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fossilbrush: An R package for automated detection and
resolution of anomalies in palaeontological occurrence data

Joseph T. Flannery-Sutherland® © | Nussaibah B. Raja?® | Adam T. Kocsis?® |
Wolfgang Kiessling?

1School of Earth Sciences, University of
Bristol, Bristol, UK Abstract

*GeoZentrum Nordbayern, Department of 1. Fossil occurrence databases are indispensable resources to the palaeontological
Geography and Geosciences, Friedrich-

Alexander University Erlangen-Niirnberg, community, yet present unique data cleaning challenges. Many studies devote

Erlangen, Germany significant attention to cleaning fossil occurrence data prior to analysis, but such
Correspondence efforts are typically bespoke and difficult to reproduce. There are also no stand-
Joseph T. Flannery-Sutherland ardised methods to detect and resolve errors despite the development of an
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ecosystem of cleaning tools fuelled by the concurrent growth of neontological

Handling Editor: Dr. Samantha Price occurrence databases.

2. As fossil occurrence databases continue to increase in size, the demand for
standardised, automated and reproducible methods to improve data quality
will only grow. Here, we present semi-automated cleaning solutions to address
these issues with a new R package fossilbrush. We apply our cleaning protocols
to the Paleobiology Database to assess the prevalence of anomalous entries and
the efficacy and impact of our methods.

3. We find that anomalies may be effectively resolved by comparison against a
published compendium of stratigraphic ranges, improving the stratigraphic
quality of the data, and through methods which detect outliers in taxon-wise
occurrence stratigraphic distributions. Despite this, anomalous entries remain
prevalent throughout major clades, with often more than 30% of genera in major
fossil groups (e.g. bivalves, echinoderms) displaying stratigraphically suspect oc-
currence records.

4. Our methods provide a way to flag and resolve anomalous taxonomic data be-
fore downstream palaeobiological analysis and may also aid in the automation
and targeting of future cleaning efforts. We stress, however, that our methods
are semi-automated and are primarily for the detection of potential anomalies
for further scrutiny, as full automation should not be a substitute for expert vet-
ting. We note that some of our methods do not rely on external databases for
anomaly resolution and so are also applicable to occurrences in neontological

databases, expanding the utility of the fossilbrush R package.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Methods in Ecology and Evolution published by John Wiley & Sons Ltd on behalf of British Ecological Society.
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1 | INTRODUCTION

Biological occurrence databases record the present and historical
spatial distributions of organisms across the tree of life, enabling as-
sessment of the drivers of biodiversity across a wide variety of geo-
graphical and taxonomic scales (Zizka et al., 2019). These databases
are critical to predicting the impacts of habitat change on species dis-
tribution and future ecosystems, particularly to inform conservation
efforts (Bell-Damarow et al., 2019; Stephenson & Stengel, 2020).
Such efforts are strengthened by incorporating organismal distri-
bution records in the geological past from fossil occurrence data-
bases (Dietl, 2019; Kiessling et al., 2019), including Triton (Fenton
et al., 2021), FAUNMAP (Graham & Lundelius, 2010), PaleoReefs
(Kiessling & Krause, 2022), Neotoma (Williams et al., 2018), the
Paleobiology Database (PBDB; Alroy et al., 2008), FRED (Clowes
et al.,, 2021) and NOW (The NOW Community, 2020). Alongside
geographical and systematic data, fossil occurrence databases re-
cord the geological ages of their entries, permitting connection of
palaeontological and neontological information in the recent past
(Eduardo et al., 2018) and analysis of diversity dynamics, macro-
ecological structuring and biogeography in deep time (Peters &
McClennen, 2016).

The proliferation of occurrence databases has promoted devel-
opment of an ecosystem of tools for database access and cleansing,
typically as packages for the R programming environment (R Core
Team, 2022). Errors in taxonomy and spatial coordinates inevitably
accrue due to improper data imputation and changing taxonomic
convention in the primary literature (Grenié et al., 2022). Tools for
coordinate cleaning cover both fossil and modern occurrence data-
bases (Zizka et al., 2019), but available tools for spell checking of
taxonomic names and taxonomic harmonisation are usually lim-
ited to extant species (Norman et al., 2020; Ribeiro et al., 2022).
Consequently, these are unsuited for resolution of fossil taxonomy
and fossil data cleaning is typically done in isolation without support
from standardised tools. As well as taxonomic and coordinate errors,
fossil occurrence databases may contain erroneous geological ages
arising from increasing refinements to chronostratigraphic time-
scales, improved lithostratigraphic constraints for fossil-bearing
formations, or typographical errors during data imputation. Finally,
fossil occurrences present the unique problem where misidentifica-
tion of an occurrence may induce an anomalous record in the strati-
graphic range of a taxon.

The PBDB is one of the most well-known fossil occurrence da-
tabases, with over 1.5 million occurrences of >45,000 taxa. Its data
underpin seminal works on the quality of the fossil record and the
broadest patterns of biotic change throughout the Phanerozoic
(Alroy et al., 2008), yet the presence of taxonomic, spatial and strati-
graphic errors leads some authors to condemn the PBDB altogether

(Prothero, 2015). Manual cleaning of the entire database is rendered
infeasible by its scale, and such an effort would quickly become out-
dated with addition of new data and changing taxonomic and strati-
graphic conventions in the primary literature. New databases may
also emerge in the future, for example, through application of au-
tomated data extraction and machine-learning methods to digitised
publications (Kopperud et al., 2018; Peters et al., 2014) or from dark
datain museum collections (Allmon et al., 2018; Marshall et al., 2018),
and these may also contain inconsistencies necessitating revision. As
such, cleaning of fossil occurrence data is an ever-present challenge
requiring automated, standardised and reproducible solutions capa-
ble of scaling to large datasets, and which tackle the unique chal-
lenges posed by the stratigraphic component of the data.

Here, we present several data-cleaning considerations and tools
to resolve misspellings and harmonise taxonomic schemes. These
operate independently of any external databases and can be ap-
plied to any occurrence dataset that contains higher taxonomic in-
formation. Tools to address spatial coordinate errors already exist,
but accurate geological ages are required for calculation of accurate
palaeocoordinates and we provide methods to update chronostrati-
graphic ages for fossil occurrence datasets. Resolution of taxonomic
and stratigraphic errors in isolation is predicated on expert knowl-
edge. In cases where taxonomic misidentification results in strati-
graphic range anomalies, however, error detection can be predicated
on outlier detection, permitting development of parameterised, au-
tomated and reproducible techniques. We develop three methods to
flag and resolve outliers in taxon stratigraphic ranges which we have
made available within a new R package, fossilbrush. We apply our
cleaning protocols to the PBDB to demonstrate how the methods
can be applied in a standardised, reproducible fashion, then examine
the efficacy of anomaly detection and their impact on the database.

2 | MATERIALS AND METHODS
2.1 | Resolving database inconsistency
2.1.1 | Chronostratigraphic harmonisation

Occurrence chronostratigraphy and analytical strategy should con-
form to the same chronostratigraphic time-scale. The Paleobiology
Database currently uses International Chronostratigraphic Time
Scale 2013 ages (Cohen, 2013), yet studies often use more recent
chronostratigraphic schemes for data analysis, which may lead to er-
roneous division of occurrences into successive, temporally discrete
partitions. For example, the base of the Triassic sits at 252.17Ma
in ICS 2013 compared to 251.9 Ma as of 2022. This is a pertinent
example as it coincides with the end-Permian mass extinction where
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well-resolved and correctly binned data are critical to determin-
ing extinction magnitude and timing. A Geologic Time Scale 2020
(Gradstein et al., 2020) is the most recently published comprehen-
sive chronostratigraphic standard and is being adopted both ana-
lytically (e.g. Marshall et al., 2021; Metcalfe & Crowley, 2021) and
in databasing efforts (e.g. Fenton et al., 2021). We provide a lookup
table (sample in Table S1) and function chrono_scale (), enabling
quick revision of chronostratigraphic dates in existing fossil occur-
rence datasets. While the lookup table will inevitably accrue errors
as chronostratigraphic time-scales receive refinement, the majority
of the dates are expected to remain valid, and a user can either up-
date the lookup table in R or supply a new one entirely to chrono
scale () ensure that their data and analytical strategy conform to

the latest chronostratigraphic standard.

2.1.2 | Taxonomic harmonisation

Spelling variations and inconsistent higher classifications risk in-
complete representation of a taxon by its occurrences, leading to
underestimation of spatiotemporal ranges and overestimation of
diversity. We provide a modular taxonomic harmonisation work-
flow through the function check taxonomy (), with options to
report flagged issues or resolve them automatically. Our workflow
is applicable to any occurrence dataset with hierarchically organised
taxonomic information, including composite datasets compiled from
multiple databases, and ensures that all classifications are internally
consistent so that taxa are fully represented by all their occurrences
at any given taxonomic level. Following previous recommendations
(Grenié et al., 2022), our taxonomic harmonisation function initially
standardises taxon name formatting as a prerequisite to improve
detection of inconsistent spelling using fuzzy string methods (see
Supplementary Information). Instances of inconsistent higher clas-
sifications can be displayed graphically for user inspection using our
plot taxa () function and automatically resolved within check
taxonomy () if desired.

2.2 | Stratigraphic outlier detection
2.21 | Independent database comparison

Here, we flag taxon and occurrence age ranges against a reference
database with similar basic data, using notation (Figure 1) where
0 and 1 denote error versus validity for the FAD (left) and LAD
(right) of a range (R): 1R1 = valid, 0R1 = FAD outside of reference,
1RO = LAD outside of reference, 0RO = FAD and LAD both exceed
reference, 00R = older than reference, RO0 = younger than refer-
ence, 000 = unrecorded in the reference database. Occurrence ages
can be checked individually against the reference database, with
the magnitude of age discrepancies helping to inform whether they
are potentially anomalous. Stage to substage-level discrepancies
may mark discoveries whose FADs and LADs genuinely supersede

Reference FAD Reference LAD

00R

ORl —————+——

1RO

1R1

Py
o
o

FIGURE 1 Schematic representation of the stratigraphic

error flagging codes used in the fossilbrush R package. Dotted

lines demarcate the reference range of a taxon and solid lines

the age range of occurrences assigned to that taxon. Red lines
indicate occurrences with stratigraphic age anomalies relative to
the reference range, while black lines are occurrences with valid
stratigraphic ranges. See text for the definitions of the error codes.

their reference range while those which overlap with their reference
range (OR1, ORO and 1R0) have a partially plausible stratigraphic
range and may reflect cases where dating imprecision for the parent
stratigraphic unit results in erroneous range extension. On the other
hand, occurrences which fall outside the reference range (00Rr and
RO0) are more likely to reflect taxonomic error, particularly if that
error is substantial (epoch-level or greater). This is a common issue
for wastebasket taxa where superficial taxonomic work can result in
backward range extension of relatively recent taxa by hundreds of
millions of years, for example the brachiopod Lingula or bivalve mol-
lusc Ostrea (Plotnick & Wagner, 2006).

Comparison against a reference database is implemented in the
flag ranges () function, with the option to tag occurrence age
discrepancies greater than a user-defined threshold to quickly dis-
tinguish between cases of stratigraphic versus taxonomic error. This
is a useful exploratory procedure but is limited to taxa common to
both databases. Additionally, occurrences in the PBDB are organised
into collections, in idealised terms a discrete community from a sin-
gle bedding plane (i.e. a precise point in space and time), but in reality
a time-averaged assemblage bearing the stratigraphic uncertainty of
its parent lithological unit. Fossil occurrences in the same collection
must possess the same stratigraphic age range, but resolving oc-
currence ages individually may violate this property, so our flagging
procedure instead uses the reference database to determine if a col-
lection range age is plausible. The procedure retrieves the available
reference ranges for any taxa in the collection, then determines if
a threshold proportion of those ranges overlap. If the overlap falls
below the threshold, then the entire collection is treated as bear-
ing a high prevalence of stratigraphic and taxonomic anomalies. If
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a common interval exceeding the threshold can be identified, the
collection age should fall within this interval to be considered strati-
graphically plausible and can be modified according to this robust
consensus of calibrations. We implement this procedure in the func-
tion revise ranges () with a default, arbitrary threshold of 75%
overlap. While a more stringent threshold could be used, a more
relaxed threshold better accommodates erroneous occurrences in
some collections when searching for a plausible interval. As above,
any discrepancies between original and revised ages of occurrences
within a collection can then be examined to determine whether
they represent plausible range extension, taxonomic error or strati-
graphic error.

2.2.2 | Occurrence density distribution

As reference databases may still contain errors and are unavailable
for many groups, we detect and resolve stratigraphic anomalies using
the density of fossil occurrences through time. We treat fossil occur-
rence age uncertainties as uniform probability density distributions
on their point-wise ages (Zhang et al., 2016). Combining the uniform
density distributions for a set of taxon occurrences gives a compos-
ite density distribution of all possible pointwise observations of that
taxon through time (Figure 2). At face value, a density distribution
represents how palaeontologists have assigned stratigraphically var-
ied fossil observations with associated age uncertainties to a single
morphospecies. The probability of fossil observations through time
and so the idealised shape of their density distribution is expected
to follow biological principles. A taxon is expected to originate in a
limited area, expand its range and population size, then decline until
extinction, producing a bell curve (Figure 2) with symmetry depend-
ent on the rapidity of expansion and extinction (Foote, 2007; Foote
et al., 2007). This unimodal distribution may conceivably become
multimodal in several ways. First, boom-bust cycles in population
size may be detectable through intensive bed-wise sampling in finely
resolved or recent sedimentary sections (Kidwell, 2015; Kidwell &
Flessa, 1995), but we assume here that such signals are unlikely to
manifest in temporally coarser macrofossil occurrence databases.
Second, heterogeneous sampling through time may introduce peaks
and troughs into an idealised observation record (Barido-Sottani
et al., 2019). Third, density distributions for stratigraphically distinct
taxa may be conflated into a single multimodal density record due to
superficially similar morphologies (Figure 3a; an invalid morphospe-
cies or wastebasket taxon) or through taxonomic misclassification of
individual occurrences (Figure 3d). We distinguish between multi-
modality arising from sampling effects versus taxonomic error based
on the assumption that, as sampling probability increases exponen-
tially with time (Stadler, 2010), short durations between peaks are
more likely to represent sampling variation (Figure 3b) while longer
durations are more likely to represent conflation of distinct taxo-
nomic records (Figure 3d), with average genus longevities within the
clade to which a given taxon belongs helping to distinguish between
these cases. Taxonomic misidentifications resulting in stratigraphic

Occurrence stratigraphic ranges
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FIGURE 2 Construction of an occurrence stratigraphic density
distribution from simulated data, displaying the idealised bell-curve
expected under the biological sequence of origination, population
expansion, population decline and extinction.

anomalies are expected to be concentrated towards the ends of a
taxon's stratigraphic range, leading to long tails in its density distri-
bution (Lazarus et al., 2012). Alternatively, long tails may arise from
high stratigraphic uncertainty in a handful of occurrences. As such,
the density distribution of macrofossil observations provides infor-
mation on the stratigraphic plausibility and consistency of a mor-

phospecies and so a means of detecting outliers.

2.2.3 | Interpeak thresholding

Interpeak thresholding ascertains whether interpeak durations in
a multimodal occurrence density distribution more likely reflect
incomplete sampling versus taxonomic error. As short overlaps in
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FIGURE 3 Empirical stratigraphic density distributions of Paleobiology Database (PBDB) taxa. (a) A complex, multipeak distribution for
the brachiopod Lingula, reflecting its frequent misuse throughout the fossil record for various linguliform taxa. (b) A bimodal distribution
resulting from patchy sampling of the valid Cambrian arthropod taxon Waptia. (c) The expected density distribution for a stratigraphically
plausible taxon, here the Cretaceous turtle Caririemys. (d) A bimodal density distribution which is stratigraphically suspect given the gap
between the peaks and lack of intervening sampling, resulting from the re-use of the name Nanochilina for unrelated taxa.

occurrence ranges or minor fluctuations in sampling may produce
small peaks in density (Figure 4a), a density distribution is first
smoothed within a local window to reduce noise, then the local peak
(i.e. a density value in excess of both of its immediate neighbours)
taken as significant if its value exceeds the mean plus standard de-
viation of the local window (Figure 4b). If one significant peak is de-
tected, the distribution conforms to the unimodal expectation and
all occurrences are considered valid. For multimodal distributions,
interpeak durations are sequentially examined forwards in time with

an interpeak duration below a threshold gap length taken to indicate
a peak split by poor sampling. Otherwise, the peaks are considered
to represent separate taxa and their separation point in time defined
as the interpeak nadir. This equates to dividing a stratigraphically
suspect morphospecies into a sequential set of stratospecies. As
outlined above, the gap threshold value may be informed by the
expected taxonomic duration for the taxon in question. Careful
choice is critical here: too broad and anomalies will not be detected,
too short and valid morphospecies will be erroneously subdivided,
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FIGURE 4 Peak detection, interpeak thresholding and Pacmacro tail trimming methods applied to empirical occurrence density
distributions. (a, b) Density distribution, local peaks and significant peaks for the Carboniferous coral Lithostrotion and the brachiopod
Lingula respectively. (c) Tail detection and trimming by Pacmacro for Lithostrotion, with the trimmed range highlighted in green. (d) Interpeak
thresholding for Lingula, dividing its occurrences into nine stratigraphically coherent groups of linguliform morphologies.

including in the likely rare cases where population-level dynamics
manifest as peaks and troughs in occurrence density distributions. As
interpeak thresholds should relate to the durations of entire taxa on
macroevolutionary time-scales; however, these are expected to en-
compass peaks and troughs present at population-level time-scales.
In turn, average taxon duration provides one potential means of se-
lecting a suitable interpeak threshold (see Application to the PBDB),
although this will then depend upon the taxonomic composition of
an occurrence dataset and how well the sampled taxon durations

reflect true taxon durations. Similarly, the interpeak threshold may
also vary through time due to the varying coarseness of the chron-
ostratigraphic intervals on which occurrence ages are based.

2.24 | Pacmacro

We develop an analogous method to Pacman profiling, used for
detecting stratigraphic errors in microfossil occurrence data from
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sediment cores (Lazarus et al., 2012). Pacman profiling scrutinises
the density of microfossil occurrences versus core depth (i.e. time) to
minimise errors at the tails of a range, for example due to reworking
of fossils in the sediment or through conflation of ancestors and de-
scendants within anagenetic lineages. As Pacman profiling is linked
to well-constrained age models, microfossil occurrences can be
treated as point-wise observations rather than bearing stratigraphic
uncertainties and a simple percentage trim is applied to the tails of
a taxon density distribution in the core. Under the assumption that
errors will be primarily distributed towards the ends of the distribu-
tion, this procedure preferentially targets the noisy tail portions of
a set of occurrences, naturally improving the signal to noise ratio
(Lazarus et al., 2012). Using a percentage trim has the further ben-
efits of locally adapting to the density distribution at the tail ends of
data and freedom from any assumptions about the shape of distribu-
tion (Lazarus et al., 2012). A nonparametric approach is preferable
as macrofossil density distributions show varied shapes (Figure 3)
but applying a percentage trim directly may be inappropriate as
macrofossil occurrences are not pointwise observations. Instead,
Pacmacro flags anomalously long tails in a stratigraphic density dis-
tribution based on the proportion of the total stratigraphic duration
they represent, then trims the tail stratigraphic proportion from the
taxon range (Figure 4c). We applied our procedure with tail propor-
tions of 1%-90%, then used breakpoint analysis with the segmented
R package (Vito & Muggeo, 2008) on the relationship between tail
proportion and the numbers of flagged taxa to identify a suitably
conservative value (Figure S2). Under a conservative tail density
proportion of 5%, we suggest that stratigraphic proportions of 40%-
60% are suitable for detecting anomalously long tails and implement
this procedure using the function pacmacro ranges (). Ranges
trimmed by Pacmacro can then be supplied to flag ranges ()
to identify anomalous occurrences, and suspicious density distri-
butions flagged by either our Pacmacro or interpeak thresholding
methods plotted using the function plot dprofile () threshold-
ing for further inspection.

2.3 | Application to the PBDB
2.3.1 | Data acquisition and standardisation

Here, we apply our data harmonisation and stratigraphic flagging
procedures to the PBDB to examine the structure of anomalies in
the database and demonstrate how our protocols can be applied and
documented in a transparent, reproducible and standardised man-
ner. We downloaded the entire PBDB on 15/06/21 and updated
occurrence chronostratigraphy to GTS 2020. Next, we scanned for
formatting irregularities using check taxonomy (). Suprageneric
synonyms were identified and resolved manually due to the higher
frequency of false positives, genus-level synonyms below a con-
servative g-gram threshold of 0.2 automatically resolved to the
more frequent name and inconsistent higher taxonomic schemes

automatically resolved using default settings. For anomaly flagging,

we used the Sepkoski Compendium, a database of stratigraphic
ranges for >36,000 Phanerozoic marine genera (Sepkoski, 2002).
While this precluded checking of terrestrial occurrences and plants,
marine animals comprise the majority of PBDB entries, and the
Sepkoski Compendium remains taxonomically useful despite some
accumulated errors as it was based on secondary literature such as
the Treatise of Invertebrate Palaeontology and uses interval-based
epoch to substage-level dating which can be updated to a mod-
ern chronostratigraphic standard. The Sepkoski Compendium was
downloaded using the fetch () function of the chronosphere R
package (Kocsis & Raja, 2019). Minor typographical errors in interval
notations were corrected manually without any alteration to the in-
terval ranges themselves, chronostratigraphy updated to GTS 2020,
then spelling errors and higher taxonomy checked as above. Finally,
the Sepkoski Compendium was appended to the cleaned PBDB
dataset and check taxonomy () reapplied to align the higher tax-
onomy between both databases.

2.3.2 | Anomaly resolution and analysis

Stratigraphic anomalies were flagged against the Sepkoski
Compendium using flag ranges (), then collection ages revised
by resolve ranges () with the default consensus threshold of
75%. Pacmacro was applied to detect extended stratigraphic ranges
using pacmacro_ranges (), with the default tail density propor-
tions of 5% and a tail stratigraphic proportion of 40%. Further
anomalous occurrences were then identified using f1ag ranges ()
and the Pacmacro-trimmed stratigraphic ranges. Finally, the strati-
graphic consistency of taxonomic names was queried using thresh-
old ranges (). We calculated mean and median class-wise genus
durations from the PBDB and the Sepkoski Compendium, with the
distribution of average durations indicating that 15Ma is a suitably
relaxed default (Figure S3); this value was used where class-specific
durations were unavailable. To determine the potential impact of
our data cleaning procedures on empirical palaeobiological analysis,
we calculated range-through diversity, and second-for-third specia-
tion and extinction rates at 5 Ma intervals through the Phanerozoic
using the divDyn () function from the divDyn R package (Kocsis
et al., 2019). The results of all our analyses are available in the elec-
tronic supplement (Flannery Sutherland, Raja, et al., 2022).

3 | RESULTS
3.1 | Dataimputation errors

Our check taxonomy () function flagged 67,629 name formatting
irregularities in the 1,526,026 database entries (Table 1). Flagged
irregularities become increasingly common as taxonomic level de-
creases, arising at higher levels from PBDB-specific formatting
for missing higher taxonomy (e.g. NO_CLASS_SPECIFIED), and at
genus level from frequent inclusion of bracketed subgenus names.

25ULD| SUOWIWIOD BAIERID 3jqedtjdde au Aq peuienob afe SejiLe O ‘8N JO S3|n1 10} ARq 1T 8UIIUO 8|1 UO (SUOTIPUCD-PUE-SWBY /WO A8 1M AXe1q)1[Bu1|UO//StNLY) SUORIPUOD PUe SWB | 8Ly 88S *[£202/TT/9T] Uo Akeigiauluo A8|Im ‘Wes L SeLBS puy seanosai3 weybuiuig JO ASPAIN Ag 996ET XOTZ-T0Z/TTTT OT/I0p/wod A8 |imARiqijeul|uo's eunokeq//sdiy woij peapeojumod ‘TT ‘2202 ‘XOTZTY0Z



FLANNERY-SUTHERLAND ET AL.

Methods in Ecology and Evolution 2411

TABLE 1 Counts of data imputation
anomalies in the Paleobiology Database

(PBDB; n = 1,526,026) Non-letter characters
Incorrect word count

Potential synonyms

Cross-rank homonyms

Inconsistently classified

The majority of suprageneric synonyms are taxonomically distinct
(e.g. Homocrinidae-Holocrinidae), with g-gram distances typically
>0.2, that is, <80% similarity. Otherwise, synonyms mostly reflect
inconsistent spelling or use of subclades or superclades at formal
taxonomicranks (e.g. Pyrotheridae-Pyrotheriidae, Bothriolepididae-
Bothriolepidae). While these latter cases are not true synonyms, it
is still inappropriate to use, for example, a subclass classification at
the class level when the class level classification is also present (e.g.
Actinopteryi-Actinopterygii). The number of genuine synonyms
rises substantially at the genus level, primarily from spelling errors
and assonance (e.g. Allonnia-Allonia, Sichuanolenus-Szechuanolenus,
Drepanochilus-Drepanocheilus). The PBDB dynamically generates a
coherent taxonomic scheme so cases of inconsistent higher classifi-
cations are unsurprisingly infrequent at just 235 instances, the ma-
jority of which are homonyms between distant clades or instances of
missing higher classifications for some occurrences.

3.2 | Anomaly resolution using the
Sepkoski compendium

Prior to resolving occurrence ages collection wise, 24.6% of PBDB
taxa with entries in the Sepkoski Compendium had stratigraphic
distributions concordant with their reference ranges. 0R0 anomalies
are most prevalent (Table 2), indicating frequent range overexten-
sion by their occurrence records. Taxa fully outside of their ranges
(00R, R00) are roughly equal while 0R1 anomalies are more com-
mon than 1R0 anomalies. Conversely, the proportion of valid occur-
rences is substantially greater than the proportion of valid taxa and
occurrence-wise OR0 anomalies are least common (Table 2), which
is expected given that occurrence age uncertainties should typically
be smaller than taxon age ranges.

Resolution using the Sepkoski Compendium substantially
reduced taxon-wise and occurrence-wise error prevalence
(Figure 5a,b). The increase in the proportion of valid occurrences is
modest, but the proportion of valid taxa more than doubles and 0RO
anomalies indicative of high age imprecision are virtually eliminated
(Table 2). Unexpectedly, taxon-wise 00R anomalies decrease only
slightly while RO0O anomalies increase slightly, despite substantial
reductions in the prevalence of all other error types for both taxa
and occurrences and the high stratigraphic plausibility of collections
after revision. Of the 216,568 collections in the download, 68.4%
went unchecked as they did not contain any taxa present in the
Sepkoski Compendium, highlighting a limitation of the reference da-
tabase approach. Of those which could be checked, 10.8% did not

Phylum Class Order Family Genus

2747 15,413 20,601 13,276 7172
0 0 0 0 7020
2 2 38 210 885
& 5 6 8 11
0 1 3 32 199

TABLE 2 Prevalence of taxon-wise and occurrence-wise
anomalies in the Paleobiology Database (PBDB)

Error type prevalence (%)

O0OR OR1 ORO 1RO ROO 1R1

Sepkoski
Taxa (pre) 13.7 17.2 23.6 9.1 11.9 24.6
Taxa (post) 12.9 6.6 9.9 4.7 12.9 52.9
QOccs (pre) 5.6 6.3 1.1 6.0 7.5 73.5
Occs (post) 3.6 1.3 0.1 1.3 52 88.5

Pacmacro
Taxa 12.1 10.7 70.0 2.0 5.5 —
Occs 24.5 36.1 2.0 38.1 25.5 —

meet the consensus threshold for revision and 2.4% retained their
original age, while 86.5% had their age revised with the vast ma-
jority displaying 100% consensus (Figure S4). Taxon-wise FAD and
LAD anomalies show similar distributions (Figure 5b) in contrast to
occurrence-wise anomalies, where LAD anomalies are more preva-
lent overall but FAD anomalies in the range of a few million years are
disproportionately more common (Figure 5d).

While our consensus revision method returns less precise ages
during the Carboniferous and Permian, it substantially improves me-
dian collection age precision throughout the Cambrian to Devonian
and during the Triassic and achieves median age precision com-
parable to the unrevised ages throughout the remainder of the
Phanerozoic in the absence of any lithostratigraphic information
(Figure 6). Age precisions show a greater interquartile range after re-
vision, indicating that the method performs variably between collec-
tions. Nonetheless, the 25% quartile on precision falls below that for
unrevised age precision in virtually each time bin (Figure 6), demon-
strating that improved stratigraphic resolution is always achieved for
at least some collections.

3.3 | Density methods

In all, 2487 genera (3.7%) showed long tails in their occurrence
density distributions, with distinct differences in taxon-wise
and occurrence-wise anomalies when flagged against Pacmacro-
trimmed ranges. Occurrence-wise 0RO anomalies are the least
prevalent, with relatively even balances of 00R to RO0 and OR1
to 1R0 anomalies (Table 2). Consequently, 0RO anomalies indica-
tive of two-tailed stratigraphic density distributions are the most
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prevalent among taxa, reflecting the relatively even distribution
of occurrence-wise FAD and LAD anomalies, but anomalies on
taxon FADs (00R, OR1) are disproportionately more common than
anomalies on taxon LADs (Table 2). As an example, we draw at-
tention to Lithostrotion, a colonial rugose coral abundant during
the Visean (Early Carboniferous). Its density distribution contains
multiple local peaks, but our method picks out the single true peak
(Figure 4a), marking it as stratigraphically coherent morphospe-
cies. Rugose corals went extinct during the Permo-Triassic mass
extinction (Wang et al., 2018), but records of Lithostrotion persist
to the end of the Triassic (Figure 4a). Anomalously, long tails were
successfully flagged for the genus and its range truncated to within
the Palaeozoic by the 5% tail trim (Figure 4c). While its range in the
Sepkoski Compendium is more conservative (346-326 Ma), our
method still removes highly erroneous portions of the occurrence
record in this case, returning a range that is concordant for ru-
gose corals and the family Lithostrotionidae (Carboniferous-Late
Permian; Wang et al., 2018).

Using class-specific interpeak thresholds, 10,733 genera were
split stratigraphically (16.1%). The number of splits shows a posi-
tive relationship with original genus duration (Figure S5), demon-
strating that longer stratigraphic durations are less likely to show
plausible occurrence density distributions, and more likely to be
split into greater numbers of groups. We highlight several exam-
ples here, chiefly Lingula, a brachiopod reported throughout the
Phanerozoic and the so-called ‘living fossil’ given its supposed an-
tiquity. In reality, Lingula is a recent genus, with older occurrences
representing multiple different genera which convergently evolved
shell morphologies adapted for burrowing (Emig, 2003). This is re-
flected by its occurrence density record which contains multiple
significant peaks (Figure 4b), split by our thresholding method into

Time (Ma)

nine stratigraphically distinct groups of linguliform occurrences
(Figure 4d). Similarly, the two peaks for Nanochilina are separated
by nearly 250Ma (Figure 4d) and demonstrates a case where a
homonym has resulted in a stratigraphically implausible density
record. Conversely, the Cambrian arthropod Waptia shows two
peaks in its density record (Figure 4b) which fall within the inter-
peak threshold, indicating a stratigraphically coherent, taxonomi-
cally valid record split by sampling artefacts. This is supported by
its limited fossil distribution but distinctive morphology and apo-
morphies, with identifiable specimens derived primarily from the
Burgess Shale of British Columbia (Taylor, 2002), and from older
occurrences in the Marjum Shale and Wheeler Formation of Utah
(Briggs et al., 2008).

4 | DISCUSSION
4.1 | Outliers and anomalies in PBDB occurrences

The even balance of taxon-wise FAD and LAD anomalies (Figure 5b)
shows that there is no particular bias in the PBDB towards either
mode of range overestimation at the genus level. Instead, the dis-
proportionate frequency of small FAD anomalies versus the greater
total prevalence of occurrence-wise LAD anomalies (Figure 5d) sug-
gests overestimation of FADs relates more strongly to stratigraphic
imprecision, and overestimation of LADs to taxonomic misidentifica-
tion. This is supported by independent flagging of outliers against
Pacmacro-trimmed ranges. The even distributions of occurrence-
wise FAD and LAD anomalies flagged against Pacmacro-trimmed
ranges and the resulting prevalence of ORO anomalies and two-tailed
anomalies on taxon stratigraphic density distributions is congruent
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with the lack of bias towards predominant FAD or LAD overesti-
mation. Similarly, the greater prevalence of occurrence-wise FAD
anomalies relative to the Sepkoski Compendium is matched by the
disproportionate frequency of FAD anomalies relative to Pacmacro-
trimmed ranges.

Taxonomic representation in the PBDB is highly dispropor-
tionate, so we normalise class-wise numbers of flagged genera
by the total numbers of class-wise genera to investigate propor-
tional error rates under each detection method. The distribution
of error proportions versus clade size indicates that comparison
against the Sepkoski Compendium is the most stringent detec-
tion procedure and Pacmacro profiling the most conservative in
its approach to identifying anomalies (Figure Sé; Tables S2 and
S3). Under each method, the highest proportional error rates typ-
ically occur in classes with relatively small numbers of genera, re-
flecting the patchiness of their fossil records. Plants in particular
show stratigraphically suspect occurrence densities with a high
prevalence of long stratigraphic tails and splitting by interpeak

thresholding (Table S3), corroborating previous concerns over
their poor representation in the PBDB (Cleal & Thomas, 2010;
Silvestro et al., 2015). Nonetheless, these relatively poorly sam-
pled clades contribute only a small amount of the overall anom-
alies in the database. More concerning is the repeated flagging
within well-sampled, taxonomically diverse clades comprising the
bulk of PBDB occurrences which, despite their lower proportion
of anomalies, contribute the most to the overall error pool. Major
clades containing thousands of genera, including gastropods,
chondrichthyans, ostracods, brachiopods, bivalves, cephalopods,
osteichthyans and tetrapods show range error proportions >50%
prior to resolution against the Sepkoski Compendium. Collection
age resolution had a positive impact on class-wise error propor-
tions, but these remain in the range of 20%-50% for major clades.
Density methods also reveal moderate class-wise error propor-
tions, with division of stratigraphically suspect occurrence den-
sity distributions by interpeak thresholding of 20%-30%, and
anomalous stratigraphic tails in the range of 2%-9% (Tables S2
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FIGURE 7 Cross-plots of pre- and post-revision collection FADs and LADs throughout the Phanerozoic. Warmer colours indicate

increasing discrepancy between original and revised ages.
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and S3). Long tails and range anomalies call into question the va-
lidity of individual occurrence identifications while the impact of
interpeak thresholding calls into question the validity of entire
genera with stratigraphically suspect occurrence density distri-
butions. Conversely, the discrepancy between the number of
taxon-wise and occurrence-wise anomalies flagged against the
Sepkoski Compendium suggests that a relatively small number of
occurrence-wise anomalies are responsible for the alarming prev-
alence of taxon-wise range anomalies in the PBDB, while the vast

majority of occurrences are otherwise valid.

4.2 | Phanerozoic diversity dynamics and
error structure

Temporal structuring in discrepancies between original and revised
FADs and LADs (Figure 7) highlights forward-smearing of a number
of Cambrian and Ordovician-aged collections and of variably aged
Palaeozoic FADs and LADs to revised ages coincident with the
Permo-Triassic boundary, back-smearing of FADs at approximately
65Ma coincident with the end-Cretaceous mass extinction, back-
smearing of LADs around 35Ma at the end of the Eocene, and back-
smearing of present-day LADs. The magnitudes of some of these
revisions are on the order of hundreds of millions of years, suggest-
ing that frequent misidentification of age-diagnostic taxa in younger

assemblages may produce ‘relict’ collections of superficially greater

antiquity. Bands of back-smearing appear to coincide at least par-
tially with major phases of turnover, highlighting their effect as taxo-
nomic watersheds between discrete assemblages of taxa on broader
temporal scales (Muscente et al., 2018; Rojas et al., 2021). For exam-
ple, there is virtually no revision of collection ages across the Permo-
Triassic boundary, highlighting how the event creates a clear division
between Palaeozoic and Mesozoic morphospecies and assemblages.
This watershed effect may be responsible for the marked grid-wise
pattern of age revision in the post-Palaeozoic portion of the data-
set, with the increasing taxonomic misidentification of increasingly
prevalent ‘modern’ morphospecies driving the greater degree of
age restructuring. This could also conceivably be tied to variation
in stage and substage length throughout the Phanerozoic, with
coarser bin lengths inducing greater age revisions. Consequently,
suitable thresholds for the interpeak method and tail proportions for
Pacmacro may also range through time as well as between clades
due to varying precision of Phanerozoic stages.

There are clear differences in the tempo of diversification
throughout the Phanerozoic as a result of our taxonomic and strati-
graphic revision (Figure 8). Most notably, diversity accrues more
rapidly in the wake of the Late Devonian mass extinction before
a trend of Late Permian decline up to the end-Permian mass ex-
tinction in contrast to the pre-cleaning trend of continued increase.
While these results remain inaccurate due to the known impact of
spatial sampling bias and regional heterogeneity on global estimates

of diversity, speciation and extinction rates through geological time
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(Close et al., 2020; Flannery Sutherland, Silvestro, & Benton, 2022),
they nonetheless demonstrate the impact of taxonomic and strati-
graphic revision using our methods. Set against the context of the
entire PBDB, the anomalies we detect and resolve using purely sta-
tistical methods have only a modest impact on patterns of diversity
(Figure 8). This corroborates previous analysis of the impact of taxo-
nomic revision on PBDB data (Wagner et al., 2007) and comparison
of broad patterns of diversity before and after taxonomic revision
of the Sepkoski Compendium additionally found that higher level
trends remained stable despite a high prevalence of errors, as their
distribution throughout the entire database was random (Adrain
& Westrop, 2000). Recovered error prevalence within individual
clades may differ if detection were followed by manual vetting by
taxonomic specialists, however, and so the impact of error resolu-
tion on downstream analysis is expected to be greater for smaller

taxonomic subsets of fossil occurrence data.

5 | CONCLUSIONS

Robust palaeobiological research is predicated on high-quality data,
yet techniques which address errors in fossil occurrences databases
are underdeveloped. We add to existing tools for resolving errors
in geographical coordinate data with methods for standardisation
and cleaning of taxonomic names, and for the unique challenges
presented by the stratigraphic component of fossil occurrence data
within the new R package fossilbrush. Our multi-step name clean-
ing routing, covering consistent formatting, detection of homonyms
and inconsistent higher classifications and the re-use of names
at different taxonomic levels, is provided as a single R function
check_taxonomy() and does not rely on any external databases for
checking. As such, it can be applied to any dataset with taxonomic
information present, and with any number of levels in the recorded
taxonomic hierarchy and so we anticipate that its utility will extend
beyond application solely to fossil occurrence datasets.

Our most stringent error detection method utilises a reference
database (here the Sepkoski Compendium) to assess entire assem-
blages of fossils, querying the validity of occurrences, taxa and
collections. We find that collection ages can be effectively revised
using plausible consensus ages of their taxa, often improving their
stratigraphic precision in the process, but anomalies in taxon ranges
relative to the Sepkoski Compendium are frequent in the PBDB. FAD
anomalies may relate to stratigraphic imprecision, while LAD anom-
alies may arise more from taxonomic misidentification, informing
where future cleaning efforts based on expert knowledge should be
targeted. We also provide conceptual advances on how occurrences
records may be treated as observation densities which incorporate
stratigraphic uncertainty, along with how the properties of these
density distributions may be used to flag anomalous occurrences
and stratigraphically suspect taxa.

Finally, we stress that while our methods appear to function ef-
fectively and scale well to the challenges presented by a large oc-
currence database, the occurrence density methods rely on outlier

detection, a statistical solution, rather than drawing upon expert
knowledge where a definitive solution can be achieved. As such, they
are best applied in concert so that occurrences which are repeatedly

flagged by each method may be confidently assessed as erroneous.
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