and 0.8 for
all ages, while at the distinct map unit level
(Fig. 3B), the same matched proportion is
always close to 1.0; that is, most sedimentary
rock units mapped at this scale appear to
yield at least some fossils. At the granular
polygon level, the total area of sedimentary
polygons with at least 1 matched collection is
about 64.8 million km2 (74% of all Phanerozoic
sedimentary area), including 29 million km2 of
marine polygons, 30.8 million km2 of terrestrial
polygons, and 5million km2 ofmixed polygons
based on our classifications of environments
(Fig. 3C). After integrating to the distinct map
unit level (Fig. 3D), the map area of mixed
marine/non-marine environments shows a
significant increase in area toward the Recent,

FIGURE 2. Map of depositional environments based on
PBDB collection matches. A, The fraction of marine collec-
tions in each polygon with at least 1 matched collection.
B, Classification of inferred environments of each polygon
based on 40% and 60% cutoffs of the marine fraction.
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whereas the area of marine environments
shows a decrease toward the Recent. The total
map area at the distinct map unit level with at
least 1 matched collection is about 83.5 million
km2 (95% of all Phanerozoic sedimentary area),
including 26.9 million km2 (34%) of marine
units, 2.9 million km2 (3%) of terrestrial units,
and 53.7 million km2 (61%) of mixed units.
In North America and Europe, PBDB

collections are so densely distributed that they

effectively form a crowd-sourced, point-based
geological map when collection points are
colored by age to match the conventions used
in the global geological map (Fig. 1B). There
are similar collection densities to a limited
extent in other regions of the world, but large
areas of sedimentary deposits are devoid of
PBDB fossil collections, and many of these
areas correspond to Neogene and Quaternary
map units, most of which are non-marine.

FIGURE 3. Matched and unmatched geological map areas vs. age showing overall area–age patterns. A, Matched and
unmatched granular polygons. B, As in A, but for distinct map units. Matched fraction in A and B shown by blue curves
and blue axis labels. C, Inferred environments of deposition for geological map area based on PBDB collection matches to
individual granular polygons. D, As in C, but with environments determined on the basis of distinct map units matched to
PBDB collections. In both C and D, environments are determined by the fraction of fossil environments in each polygon or
unit (see text for criteria). Polygons or map units with no matched fossil collection have an unknown environment. Cm,
Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; Tr, Triassic; J, Jurassic; K, Cretaceous;
Pg, Paleogene; N, Neogene.
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Unmatched PBDB collections are small in num-
ber and rather diffusely distributed (Fig. 1C).
The geographic distribution of marine, non-
marine, and mixed sedimentary deposits, based
on the environments assigned tomatched PBDB
fossil collections, are also heterogeneous (Fig. 2),
with, for example, large areas of South America
and Africa being predominately non-marine
versus the largely marine coverage in much of
North America and Europe.
In general, the fraction of PBDBmarine fossil

collections that are matched to Macrostrat map
polygons is relatively stable as a function of age
in the Phanerozoic, hovering around 0.9 with
relatively low match fractions during the Cam-
brian, late Permian–Triassic, Late Jurassic, and
Cenozoic (Fig. 4A). Thematch fraction of terres-
trial fossil collections shows an overall slight
decreasing trend toward the Recent. In the
Cambrian and Ordovician, there are almost
no terrestrial collections, which broadlymirrors
the pattern of non-marine sediment rock

abundance (Peters and Husson 2017). From
the Devonian to early Permian, the match frac-
tion of terrestrial fossil collections is close to 1.0.
It starts to decline in the Mesozoic, falling
below 0.8 twice in the mid-Jurassic and the
mid-Cretaceous respectively. It then has a
weak upward trend in the Cenozoic, returning
to 0.9 or higher, except for one trough in the late
Paleocene (Fig. 4B).
There is no significant increase in face-value,

genus-level diversity (sampled-in-bin) in the
aggregate marine fossil record, but distinct
declines can be seen at the Ordovician/Silurian
boundary, Late Devonian, end Permian, Late
Triassic, and the Cretaceous/Paleogene bound-
ary, which correspond to the pattern of known
mass extinctions (Fig. 4C,D). In the time series
of fossil occurrence and genus counts normal-
ized bymap area (Fig. 4E,F),marine fossil occur-
rences as well as generic diversity show an
overall upward trend through the Phanerozoic,
which is particularly evident at the genus level.

FIGURE 4. Time series of matched and unmatched collections within marine and terrestrial environments using PBDB age
estimates. A, Number of marine collections vs. age and the fraction of those collections matched to map units (blue). B,
Number of terrestrial collections vs. age and the fraction of those collections matched to map units (blue). C, Stack plot
of the number of marine (blue) and terrestrial (tan) fossil occurrences. D, As in C, but for genera. E, Time series of global
occurrences normalized by global sedimentarymap area. F, As in E, but for distinct genera normalized by global sediment-
arymap area. Cm, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; Tr, Triassic; J, Jurassic;
K, Cretaceous; Pg, Paleogene; N, Neogene.
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There is an overall upward trend in terrestrial
fossil occurrences, with a very pronounced
peak centered around the Late Cretaceous
(Fig. 4C). This may be due to the supersam-
pling of some Maastrichtian–Campanian for-
mations in North America, which have good
accessibility and contain large and abundant
dinosaur fossils (Kindler and Darras 1997;
Brown et al. 2013). The Late Cretaceous plateau
in occurrences is not mirrored at the genus
level. Instead, there is a peak in the Paleogene,
probably associated with hot spots of fossil
sampling in the vicinity of the hyper-diverse
Green River Formation in the western United
States (e.g., Eugster and Surdam 1973; Buch-
heim 1994; Smith et al. 2008; Johnson et al.
2016). However, in the time series of occur-
rences and genera normalized by map area
(Fig. 4E,F), an increasing trend in the terrestrial
data is not obvious; if anything, there is a
decreasing trend toward the Recent.

Correlations between Map Area, Occurrences,
and Genera.—At the granular polygon level,
there is a moderately weak positive correlation
between geological map area and the number
of occurrences (Fig. 5A, Pearson’s r = 0.24,
Spearman’s rho = 0.22, p-value < 0.01), but the
positive correlation becomes stronger when
integrated at the distinct map unit level

(Fig. 5B, Pearson’s r = 0.40, Spearman’s rho =
0.54, p-value < 0.01). If the data are tabulated
into 10-Myr time bins, there is an even stronger
positive correlation between map area and the
number of fossil occurrences (Fig. 5C, Pearson’s
r = 0.72, Spearman’s rho = 0.60, R2 = 0.66).
There is also a positive correlation between
the number of fossil occurrences and map
area at the level of geological periods
(Fig. 5D). The positive correlation is quite
strong between the Cambrian and Paleogene
(Pearson’s r = 0.74, Spearman’s rho = 0.70,
R2 = 0.55), but the Neogene and Quaternary
periods, which contain large terrestrial poly-
gons with much fewer occurrences than
expected, depart from the Phanerozoic trend,
resulting in a reduced positive correlation
overall (Fig. 5D, Pearson’s r = 0.37, Spearman’s
rho = 0.68, R2 = 0.15). Correlations also exist
between map area and the number of genera
(Fig. 5E–H). At the granular polygon level,
there is a moderately weak positive correlation
between amap polygon area and the number of
genera contained in the polygon (Fig. 5E,
Pearson’s r = 0.22, Spearman’s rho = 0.21,
p-value < 0.01), while at the distinct map unit
level, the positive correlation is stronger
(Fig. 5F, Pearson’s r = 0.48, Spearman’s rho =
0.55, p-value < 0.01). Similarly, if the data are

FIGURE 5. Scatter plots and Pearson’s r values of occurrences and genera vs. map area. A, Occurrences vs. granular poly-
gon area. B, Occurrences vs. distinct map unit area. C, Occurrences vs. map area in 10-Myr time bins. D, Occurrences vs.
map area in geological periods. E, Genera vs. granular polygon area. F, Genera vs. distinctmap unit area. G, Genera vs.map
area in 10-Myr time bins. H, Genera vs. map area in geological periods. Cm, Cambrian; O, Ordovician; S, Silurian; D, Dev-
onian; C, Carboniferous; P, Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleogene; N, Neogene; Q, Quaternary.
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tabulated by time bins of 10 Myr, there is a
strong positive correlation between map
area and number of genera (Fig. 5G, Pearson’s
r = 0.63, Spearman’s rho = 0.78, R2 = 0.69).
At the geological period level, there is a very
strong positive correlation between map area
and number of genera from the Cambrian to
Paleogene (Pearson’s r = 0.95, Spearman’s
rho = 0.83, R2 = 0.90). Similar to the occurrence
data, the genus-level diversity data of Neogene
and Quaternary do not follow this pattern,
resulting in a moderate positive correlation
for the Phanerozoic overall (Fig. 5H, Pearson’s
r = 0.47, Spearman’s rho = 0.78, R2 = 0.22).
We found no significant correlation between

the number of fossil occurrences/genera and
the age of map polygons/units. The Pearson’s
r between the midpoint age of a map unit and
the number of fossil occurrences is −0.01 at
the granular polygon level and −0.08 at the dis-
tinct map unit level. Similarly, the Pearson’s r
between the midpoint age of a map unit and
the number of genera is 0.01 at the granular
polygon level and −0.12 at the distinct map
unit level. It is also worth noting that there is
a very strong positive correlation between the

number of occurrences and the number of gen-
era within the same map unit, both at the
granular polygon level (Pearson’s r = 0.68,
Spearman’s rho = 0.96, p-value < 0.01) and at
the distinct map unit level (Pearson’s r = 0.81,
Spearman’s rho = 0.99, p-value < 0.01). Thus,
the number of occurrences within map units
is largely redundant with the number of gen-
era. For simplicity in this analysis, we will
focus on the number of occurrences within
map units.

Sampling in North America and Europe in Com-
parison to Other Regions.—At the granular geo-
logical map polygon level, the highest raw
counts of fossil occurrences per map polygon
are in North America and Asia (Fig. 6A). Clus-
ters of fossil-rich North American polygons are
found in the regions corresponding to the Cret-
aceous Interior Seaway as well as the Late Cret-
aceous to early Paleogene around the Atlantic
Seaboard and Mississippi Embayment in the
United States. During the Cretaceous, these
areas were predominately shallow-marine and
coastal environments. In addition, there are
several other fossil hot spots in North America.
One example is the Late Ordovician around the

FIGURE 6. Observed spatial distribution and density of fossil occurrenceswithin sedimentary polygons. A, Raw number of
occurrences in each map polygon. B, Occurrences per square kilometer in each map polygon. C, Raw number of occur-
rences in each distinct map unit. D, Occurrences per square kilometer in each distinct map unit. D shows the preferred
estimate.
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tristate borders between Kentucky, Ohio, and
Indiana, which have map polygons yielding
large numbers of occurrences. This is one of
the most fossiliferous areas in the world with
well-exposed fossil-rich outcrops (e.g., Ausich
1999; Schramm 2011; Harris et al. 2019).
Another one is the Late Devonian strata includ-
ing the Catskill Formation in upstate New York
and northern Pennsylvania, where abundant
vertebrate, invertebrate, and plant fossils have
been recovered (e.g., Woodrow and Isley
1983; Woodrow 1985; Broussard et al. 2018).
Quaternary sediments along the Atlantic coast
of eastern North America also yield large
amounts of fossils. The rest of the fossil-rich
map polygons are mostly located in Asia, but
the difference here is that the high numbers of
fossil occurrences are a direct result of the
coarser spatial and temporal resolution of the
map data in that region (Fig. 1A). One of the
Asian polygons with a large number of
matched fossil occurrences is a sedimentary
polygon in southern China resolved only to
the “Paleozoic”; it contains several fossil-rich,
well-studied units, like the CambrianWangcun
section in Hunan (e.g., Peng and Robison 2000),
the Ordovician Meitan Formation in Guizhou
(e.g., Wang et al. 2020), the Silurian units of
the Huaying Mountains in Sichuan (e.g.,
Wang et al. 2013), the Devonian Lali section
in Guangxi (e.g., Hou 1986; Zhang et al.
2019), the Carboniferous Yashui section in
Guizhou (e.g., Lin et al. 2012), and the Permian
Zhongzhai and Zhongying sections in Guizhou
(e.g., Zhang andHe 2008;Wu et al. 2019). These
strata range from Cambrian to Permian in time
(between 541 and 251.9 Ma) and are located in
various Chinese provinces across a consider-
ably large region. The coarse temporal scale
and the relatively large size of this southern
China polygon contribute to its high number
of matched fossil occurrences. The other fossil-
rich Asian polygon is the largest single polygon
in themap dataset: a Cenozoic polygonwith an
age range from the Neogene to the present cov-
ering the drainage basins of the upper Ob,
upper Irtysh, Amu Darya, Syr Darya, Indus,
Ganges, lower Brahmaputra, and Irrawaddy
Rivers, which stretch from southern Siberia,
through Central Asia and northern India, to
Myanmar. Its size is close to 5 million km2,

which is bigger than the entirety of Europe (as
defined in Fig. 7A). Outside North America
and Asia, there is another very big Quaternary
polygon (>2 million km2) in South America
centered on the Parana-La Plata river plain. It
also containsmore fossil occurrences compared
to other South American polygons. There is
also a big Quaternary polygon of similar size
in northern Africa, but because fossil occur-
rences are generally sparse in that region, it
does not stand out in Figure 6A.
To reduce the effect of absolute polygon size

andmore accurately capture spatial variation in
sampling intensity relative to sedimentary map
area, we normalize the number of occurrences
in each polygon by the polygon area; area

FIGURE 7. Regional subdivisions, sedimentary map area,
and occurrences per map area using map age estimates.
A, The regional division of study areas used here. B, Sedi-
mentary rock area through time in each of these regions.
C, Occurrence per square kilometer in these different
regions tabulated by polygon ages. Cm, Cambrian; O,
Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P,
Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleo-
gene; N, Neogene.
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and occurrences show a generally linear rela-
tionship (Supplementary Fig. S2). The result
of this normalization is shown by Figure 6B.
Most of the hot spots attributable to very
large polygon sizes in Asia and South America
disappear after normalization; these polygons
are not particularly fossil rich in comparison
to their very large size. The Paleozoic polygon
in southern China still stands out (Fig. 6B)
due to a long temporal duration that encom-
passes many fossiliferous units, but it is not as
prominent as it is in the raw occurrence data
(Fig. 6A). In contrast, most of the previous hot
spots in North America still stand out, while
some smaller North American polygons are
also evident. Examples include the Eocene
sediments in the Green River, Wind River,
and Bighorn Basins of Wyoming, and some
other small basins in the Basin and Range prov-
ince and California. North American and Euro-
pean map units do have the smallest median
sizes (Table 1), indicating relatively good map
coverage in the region. European polygons do
not have higher raw occurrences numbers but
clearly show higher numbers of occurrences
per square kilometer (Fig. 6B). Polygons in Eng-
land, France, Germany, Switzerland, Belgium,
and southern Poland have especially high
occurrences per square kilometer. Outside
North America, Europe, and southern China,
there are several small hot spots, including
some in Tunisia, Morocco, Japan, Russia,
Argentina, and Australia. However, most of
the rest of theworld is not comparably sampled
compared with North America and Europe
when occurrences are normalized by sediment-
ary area.
For regional analyses, we divided the global

map data into seven areas (Fig. 7A) that do not
correspond exactly to realistic natural or

political boundaries. We let the eastern bound-
ary of “Europe” follow the eastern borders of
Romania, Hungary, Slovakia, Poland, and Fin-
land, as these countries and the area west of
them have significantly better fossil-sampling
rates (Fig. 6D). The western boundary of
“Asia” reflects a significant change in the spatial
resolution of the map data. This change spans
Iran, Turkmenistan, Uzbekistan, Kazakhstan,
and Russian Siberia. We extend this line to the
Arctic Ocean and define the portion of Eurasia
east of it as “Asia.” Between “Europe” and
“Asia,” the remainder of Eurasia (including the
European part of the former Soviet Union and
parts of central and western Asia) is defined as
“Eastern Europe and Middle East.”
Correlations between map area and occur-

rence/genera counts in each region (Fig. 7A)
are shown in Table 2. The positive correlation
between map area and occurrence counts as
well as the number of genera becomes stronger
when the data are combined into distinct map
units (Fig. 6C,D). In general, the distribution
at the distinct map unit level is similar to that
at the granular polygon level, with parts of
North America and Asia (especially the West-
ern Interior region, the Atlantic coast of North
America, and southern China) still being the
richest in fossil occurrences. Some African,
South American, and Australian units do
appear to be more prominent on the world
map after absorbing fossil occurrences from
the multiple individual polygons comprising
the same map unit. As with the granular poly-
gons, the median sizes of the distinct map units

TABLE 2. Spearman’s rho between themap area (km2) and
occurrence counts and genus diversity at the granular
polygon and map unit levels. All p-values < 0.05.

Regions

Granular polygons Distinct map units

Occurrence Genus Occurrence Genus

Asia 0.43 0.42 0.60 0.60
Africa 0.27 0.24 0.68 0.66
Oceania 0.22 0.22 0.62 0.62
Eastern Europe
and Middle
East

0.15 0.26 0.42 0.44

Europe 0.20 0.19 0.61 0.64
North America 0.28 0.28 0.65 0.64
Central and
South
America

0.15 0.16 0.81 0.79

TABLE 1. Number (n) of Phanerozoic distinct map units
with at least 1 occurrence and the median area of distinct
map units (in km2) in each region.

Regions median area (km2) n

Africa 43,899 42
Asia 3887 213
Oceania 6086 73
Eastern Europe and Middle East 1876 269
Central and South America 10,163 70
North America 789 427
Europe 703 535
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in Europe, North America, and Oceania (which
includes some small polygons of Pacific
islands) are relatively small; in contrast, the
sizes of the collection-matched map units in
Asia, Eastern Europe, and the Middle East are
intermediate, and the median sizes of the
collection-matched map units in Africa and
Central and South America are large (Table 1).
When fossil occurrences are normalized by
map area, the data distribution at the distinct
map unit level is very close to that at the granu-
lar polygon level. North America and Europe
clearly have more fossil occurrences than most
other regions when normalized for sediment-
ary area (Fig. 6B,D).
The sedimentary rockmap area through time

for each region (Fig. 7A) is shown in Figure 7B.
Generally, Europe has one of the smallest aver-
agemap areas, while Asia has the largest. There
are some similarities in the temporal trajectory
of map area for different continental blocks
(Fig. 7B), notably a downturn near the end of
the Paleozoic in many regions. Nevertheless,
each region has a different area–age relation-
ship, leading to different baseline predictions
for the face-value fossil record. Occurrences
per square kilometer data for each region are
also tabulated into time series (Fig. 7C) based
on the corresponding polygon age. Western
Europe is best sampled relative to map area in
the Paleozoic and Mesozoic, whereas North
America is best sampled in the Cenozoic, espe-
cially in the Paleogene (Fig. 7C).

Monte Carlo Predictions for Regional/Global
Fossil Occurrences.—We have demonstrated a
significant and moderately strong positive cor-
relation between polygon map area and the
number of fossil occurrences/genera (Table 1).
Moreover, this correlation is generally consist-
ent, approximately linear (Supplementary
Fig. S2), and independent of the age of the
map unit (Fig. 5C,D,G,H). We also find that
the geological record of North America and
Europe does in fact yield significantly more
fossil occurrences per square kilometer of sedi-
ment compared to sediments in most other
parts of the world (Figs. 6, 7). Based on these
facts, we use the map and occurrence data for
North America and Europe as a guide to
model how many more fossil occurrences
could potentially be recovered elsewhere if

the rock record of every region were compar-
ably sampled. Because the positive correlation
between map area and fossil occurrences is
stronger at the distinct map unit level than at
the granular polygon level (Table 2), we use
distinct map units to represent map area in a
model to predict fossil occurrences.
To assess our approach, we first used the

observed data in North America and Europe
to populate map units in this same region
with occurrences using a Monte Carlo method.
To do this, we treated all map units in North
America and Europe as a pool of candidate
well-sampled geological map units. For each
observed map unit in the target region, we
first find the 30 most similar map units in
North America and Europe in terms of area
and age. The dissimilarity (D) between a target
and a candidate unit is defined by:

D =
���������������������������������
500 (At − Ac)

2 + (Mt −Mc)
2

√
(1)

where At is the area of the target unit in the glo-
bal dataset, Ac is the area of candidate unit in
North America and Europe,Mt is the midpoint
age of the target unit in the global dataset,Mc is
the midpoint age of the candidate unit in North
America and Europe, and 500 is a coefficient
weighting area (see justification below). From
the 30 candidate units with the lowest dissimi-
larity (D), one is randomly selected, and its
number of occurrences is assigned to the target
unit. Although polygon age does not play a sig-
nificant role in predicting the fossil abundance
of a map unit (see results above), we include
midpoint ages here in the calculation of similar-
ity in order to make the target map units and
the candidate map units as similar as possible.
In equation (1),At,Ac,Mt, andMc are all min-

max scaled, so they are all between 0 and 1 and
unitless. Because the distribution of geological
map polygon area is strongly right skewed,
min-max scaling clusters most of the data in
the very low range of the 0 to 1 interval. To
boost the weighting of map area, which is sig-
nificantly positively correlated with occur-
rences and diversity (Fig. 5), the area term is
multiplied by 500. This coefficient was deter-
mined by testing different constants from 50
upward (with increments of 50) until reaching
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a coefficient that gave a relatively good overlap
between the observed and predicted time series
within North America and Europe (Fig. 8A,B).
After the 30 closest candidate map units are

identified using equation (1), we then weight
each according to the square of their similarity
rank to the target map unit. We then randomly
pick one of the candidate units with a

probability determined by this weighting and
assign its total occurrences to the target map
unit. The assigned number of occurrences is
divided into marine and terrestrial occurrences
based on the original marine fraction of the tar-
get map unit. If a target map unit is not
matched to any fossil collection (i.e., its envir-
onment is unknown), then the map unit inher-
its the environment of the closest matched map
unit from North America or Europe.
This process of assigning occurrences to map

units in the target region, using North America
and Europe sampling density as pool of
possible outcomes, is iterated 1000 times. The
median, the 1st and 3rd quantiles (Q1 and Q3),
and the original matched occurrence counts in
each region are shown in Table 3. The modeled
marine occurrence time series for North Amer-
ica generally matches the original PBDB data
(Fig. 8A), indicating that this Monte Carlo
approach to geologically grounded occurrence
redistribution is capable of generating reason-
able predictions, albeit with high variance. In
western Europe (Fig. 8B), the time series of
PBDB and modeled marine data roughly
match the original PBDB data, with minor
departures during some intervals (e.g., Ordovi-
cian–Silurian, Mesozoic). The median of the
modeled terrestrial data is, however, higher
than the original PBDB data through much of
the Mesozoic in North America and Europe.
To further assess the observed and predicted
occurrence counts, we calculated the mean
absolute percentage error (MAPE), a metric
measuring the relative similarities between
time series (Table 4). Europe and North Amer-
ica have smaller MAPEs than those of other
regions (see below), indicating better model–
data agreement in the training region, but also
providing an indication of the expected vari-
ance introduced by the Monte Carlo method.
After assessing the extent to which this

occurrence redistribution approach generates
time series similar to those observed in North
America and Europe, we then apply this
model to the rest of the world, using the ori-
ginal North American and European map
units as the distribution of occurrence density
expected for sedimentary units. Overall, popu-
lating the geological record of the rest of the
world with the same density of occurrences

FIGURE 8. Regional time series of marine (blue) and terres-
trial (black) mean occurrences after 1000 iterations of a
Monte Carlo approach to redistributing fossil occurrences
based on geological map units (solid lines) in North Amer-
ica (A), Europe (B), Africa (C), Oceania (D), Central and
South America (E), Eastern Europe and Middle East (F),
and Asia (G). Also shown are the matched occurrences
through time in the original PBDB database, tabulated by
map ages (dashed lines). The envelope denotes the range
between the 1st and 3rd quantiles of the modeling results
after 1000 iterations. Cm, Cambrian; O, Ordovician; S, Silur-
ian; D, Devonian; C, Carboniferous; P, Permian; Tr, Triassic;
J, Jurassic; K, Cretaceous; Pg, Paleogene; N, Neogene.
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observed in North America and Europe results
in significant increases in the expected number
of fossil occurrences relative to that currently in
the PBDB (Fig. 8C–G, Table 3). The combined
global result of occurrence redistribution is
shown in Figure 9. European map units are
still somewhat more prominent in terms of
fossil occurrences per square kilometer
(Fig. 10), in part because this region has abun-
dant, fossil-rich marine sediments. The number
of fossil occurrences per square kilometer in
other regions of the world has, however,
increased significantly relative to the original
data (Fig. 6D). This is most evident in Eastern
Europe and Siberia, where the map areas and
ages of distinct map units are quite similar to
those of fossiliferous units in North America
and Europe, indicating significant undersam-
pling of the region in the PBDB. Similar map
units are also scattered in South America,
Africa, Asia, and Australia, but in general,
these regions yield fewer fossil occurrences
per square kilometer because of the age–area
relationships of their constituent map units,
which are both out of distribution relative to
North America and Europe and dominated

by large non-marine and young map units
(Figs. 1, 2).

Discussion

Europe was the birthplace of modern geol-
ogy and of biostratigraphy in the early nine-
teenth century (Sengör 2021). Countries in
western Europe also have relatively high
GDPs (International Monetary Fund 2022),
with public funding available to support
paleontological research (Raja et al. 2022). The
United States is the largest economy in the
world, with significant investments, past and
present, in paleontological research. These fac-
tors, in combination with the English-language

FIGURE 9. Observed map polygon-matched (dashed) and
median predicted (solid) polygon-hosted global fossil
occurrences based on a Monte Carlo occurrence redistribu-
tion algorithm (see text). The envelopes around the solid
curves show the range between the 1st and 3rd quantiles
of themodeling results after 1000 iterations. Cm, Cambrian;
O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous;
P, Permian; Tr, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleo-
gene; N, Neogene.

TABLE 4. Mean absolute percentage error (MAPE)
between observed and predicted occurrences in each
region.

Region Marine Terrestrial

Europe 30.95 1176.12
North America 61.66 163.07
Asia 166.48 37,895.51
Eastern Europe and Middle East 413.24 33,765.94
Central and South America 433.89 14,794.53
Africa 487.09 6769.7
Oceania 548.37 25,568.18

TABLE 3. Observed and predicted (median and 1st and 3rd quantiles) occurrences in each region (in thousands) and the
completeness of each region (observed/median prediction).

Regions Observed

Predicted

CompletenessMedian Q1 Q3

Europe 356 205 60 479 1.73
North America 528 349 113 673 1.51
Central and South America 125 193 76 363 0.65
Oceania 49 86 33 169 0.58
Asia 191 443 162 899 0.43
Africa 71 170 72 342 0.42
Eastern Europe and Middle East 79 262 94 633 0.30
Global excluding North America and Europe 515 1154 436 2406 0.45
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focus of the PBDB and its contributors, have all
contributed to the better representation of
North America and Europe and the English-
language paleontological literature (Amano
and Sutherland 2013). However, the geology
of these regions also dictates to a very large
extent the spatial and temporal distribution of
fossil occurrences. In general, the area of sedi-
mentary map units (Figs. 3C,D, 7B) in all
regions except North America (which has a
smaller Cenozoic than Mesozoic map area)
shows an increasing trend during the Phanero-
zoic (especially since the Mesozoic). Our mod-
eled fossil occurrence data also show an
overall upward trend (Fig. 8). This suggests
that some component of the long-term increase
in fossil occurrences and diversity, at least in
terrestrial environments, could be due to the
increasing area and extent of young surface-
expressed sediments. On a global scale, the per-
cent difference between PBDB and modeled
data is smaller for marine environments than
for terrestrial ones (Fig. 9). This result is also
consistent with previous studies. For example,
Dunhill et al. (2014) suggested that while

marine map area can be used to predict generic
diversity in Great Britain, terrestrial map area
cannot be used to predict terrestrial diversity.
Marine sediments are usually well preserved
in a manner that reflects the extent of continen-
tal crust flooded by shallow seas (Ronov et al.
1980; Peters and Husson 2017), but terrestrial
sediments may be preserved more sporadically
(Rook et al. 2013; Dunhill et al. 2014) andwith a
trend in quantity that increases significantly
toward the present (Peters and Husson 2017).
Although there is a direct connection between
tectonic activity, landscape evolution, and pat-
terns in the non-marine rock record that can
covary with real terrestrial diversity changes
(Loughney et al. 2021), terrestrial fossils may
bemore subject to destruction by vigorous sedi-
ment cycling than fossils in marine sediments,
which seem to capture changes in the extent of
continental seas (Peters and Husson 2017).
In the global map data, there are two pro-

nounced jumps in sedimentary area, one at
the Jurassic/Cretaceous and the other at the
Paleogene/Neogene (Fig. 3). There are also
two major jumps in the global predicted fossil

FIGURE 10. Predicted density of global fossil occurrences per square kilometer after using the geological record of sampling
in North America and Europe and other regional geological records as a basis for the prediction.
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occurrence counts (Fig. 9). One of them, the
Paleogene/Neogene jump, corresponds to an
increase in map area, while the other at the Tri-
assic/Jurassic boundary does not correspond
to an increase in map area. Both of these
increases in predicted fossil occurrences occur
after a drop, one in the Triassic and one in the
Paleogene, and both follow major mass extinc-
tions. In the non-marine predicted occurrences,
there is a Devonian/Carboniferous increase,
which in part reflects the increase in terrestrial
sediment abundance (Fig. 3C,D). At the end
of the Ordovician as well as the end of the Per-
mian, there are two relatively pronounced
declines in global map area, and they are
mainly driven by marine map units (Fig. 3).
Each region’s sampling completeness, or the

ratio of the raw data (observed occurrences in
the PBDB) to the median predicted occurrence
counts is shown in Table 3. This estimate of
completeness indicates how well sampled
each region is in comparison to the distribution
of geological map unit sampling density in
North America and Europe. Measured in this
way, our results suggest that North America
and Europe are supersampled, as the median
numbers of predicted occurrence counts are
smaller than the observed numbers of occur-
rences in the PBDB. This occurs because a rela-
tively small number of geological units have a
very large number of collections in these
regions, contributing to localized very high fos-
sil occurrence counts that are often omitted in
our Monte Carlo collection redistribution
approach. For every other region, the median
number of fossil occurrences in the model
output is higher than the number of fossil occur-
rences contained in the PBDB. Among them,
modeled occurrences in Central and South
America are numerous relative to the region’s
geological record and sampling in North Amer-
ica and Europe,whereas Eastern Europe and the
Middle East are particularly occurrence-poor in
the PBDB. Outside North America and Europe,
the modeled median of the total occurrence
number is about 1.154 million, while the PBDB
has only 515,000. This suggests that the rest of
the globe is about 45% as well sampled as
North America and Europe and that there are
theoretically about 639,000 fossil occurrences
that need to be entered into the PBDB from

outside North America and Europe in order to
obtain global geological parity in sampling.
These observations could guide priorities for

future fieldwork, publication, and data entry
into the PBDB. In regions and intervals where
the modeled fossil occurrences are significantly
higher than what is in the current PBDB, either
paleontological research and fossil exploration
needs to be prioritized or the literature captur-
ing this record needs to be entered into the
PBDB. For example, the decrease in the PBDB
fossil occurrences at the end of the Permian is
partially due to undersampling in the Triassic
of Africa and Oceania (assuming the map
estimates for these regions are temporally
resolved), so more explorations and research
could be devoted to sampling Triassic fossils
in these continents. Similarly, Figure 8 suggests
some other regions and their corresponding
geological periods could be better explored.
For example, African marine fossil data in
the Ordovician, Silurian, Devonian, and Juras-
sic in addition to the Triassic may need to be
more intensively sampled, whereas African
terrestrial fossil data for almost the entirety
could be better represented. In Oceania, in
addition to the Triassic, the sampling status
of marine fossils from the early Paleozoic
and Jurassic, as well as terrestrial fossils from
the Mesozoic and Cenozoic, may need to be
improved. Fossil sampling in Central and
South America could focus on marine fossils
from the Carboniferous, Permian, Jurassic,
and Paleogene and terrestrial fossils from
post-Jurassic intervals. Fossil sampling in East-
ern Europe and the Middle East might well
focus on the Permian, Jurassic, Cretaceous,
and the entire Cenozoic. In Asia, the sampling
status of terrestrial fossils from the Carbonifer-
ous and marine fossils from the Triassic may
not yet be sufficient. As for North America and
Europe, whose sampling is better, there are still
time intervals that can be improved. For
example, in North America, there appears to be
relative undersampling of marine data during
the Early and mid-Cretaceous.
Although the geological record does provide

some basis for predicting where additional fos-
sil occurrences could be added to the PBDB,
there are several limitations in our data and
approach that restrict interpretation. First, the
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spatial and temporal resolutions of the geo-
logical maps composited into the “small” top-
ology in Macrostrat (Peters et al. 2018) vary
across regions (Fig. 1). The bedrock data for
North America and Europe are finely divided
in time and space domains, withmost polygons
or distinct map units having smaller areas and
shorter time spans. In other continents, resolu-
tions of the map data are typically lower, espe-
cially in Asia and Africa, where polygons
might have extremely large areas or long dura-
tions. Some of these differences are, however, a
reflection of real variations in geology. For
example, the very large Neogene–Quaternary
polygons in South America reflect the large
foreland basin that is developed landward of
the continent-spanning western subduction
zone. North America, by contrast, has a struc-
turally dissected western margin that results
in much smaller Neogene–Quaternary map
units interspersed with older bedrock. Simi-
larly, Africa has been tectonically isolated for
a protracted period of time, leading to the
development of widespread but relatively
thin surficial deposits (regolith) that cover
much of the continent and which may be par-
ticularly barren of fossils (Australia is similar
in that regard). The lack of any detailed environ-
mental and taphonomic data for map units
limits the interpretation of our occurrence redis-
tribution approach. Second, the results of our
resampling model are only for occurrence
counts; to assess the impact of this on themacro-
evolutionary history of lifewe need to transform
those occurrences into genus counts. As noted
earlier, the numbers of occurrences and genera
in polygons or distinct map units are very
strongly positively correlated, but there is spatial
turnover in the taxonomic composition of those
occurrences. Genus turnover and the distance
between North American and European poly-
gons whose midpoint ages are within the same
geological period are weakly positively corre-
lated (Pearson’s r = 0.2), at least below distances
of approximately 3000 km. Incorporating this
spatial turnover into an occurrence redistribu-
tion model could allow for predictions of
regional and global biodiversity, but such pre-
dictions would add even greater uncertainty to
our estimates, which are already highly variable
due to approximately log-normal distributions

of polygon areas (Supplementary Fig. S3) and
matched occurrence counts.
Globally, our approach to predicting the

number of marine and terrestrial fossil
occurrences versus geological age (Fig. 9)
suggests an overall increase in fossil occurrences
(and very likely genera) toward the present in
both marine and terrestrial environments, but
the predicted increase is much larger in the
terrestrial realm. The extent to which this
large increase in terrestrial fossil occurrences
reflects a sampling artifact imposed by strong
temporal asymmetry in the terrestrial rock
record (Peters and Husson 2017) versus a real
biological signal attributable to a non-marine
analogue of common-cause mechanisms
remains unknown.

Conclusion

By intersecting PBDB fossil occurrence and
generic diversity data with geological map
data from Macrostrat, we demonstrate that fos-
sil sampling in the PBDB is uneven in different
parts of the world, even after accounting for
regional differences in the surface-exposed
area of sedimentary deposits. The uneven geo-
graphic sampling in PBDB is to some extent
reflective of geographic variation in the geo-
logical record, but socioeconomic and logistical
factors, including the degree of economic devel-
opment, political openness, and stability in dif-
ferent countries and the presence of language
barriers and the accessibility of key publications
among PBDB contributors, are likely to be con-
tributing factors. As expected, North America
and Europe yield more PBDB fossil occurrences
per square kilometer of sedimentary map area,
on average, than other geographic regions.
Moreover, there is a significant and moderately
strong positive correlation between the area of
a geological map unit and the number of
PBDB fossil occurrences it yields. Based on the
occurrence–area distribution in North America
and Europe, the geological record of the rest of
the world appears to be about 45% as well
sampled in the PBDB. Using the former focal
region as a predictor for what could potentially
be derived from sedimentary rock area in other
parts of theworld,wefind a shortfall of approxi-
mately 639,000 fossil occurrences from outside

SHAN YE AND SHANAN E. PETERS410

https://doi.org/10.1017/pab.2022.46 Published online by Cambridge University Press

https://doi.org/10.1017/pab.2022.46


North America and Europe in the PBDB. The
predicted global Phanerozoic trajectory of mar-
ine and terrestrial occurrences after attempting
to reconstruct comparable sampling bears simi-
larities to the pattern observed in the raw PBDB,
but theoverall increase in fossil occurrence counts
and diversity is likely to be significantly underes-
timated in the PBDB, particularly in non-marine
environments.
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