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Abstract: Non-avian theropods were a highly successful

clade of bipedal, predominantly carnivorous, dinosaurs.

Their diversity and macroevolutionary patterns have been

the subject of many studies. Changes in fossil specimen com-

pleteness through time and space can bias our understanding

of macroevolution. Here, we quantify the completeness of

455 non-avian theropod species using the skeletal complete-

ness metric (SCM), which calculates the proportion of a

complete skeleton preserved for a specimen. Temporal pat-

terns of theropod skeletal completeness show peaks in the

Carnian, Oxfordian–Kimmeridgian and Barremian–Aptian,

and lows in the Berriasian and Hauterivian. Lagerst€atten pri-

marily drive the peaks in completeness and observed taxo-

nomic diversity in the Oxfordian–Kimmeridgian and the

Barremian–Aptian. Theropods have a significantly lower dis-

tribution of completeness scores than contemporary sauro-

podomorph dinosaurs but change in completeness through

time for the two groups shows a significant correlation when

conservation Lagerst€atten are excluded, possibly indicating

that both records are primarily driven by geology and sam-

pling availability. Our results reveal relatively weak temporal

sampling biases acting on the theropod record but relatively

strong spatial and environmental biases. Asia has a signifi-

cantly more complete record than any other continent, the

mid northern latitudes have the highest abundance of finds,

and most complete theropod skeletons come from lacustrine

and aeolian environments. We suggest that these patterns

result from historical research focus, modern climate dynam-

ics, and depositional transportation energy plus association

with conservation Lagerst€atten, respectively. Furthermore, we

find possible ecological biases acting on different theropod

subgroups, but body size does not influence theropod com-

pleteness on a global scale.

Key words: Theropoda, dinosaurs, skeletal, completeness

metrics, Lagerst€atten, sampling bias.

TH E R O P O D S are a major clade of bipedal saurischian

dinosaurs. The non-avian species first appeared in the

Late Triassic, dispersed and diversified in the Jurassic,

became dominant in predatory guilds (Holtz 2012) and

gave rise to birds (Padian & Chiappe 1998; Xu et al.

2014; Brusatte et al. 2015), but ultimately went extinct at

the end of the Cretaceous (66 Ma). They were predomi-

nantly carnivorous, but some derived lineages evolved

omnivorous and herbivorous diets (Barrett 2005, 2014;

Zanno & Makovicky 2013; Novas et al. 2015; Lauten-

schlager 2017). Non-avian theropod fossils have been

found on all continents and in all environments, occupy-

ing an array of ecological niches (Henderson 1998; Amiot

et al. 2010; Godefroit et al. 2013; Sales et al. 2016; Laut-

enschlager 2017; Frederickson et al. 2018), and exhibit

high taxonomic diversity, morphological disparity (Bru-

satte et al. 2012a, b; Griffin & Nesbitt 2016; Barta et al.

2018) and body size variation (O’Gorman & Hone 2012;

Benson et al. 2014, 2018). Theropods have been one of

the most intensely studied groups of fossil vertebrates

(Benton 2008, 2010). Theropod macroevolutionary

patterns have received substantial attention (Sereno 1997,

1999; Carrano 2006; Lloyd et al. 2008, 2016; Brusatte

et al. 2008a, b; Le Loeuff 2012; Benson & Choiniere 2013;

Benson et al. 2014, 2016, 2018; Xu et al. 2014; Sakamoto

et al. 2016), with many recent studies attempting to esti-

mate relative or absolute changes in their diversity

through time (Barrett et al. 2009; Lloyd 2011; Upchurch

et al. 2011; Brusatte et al. 2014; Starrfelt & Liow 2016;

Tennant et al. 2018).

The fossil record has temporal, geographical, environ-

mental and skeletal gaps (Newell 1959; Foote & Raup

1996; Kidwell & Holland 2002), and it is essential that

these limitations are considered when making interpreta-

tions about the evolutionary patterns of a group. In

recent decades much research has focused on the impact

of this incompleteness on our interpretations drawn from

the fossil record (e.g. Dingus 1984; Foote & Sepkoski

1999; Benton et al. 2000, 2011; Smith 2001, 2007; Cooper

et al. 2006). Many assessments have focused on the rela-

tive proportions of species or species ranges represented

in the fossil record. This has been assessed by quantifying
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the extent to which fossil occurrence ranges represent

‘true’ temporal ranges of species (Benton & Storrs 1994,

1996; Foote & Raup 1996; Eiting & Gunnell 2009), and

by the level of congruence, or percentage of gaps (ghost

ranges), between the stratigraphical order of fossil occur-

rences and order of phylogenetic tree branching (Dingus

1984; Benton & Storrs 1994, 1996; Teeling et al. 2005;

Upchurch & Barrett 2005; Dyke et al. 2009; O’Connor

et al. 2011a).

Over the last two decades, many assessments of the qual-

ity of the fossil record have focused on the variation in

information content provided by fossil specimens of a

group (Benton et al. 2004; Fountaine et al. 2005; Smith

2007; Dyke et al. 2009; Benton 2010; Mannion &

Upchurch 2010a; Brocklehurst et al. 2012; Walther &

Fr€obisch 2013; Brocklehurst & Fr€obisch 2014; Cleary et al.

2015; Dean et al. 2016; Verri�ere et al. 2016; Davies et al.

2017; Driscoll et al. 2018; Brown et al. 2019). Using these

approaches, a high-quality fossil record would be one that

contains many highly complete specimens. Early methods

for quantifying specimen completeness were relatively sub-

jective, and scored the completeness of fossil specimens by

separating preservation quality into four or five simple cat-

egories (Benton et al. 2004; Fountaine et al. 2005; Benton

2008), an approach that was later refined by examining dif-

ferent skeletal regions (Beardmore et al. 2012), following

previous taphonomic studies (Sander 1992; Kemp &

Unwin 1997; H€ungerb€uhler 1998; Casey et al. 2007). Sub-

sequently, Mannion & Upchurch (2010a) conceived two

completeness metrics that quantify the completeness of

individual specimens and species in more detail and with

greater accuracy. These metrics are the skeletal complete-

ness metric (SCM) and character completeness metric

(CCM). SCM measures the absolute proportion of the

skeleton that is preserved for a species, whereas CCM mea-

sures the proportion of phylogenetically informative char-

acters preserved. Calculating such metrics enables

meaningful comparisons to be drawn between various sam-

pling biases that could influence the record of a group.

Environmental and geological parameters can theoreti-

cally influence the quality of fossil specimens (Dingus

1984; Retallack 1984). For example, a high number of

localities from depositional settings with higher quality

preservation could lead to increased specimen complete-

ness within a time interval. Ecological and biological dif-

ferences between groups could also influence fossil

quality, as body size and robustness of skeletons (Cooper

et al. 2006; Brown et al. 2013), and particular environ-

mental preferences (Mannion & Upchurch 2010b) have

been associated with differing qualities of fossil records.

Variation in historical or geographical sampling by

researchers can also potentially influence the level of spec-

imen completeness known for a group, as more effort

being allocated to a particular group or a set of localities

is likely to yield more complete skeletons (Bernard et al.

2010). Incomplete skeletons may also be difficult to diag-

nose, resulting in either a reduction in diversity estimates

for a group or time bin or, conversely, increasing diver-

sity as a result of taxonomic oversplitting (Brocklehurst &

Fr€obisch 2014). Previous studies have found varying cor-

relations between completeness metrics and changes in

diversity and fossil record sampling metrics through time,

as well as various geographical and environmental differ-

ences between the fossil records of different groups (Man-

nion & Upchurch 2010a; Brocklehurst et al. 2012;

Walther & Fr€obisch 2013; Brocklehurst & Fr€obisch 2014;

Cleary et al. 2015; Dean et al. 2016; Verri�ere et al. 2016;

Davies et al. 2017; Tutin & Butler 2017; Driscoll et al.

2018; Brown et al. 2019), thus highlighting major biases

that influence different fossil records to various extents.

Dinosaurs have featured prominently in discussions of

the quality of the fossil record (Butler & Upchurch 2007;

Benton 2008, 2010; Lloyd et al. 2008; Barrett et al. 2009;

Mannion & Upchurch 2010a; Tarver et al. 2011; Brockle-

hurst et al. 2012). Studies have demonstrated that: (1)

highly incomplete taxa can still provide important infor-

mation for our understanding of dinosaur phylogenetic

relationships (e.g. Butler & Upchurch 2007); (2) there are

differences in fossil completeness between continents and

changing levels of completeness through historical time

(Benton 2008); (3) sampling artefacts influence our inter-

pretation of apparent dinosaur diversification events

(Lloyd et al. 2008); (4) the validity of named dinosaurian

taxa depends on the researcher (Benton 2010); (5) addi-

tional finds of new species significantly change dinosaur

phylogenetic relationships and our understanding of their

evolution (Tarver et al. 2011); (6) the sauropodomorph

fossil record varies in completeness through geological

and historical time, and may influence our understanding

of the group’s temporal diversity changes (Mannion &

Upchurch 2010a); and (7) Mesozoic avian dinosaurs have

a record that may be strongly influenced by diversity

changes through time and preservation in Lagerst€atten

deposits (Brocklehurst et al. 2012).

Despite the aforementioned studies, the quality of the

theropod fossil record has never been quantified using

specimen completeness metrics. Theropods are an ideal

group to assess using these approaches, as their broad

geographical and temporal extent may provide insights

into large scale biases acting upon the fossil record. Here,

we quantitatively assess the fossil record of theropod

dinosaurs using the skeletal completeness metric originally

developed by Mannion & Upchurch (2010a). SCM was

preferred ahead of CCM as it has more obvious connec-

tions to the natural taphonomic, environmental and

weathering processes on which we were more interested

in drawing conclusions for this study. We also focus on

non-avian theropods (here referred to simply as
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‘theropods’), from the earliest species to the immediate

precursors of avians. Avian taxa are excluded because

recent studies have already assessed the quality of the

Mesozoic bird fossil record (Fountaine et al. 2005; Brock-

lehurst et al. 2012; Gardner et al. 2016) and additional

assessment of Cenozoic birds would be beyond the scope

of this study.

Our main aim was to ascertain whether theropod spec-

imen completeness is influenced by spatial and temporal

sampling biases. We statistically compared theropod com-

pleteness between different geographical regions, deposi-

tional environments, and taxonomic subgroups; and the

relationship between completeness and changes in rock

record, sampling effort, and taxonomic diversity through

geological time. By doing so we tried to ascertain if there

are particular patterns in the theropod fossil record that

are indicative of larger scale ecological, geological, geo-

graphical or sampling biases, and to uncover controls act-

ing on the records of the different theropod subgroups. We

hope that the results of this study will highlight some of the

modern and ancient spatial and temporal inconsistencies of

the global fossil record which often go unconsidered when

regarding the macroevolutionary understanding of a group.

We further hope they can be used to guide future explo-

ration of and research on the theropod fossil record.

METHODOLOGY

Completeness metrics

The skeletal completeness metric (SCM) was proposed by

Mannion & Upchurch (2010a) to more objectively esti-

mate the proportion of the total, complete skeleton that is

preserved for an individual species. They provided two dif-

ferent definitions for SCM: scored solely on the most com-

plete specimen of a species (SCM1), or as the composite

completeness of all known specimens of a species (SCM2).

Strong correlations have been found between the two met-

rics (Mannion & Upchurch 2010a; Cleary et al. 2015;

Tutin & Butler 2017), but we solely use the latter in this

study, as it uses all the information at hand for each spe-

cies and is more appropriate than arbitrarily nominating a

most important specimen (Mannion & Upchurch 2010a;

Brocklehurst et al. 2012; Brocklehurst & Fr€obisch 2014).

Mannion & Upchurch (2010a) used approximations of

relative skeletal proportions (e.g. the percentage of the total

skeleton made up by any individual bone or skeletal

region) to assess specimen completeness for sauropodo-

morphs. Subsequently, the metric has been refined and

altered multiple times. For example, Cleary et al. (2015)

used different skeletal proportion percentages for ichthyo-

saur taxa of different geological ages because significant

morphological change occurs through time within the

group. In contrast to the approximate estimates provided

by Mannion & Upchurch (2010a), Brocklehurst & Fr€obisch

(2014) more precisely estimated the skeletal body propor-

tions of synapsids by modelling each bone as the volume

of a cone, cylinder, or a prism, based on skeletal measure-

ments of multiple representatives of morphologically and

taxonomically distinct subgroups. The assigned body pro-

portion percentage of each bone was then derived from the

average of these representatives. This was further developed

by Verri�ere et al. (2016), who modelled bone volumes

using more precise natural shapes and mapping two-

dimensional outlines, representing each cranial bone, onto

the external surface area of the skull (truncated pyramid)

to obtain percentage volumes for each.

Although these refinements have made SCM calculations

increasingly more precise, they are highly time consuming

to implement, particularly for large and morphologically

diverse taxonomic groups like Theropoda. Due to the lack

of physical access to specimens or multi-dimensional mea-

surements of every bone (mostly due to varying complete-

ness) we opted not to calculate skeletal proportions using

three-dimensional volumes. Instead we used an alternate

but efficient method, whereby we modelled the two-dimen-

sional surface area of each bone for ten morphologically

and taxonomically disparate theropod taxa, based on scien-

tifically informed skeletal reconstructions produced by

Scott Hartman (http://www.skeletaldrawing.com): Her-

rerasaurus ischigualastensis, Coelophysis bauri, Majun-

gasaurus crenatissimus, Allosaurus fragilis (Fig. 1),

Tyrannosaurus rex, Gallimimus bullatus, Nothronychus graf-

fami, composite alvarezsaur (based on Mononykus olecranus

and Shuvuuia deserti), Khaan mckennai, and Velociraptor

mongoliensis (Cashmore & Butler 2019, fig. S1). Choice of

the representative skeletal diagrams was based on the avail-

ability of distinct species that represent the major groups of

Theropoda, as well as how completely known the remains

of each species are (see Cashmore & Butler 2019). Each

skeletal diagram and its constituent bones were traced in

Adobe Illustrator (version CC) and the surface areas of

individual bones and skeletal regions calculated using a free

Illustrator plug-in, Patharea Filter (http://telegraphics.c

om.au/sw/product/patharea). This enabled us to have pre-

cise representative shapes on which to base our relative

bone dimensions. All individual skull and mandibular

bones were assigned the same proportional percentage of

the total skull and mandible, regardless of the varying sizes

of the bones.

The lack of the third dimension when estimating pro-

portions is a potential limitation of our approach. To test

whether skeletal proportions can be sufficiently well esti-

mated by two-dimensional lateral views, a shape–volume

proportioned skeleton of T. rex was calculated from the

measurements available in the Brochu (2003) monograph

of ‘Sue’ (FMNH PR2081), one of the most complete
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specimens of T. rex ever discovered (Cashmore & Butler

2019, table S1). As in Brocklehurst & Fr€obisch (2014),

cones, cylinders and prisms were used as the representa-

tive shapes for each bone, plus half pyramids, hollow

cylinders and cuboids when necessary (see Cashmore &

Butler 2019). The resulting proportions are highly similar

(Pearson’s R2 = 0.96, p = 2.432 9 10�7) to those calcu-

lated from the two-dimensional skeletal reconstruction.

Neither method is perfect, but a strong significant corre-

lation between the results shows that they are coalescing

on a relatively consistent set of skeletal proportions. Fur-

thermore, Brown et al. (2019) found that there was no

statistical difference between the completeness scores of

bat taxa calculated using body proportions estimated via

three-dimensional (CT scan of extant specimen) or two-

dimensional approaches. As a result, we opted for the

simpler two-dimensional method, which is easier to apply

to a much greater taxonomic sample.

After the proportions were calculated for each skeletal

diagram, the percentage values for each individual bone

from all ten exemplar taxa (e.g. ten differing values for

the femora; see Cashmore & Butler 2019) were used to

determine a mean value for each bone, which was applied

to all theropods when computing completeness scores.

Figure 1 shows the percentages used for individual

regions of the theropod skeleton.

Dataset

We present a comprehensive dataset of 455 valid non-

avian theropod species, including specimens that have not

yet received formal taxonomic names but have been

included as operational taxonomic units (OTUs) within

phylogenetic analyses. Many of these OTUs represent iso-

lated specimens of fairly low completeness but their inclu-

sion is justified because they probably represent distinct,

unnamed taxa, and can be of great value with regard to

understanding phylogenetic relationships; their inclusion

provides a better representation of the quality of the fossil

record. We excluded all theropod species currently con-

sidered to be nomina dubia, Protoavis texensis because it

is considered to be a chimera including non-theropod

remains (Nesbitt et al. 2007), and Vitakridrinda sulaimani

because the published information on this species is not

adequate to score it (Malkani 2006). All published speci-

mens of every taxon were included unless information

was lacking for an individual specimen, or if a taxon’s

composite completeness was already 100% and any addi-

tional specimens made no difference to its completeness

score. Completeness data were primarily gathered from

figures and descriptive text in the literature, and when

necessary from additional online sources, museum cata-

logues and via personal communication. The dataset

includes detailed descriptions of the completeness of each

specimen and scores completeness of individual bones

from 0 to 100%, which was then transformed into overall

skeletal proportions. See ‘Scoring specimen completeness’

in Cashmore & Butler (2019) for a detailed description of

how individual bones were scored and how non-typical

specimens were treated. Information regarding each tax-

on’s geographical locality (modern and palaeocoordi-

nates), geological age (stratigraphic stage), sedimentary

setting (e.g. siliclastic or carbonaceous facies) and deposi-

tional setting were also gathered from the Paleobiology

Database (PBDB: http://www.paleodb.org) and the litera-

ture. Body size data were collected as mass estimates (179

taxa) from Benson et al. (2018), supplemented by a

F IG . 1 . Skeletal reconstruction of Allosaurus fragilis (modified from http://www.skeletaldrawing.com; original reconstruction by Scott

Hartman) illustrating the modelled mean skeletal body proportions of theropods.

4 PALAEONTOLOGY

http://www.paleobiodb.org
http://www.skeletaldrawing.com


further 57 calculations of additional taxa from available

femoral measurements based on methods described in the

same paper (see Cashmore & Butler 2019). The dataset is

up-to-date as of December 2018 (Cashmore & Butler

2019).

Theropoda has been considered to be the sister

group to Sauropodomorpha within the clade Saurischia

in the vast majority of studies on dinosaur relationships

(Gauthier 1986; Juul 1994; Novas 1996; Benton 1999,

2004; Langer & Benton 2006; Nesbitt et al. 2009a,

2010; Langer 2014; Novas et al. 2015; Langer et al.

2017; M€uller et al. 2019). Baron et al. (2017) recently

argued that Ornithischia and Theropoda are sister

groups to the exclusion of Sauropodomorpha, and that

herrerasaurids represent basal sauropodomorphs. Other

authors have previously considered herrerasaurids to be

basal dinosaurs outside Saurischia, or basal saurischians

outside Theropoda (Ezcurra 2006, 2010; Langer & Ben-

ton 2006; Irmis et al. 2007; Nesbitt et al. 2009b; Nesbitt

2011; Langer 2014; Baron & Barrett 2017; Parry et al.

2017). However, we follow the majority of recent stud-

ies and include Herrerasauridae within our theropod

dataset.

Theropod completeness subdivisions

Time bins. To examine completeness through time,

SCM2 scores of each taxon were used to calculate a mean

completeness value for each geological stage-level time

bin from the Carnian to Maastrichtian. Stage-level time

bins were chosen for ease of comparisons with sampling

proxy data and with completeness data from the majority

of previous studies. The standard deviation of complete-

ness scores was calculated for each individual stage. Taxa

that were present over multiple geological stages, or have

an uncertain stratigraphic age, were included in each stage

in which they were potentially present. The Triassic and

Jurassic (T–J) SCM2 scores were also analysed separately

from the Cretaceous (K) in some tests to assess changes

in the theropod record through time.

Taxonomic groups. To assess the differing completeness

levels within Theropoda we subdivided the SCM2 scores

into the following major subgroups: basal Theropoda,

basal Neotheropoda, Ceratosauria, basal Tetanurae, Mega-

losauroidea, Allosauroidea, Megaraptora, basal Coelurosauria,

Tyrannosauroidea, Compsognathidae, Ornithomimosauria,

Alvarezsauroidea, Therizinosauria, Oviraptorosauria, Dro-

maeosauridae, Troodontidae and non-deinonychosaurian

Paraves. See Cashmore & Butler (2019) for details of

which species were assigned to which subgroup, and Cash-

more & Butler (2019, fig. S1) for the phylogenetic rela-

tionships followed.

Geographical localities. To assess the varying quality of

the theropod fossil record throughout the world, SCM2

scores were grouped by their hemisphere and between the

major continental regions: Africa (30 taxa), Asia (191

taxa), Australasia (8 taxa), Europe (62 taxa), North

America (95 taxa), and South America (68 taxa). Antarc-

tica (1 taxon) was excluded from these analyses due to its

very limited fossil record.

Depositional setting. SCM2 scores were also subdivided

according to their inferred sedimentary setting and depo-

sitional environment to generally understand global

taphonomic influences on the theropod fossil record.

Taxa were classified as originating from either siliciclastic

or carbonaceous settings, and from aeolian, fluvial chan-

nel, alluvial plain, or lacustrine terrestrial environments,

or a coastal or open marine setting.

Lagerst�atten. We further separated taxa derived from

either conservation Lagerst€atten, concentration Lagerst€at-

ten, or background (non-Lagerst€atten) sedimentary

regimes in order to measure the impact that sites of

exceptional preservation have had on our understanding

of the theropod record. For this study we define conser-

vation Lagerst€atten as deposits (and formations) which

preserve soft tissues alongside skeletal remains (Eliason

et al. 2017), and concentration Lagerst€atten as unusually

dense macro-bone accumulations from a single sedimen-

tary stratum (Behrensmeyer 2007). Assignment of taxa as

belonging to either type of Lagerst€atte was primarily

based on information gathered from the PBDB.

Temporal correlations

The temporal curve of theropod SCM2 completeness was

statistically compared to a number of other time series

with which it might potentially have a relationship. We

first compared the complete theropod SCM2 time series

with scores for its component preservational regimes: time

series of concentration Lagerst€atten, conservation

Lagerst€atten, non-conservation Lagerst€atten, and back-

ground SCM2. Additionally, we tested the correlations

between temporal changes in total SCM2 and changes in

SCM2 curves for specific continental regions, subgroups

and depositional environments to understand the different

natural and sampling aspects that best explain the com-

plete SCM2 curve. We tested the correlation between

SCM2 and changes in non-avian theropod richness

through time, derived from the number of taxa in our

dataset, and performed separate correlations for various

time intervals, with and without conservation and concen-

tration Lagerst€atten taxa. Geological stages lacking any data

were removed from all correlations where necessary.
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We compared theropod SCM2 with stage bin length to

assess whether the uneven lengths of stages influenced

completeness recovered for individual intervals. Changes

in sea level through time were derived from Butler et al.

(2010), and were compared to theropod SCM2 because it

has been argued that sea level has a potential influence on

the completeness of marine fossil groups (Cleary et al.

2015; Tutin & Butler 2017), although whether this rela-

tionship holds in the terrestrial realm is subject to debate

(Fara 2002). The number of dinosaur-bearing formations

(DBFs) and dinosaur-bearing collections (DBCs) for the

Carnian to the Maastrichtian were collected from the

PBDB. These have been argued to represent proxies for

the amount of rock availability and the level of collection

effort made on the respective fossil groups (Upchurch

et al. 2011), which could have a strong influence on the

theropod fossil record. However, the use of these as sam-

pling proxies has been criticized (Benton et al. 2011;

Dunhill et al. 2014, 2018; Benton 2015; Brocklehurst

2015), with formation counts in particular being regarded

as information redundant when compared to raw diver-

sity changes (Benton 2015; Dunhill et al. 2018). Results

from comparisons between completeness and these prox-

ies should therefore be taken with a level of caution. We

consequently opted to calculate Good’s u as an estimate

of sampling coverage for each time bin. This estimates

coverage for each geological stage based on the relative

proportion of singleton (taxa sampled from one site only)

to non-singleton (taxa sampled from two or more sites)

taxon occurrences. If a geological stage has a majority of

singleton taxa and a minority of non-singleton taxa, it

will have low coverage and is therefore poorly sampled;

but if there are higher proportions of non-singleton taxa,

then the coverage for that stage is higher, suggesting that

the fauna is more evenly sampled and better understood.

Species-level theropod taxon occurrences per stage were

gathered from the PBDB and sampling coverage was cal-

culated using an R function developed by Chao & Jost

(2012) (see Cashmore & Butler 2019). We also used num-

ber of theropod PBDB occurrences and the number of

specimens per taxon (from our dataset) as proxies for rel-

ative abundance of theropod fossils and compared the

summed number of each per stage with the theropod

SCM2 time series. We also tested each major individual

time series for trends in the overall patterns through time

and whether combinations of observed species richness,

fossil record sampling and time bin length provided sig-

nificant explanations of mean completeness through time.

Theropod completeness through time was also com-

pared with the records of other Mesozoic tetrapod groups

for which skeletal completeness studies have been per-

formed: plesiosaurs (Tutin & Butler 2017), ichthyosaurs

(Cleary et al. 2015) and sauropodomorph (Mannion &

Upchurch 2010a) time series. These comparisons aimed to

identify shared or diverging completeness signals between

the different groups of terrestrial and marine vertebrates.

Non-temporal comparisons

A variety of comparisons of median and distribution of

completeness values were made between subsets of the

data, including Triassic, Jurassic and Cretaceous data, the

major theropod subgroups, geographical hemispheres and

continents, and the preservational regimes, sedimentary

settings and depositional environments of each taxon. If

a taxon with multiple specimens is known from more

than one of these subsets, the taxon’s completeness score

was replicated in each group when performing statistical

comparisons. Some singleton taxa were assigned to multi-

ple depositional settings when one specific setting was

not known for certain. SCM2 values are currently also

known for plesiosaurs (Tutin & Butler 2017), ichthyo-

saurs (Cleary et al. 2015), parareptiles (Verri�ere et al.

2016), pelycosaurs (Brocklehurst & Fr€obisch 2014) and

sauropodomorphs (Mannion & Upchurch 2010a) and so

they were also compared to the distribution of theropod

SCM2.

SCM2 values for individual taxa were also compared

with the number of known specimens, modern and

palaeolatitudinal coordinates, and with their body mass

estimates, if available. For taxa known from multiple

localities, the modern and palaeolatitudes of the type

specimen were used for analyses. The relationship

between body mass and completeness was further tested

by excluding conservation Lagerst€atten taxa (which tend

to preserve numerous relatively complete specimens of

small-sized species), and concentration Lagerst€atten taxa,

to assess whether these unusually preserved taxa were

obscuring any underlying relationship between complete-

ness and body size.

Statistical tests

All statistical analyses were performed in R. Time series plots

were produced using the package ggplot2 (Wickham et al.

2019) and non-temporal completeness distributions plots

were produced using the package vioplot (Adler 2015).

For linear regressions testing the statistical trend in overall

patterns of individual time series and correlations between

different time series, generalized least-squares regressions

(GLS) with a first order autoregressive model (corARMA)

were applied to the data using the function gls()in the R

package nlme v. 3.1–137 (Pinheiro et al. 2018) as the chance

of overestimating the statistical significance of regression

lines due to temporal autocorrelation is reduced when using

GLS. To ensure normality and homoskedasticity of
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residuals, time series were log-transformed prior to analysis.

Likelihood-ratio based pseudo-R2 values were calculated

using the function r.squaredLR() of the R package

MuMIn (Barto�n 2018).

The results of fitting GLS autoregressive models to

multiple combinations of potential explanatory variables

were compared using Akaike’s information criterion

(AICc), calculated using the function AICc() of the R

package qpcR (Spiess 2018). To identify the best combi-

nation of variables from those analysed, Akaike weights

were calculated using the aic.w() function of the R

package phytools (Revell 2017).

Pairwise comparisons of non-temporal range data were

performed using non-parametric Mann–Whitney–Wil-

coxon tests, which compare the standard deviation and

median of datasets. False discovery rate (FDR; Benjamini

& Hochberg 1995) adjustments were used to reduce the

likelihood of acquiring type I statistical errors over multi-

ple comparisons. Kruskal–Wallis tests, which analyse

whether there is a dominance of a specific variable, were

used for comparisons of more than two datasets (e.g. sub-

groups, continents, and depositional settings). GLS mod-

els were also used to compare the non-temporal

relationship between log-transformed theropod SCM2

and specimen number, body size estimates, latitude and

palaeolatitude. The Shapiro–Wilk normality test was used

to assess whether theropod latitudinal occurrences have a

normal distribution. Hartigans’ Dip test was employed

using the R package diptest (Maechler 2013) to test the

level of bimodality/multimodality of the latitudinal distri-

bution of theropod occurrences.

RESULTS

Theropod completeness through time

Mean theropod skeletal completeness (Fig. 2) ranges between

10% and 48% through the Mesozoic, with notable peaks in

the Carnian, Oxfordian–Kimmeridgian and Barremian–
Aptian, and lows in the Berriasian and Hauterivian. All stages

exhibit relatively wide standard deviations apart from the

Bathonian and Berriasian. There is no significant trend in full

theropod SCM2 (Cashmore & Butler 2019, table S2) through

time; however, removing either conservation Lagerst€atten or

all Lagerst€atten (Cashmore & Butler 2019, table S2) taxa does

result in a significant negative trend. Mann–Whitney–Wil-

coxon tests show that there is no significant difference

between the distribution of Triassic and Jurassic (W = 1131,

p = 0.111), Triassic and Cretaceous (W = 4475, p = 0.5808)

and Jurassic and Cretaceous completeness values

(W = 18 040, p = 0.0506, Cashmore & Butler 2019, fig. S2).

The models that best explain the theropod SCM2 time series

are those including taxon diversity + sea level, taxon diver-

sity + DBFs, and taxon diversity + DBFs + time bin length

as explanatory variables, although all three of these models

have weak R2 values (0.16–0.27) and their coefficients are

non-significant (Cashmore & Butler 2019, table S3).

F IG . 2 . Changes in theropod

skeletal completeness through time.

Mean SCM2 (red line) with one

standard deviation from the mean

(shaded) and all taxon SCM2 scores

per stage (grey circles).
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Correlations with theropod taxonomic richness through time

The observed theropod species count gradually rises

throughout the Mesozoic, with relative peaks in the Nor-

ian, Kimmeridgian and Aptian, and extreme outlying

peaks in the Campanian and Maastrichtian (Fig. 3A).

There is a strong significant trend toward increasing spe-

cies counts through time (Cashmore & Butler 2019, table

S2). There is no statistically significant correlation

between mean theropod SCM2 and observed richness

A

B

C

D

F IG . 3 . Changes in mean thero-

pod SCM2 (red line) and raw taxo-

nomic richness (dashed) through

time. A, all data. B, background

(non-Lagerst€atten). C, concentration

Lagerst€atten. D, conservation

Lagerst€atten.
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through the entire time series, even when Lagerst€atten

taxa are removed (Table 1, Fig. 3). However, there are

weak statistically significant correlations recovered

between the Carnian and Albian, Hettangian and Albian,

Hettangian and Maastrichtian, and the Berriasian and

Maastrichtian. Raw theropod taxonomic richness however

does have statistically significant positive correlations with

all sampling proxies through time (Cashmore & Butler

2019, table S4), except time bin length.

Lagerst�atten

SCM2 values for concentration Lagerst€atten show an

extreme peak completeness in the Hettangian (95%),

based on Syntarsus (Coelophysis) rhodesiensis, the sole

theropod taxon known from concentration Lagerst€atten

in this stage. Peaks also occur in the latest Triassic

(c. 50%), Sinemurian (58%), Oxfordian (53%) and

Aptian–Albian (75%), while the Middle–Late Jurassic and

Late Cretaceous have intermediate completeness levels,

and the Toarcian (6%) and Cenomanian (10%) have

notably low values (Fig. 3C). Theropod conservation

Lagerst€atten deposits only occur between the Callovian–
Tithonian and the Barremian–Albian, all of which, with

the exception of the Albian (22%), have relatively high

skeletal completeness values, the peak being in the Kim-

meridgian (81%) (Fig. 3D).

Predictably, values of conservation Lagerst€atten SCM2

are significantly higher than those for concentration

Lagerst€atten (W = 1107, p = 3.53 9 10�5) and back-

ground SCM2 (W = 3604, p = 5.61 9 10�15), while taxa

from concentration deposits are also significantly different

(W = 8879, p = 0.002) to those from background (Cash-

more & Butler 2019, fig. S3). There is a strong significant

correlation between conservation Lagerst€atten SCM2 with

total SCM2 through time (Table 1) when missing stages

are removed.

Correlations with sampling proxies and sea level

There is no significant relationship between mean ther-

opod SCM2 and time bin length (Table 2). DBFs and

DBCs (Cashmore & Butler 2019, table S2) show signif-

icant trends through time and rise from the Late Tri-

assic onwards, with similar relative peaks in the Late

Jurassic, the Aptian–Albian and the latest Cretaceous

(Cashmore & Butler 2019, fig. S4A–B). There is no

significant correlation between theropod SCM2 and

DBFs and DBCs through time (Table 2). Furthermore,

theropod SCM2 does not show a significant correla-

tion with either specimen numbers or PBDB occur-

rences per stage (Table 2; Cashmore & Butler 2019,

fig. S4C–D), which both show significant positive

trends through time (Cashmore & Butler 2019, table

S2). However, there is a very weak but statistically sig-

nificant correlation between non-temporal SCM2 score

and specimen numbers per taxon (R2 = 0.08,

p = <0.0001). Good’s u sampling coverage, which exhi-

bits no significant trend through time (Cashmore &

Butler 2019, table S2), and has troughs in the Rhae-

tian, Toarcian and Aalenian, and peaks in the earliest

Jurassic, Late Jurassic, and middle and latest Creta-

ceous (Cashmore & Butler 2019, fig. S4E), also lacks a

significant correlation with theropod SCM2 (Table 2).

Sea level gradually rises in a stepwise manner through-

out the time interval, reaching a high in the Late Cre-

taceous, and has no significant correlation with SCM2

through time (R2 = 0.04, p = 0.33).

T AB L E 1 . Results of pairwise comparisons between theropod SCM2 and taxon richness time series using GLS.

Comparison Slope t-value p-value R2

SCM2 ~ background SCM2 0.8383535 6.452874 <0.00001 0.61311125

SCM2 ~ non-conservation Lagerst€atten SCM2 1.037552 8.983144 <0.00001 0.74077498

SCM2 ~ concentration Lagerst€atten SCM2 0.0543674 0.583337 0.5662 0.25960287

SCM2 ~ conservation Lagerst€atten SCM2 0.621268 5.365693 0.003 0.85500318

SCM2 ~ diversity 0.0919337 1.161717 0.2568 0.0563214

T–J SCM2 ~ T–J diversity 0.154609 1.785366 0.0995 0.06754472

J SCM2 ~ J diversity 0.181148 1.849821 0.0974 0.40019395

J–K SCM2 ~ J-K diversity 0.1962471 2.267968 0.034 0.19165969

K SCM2 ~ K diversity 0.2303861 2.953446 0.0144 0.46620826

Carn.–Alb. SCM2 ~ Carn.–Alb. diversity 0.1956488 2.523579 0.0212 0.21958769

Hett.–Alb. SCM2 ~ Hett.–Alb. diversity 0.2436681 2.867999 0.0117 0.34359297

Background SCM2 ~ background diversity �0.086651 �1.124616 0.2719 0.05817819

Statistically significant results indicated in bold.

Alb., Albian; Carn., Carnian; Hett., Hettangian; J, Jurassic; K, Cretaceous; T, Triassic.
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Comparison to other tetrapod fossil records

Theropod completeness values range from just above 0 to

100%, with a median completeness of 17%, which is sim-

ilar to the median and range of pelycosaur-grade synap-

sids and sauropodomorphs (Fig. 4). Mann–Whitney–

Wilcoxon tests reveal theropod SCM2 distribution is sta-

tistically no different to pelycosaurs, but is significantly

lower in comparison to the sauropodomorph distribution

(Table 3). Theropods have a significantly less complete

skeletal record than Parareptilia, and the marine ichthyo-

saurs and plesiosaurs (Fig. 4, Table 3).

F IG . 4 . Distribution of theropod

SCM2 scores in comparison to

other tetrapod groups. Comparative

taxa from top to bottom: sauropo-

domorphs (Mannion & Upchurch

2010a); plesiosaurs (Tutin & Butler

2017); ichthyosaurs (Cleary et al.

2015); synapsid-grade pelycosaurs

(Brocklehurst & Fr€obisch 2014);

parareptiles (Verri�ere et al. 2016);

and bats (Brown et al. 2019). Sil-

houettes used include work by S.

Hartman, and D. Bogdanov (see

http://phylopic.org for full licensing

information).

T AB L E 2 . Results of pairwise comparisons between temporal theropod completeness and different fossil record sampling proxies

using GLS.

Comparison Slope t-value p-value R2

SCM2 ~ time bin length 0.1649905 1.248291 0.224 0.06382939

SCM2 ~ DBFs �0.041189 �0.27681 0.7843 0.00632317

SCM2 ~ DBCs 0.0135006 0.126994 0.9 0.00391274

SCM2 ~ specimen number 0.1037013 2.046558 0.0518 0.14989341

SCM2 ~ PBDB species occurrences 0.0387325 0.542008 0.5928 0.01523463

SCM2 ~ Good’s u coverage �0.008923 �0.224501 0.8243 0.00530974

Statistically significant results indicated in bold.
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Time series comparisons show no significant correla-

tion between theropod and sauropodomorph (Fig. 5A),

ichthyosaur (Fig. 5B), or plesiosaur (Fig. 5C) SCM2

through time (Table 4). However, when removing taxa

known from conservation Lagerst€atten, a significant rela-

tionship is identified between the theropod and sauropo-

domorph curves (Table 4). A stronger and statistically

significant result is found during just the Triassic–Juras-

sic, even though mean stage-level sauropodomorph com-

pleteness is consistently higher (Fig. 5A) and

sauropodomorph median completeness is significantly

higher than that of theropods during this interval

(Table 3). In the Cretaceous, mean stage level sauropodo-

morph completeness drops (also significant drop in saur-

opodomorph median completeness: W = 5256,

p = 0.0001) and the significant differences in median

completeness and distribution of scores between them

and theropods are lost (Table 3).

Theropod subgroups and body size

Compsognathidae have the highest median SCM2 (89%)

of any subgroup by a substantial margin (Fig. 6), and,

like non-deinonychosaurian Paraves, have a markedly dif-

ferent distribution to all other taxonomic groups. Comp-

sognathids have the highest lower quartile and upper

quartile completeness compared to any other subgroup.

Following these strongly outlying group distributions,

Oviraptorosauria (28%) and Ornithomimosauria (33%)

have the next highest median SCM2. All remaining sub-

groups have median SCM2 of <25%. Basal Tetanurae,

Megaraptora, basal Coelurosauria, Alvarezsauroidea and

Therizinosauria are all notable for their relatively low

completeness ranges and lack of completely known taxa

(Fig. 6). Ceratosauria and Troodontidae also have partic-

ularly low median completeness values. Megaraptora has

by far the least complete record of any subgroup, with

the second lowest median (5.98%), lowest upper quartile,

and a high of only 34%. Kruskal–Wallis tests suggest the

variance of completeness distributions is dominated by

one or more subgroups (H = 47.786, p = 5.132 9 10�5).

Cashmore & Butler (2019, table S5) displays the results of

pairwise Mann–Whitney–Wilcoxon tests between each

subgroup. Compsognathidae is consistently found to have

significantly higher SCM2 scores than almost all other

subgroups.

GLS time series correlations show the mean temporal

SCM2 time series for basal Theropoda, Allosauroidea,

Compsognathidae, Alvarezsauroidea, Oviraptorosauria

and non-deinonychosaurian Paraves exhibit statistically

significant relationships with total SCM2 (Cashmore &

Butler 2019 table S6, fig. S5).

No significant relationship is recovered between thero-

pod SCM2 and body mass estimates (R2 = 0.017,

p = 0.144) for individual taxa from GLS modelling, even

when conservation Lagerst€atten taxa (R2 = 0.015,

p = 0.129) are removed, or when concentration Lagerst€at-

ten taxa are additionally removed (R2 = 0.02, p = 0.09)

(Fig. 7).

Geographical completeness

Taxa from the modern northern hemisphere have a statis-

tically higher distribution of SCM2 values in comparison

to those from the southern hemisphere (W = 18 724,

p = 0.007; Cashmore & Butler 2019, fig. S6). Kruskal–

T AB L E 3 . Results of comparisons of the population median and distribution of theropod completeness values in comparison to

other tetrapods, using Mann–Whitney–Wilcoxon tests.

Dataset 1 Dataset 2 Test statistic (W) p-value p-value following

FDR corrections

Theropod SCM2 Chiroptera SCM2 147 953 9.38 3 10�35 1.03 3 10�33

Theropod SCM2 Parareptile SCM2 12 611 0.000158 0.000289
Theropod SCM2 Pelycosaur SCM2 20 065.5 0.210749 0.231824

Theropod SCM2 Ichthyosaur SCM2 10 848 4.05 3 10�17 2.23 3 10�16

Theropod SCM2 Plesiosaur SCM2 15 509.5 3.10 3 10�11 1.14 3 10�10

Theropod SCM2 Sauropodomorph SCM2 32 648.5 0.000668607 0.001050668
Theropod N-CL SCM2 Sauropodomorph SCM2 25 315 3.71 3 10�7 1.02 3 10�6

T–J Theropod SCM2 T–J Sauropodomorph SCM2 4402.5 0.001515835 0.002084273
T–J Theropod N-CL SCM2 T–J Sauropodomorph SCM2 3494 4.70 3 10�5 0.000103377
K Theropod SCM2 K Sauropodomorph SCM2 12 947 0.372658455 0.372658455

K Theropod N-CL SCM2 K Sauropodomorph SCM2 9982 0.020704484 0.025305481

Statistically significant results indicated in bold.

J, Jurassic; K, Cretaceous; N-CL, non-conservation Lagerst€atten; T, Triassic.
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F IG . 5 . Changes in Mesozoic tet-

rapod mean SCM2 through time.

A, sauropodomorphs (Mannion &

Upchurch 2010a). B, ichthyosaurs

(Cleary et al. 2015). C, plesiosaurs

(Tutin & Butler 2017). Mean thero-

pod SCM2 (red line) in background

for comparison. Silhouettes used

include work by S. Hartman

and D. Bogdanov (see http://phy

lopic.org for full licensing

information).
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Wallis tests suggest the variance of completeness distribu-

tions between continents is strongly dominated by one or

more of them (H = 48.929, p = 2.294 9 10�9). The

range of SCM2 values varies substantially between differ-

ent continents (Fig. 8; Cashmore & Butler 2019, table

S7): Asia has the most complete theropod specimens,

with significantly higher SCM2 ranges in comparison to

all other continents. North America, South America,

Africa and Europe have sequentially lower median values

but all share statistically similar distributions of SCM2

scores. Half of European theropods have SCM2 values

below 25%. Australasia has the least complete record of

any continent, with only eight constituent taxa in this

study, none of which are more than 17% complete and a

median SCM2 value of 1.45%.

Asia’s theropod record extends for the longest geologi-

cal timespan of any continental record with taxa derived

from 21 different geological stages, while predictably Aus-

tralasia has the lowest number of represented geological

stages (5) (Cashmore & Butler 2019, fig. S7). GLS time

series correlations reveal that Asian and European SCM2

have strong positive correlations with total theropod

SCM2, as well as significant correlations with their com-

ponent taxonomic richness through time (Cashmore &

Butler 2019, table S8), unlike all other continents.

Figure 9 shows modern and palaeolatitudinal distribu-

tions of theropod taxon finds in relation to their SCM2

scores. Taxon occurrences are unevenly situated within

the northern hemisphere, heavily concentrated from

around c. 20–55°, but with only one taxon above c. 56°N.

Here, higher completeness values generally become more

frequent at higher latitudes. Towards the equator both

occurrences and levels of completeness substantially drop,

with only nine occurrences between 10°N and 10°S, and

a peak SCM2 score of 38%. Between c. 20 and 50°S there

is much less data but a similar peak in occurrences and

completeness to the northern hemisphere. Statistically sig-

nificant Shapiro–Wilk normality and Hartigans’ Dip tests

suggest the latitudinal density distribution is non-normal

(W = 0.72, p < 2.2 9 10�16) and non-unimodal

(D = 0.04, p = 9.666 9 10�6) respectively. Further, there

is a weak statistically significant positive correlation

between latitude and SCM2 value (R2 = 0.04, p = 0.017).

In contrast, palaeolatitudinal coordinates show a more

even spread of theropod occurrences within an ancient

context (Fig. 9B), but the palaeolatitudinal density distri-

bution is still significantly non-normal (W = 0.82,

p < 2.2 9 10�16) and non-unimodal (D = 0.04,

p = 6.631 9 10�6). Higher and lower northern palaeolati-

tudes are better represented, but there is still poor equa-

torial, polar and general southern representation and

completeness.

Sedimentary and depositional setting

There is no significant difference between the range of

completeness values of taxa from either siliciclastic or

carbonaceous sedimentary settings (W = 8295.5,

p = 0.32; Cashmore & Butler 2019, fig. S8). On the

other hand, a statistically significant difference is found

between the completeness range of theropods from ter-

restrial and marine deposits, with taxa from the latter

being less complete (W = 8995.5, p = 0.003; Cashmore

& Butler 2019, fig. S9). Kruskal–Wallis tests suggest

that one or more settings significantly dominate the

distribution of depositional environments (H = 48.262,

p = 3.141 9 10�9). Lacustrine deposits exhibit statisti-

cally higher SCM2 values than all other depositional

settings, with the exception of aeolian deposits (Fig. 10;

T AB L E 4 . Results of pairwise comparisons between the temporal completeness of theropods and other Mesozoic tetrapods using

GLS.

Comparison Slope t-value p-value R2

Theropod SCM2 ~ Ichthyosaur SCM2 0.1979274 0.933338 0.3637 0.08656337

Theropod SCM2 ~ Plesiosaur SCM2 �0.06148 �0.41409 0.6834 0.01528748

Theropod SCM2 ~ Sauropodomorph SCM2 0.287613 1.397811 0.175 0.06697955

T–J Theropod SCM2 ~ T–J Sauropodomorph SCM2 0.4715709 1.196002 0.2548 0.04322218

J Theropod SCM2 ~ J Sauropodomorph SCM2 0.2766657 0.5464329 0.5981 0.23139656

J–K Theropod SCM2 ~ J–K Sauropodomorph SCM2 0.2565739 1.119904 0.2754 0.06333257

K Theropod SCM2 ~ K Sauropodomorph SCM2 �0.552647 �1.237971 0.244 0.14381403

N-CL Thero. SCM2 ~ Sauro. SCM2 0.4684724 3.505013 0.0018 0.27018894

T–J N-CL Thero. SCM2 ~ T–J Sauro. SCM2 0.6127646 2.916237 0.0129 0.3998167

J N-CL Thero. SCM2 ~ J Sauro. SCM2 0.4561594 1.635985 0.1363 0.19013814

J–K N-CL Thero. SCM2 ~ J–K Sauro. SCM2 0.4205787 2.885536 0.0088 0.25237022

K N-CL Thero. SCM2 ~ K Sauro. SCM2 �0.167911 �0.636408 0.5388 0.17286784

Statistically significant results indicated in bold.

J, Jurassic; K, Cretaceous; N-CL, non-conservation Lagerst€atten; Sauro., Sauropodomorph; T, Triassic; Thero., Theropod.
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F IG . 6 . Distribution of theropod

SCM2 scores between different ther-

opod subgroups. ‘Paraves’ indicates

non-deinonychosaurian Paraves.

Silhouettes used include work by

S. Hartman, T Michael Keesey,

T. Tischler, J. Conway, Funkmonk

and M. Martyniuk (see http://phy

lopic.org for full licensing informa-

tion). From top to bottom,

silhouettes represent: Scansoriopteryx

heilmanni, ‘Troodon’ formosus,

Velociraptor mongoliensis, Oviraptor

philoceratops, Nothronychus

mckinleyi, Shuvuuia deserti,

Gallimimus bullatus, Compsognathus

longipes, Tyrannosaurus rex,

Stokesosaurus clevelandi,

Australovenator wintonensis,

Allosaurus fragilis, Baryonyx walkeri,

Cryolophosaurus ellioti,

Majungasaurus crenatissimus,

Coelophysis, Herrerasaurus

ischigualastensis.
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Cashmore & Butler 2019, table S9). The latter has the next

highest range of values but a similar median value to taxa

from alluvial plains. Fluvial channels, coastal and open-

marine settings are sequentially the depositional settings

with the least complete specimens, and all exhibit statisti-

cally similar completeness ranges (Fig. 10).

Cashmore & Butler (2019, fig. S10) shows mean tem-

poral SCM2 based solely on taxa from the six deposi-

tional categories. Aeolian and open marine SCM2 curves

are the only environmental time series that lack a statisti-

cally significant relationship with total SCM2 through

time in GLS correlations (Cashmore & Butler 2019, table

S10).

DISCUSSION

Comparative completeness

The range of skeletal completeness values observed indi-

cates that the theropod fossil record is one of the poorest

of previously assessed tetrapod groups (Fig. 4). The bulk

F IG . 7 . Log-transformed scatter

distribution of SCM2 values in rela-

tion to body mass estimates, pri-

marily sourced from Benson et al.

(2018). Point colours correspond to

different preservational regimes:

‘normal’ (grey), concentration

Lagerst€atten (grey with black out-

line), conservation Lagerst€atten

(black).

F IG . 8 . Distribution of theropod

SCM2 scores between different conti-

nents.
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of taxa are c. 5–10% complete, numbers of taxa sharply

drop above 20% SCM2, with a very gradual but steady

decline towards increasing completeness levels. This low

level of skeletal completeness for such a well-known

group can potentially be explained by the ability of

palaeontologists to recognize synapomorphic characters of

theropods based on very little fossil material. It could also

be explained by a heightened scientific interest in thero-

pods, producing more taxa named from material unlikely

to be intensely studied in other tetrapod groups (Benton

2008, 2010). Verri�ere et al. (2016) examined only genus-

level taxa of parareptiles, and this may potentially explain

the higher completeness of parareptiles in relation to all

other terrestrial groups.

When conservation Lagerst€atten taxa are excluded from

the theropod time series, a significant positive correlation

between sauropodomorph and theropod completeness is

recovered (Table 4). The lack of correlation when conser-

vation Lagerst€atten are included emphasizes how preser-

vational or ecological exclusion of the large bodied

sauropodomorphs from such deposits could be limiting

our interpretations of their fossil record. As there are

almost no sauropodomorph taxa found in conservation

Lagerst€atten, their fossil record shows differences from

other clades that are richly represented in such deposits.

Thus, conservation Lagerst€atten create a strong signal in

the theropod data that obscures an underlying correlation

with sauropodomorph completeness. This underlying cor-

relation probably reflects the groups’ cohabitation of gen-

erally similar palaeoenvironments (Butler & Barrett 2008)

and the many overlaps in geographical localities, as well

as likely subjection to similar sampling standards through

historical time on a global scale (Upchurch et al. 2011;

Starrfelt & Liow 2016), although it has been suggested

that theropod fossil sampling on regionally scales is

potentially heightened in comparison to other dinosaurs

(Farlow 1976, 1993; McGowan & Dyke 2009; Horner

et al. 2011). The non-conservation Lagerst€atten theropod

and sauropodomorph time series have stronger statistical

correlations with each other during the Triassic–Jurassic

but diverge in the Cretaceous.

The non-temporal range of sauropodomorph complete-

ness scores is significantly higher than that of theropods

(Table 3). Cretaceous data considered alone lacks this

F IG . 9 . Scatter distribution of SCM2 values in relation to geographical coordinates. A, modern latitude. B, palaeolatitude. Point col-

ours correspond to geological age: Triassic (purple), Jurassic (blue), Cretaceous (green).
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significant difference (Table 3). However, removing ther-

opod conservation Lagerst€atten from this comparison

reduces the median and upper quartile range enough to

create a statistically significant difference between the Cre-

taceous records, like all other non-temporal comparisons

between the groups. This is intriguing as it suggests that

under similar preservation regimes, theropod specimens

are significantly less complete than sauropodomorph

specimens. Again, this illustrates how the theropod fossil

record is positively influenced by the presence of conser-

vation Lagerst€atten.

Following this, the consistently higher levels of sauropo-

domorph completeness might be caused by ecological or

preservational differences between them and theropods. It

is likely that the higher population numbers of the herbivo-

rous and often gregarious (Lockley et al. 1986; Upchurch

et al. 2004; Myers & Fiorillo 2009) sauropodomorphs in

Mesozoic ecosystems, as well as their generally more robust

skeletons, enhanced their preservation potential relative to

theropods. Large carnivorous theropods would also be

expected to be less abundant than their herbivorous con-

temporaries (Farlow 1993; White et al. 1998; Farlow &

Planka 2002; Carbone et al. 2011) based on typical extant

mammalian predator–prey relationships, possibly reducing

their preservation potential, although different theropod

groups are much more abundant under particular local fos-

sil regimes or within certain localities (Leonardi 1989; Hor-

ner et al. 2011; L€ang et al. 2013), and between different

environments (Sales et al. 2016; Frederickson et al. 2018).

A drop in sauropod diversity across the Jurassic–

Cretaceous boundary (Mannion et al. 2011), an environ-

mental preference change from coastal to more deposition-

ally distant inland settings (Mannion & Upchurch 2010b),

and a reduction of inland deposits in Europe and North

America (Mannion & Upchurch 2011) are possible expla-

nations for the drop in completeness of Cretaceous sauro-

podomorphs when compared to earlier time intervals.

Though our results show that inland settings generally pre-

serve more complete theropod specimens, there is no sig-

nificant difference in the distribution of completeness

scores of theropods from coastal settings in comparison to

fluvial or alluvial settings (Cashmore & Butler 2019, table

S9). Differences may be exacerbated in the sauropodo-

morph record. These reasons might explain the lack of cor-

relation between the two time series in the Cretaceous, as

well as the drop in sauropodomorph completeness to levels

comparable to theropods.

If SCM and CCM generally depict similar completeness

signals through time (Mannion & Upchurch 2010a; Tutin

& Butler 2017), then comparisons can be drawn between

the SCM of theropods and completeness estimates for

other Mesozoic terrestrial taxa for which only CCM has

been calculated. The non-avian theropod fossil record

shows similarities to fluctuations in pterosaur and bird

CCM through time. All have time series that begin with

relatively high completeness levels, have dramatic reduc-

tions in completeness at the Jurassic–Cretaceous bound-

ary, a reduction in completeness and diversity from the

Aptian to the Albian that reflects the influence of

Lagerst€atten (see below), and a Maastrichtian fossil record

F IG . 1 0 . Distribution of theropod

SCM2 scores between different depo-

sitional settings.
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that is taxonomically diverse but has relatively low com-

pleteness values (Brocklehurst et al. 2012; Dean et al.

2016). However, theropod (SCM2) and pterosaur

(CCM2) time series reveal no significant correlation for

all time bins (R2 = 0.13, p = 0.08) or solely the Triassic-

Jurassic (R2 = 0.17, p = 0.99), and there is also no corre-

lation between theropod (SCM2) and bird (CCM2) time

series (R2 = 0.05, p = 0.8). However, differences between

these time series may have been exacerbated by the use of

differing completeness metrics. On the other hand, simi-

larly to the significant similarities in the sauropodomorph

and theropod SCM2 records, the sauropodomorph and

pterosaur CCM2 time series are significantly correlated

during the Triassic–Jurassic (Dean et al. 2016), hinting at

a potential common causal control of completeness for

Triassic–Jurassic terrestrial taxa. Furthermore, like the

non-avian theropod record, bird CCM is correlated with

observed taxonomic richness through the Jurassic–Creta-

ceous. Non-avian theropods and birds also show a similar

distribution of geographical occurrences and relative con-

tinental completeness, with northern landmasses yielding

more taxa than southern; Asia has the most rich and

complete (CCM) record, North and South America have

relatively abundant but typically less complete records,

and there are a few finds in Australia and Antarctica (see

Brocklehurst et al. 2012). The similarities between the

non-avian theropod and bird records are unsurprising

given that the latter are direct descendants of the former,

considering their similar life histories, ecologies and envi-

ronmental preferences (Erickson et al. 2009; O’Connor

et al. 2011b), as well as the overlapping geological occur-

rences. Dean et al. (2016) concluded that the similar

flight-adapted body plans and fragility of bird and ptero-

saur skeletons explained their similar patterns of com-

pleteness. Likewise, many non-avian theropod groups

(e.g. coelurosaurs) had comparable body plans to Meso-

zoic birds and so at least in part experienced similar

preservation biases.

The global similarities highlighted in the theropod,

sauropodomorph, avian and pterosaur fossil records

could be explained by a large scale common cause.

Instead of preservational issues dependant on ecological

or biological affinities, these temporal similarities could

well represent time bins of genuine higher and poorer

quality for all terrestrial tetrapods regardless of taxonomic

group, probably controlled by geological and taphonomic

histories. Therefore, major components of the terrestrial

tetrapod faunas may have generally similar fossil records

governed by geological processes and sampling availabil-

ity. This is somewhat supported, given that the complete-

ness distributions of all terrestrial groups are

fundamentally different to the marine Plesiosauria and

Ichthyosauria records. As far as can be concluded from

our study and previous discussion (Rook et al. 2013;

Cleary et al. 2015; Tutin & Butler 2017) there are funda-

mental differences between the marine and terrestrial fos-

sil records and tetrapods have consistently higher SCM

and CCM values in the marine realm.

Depositional biases

Our results suggest that the best preserved theropod

skeletons are those from lacustrine and aeolian deposits,

where lack of transport and rapid burial ensured skeletal

material was protected from scavenging, weathering, dis-

articulation and decay. Lacustrine environments are asso-

ciated with conservation Lagerst€atten deposits in the

Santana, La Huerguina (Las Hoyas) and Yixian forma-

tions, where unique lake conditions (Briggs et al. 1997;

Gupta et al. 2008; Martill et al. 2008; Pan et al. 2012)

and burial under volcanic ash (Zhou et al. 2003; F€ursich

et al. 2007; Zhou 2014) aided preservation. The high

completeness of aeolian deposits probably derives from

formations like the Ejinhoro, Bayan Mandahu and Dja-

dokhta of the Gobi Desert, where individuals were rapidly

entombed in situ (Jerzykiewicz et al. 1993) by sandstorms

enabling fully articulated (non-soft tissue) three-dimen-

sional specimens to be preserved in particular horizons.

Alluvial, fluvial, coastal and open marine depositional set-

tings generally have incrementally fewer relative occur-

rences of high completeness, which can probably be

attributed to the levels of transportation skeletons under-

went before burial. A large quantity of concentration

Lagerst€atten deposits occur within alluvial plains, which

seems to result in the higher numbers of taxa in the 30–
40% completeness range for this preservation regime.

44% of taxa in our dataset are derived from fluvial

channel deposits and there is a strong statistically signifi-

cant correlation of fluvial channel SCM2 and total SCM2

(Cashmore & Butler 2019, table S10). This supports the

unsurprising idea that a large component of our under-

standing of the theropod fossil record is derived from flu-

vial depositional settings. Although this is probably the

case for most terrestrial fossils, as fluvial deposits are

commonly preserved, it highlights our reliance on a

regime that naturally transports and winnows its sedi-

mentary load, leading to abrasion and disarticulation of

skeletal material within it. White et al. (1998) found a

significant statistical relationship between fluvial channel

deposits and lower quality dinosaur fossils in the Hell

Creek Formation. Previous studies have mentioned the

unusually fragmentary nature of the fossil record for

other tetrapod groups in the Maastrichtian (Brocklehurst

et al. 2012; Dean et al. 2016). For theropods, the Maas-

trichtian and the preceding Campanian are marked by

taxon occurrences that are significantly higher in number

than other geological stages but have fundamentally
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unremarkable levels of skeletal completeness. The Campa-

nian and Maastrichtian alone contain 34% (156/455) of

all theropod taxa in our data set, but many species from

these intervals are named from relatively incomplete

material. One potential driver of this could be the sub-

stantial corresponding rise in taxa derived from fluvial

channels within the latest Cretaceous (88/156 Campanian

and Maastrichtian taxa, 56%) (Cashmore & Butler 2019,

fig. S10C), in comparison to all pre-Campanian stages

(105/305 taxa, 34%). Increased preservation within these

erosive regimes could at least partially explain the rela-

tively poor levels of completeness. The increased number

of occurrences within fluvial settings predominantly cor-

responds with a few formations in North America, such

as the Dinosaur Park (14/15 fluvial channel taxa), Hell

Creek (6/6 fluvial channel taxa), and Horseshoe Canyon

(5/8 fluvial channel taxa) formations, and also with the

Nemegt Formation (17/18 fluvial channel taxa) in Mon-

golia, and the Iren Dabasu Formation (5/5 fluvial channel

taxa) in China. Eliason et al. (2017) even noticed a fun-

damental change to fluvial dominated Late Cretaceous

deposits within conservation Lagerst€atten.

In addition to the fluvial signal, the significant correla-

tion between lacustrine, alluvial plain and coastal environ-

ment SCM2 and total SCM2 (Cashmore & Butler 2019,

table S10) suggests that they all significantly impact our

understanding of the theropod fossil record. This is, how-

ever, not the case for the aeolian and open marine set-

tings; again a foreseeable outcome as these two

environments are the most unlikely to consistently pre-

serve theropod fossils.

In theory, large scale sea level fluctuations could con-

trol the amount of fossil material preserved within differ-

ent time bins due to variation in continental flooding

(Butler et al. 2010). The lack of any significant correlation

between SCM2 and sea level changes suggests that sea

level is poorly supported as a large scale control on the

theropod fossil record. However, sea level does contribute

to the model that best explains changes in SCM2 through

time, along with raw diversity (Cashmore & Butler 2019,

table S2). This could indicate some level of sea level influ-

ence on specimen completeness but has relatively low

explanatory power.

Biological and ecological biases

The wide differences between the non-temporal SCM2

ranges of different theropod subgroups (Fig. 6) suggests

skeletal completeness may in some ways be influenced by

the different abundances, ecologies, body sizes and envi-

ronmental preferences of different groups of theropods.

Megaraptora has one of the lowest median completeness

of any group and no known taxa over 34% complete,

which could be explained by generally low number of spec-

imens known for each taxon (75% of taxa known from sin-

gle specimens) and their common recovery from fluvial

channel deposits (67% of taxa) (Cashmore & Butler 2019,

table S11). Its poor record probably also stems from its rel-

atively recent recognition as a group (Benson et al. 2010a)

and unclear phylogenetic relationships (Porfiri et al. 2014,

2018; Novas et al. 2016). Continued finds in relatively

unexplored areas of South America and Australasia are

likely to boost its currently poor skeletal record.

Ceratosaurians and troodontids are known from a wide

range of completeness scores but comparatively low med-

ian SCM2 (Fig. 6) resulting in relatively poor records.

71% of ceratosaurians and 74% of troodontids in our

dataset are known from singleton specimens (Cashmore

& Butler 2019, table S11). Though there is some evidence

of troodontid rarity within some palaeoecosystems (White

et al. 1998; Horner et al. 2011), some localities, such as

Dinosaur Provincial Park, Alberta, Canada, commonly

produce troodontid teeth (Currie & Koppelhus 2015) but

limited skeletal material, suggesting locality specific

taphonomic biases (Brown et al. 2013) may have influ-

enced the relatively poor completeness of their record.

The poor ceratosaurian record may derive from a narrow

environmental preference. Sales et al. (2016) demon-

strated that abelisaurid specimens only had a positive

association with terrestrial regimes, meaning relatively few

abelisaurid fossils were transported to coastal environ-

ments and may therefore have more commonly occupied

a setting relatively far inland. In our dataset, 63% of cer-

atosaur taxa are found in fluvial channels and 21% are

from alluvial plains.

Basal tetanurans, alvarezsauroids and therizinosaurians

all have relatively poor and statistically similar completeness

distributions that lack highly complete taxa. Their records

may represent a genuine rarity in ancient ecosystems, poten-

tially limited environmental preferences (Butler & Barrett

2008) or a scarcity of finds (Bell et al. 2012; Currie & Kop-

pelhus 2015) as 50% of basal tetanurans, 71% of alvarez-

sauroids, and 63% of therizinosaurians are known from

single specimens (Cashmore & Butler 2019, table S11).

Unlike almost all other theropod groups, the distinctive

spinosaurid megalosauroids can be regarded, with some

certainty, to have had at least partially piscivorous diets

(Charig & Milner 1997; Rayfield et al. 2007; Cuff & Ray-

field 2013; Sales & Schultz 2017) and relatively specific

environmental preferences for fluvial and coastal settings

(Amiot et al. 2010; Ibrahim et al. 2014; Sales et al. 2016).

These environments produce numerous but generally

poor quality theropod finds. The spinosaurid record

reflects this in that there are only ten taxa in our dataset

(only nine classified species) but abundant fossil occur-

rences are known from specific sites (L€ang et al. 2013;

Medeiros et al. 2014; Benyoucef et al. 2015), most of
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which preserve solely teeth. However, isolated from the

other megalosauroids their non-temporal distribution of

completeness scores is statistically no different to non-spi-

nosaurid megalosauroids (W = 58, p = 0.3669), and is

not significantly lower than any other subgroup except

Compsognathidae (W = 12, p = 0.0029), Ovirap-

torosauria (W = 109, p = 0.0101), and non-deinonycho-

saurian Paraves (W = 24, p = 0.0036), all of which have

relatively unique records in relation to other theropods

(see below). The non-significant difference between the

distribution of their completeness scores and most thero-

pod subgroups may relate to their heightened association

with deposition-friendly aquatic settings (Hone et al.

2010) and their relative importance within specific

palaeoecosystems (Sales et al. 2016; Candeiro et al. 2018),

despite potential rarity on a global scale (Bertin 2010;

Hone et al. 2010).

Basal theropods, basal neotheropods, megalosauroids,

allosauroids, basal coelurosaurians, tyrannosauroids and

dromaeosaurids all have relatively unremarkable distribu-

tions of completeness values that largely resemble the

overall theropod distribution. The generality of their

records probably derives from a mixture of specimen

numbers per taxon (all groups have singleton specimen

taxa close to or above 50%), broad depositional environ-

ments (except basal Theropoda and basal Coelurosauria

no one depositional setting corresponds to more than

50% of a groups’ taxa), and similar preservational regimes

(all but Allosauroidea have at least 20% of taxa from con-

centration deposits) (Cashmore & Butler 2019, table S11).

Unlike the rest of these groups, tyrannosauroids have an

unusual number of highly complete taxa. This may repre-

sent local taphonomic biases towards large bodied ani-

mals (Brown et al. 2013); however, increased sampling

effort in attempts to collect museum display specimens

could also have aided their completeness. Species such as

Tyrannosaurus rex are famed for their ability to fascinate

and attract the public and are a highly prized commodity

for museums and institutions.

Ornithomimosaurians and oviraptorosaurians have very

similar distributions that contrast significantly with other

subgroups. The fairly consistent number of taxa at all

levels of completeness with relatively minor reduction at

high levels (Fig. 6) suggests that the influences on their

preservation differ from most other groups. Intriguingly,

both groups have comparable morphological adaptations

of the skull (the reduction or total loss of teeth and the

development of beaked skulls) and it has been suggested

that they were herbivorous and omnivorous (Barrett 2005,

2014). A further distinction between these subgroups and

others is increased gregariousness, as suggested by mon-

odominant bonebed assemblages (Kobayashi & L€u 2003;

Varricchio et al. 2008. Cullen et al. 2013; Funston et al.

2016), potential communal nesting (Norell et al. 1995;

Fanti et al. 2012; Xu et al. 2014) and possibly heightened

abundance in comparison to other theropods (White et al.

1998). Gregarious behaviour and higher abundance within

Mesozoic ecosystems is likely to enhance the chances of

individuals being preserved, and the chances of preserving

complete skeletons due to the heightened density of indi-

viduals within local areas.

In contrast to all other groups, the significantly higher

completeness distribution of the compsognathid and non-

deinonychosaurian paravian records are almost exclusively

the result of preservation in exceptional depositional set-

tings, mostly in lacustrine environments (50% and 87%

respectively) (Cashmore & Butler 2019, table S11). Comp-

sognathidae has the highest median completeness of any

group and exhibits a bimodal distribution that derives

from most taxa preserving in conservation Lagerst€atten

(70% of taxa) and a few in normal sedimentary regimes

(20% of taxa). They are also the most limited theropod

subgroup, with only ten taxa in our dataset. By contrast,

a striking 93% of non-deinonychosaurian Paraves (14/15

taxa) are solely known from conservation Lagerst€atten

(Cashmore & Butler 2019, table S11). Without the pres-

ence of exceptional Lagerst€atten deposits it is highly unli-

kely that these groups would be as well understood as

they currently are. However, differing levels of spatial

sampling intensity influences the discovery of such excep-

tional deposits (Eliason et al. 2017), therefore limiting

our evolutionary understanding of groups that seem to be

dependent on Lagerst€atten to consistently preserve in the

fossil record (Sales et al. 2014).

The statistically significant correlations of mean SCM2

time series for basal Theropoda, Allosauroidea, Compsog-

nathidae, Alvarezsauroidea, Oviraptorosauria and non-

deinonychosaurian Paraves with total SCM2 suggests that

their records are most representative of the overall tem-

poral completeness signals for theropods. The most nota-

ble are the basal theropods, which explain the high

completeness levels in the Late Triassic, and the compsog-

nathids and non-deinonychosaurian Paraves, which

strongly contribute to the mean temporal completeness

signal in the Late Jurassic and Early Cretaceous (Cash-

more & Butler 2019, table S6).

Body size has previously been argued to be a strong fac-

tor in fossil preservation, with larger, more robust skeletal

elements preferentially surviving fossilization (Cooper

et al. 2006; Brocklehurst et al. 2012; Brown et al. 2013)

except when elements become too large for easy burial. In

this scenario it is expected that very small and very large

taxa are less frequently preserved in the fossil record mak-

ing their skeletons more fragmentary (Cleary et al. 2015),

thus potentially not reflecting their original abundance.

Brown et al. (2013) concluded that there is significant bias

towards high abundance and high completeness of large

bodied dinosaurs in Dinosaur Provincial Park in Alberta,
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Canada. Further, Zanno & Makovicky (2013) identified a

significant relationship between body mass of closely-

related herbivorous Asian theropods and fossil localities,

concluding that a taphonomic and/or ecological signal was

obscuring evolutionary trends in body mass. Studies show

that on a global scale the highest completeness scores arise

from different size categories dependent on the tetrapod

group in question (Cleary et al. 2015; Gardner et al. 2016;

Driscoll et al. 2018). On the other hand, Orr et al. (2016)

argued that because of the role of decay products and

adhesion of downward facing bones to the sediment, com-

pleteness of a skeleton is not necessarily influenced by size

or density of the skeletal elements. Our results of the global

theropod record do not recover a relationship between

body size and skeletal completeness. We initially thought

that this might reflect the many highly complete but small

taxa derived from conservation Lagerst€atten (Gardner

et al. 2016). Removal of these taxa, and the further

removal of concentration Lagerst€atte taxa from the correla-

tion again resulted in no relationship in either analysis.

Because of this we are not convinced that body size of ther-

opods influences the completeness of their fossil record on

a global scale. A singular variable cannot adequately

explain the differential completeness of all theropod skele-

tons, but size biases probably strongly influence the record

on local scales. Biases that reduce the occurrence and com-

pleteness of small taxa under normal depositional regimes

also act to limit the occurrence of larger taxa from preser-

vation in conservation Lagerst€atten (Zhou & Wang 2010;

Gardner et al. 2016).

Sampling biases

Our analyses suggest that rock volume or outcrop avail-

ability (DBFs), collection effort (DBCs) and sampling

coverage (Good’s u) are not significant controls on speci-

men completeness within the theropod fossil record on a

global scale. The number of theropod fossil occurrences

(PBDB and specimen) through time also has no signifi-

cant influence on the temporal completeness patterns, but

increased specimen numbers do tend to lead to enhanced

completeness for individual taxa. GLS model fitting

results reveal different combinations of sampling proxy

also offer little explanation for the changes in the SCM2

time series (Cashmore & Butler 2019, table S3). DBFs

contribute to two of the best explanatory models but little

can be concluded from these due to relatively low R2 val-

ues and AIC weights.

Our results reveal strong spatial biases between differ-

ent latitudes and continents. The high abundance of ther-

opod remains from northern mid-latitudes and the

relative scarcity of specimens at other latitudes strongly

suggests a historical focus on Europe, North America,

northern Africa and East Asia, and the comparative

neglect of South America, southern Africa and Australia

(Benton 2008; Tennant et al. 2018). This is supported by

the significantly higher completeness distributions of ther-

opods from Asia and North America (Fig. 8).

The geographical differences in the quality of the thero-

pod fossil record cannot only be due to historical sam-

pling intensity. The latitudinal distribution of theropod

occurrences is relatively bimodal in nature, with the dom-

inant occurrences not only coming from the northern but

also the southern mid-latitudes within modern and

ancient contexts (Fig. 9). This suggests that the most pro-

ductive theropod fossil localities occur in particular latitu-

dinal zones, probably governed by climate and local

environment.

Though we have not quantified it here, modern envi-

ronments and climate probably play an important role in

the availability of theropod bearing localities and, there-

fore, the global understanding of the group. For example,

western Europe, the birth place of modern palaeontology,

probably has among the highest historical research levels

of any continent, but the theropod fossil record is the

worst of all studied in terms of quantity and relative qual-

ity (SCM2), barring the very limited Australasian and

Antarctic records. Benton (2008) similarly found that

recent dinosaur species described from European deposits

were of the poorest quality in comparison to other conti-

nents, and attributed this to historical research efforts and

an overfamiliarity with deposits, corroborated by high

European theropod Good’s u sampling coverage esti-

mated by Tennant et al. (2018). This, however, cannot be

solely driven by human sampling effort, but is more likely

to reflect the lack of consistent availability of terrestrial

Mesozoic horizons yielding fossiliferous material. This

may be due to the generally temperate climate, vegetation

cover and subsequent erosion in modern day localities.

Because of this limited exposure, many of the terrestrial

occurrences come from rapidly eroding coastal sections,

where even if specimens were originally more complete,

elements might be lost. Furthermore, large quantities of

the European Jurassic and Cretaceous occurrences are

marine, because Europe was an archipelago (possibly

making it easier for taxa to end up in marine deposits)

(G€ohlich & Chiappe 2006; Csiki et al. 2010; Csiki-Sava

et al. 2015), which we have found to be consistently less

complete than terrestrial theropod specimens. However,

Europe does still preserve many key theropod taxa.

Vast arid areas with little vegetation and high levels of

rock exposure such as western North America, Patagonia,

northern and southern Africa, and East Asia provide ideal

conditions for the heightened availability of fossiliferous

localities and are probably driving the completeness sig-

nals seen between different continents and latitudes (Raup

1972, 1976; Wall et al. 2009).
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On the other hand, Australasia’s poor record cannot

simply be attributed to a significant lack of rock availabil-

ity. Rich & Vickers-Rich (1997) argued that Australia’s

poor dinosaur record was the result of deep weathering

of land profiles, aided by low topographic relief and by a

lack of mountain building causing fossils to either be lea-

ched away or eroded through extended exposure. A num-

ber of sites with the potential to yield vast quantities of

dinosaur remains have produced numerous isolated speci-

mens but very few associated skeletons that can be confi-

dently identified at low taxonomic levels (Rich & Vickers-

Rich 1997; Hocknull et al. 2009; Agnolin et al. 2010).

An almost complete absence of occurrences at high lat-

itudes (>60° north and south) and the scarcity and low

completeness of theropod occurrences from equatorial

regions emphasizes the geographical limitations in our

sampling of the theropod fossil record (Fig. 9). Reasons

for this could be the comparatively limited exploration of

fossil bearing localities in these regions, many of which

represent challenging environments for fieldwork. The

lack of rock exposure due to extensive vegetation over-

growth (e.g. Amazon, Congolese and Indonesian rain-

forests) and ice cover (Arctic and Antarctic) vastly reduce

the sampling availability, plus extreme weathering pro-

cesses such as frost shattering aid erosion of preserved

skeletons. There is, however, potential for further thero-

pod findings in these regions; especially Antarctica, which

has previously produced a number of new dinosaur spe-

cies (Olivero et al. 1991; Hooker et al. 1991; Hammer &

Hickerson 1994; Case et al. 2000, 2007; Salgado & Gas-

parini 2006; Smith & Pol 2007; Cerda et al. 2012; Coria

et al. 2013). In the future, the use of predictive modelling

of fossil bearing localities may potentially improve our

ability to sample these challenging environments more

efficiently (see Anemone et al. 2011; Conroy et al. 2012;

Emerson et al. 2015; Wills et al. 2018).

Furthermore, the spatial spread of sampling is variable

through time (Fig. 9), and potentially creates another bias

on completeness scores. Triassic theropod localities are

the most geographically limited, which probably repre-

sents the restricted dispersal and diversity of the clade

during the period. Jurassic and Cretaceous localities are

much more latitudinally spread and far more consistently

complete in the northern hemisphere, but both contain

sporadic occurrences of low completeness in the southern

hemisphere: only three Jurassic and four Cretaceous taxa

exceed 50% completeness. Cretaceous occurrences cover

the largest latitudinal distance of any period and are the

most representative of more equatorial and higher lati-

tudes. The Cretaceous northern hemisphere has produced

58% of the taxa of any age or locality, the majority of

which are relatively poorly preserved.

Through time, different continents display different pat-

terns of theropod completeness. The significant

correlations between changes in SCM2 for Asian and

European taxa and the total SCM2 dataset (Cashmore &

Butler 2019, fig. S7) suggests that these two records best

represent the current understanding of the quality of glo-

bal theropod fossil record greater than other continents.

However, both of these records also show significant cor-

relation between changes in SCM2 and taxon richness

through time (Cashmore & Butler 2019, table S8), suggest-

ing changes in observed theropod diversity in these conti-

nents may be influenced by the preservation of specimens

or vice versa (see below), unlike all other continents.

Lagerst�atten influence

In comparison to total SCM2, background SCM2 shows

more distinct drops in the Middle Jurassic, and the loss

of the Oxfordian and Barremian–Aptian peaks (Fig. 3).

Background taxon richness is very strongly correlated

with total taxon richness throughout the entirety of the

Mesozoic (Cashmore & Butler 2019, table S4).

The relatively high Callovian–Kimmeridgian total

SCM2 seems to be mostly driven by the high complete-

ness scores derived from conservation deposits, as the

mean background and concentration SCM2 for the stage

are relatively low. The high number of taxa derived from

conservation Lagerst€atten partially explains the richness

peak in the Callovian, but a high abundance of concen-

tration deposits seems to contribute the most to enhance

the total richness peaks in the Late Jurassic stages

(Fig. 3C–D). The Barremian and Aptian peaks and subse-

quent Albian drop in total SCM2 and richness are almost

totally derived from conservation Lagerst€atten, as 25 and

33 conservation Lagerst€atten taxa occur in the former

stages, respectively. Our results also indicate that without

Lagerst€atten included, mean completeness slightly drops

through time (Cashmore & Butler 2019, table S2) show-

casing how significant these preservational regimes are for

our interpretations of the theropod fossil record.

The influence of concentration and conservation

Lagerst€atten on theropod faunas is important because a

large drop is observed in both total SCM2 and taxon

richness across the Jurassic–Cretaceous boundary. This

interval has previously been postulated as an extinction

event for specific marine and terrestrial groups (Barrett

et al. 2009; Benson et al. 2010b; Starrfelt & Liow 2016;

Tennant et al. 2016a, b) due to observed drops in diver-

sity. Our findings show that the Late Jurassic peak in

theropod taxonomic richness is much reduced when

Lagerst€atten are excluded, resulting in more reasonably

similar background richness in both the Tithonian and

Berriasian. Though this is simply the theropod record, it

may signify that the apparent observed falls in species

richness for other groups may be an artefact of
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preservation, probably controlled by the loss of Lagerst€at-

ten taxa and genuinely poor preservation in the earliest

Cretaceous.

Impact on evolutionary understanding

The weak but significant correlation between observed

taxon richness and specimen completeness throughout

varying time intervals (Carnian–Albian, Hettangian–
Albian, Jurassic–Cretaceous, Cretaceous) might suggest

that changes in observed theropod diversity are influ-

enced by the completeness of specimens, as time intervals

with good preservation will yield high taxonomic abun-

dance. This is important because it suggests that our

understanding of theropod macroevolution may be influ-

enced by temporal variation in the quality of the fossil

record. However, the correlations are not very strong, and

are lost depending on the inclusion of a few stages. Exclu-

sion of Triassic stages and inclusion of Cretaceous stages

seems to increase the strength of the correlation between

richness and completeness (Table 1). The strongest corre-

lation occurs in just the Cretaceous stages. There is also

notable divergence between the taxonomic richness and

mean completeness in the Carnian, Rhaetian, Campanian

and Maastrichtian.

Alternative explanations for a positive correlation

between diversity and completeness are: (1) genuine evo-

lutionary events drive diversity change and alter the rela-

tive likelihood of preservation of taxa and therefore

completeness within a stage (Brocklehurst et al. 2012), for

example, times of high diversity provide more chance of

taxon preservation and vice versa; and (2) more fossil

specimens or occurrences increase both completeness of

taxa and the number of identified taxa of a stage (Brock-

lehurst et al. 2012).

The Carnian has relatively high mean specimen com-

pleteness even though raw diversity is low, which suggests

that macroevolutionary understanding at the beginning of

theropod evolution is not influenced by taxon complete-

ness, specimen counts or abundance. The Carnian thero-

pod signal is anomalous because it has one of the highest

standard deviation of scores for any stage (33.2%) and

most (60%) taxa are derived from the Ischigualasto Forma-

tion of Argentina, which tends to predominantly produce

well-preserved skeletons. The subsequent Norian has much

reduced completeness but vastly increased specimen count

and raw diversity reflecting the proliferation of neothero-

pods and an increased sampling pool in other formations

with poorer preservation regimes. Other stages, such as the

Toarcian, Aalenian and the Valanginian, which show rela-

tively high mean completeness but low specimen number

and taxon abundance, are likely to be the result of relatively

poor sampling. Even though there is no negative

correlation between skeletal completeness and taxon rich-

ness, the Campanian and Maastrichtian are good examples

of how increased specimen number and observed diversity

does not necessarily equate to higher levels of taxon com-

pleteness. These intervals have the highest specimen num-

ber (733 combined), highest raw taxon richness (156

combined), and some of the most varied completeness

scores of any stage, but with relatively few concentration

(24 taxa, 15%) and no conservation Lagerst€atten taxa. It

could be argued that this peak in richness is the result of

numerous taxa being falsely identified from fragmentary,

non-overlapping skeletal material (Brocklehurst & Fr€obisch

2014) but this seems doubtful considering the derived and

probably more diagnostic nature of differing theropod

clades during the latest Cretaceous. We would postulate

that the numerous fossil rich localities from these stages in

North America and East Asia, and the extensive sampling

(Upchurch et al. 2011; Starrfelt & Liow 2016; Tennant

et al. 2018) and heightened interest of these stages at the

end of the dinosaur record probably explain their extensive

outlying peaks in specimen number, raw diversity and the

moderate completeness levels at which a majority of taxa

are found and named.

Above, and in previous sections, we described a number

of distinct temporal and spatial inconsistencies in the sam-

pling and completeness of the theropod fossil record. Some

geological stages contain more preferable preservational

regimes due to geological changes and are therefore better

sampled. The final stages of the Cretaceous provide an

example of this (see Good’s u coverage; Cashmore & Butler

2019, fig. S4). There are also clear spatial biases that suggest

that sampling of the theropod fossil record has been geo-

graphically constrained to the mid-latitudes, possibly

biased towards the re-sampling of previously known fossil-

iferous localities from countries with long histories of

palaeontological research. Furthermore, because of the nat-

ure of the sedimentary record, theropods which had eco-

logical preferences for fluvial environments are likely to be

more consistently preserved than others. All of this poten-

tial unevenness could be hiding key information, and it is

important to take these natural and human sampling biases

into consideration when interpreting the evolutionary

trends of theropod dinosaurs. For palaeontologists, these

should be obvious prerequisites to studying the fossil

record and deciphering true evolutionary patterns. How-

ever, in future we should be aiming to explore formations

and depositional environments from time bins and locali-

ties that have not been strongly sampled.

CONCLUSIONS

1. Theropod completeness fluctuates through geological

time, with notable peaks in the Carnian, Oxfordian–
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Kimmeridgian and Barremian–Aptian, and promi-

nent lows in the Berriasian and Hettangian.

2. Peaks in theropod completeness and raw taxonomic

diversity in the Callovian–Kimmeridgian and the

Aptian–Albian are driven by the presence of concen-

tration and conservation Lagerst€atten. Lagerst€atten

taxa positively influence the appearance of the thero-

pod fossil record in a significant manner.

3. Raw diversity changes through time may be influ-

enced by completeness of theropod specimens for

particular time intervals, but correlations are statisti-

cally weak.

4. There are no correlations between different sampling

proxies and theropod completeness through geologi-

cal time.

5. Theropods have one of the statistically poorest non-

temporal distributions of completeness scores of any

previously assessed tetrapod group, with many taxa

known from low skeletal completeness.

6. Theropods have statistically poorer distribution of

completeness scores than sauropodomorphs. When

Lagerst€atten taxa are removed, there is a significant

positive correlation between theropod and sauropo-

domorph completeness time series suggesting a com-

monality to the preservational biases and sampling

standards influencing our understanding of these

groups. The poorer theropod fossil record could be

due to generally less robust skeletons and predatory

population dynamics in comparison to herbivorous

and gregarious sauropodomorphs.

7. Megaraptora has the worst fossil record of any theropod

subgroup. The gregarious behaviour of the omnivorous

ornithomimosaurians and oviraptorosaurians poten-

tially aids their significantly higher distribution of com-

pleteness scores in comparison to many other

subgroups. Compsognathids and non-deinonychosaur-

ian Paraves have the most complete records of any ther-

opod subgroup because they are almost exclusively

derived from conservation Lagerst€atten.

8. We recover no significant relationship between the

body size of theropod taxa and their skeletal complete-

ness, even when Lagerst€atten taxa are removed. This

means that body size, at least on a global scale, is not a

significant bias on the completeness of theropod taxa.

9. The consistently best preserved theropod skeletons

come from lacustrine and aeolian deposits. However,

the majority of theropod finds come from fluvial

channel deposits, a regime that naturally downgrades

the quality of fossils through transportation and

abrasion. The heightened number of theropods

derived from fluvial regimes in the Campanian and

Maastrichtian could explain the generally poor qual-

ity of material from these time intervals.

10. There are strong spatial biases in the theropod fossil

record. Historic research interest and sampling effort

probably explain the high abundance and significantly

higher completeness of theropod remains from the

northern hemisphere, specifically the northern mid-lati-

tudes. Asia has the statistically best theropod fossil

record of any continent, while Australasia has the most

limited, and Europe has a very poor record considering

its historical scientific interest. Geographical differences

in the quality of the fossil record may be more con-

nected to modern climate, vegetation cover and rock

outcrop availability, than to just human sampling.
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