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Abstract: Current research suggests that the initial radia-
tion of maniraptoran theropods occurred in the Middle
Jurassic, although their fossil record is known almost exclu-
sively from the Cretaceous. However, fossils of Jurassic man-
iraptorans are scarce, usually consisting solely of isolated
teeth, and their identifications are often disputed. Here, we
apply different machine learning models, in conjunction with
morphological comparisons, to a suite of isolated theropod
teeth from Bathonian microvertebrate sites in the UK to
determine whether any of these can be confidently assigned
to Maniraptora. We generated three independent models
developed on a training dataset with a wide range of thero-
pod taxa and broad geographical and temporal coverage.
Classification of the Middle Jurassic teeth in our sample
against these models and comparison of the morphology
indicates the presence of at least three distinct dromaeosaur

morphotypes, plus a therizinosaur and troodontid in these
assemblages. These new referrals significantly extend the
ranges of Therizinosauroidea and Troodontidae by some
27 myr. These results indicate that not only were manirap-
torans present in the Middle Jurassic, as predicted by previ-
ous phylogenetic analyses, but they had already radiated into
a diverse fauna that pre-dated the break-up of Pangaea. This
study also demonstrates the power of machine learning to
provide quantitative assessments of isolated teeth in provid-
ing a robust, testable framework for taxonomic identifica-
tions, and highlights the importance of assessing and
including evidence from microvertebrate sites in faunal and
evolutionary analyses.

Key words: Maniraptora, Theropoda, Middle Jurassic,
teeth, machine learning.

MANIRAPTORA is a diverse and speciose clade of thero-
pod dinosaurs that includes some of the most familiar
small-bodied predators of the Cretaceous Period, such as
Velociraptor and Deinonychus. In addition to these iconic
dromaeosaurids, the clade also includes troodontids, scan-
soriopterygids, oviraptorosaurs, therizinosaurs, alvarez-
saurs and the only living dinosaurs, birds. During the
Cretaceous they occupied a varied range of niches ranging
from obligate herbivores to arboreal insectivores, as well
as cursorial predators. Maniraptoran remains are best
known from the northern hemisphere, but they achieved
a wide geographic distribution that also encompassed
South America, Africa and Madagascar (Ding et al. 2020).

Although maniraptoran remains are known almost
exclusively from the Cretaceous, ghost lineages derived
from phylogenetic analyses indicate that it is likely that
their initial radiation occurred in the Middle Jurassic
(Holtz 2000; Rauhut 2003; Xu et al. 2010; Carrano
et al. 2012; Rauhut & Foth 2020). This date is bracketed
by discoveries of earlier-branching coelurosaurs, such as
tyrannosauroids, in Middle Jurassic deposits (Rauhut
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et al. 2010). However, the Jurassic maniraptoran record is
frustratingly incomplete: a handful of named taxa are
known from the Late Jurassic (Archaeopteryx, scansoriop-
terygids and possibly Ornitholestes) and there is one pos-
sible Middle Jurassic representative, Eshanosaurus, the
identification and dating of which remains contentious
(Kirkland & Wolfe 2001; Xu et al. 2001; Barrett 2009).
Nevertheless, fragmentary, generically indeterminate
remains of some maniraptoran subclades, such as possible
dromaeosaurs, have been reported from Middle Jurassic
microvertebrate sites in Europe and Asia (Evans & Mil-
ner 1994; Metcalf & Walker 1994; Averianov et al. 2005;
Prasad & Parmar 2020). However, due to the disarticu-
lated nature of the material, it has not been possible to
identify these specimens beyond clade level and these
identifications have been questioned, even at this coarse
level of taxonomic resolution (Benson 2010a; Foth &
Rauhut 2017; Ding et al. 2020; Sellés et al. 2021). This,
and issues relating to the dating of some sites, has meant
that these discoveries have usually been excluded from, or
overlooked by, broader evolutionary analyses. As a result,
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they have had little impact on determining the divergence
times or palaeobiogeographic relationships of the major
maniraptoran lineages. Consequently, the discovery of
temporally well-constrained maniraptoran material from
the Jurassic is of critical importance to more accurately
constrain the timing of this major diversification event
and shed light on early maniraptoran evolution.

Dinosaur teeth, including those of theropods, were
continually shed and replaced throughout the animal’s life
and are highly resistant to chemical alteration and abra-
sion (Argast et al. 1987; Currie et al. 1990; Farlow
et al. 1991). As a result, they are abundant in many
Mesozoic deposits and sometimes represent the only evi-
dence recording the dinosaur species-richness at such sites
(e.g. Evans & Milner 1994; Fiorillo & Currie 1994; Larson
& Currie 2013; Gates et al. 2015). The comparatively sim-
ple structure of theropod teeth has made identifications
difficult historically, given that traditional taxonomic
characters lack the resolution for distinguishing the teeth
of closely related clades. However, apomorphy-based
identifications, and statistical and morphometric analyses,
have now been developed that offer solutions to this
problem (Currie et al. 1990; Farlow et al. 1991; Smith
et al. 2005; Larson 2008; Larson & Currie 2013; William-
son & Brusatte 2014; Hendrickx et al. 2015a; Gerke &
Wings 2016; Young et al. 2019; Chiarenza et al. 2020).
Most  recently, the wuse of machine learning
procedures has been shown to produce accurate group-
discrimination when applied to morphological data
(Hoyal Cuthill et al. 2019; MacLeod & Kolska Hor-
witz 2020). Wills et al. (2021) applied this technique to a
diverse sample of theropod teeth and demonstrated that
these methods lead to higher classification accuracies than
more traditional statistical analyses.

Here, we apply these new methods to a large sample of
isolated theropod teeth from a series of UK Middle Juras-
sic microvertebrate sites. Using machine learning and
morphological-based approaches we demonstrate that
many of these teeth can be referred with confidence to
three distinct maniraptoran lineages (Dromaeosauridae,
Troodontidae, Therizinosauroidea). These represent some
of the earliest, or the earliest, records of these clades
known from anywhere in the world, and their presence
confirms the predictions of numerous phylogenetic ana-
lyses. They indicate that multi-taxic maniraptoran faunas
were established by the Bathonian, millions of years ear-
lier than the well-sampled biotas from the Late Jurassic
(e.g. Yanliao biota) or late Early Cretaceous (e.g. Jehol
biota) that previously represented the best windows on
the initial diversification of the clade.

Institutional abbreviations. GLRCM, Museum of Gloucester,
UK; NHMUK, Natural History Museum, London, UK.

GEOLOGICAL SETTING

Rapid changes in sedimentary facies took place during the
Middle Jurassic in the region that is now the UK, with
the shallow marine conditions that prevailed during the
Early Jurassic giving way to more varied environments,
ranging from open shallow-water marine in the south of
England to increasingly non-marine strata in the East
Midlands, Yorkshire and Scotland (Fig. 1). Deposition
took place in a series of rifted basins with intervening
structural highs and carbonate shelves developed on the
margins of these landmasses. In southern and central
England, there were emergent landmasses in the areas that
are now South-West England, Wales and the London
area. The generally north-south seaway between these
consisted of open marine conditions in the south, a
lagoon and mudflat complex in the north and a series of
oolitic shoals separating these. Sealevel fluctuations
throughout the Bathonian often caused pauses in marine
sedimentation with occasional localized emergence
accompanied by the development of hardgrounds, palaeo-
sols and terrigenous sediment influxes (Palmer & Jen-
kyns 1975; Palmer 1979; Horton et al. 1995; Wyatt 1996;
Underwood 2004; Hesselbo 2008; Barron et al. 2012;
Wills et al. 2019). These changing conditions created a
mosaic of different environments that were populated by
a series of diverse Bathonian vertebrate faunas. Although
the remains of large-bodied terrestrial taxa are relatively
rare, several important microvertebrate localities have
yielded large numbers of small vertebrate remains, includ-
ing sharks, bony fish, mammals, turtles, crocodilians,
choristoderes, pterosaurs, squamates and amphibians
(Freeman 1976a, 1976b, 1979; Metcalf et al. 1992; Evans
& Milner 1994; Wills et al. 2014, 2019). Dinosaur
teeth are common and some of these were referred tenta-
tively to various coelurosaurian theropod clades
(Freeman 1976a, 1976b, 1979; Metcalf et al. 1992; Evans
& Milner 1994; Wills et al. 2014, 2019). A summary of
each main locality is provided below.

Hornsleasow

This quarry exposes a complete section through the
Bajocian—Bathonian-aged Chipping Norton Limestone
Formation and the overlying Bathonian Sharp’s Hill For-
mation (Richardson 1929; Channon 1950; Torrens 1969a;
Sellwood & McKerrow 1974; Cox & Sumbler 2002). The
microvertebrate horizon occurs in the Chipping Norton
Limestone Formation, Z. zigzag Zone (Cope et al. 1980),
asan 11 m x 1 m clay lens lying on a palaeokarst surface
that can be traced throughout the quarry (Vaughan 1989;
Metcalf et al. 1992; Metcalf & Walker 1994; Metcalf 1995).

85U8017 SUOWILLOD 3A[1881D) B dedl dde ay) Aq peusenob ae a0l YO ‘88N Jo S8|ni o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLULB)ALI0O" AB 1WA R0 BUIUO//:SANY) SUONIPUOD PUe SWIB | 8L 88S *[£202/60/£0] U0 Akeid18uluo A8|1m ‘Auewiess aueiyo0D Aq 28YT zdds/z00T 0T/10p/woo A8 |1mAke.d1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘20829502



WILLS ET AL.: MIDDLE JURASSIC MANIRAPTORAN THEROPODS 3

4°0'0"W 3°0'0"W 2°00"W 1°0'0"W

1
i Extent of onshore Bathonian
Land lagoonal /
- >
Periodically submerged closed marine A,
z e z
= Generally persistent depositional areas HOR’:‘_S,,I-'—EASW ’ f -
" $ KIRTLINGTON
T4 WOODEATON
<o -c Oxford -7+,
«cO 0 LR
RO LONDON
= O =0
‘ 2 oA M
Bristol R-© -0
. O=O==O-=
° Fo-o-o0-0-0-0-0
DO O OO OO0 =
000000~ OO -

O 0" 0" 0" 0"0"0="0="0="0=0=04

[ NeoNRoRRoRRoRRoRRoRRoR ol Rol ol NelNe
gf’«i O-O-O-O-O-O-O-O-O-Ocl)c-)ég
Shm R o °
o Southampton o.d ®

-2 - O o

WATTON CLIFF
0 20 40 i
-:—:,F - d
T T

4°0'0"W 3°0'0"W

) 1 1
2°00"W 1°00"W 0°0'0"

FIG. 1. Site localities and Middle Jurassic palaeogeography and depositional regimes of southern England. After Wills et al. (2019),

Barron et al. (2012) and Underwood (2004).

The clay unit developed following a flooding event that
introduced the initial sediment into the karstic hollow,
which subsequently became a coastal marsh pond sup-
porting a wide variety of freshwater organisms (Met-
calf 1995). The introduction of terrestrial vertebrate
remains occurred both as a direct result of the initial
flooding event and subsequent fluvial transport into the
pond. This lens of non-marine sediments is over- and
underlain by oolitic limestones that were deposited in
fully (but lagoonal) marine environments.

Woodeaton

Woodeaton Quarry presents a continuous section through
most of the Bathonian including the Rutland, White
Limestone and the lower part of the Forest Marble forma-
tions, with lower horizons being also briefly exposed
(Palmer 1973, 1974; Palmer & Jenkyns 1975; Horton
et al. 1995; Wyatt 2002; Wills et al. 2019). Microverte-
brates have been recovered from bed 23 of the Bladon
Member, White Limestone Formation, H. retrocostatum

Zone (Barron et al. 2012; Wills et al. 2019). This is a pale
massive clay, marl or impure limestone that can be traced
across the entire quarry face. Unlike other British Middle
Jurassic microvertebrate sites, which represent shallow
brackish to freshwater ponds, lakes or marginal marine
settings of a restricted geographical extent, Woodeaton
represents a larger scale brackish water lagoon of fluctuat-
ing salinity with periodic influxes of seawater that experi-
enced seasonal aridity (Wills et al. 2019).

Kirtlington

This quarry exposes sections through the White Lime-
stone Formation and overlying Forest Marble and Corn-
brash formations with the microvertebrate horizon, the
‘Mammal Bed’, forming a thin and impersistent lens of
unconsolidated brown marl at the boundary between
the White Limestone and Forest Marble formations
(H. retrocostatum Zone). While its exact correlation with
Woodeaton is uncertain, it appears that the Kirtlington
fauna is of a slightly younger age than the approximately
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coeval section at Woodeaton (McKerrow et al. 1969;
Wills et al. 2019). The Mammal Bed at Kirtlington
formed in a shallow marginal marine environment during
a period of marine regression along a shallow coastal
plain region characterized by coastal lakes, swamps
and lagoons (Freeman 1979; Palmer 1979; Evans &
Milner 1994).

Watton CIliff

The Forest Marble Formation (C. discus Zone) section at
Watton Cliff is composed of a 10 m thick lower sequence
of clays and shales followed by 3-5 m of cross-bedded
bioclastic limestones and 9 m of inter-bedded clays and
siltstones (Woodward 1894; Strahan 1898; Torrens 1969b;
Cope et al. 1980; Melville & Freshney 1982; Hollo-
way 1983; Barron et al. 2012). The entire succession rep-
resents open marine conditions, probably with a
moderate water depth, although with signs of weak storm
influence (such as rippled sand lenses) throughout. There
is a cross-stratified bioclastic unit, most of which is
strongly cemented, with lenses and irregular patches that
lack this cement forming a bioclastic gravel. These uncon-
solidated patches seem to represent either channels or
burrows and commonly contain water-worn vertebrate
material (Dineley & Metcalf 1999; Benton et al. 2005);
similar material is also present (although harder to
extract) in the cemented sediment. The Watton CIiff site
represents deposition of a shell bank, possibly during
storm-related events (Holloway 1983), in an open marine,
clear water, shallow coastal sea on a gently sloping shelf,
which was subject to continuous wave action in a tide-
dominated system with runoff channels developing during
emergent conditions. Terrestrial and freshwater organisms
are present as allochthonous elements deposited alongside
marine invertebrates and vertebrates (marine sharks and
teleosaurid crocodilians) (Hunter & Underwood 2009).

MATERIAL AND METHOD

The material consists of isolated theropod teeth from four
Middle Jurassic (Bathonian, Great Oolite Group) localities
in the UK (Fig. 1): Woodeaton Quarry, Oxfordshire
(White Limestone Formation); Kirtlington Quarry,
Oxfordshire (White Limestone Formation); Hornsleasow
Quarry, Gloucestershire (Chipping Norton Limestone For-
mation) and Watton Cliff, Dorset (Forest Marble Forma-
tion). It was collected over a period of several decades by
teams from different institutions, including the Natural
History Museum (Woodeaton, Watton Cliff), University
College London (Kirtlington, Watton Cliff) and the Uni-
versity of Bristol/Museum of Gloucester (Hornsleasow).

Except for the Hornsleasow material, which is housed in
the Museum of Gloucester, the specimens are held in the
collections of the Natural History Museum, London.
Some of the previously collected material had undergone
an initial sort and was assigned either a general taxonomic
identification (e.g. ‘theropod’) or a morphotype (e.g.
‘morphotype A’).

New material from Woodeaton was obtained by bulk
sediment collection on site following initial fieldwork to
identify productive horizons. Large bulk samples (often
weighing several tonnes) were screen-washed using the
methodology described by Ward (1981) to produce an
initial concentrate of vertebrate material. This was split
into four size fractions (500 pm—1 mm, 1-2 mm, 2—
4 mm, >4 mm) to facilitate initial sorting and picking
using a binocular microscope. We initially identified 164
isolated theropod teeth from the older collections and
new Woodeaton material (Kirtlington, n = 49; Hornslea-
sow, n = 50; Watton Cliff, n = 4; Woodeaton, n = 61) of
which 149 were sufficiently complete to warrant further
investigation.

All teeth in the sample underwent a combination of
optical imaging with a Dino-Lite AM 7915 MZTL micro-
scope and scanning electron microscopy on a LEO
1455VP microscope. We also scanned each (complete)
tooth using micro-computed tomography (pCT) with a
Nikon Metrology HMX ST 225 pCT scanner and a Zeiss
Versa PCT scanner at a range of voxel resolutions from 4
to 30 um and created 3D models from the CT volumes
using Avizo (v.8.1; ThermoFisher) (Appendix S1). Five
morphometric variables were collected from each tooth,
which were measured directly from the images using Fiji
(Schindelin et al. 2012) and from the 3D models using
Avizo. The measurements are simple 2D linear distances
(Fig. 2) between landmarks on the tooth crown: crown
height (CH), height of the crown measured from the tip
of the tooth to the base of the enamel; crown base length
(CBL), length of the base of the crown measured along
its mesiodistal axis; crown base width (CBW), width of
the base of the crown measured along its linguolabial axis
perpendicular to the CBL; average number of denticles
per millimetre along the mesial carina (MDM); and aver-
age number of denticles per millimetre along the distal
carina (DDM). When a measurement could not be taken
due to crown damage it was recorded as NA in the data,
and carinae with no denticles were recorded as zero for
either MDM or DDM variables. When required, the
crown base ratio (CBR) is calculated as CBW/CBL and
the denticle size density index (DSDI), a measure of the
size difference between mesial and distal denticles (Rau-
hut & Werner 1995), as MDM/DDM.

Although other approaches, such as 3D data, are avail-
able (Hoyal Cuthill et al. 2019; Wills et al. 2021; MacLeod
et al. 2022) we chose to use these 2D linear
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FIG. 2. Anatomical and morphometric terminology. Theropod
tooth crown in: A, labial; B, distal; C, basal view. Abbreviations:
CBL, crown base length; CBW, crown base width; CH, crown
height; DDM, distal denticles per millimetre; LAB, labial; LIN,
lingual; MDM, mesial denticles per millimetre. After Hendrickx
et al. (2019) and Wills et al. (2021).

measurements because these variables are common to
most published analyses of isolated theropod tooth data-
sets (e.g. Currie et al. 1990; Sankey et al. 2005; Smith
et al. 2005; Larson 2008; Larson & Currie 2013; William-
son & Brusatte 2014; Hendrickx et al. 20154, 2019, 2020;
Larson et al. 2016; Noto et al. 2022), enabling direct
comparisons with earlier work. Moreover, they have been
shown to be useful taxonomic classifiers when used in
both linear discriminant analysis (e.g. Larson & Cur-
rie 2013; Williamson & Brusatte 2014; Brusatte &
Clark 2015; Gates et al. 2015; Hendrickx et al. 2020) and
machine learning analysis (Wills ef al. 2021). Given this
and the lack of comparative digital image-based theropod
tooth datasets we feel that the approach we have taken is
appropriate.

To determine the taxonomic identifications of the teeth
we undertook a quantitative analysis of morphometric
data using a mixture of machine learning models follow-
ing the methodology of Wills et al. (2021). We used three
different machine learning techniques: mixture discrimi-
nant analysis (MDA), random forests (RF) and C5.0, and
combined the classification results from all models to
form an ensemble classifier. The three models differ in
their approach to learning, enabling us to base the final
classification prediction on the output of more than one
technique. MDA is a non-linear extension of linear dis-
criminant analysis whereby each class is modelled as a
mixture of multiple multivariate normal subclass distribu-
tions, RF is an ensemble consisting of classification or
regression trees (in this case classification trees) where the

prediction from each individual tree is aggregated to form
a final prediction, and C5.0 is a decision tree classifier
based on information theory (Hastie & Tibshirani 1996;
Breiman 2001; Kuhn et al. 2018; Wills et al. 2021).
Models were combined into an ensemble classifier using
both a simple majority voting rule and by combining the
class prediction posterior probabilities for each tooth.

To build and train the models we combined several
published datasets (Farlow et al. 1991; Sankey et al. 2002;
Currie & Varrichio 2004; Smith et al. 2005; Larson 2008;
Longrich 2008; Sankey 2008; Rauhut ef al. 2010; Larson
& Currie 2013; Hendrickx et al. 2015a; Gerke &
Wings 2016; Larson ef al. 2016; Young et al. 2019) that
had been used for prior morphometric analysis with addi-
tional measurements taken as part of this study. The
resultant dataset covers a wide range of theropod taxa
with a broad geographical and temporal distribution,
although there is some bias to North American Late Cre-
taceous taxa (Fig. 3). See the supporting data for a sum-
mary of the data used, taxonomic groups chosen and
sample sizes used in our analysis.

Different definitions have been applied to these mor-
phometric variables, with Smith et al. (2005) and Hen-
drickx et al. (2015a) differing in their methods for
measuring CBL and CH (Fig. 2), and we used the cor-
rected data provided by Gerke & Wings (2016) where
possible. However, the difference in methodology has lit-
tle overall effect on the reclassification rate, and the per-
clade accuracies returned from the combined training
dataset used here are similar to those reported by Wills
et al. (2021). Prior to training these models the data were
cleaned to improve model performance. First, we
removed any outliers using a density-based spatial cluster-
ing algorithm (DBSCAN), which assumes that clusters of
data form dense regions in space separated or surrounded
by regions of lower density, with the outliers (or noise)
falling in the lower density space (Ester et al. 1996). Out-
liers distort morphospace by shifting the mean centroid
of a group to the direction of the outlier, which affects
the model accuracy and the resultant classification. Sec-
ond, we removed any classes with fewer members than
the number of predictive variables (five), and last, we
removed cases with missing data because this can have a
detrimental effect on machine learning models; similarly,
any unknown teeth with missing data were excluded from
final classification. The data were log-transformed (adding
a value of 1 to enable the transformation of zero values),
scaled and centred prior to analysis. We made no attempt
to directly address class imbalance by creating synthetic
data (due the detrimental effect this has on model accu-
racy) and used equal prior probabilities in all models
(Wills et al. 2021). From an initial dataset of 3886 speci-
mens, data cleaning resulted in a final set of 1702 usable
cases. We undertook an initial exploration of clade
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FIG. 3. Spatial distribution of training data samples, after removal of outliers and missing data, used for machine learning models.

feature space for the transformed morphometric variables
using two different dimension reduction techniques to
visualize the data, principal components analysis (PCA)
and t-distributed stochastic neighbour embedding (t-
SNE). We used both techniques given that PCA tries to
preserve the global structure of the data whereas t-SNE
looks to preserve local structure by keeping similar
instances close to each other, potentially giving different
insights into the data.

We undertook a series of non-parametric statistical
analyses using permutational multivariate analysis of vari-
ance (PERMANOVA) with the Mahalanobis distance
(Anderson & Walsh 2013; Anderson 2017), to obtain esti-
mates of the statistical significance of training set group
separations in feature space. PERMANOVA is used to
compare groups of objects by testing for equivalence
between the group centroids. The test works on the
underlying distance matrix derived from the input vari-
ables rather than the raw or ordinated data. Given that
PERMANOVA tests only whether all of the centroids in
the data are equal, we performed post-hoc comparisons
between the groups using a pairwise implementation of
the PERMANOVA test with Bonferroni-corrected p-
values. The PERMANOVA and pairwise-PERMANOVA
tests were each performed with 10 000 replications.

For each model the cleaned data was split in an 80:20
ratio, preserving the overall class distribution of the data
(Kuhn 2008), into a training dataset (1364 cases) and a
testing dataset (338 cases). The models were developed on
the training data and then assessed against the testing
data. Testing data were not used in the initial model. The
teeth to be classified were then run through each model in
turn to provide independent classifications based on

different techniques. We used k-fold cross-validation on
the training set with k = 10 to give an overall model accu-
racy. We also ran each model permutation using a range
of tuning parameters to obtain the highest accuracy. For
MDA we modelled the response using a range of sub-
classes, from one to eight, for each taxonomic class; the
RF model was tuned by varying the random subset of pre-
dictors that the model uses at each split in the tree (my,
parameter) from two to five and we grew the forest to
2000 trees; and for the C5.0 model we varied the number
of model iterations from 1 to 100 and used both rule- and
tree-based classifier models (Kuhn & Johnson 2013; Wills
et al. 2021). In addition to the predicted class generated
from the models we also calculated the posterior probabil-
ity of the predicted class for each tooth. Training of the
models relies on a random selection of teeth from the
overall training data for each run, and indeed within each
model there will be a degree of randomization input into
the training. As a result, there may be slightly different
results obtained from different training cycles of the
models. For more details on the techniques involved and
descriptions of the differences between the machine learn-
ing algorithms see Wills et al. (2021).

Dental terminology and nomenclature follows that out-
lined by Hendrickx et al. (2015b), and anatomical
descriptions are based on morphological observations by
one of the authors (SW). Geological, sedimentological
and palaecoenvironmental observations are based on the
study of published literature and field observations by
one of the authors (SW).

All analyses were performed using R v.4.0.5 (R Core
Team 2020) in RStudio (RStudio Team 2020). The follow-
ing R packages were used for specific models or processes:
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mda (Hastie et al. 2020), C5.0 (Kuhn et al. 2018), random-
Forest (Liaw & Wiener 2002, 2022), ranger (Wright &
Ziegler 2017; Wright 2021) and caret (Kuhn 2008, 2022)
for specific classification models; vegan (Oksanen
et al. 2020) and RVAideMemoire (Hervé 2021) for PER-
MANOVA tests; ggplot (Wickham 2016) and gridextra
(Auguie 2017) for plotting functions; and chronosphere
(Kocsis & Raja 2019), divDyn (Kocsis et al. 2019, 2022)
and rgplates (Kocsis & Raja 2021) for palacogeographical
reconstructions using the PALEOMAP plate model and
data from Scotese (2016).

RESULTS
Machine learning models

The difficulties in providing accurate quantitative assess-
ments of theropod tooth morphological discrimination
are highlighted in Figure 4. Here, we show two different
feature-space representations of the untrained morpholog-
ical data, a PCA ordination and a t-SNE ordination,
which clearly demonstrate the degree of overlap between
numerous theropod clades. Non-parametric statistical
tests on the t-SNE ordinated training data confirm this.
The PERMANOVA test indicates that although the sepa-
ration between groups is statistically significant overall
(F = 169.6, p <0.01), there is difficulty in resolving
between-group structures for some group-pairs as dem-
onstrated by the pairwise PERMANOVA tests (Fig. 5).
This is consistent with previous reports in the literature
in which attempts to distinguish theropod taxa using
PCA or linear discriminant analysis have produced high
degrees of feature-space overlap between some taxonomic
groups (e.g. Hendrickx et al. 2019; Young et al. 2019;
Noto et al. 2022). This result is unsurprising given that
we are constrained in attempting to differentiate teeth
with very similar gross morphology based on a small set
of morphological measurements. As MacLeod et al. (2022)
noted, however, that this does not preclude the possibility
that different techniques may uncover significant
between-group differences that can be used as the basis of
a classification. In fact, when comparing the between-
group structures for Maniraptora with other groups, the
pairwise PERMANOVA tests (Table 1) suggest that these
taxa are differentiable from most major theropod clades
(p < 0.01).

We also conducted PERMANOVA tests on the trained
MDA feature-space scores generated from the training
data (Fig. 6). The overall test rejected the null hypothesis
that there are no between-group differences (p < 0.01)
but, as before, the post-hoc pairwise tests indicate that
some group-pairs might be difficult to differentiate using
this method, highlighting the importance of using
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FIG. 4. Untrained ordinated feature-space occupation for teeth
comprising the training data set formed by: A, the first two
principal component (PC) axes; B, the first two t-distributed
stochastic neighbour embedding (t-SNE) axes.

multiple techniques to compare and classify isolated the-
ropod teeth.

All three machine learning techniques have similar
levels of accuracy (Table 2), with the overall accuracy of
the machine learning models ranging from 82.4% (C5.0)
to 85.6% (RF). When the models were run against the
test dataset the two decision-tree algorithms, RF at 88.4%
and C5.0 at 85.4%, slightly outperformed the MDA
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FIG. 5. Training data PERMANOVA Bonferroni adjusted p-values for pairwise clade groups using untrained t-distributed stochastic
neighbour embedding (t-SNE) ordinated feature-space based on three t-SNE dimensions. Taxon abbreviations: ABE, Abelisauridae;
ALL, Allosauridae; CAR, Carcharodontosauridae; COE, Coelophysis; DMA, Dromaeosaur morphotype A; DMB, Dromaeosaur morpho-
type B; DMC, Dromaeosaur morphotype C; LIL, Liliensternus; MEG, Megalosauridae; MET, Metriacanthosauridae; NAC, other Cerato-
sauria; NEV, Neovenatoridae; NOA, Noasauridae; NMM, other Megalosauroidea; NTT, other Tyrannosauroidea; PRO,
Proceratosauridae; SPI, Spinosauridae; THZ, Therizinosauria; TMA, Tyrannosauridae morphotype A; TMB, Tyrannosauridae morpho-
type B; TMC, Tyrannosauridae morphotype C; TPM, Tyrannosauridae pre-maxillary; TRO, Troodontidae.

TABLE 1. By-group comparisons of maniraptoran clade-pairs.

Taxon pairs Sum of F model R? p-value p-value
squares (adjusted)
Dromaeosaur A vs Dromaeosaur B 401.09 194.19 0.313 0.0001 0.0036
Dromaeosaur A vs Dromaeosaur C 394.49 195.40 0.329 0.0001 0.0036
Dromaeosaur A vs Therizinosauria 16.30 5.68 0.054 0.0012 0.0432
Dromaeosaur A vs Troodontidae 143.53 60.94 0.218 0.0001 0.0036
Dromaeosaur B vs Dromaeosaur C 621.39 306.68 0.326 0.0001 0.0036
Dromaeosaur B vs Therizinosauria 237.72 103.29 0.235 0.0001 0.0036
Dromaeosaur B vs Troodontidae 352.62 158.13 0.258 0.0001 0.0036
Dromaeosaur C vs Therizinosauria 299.81 147.01 0.322 0.0001 0.0036
Dromaeosaur C vs Troodontidae 411.89 201.67 0.321 0.0001 0.0036
Therizinosauria vs Troodontidae 53.61 20.58 0.139 0.0001 0.0036
Other vs Dromaeosaur A 248.56 97.40 0.151 0.0001 0.0036
Other vs Dromaeosaur B 735.38 355.97 0.312 0.0001 0.0036
Other vs Dromaeosaur C 719.66 350.49 0.316 0.0001 0.0036
Other vs Therizinosauria 67.75 23.70 0.049 0.0001 0.0036
Other vs Troodontidae 426.80 188.50 0.247 0.0001 0.0036

PERMANOVA Bonferroni-adjusted p-values on untrained t-distributed stochastic neighbour embedding (t-SNE) ordinated feature-
space based on three t-SNE dimensions.
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FIG. 6. Trained feature-space occupation of selected taxa from
the training data based on two mixture discriminant analysis
(MDA) dimensions. Total between-group variance explained
97.5% (CV1 = 90.4%, CV2 = 7.1%). CV, canonical variate.

TABLE 2. Machine learning model accuracies.

Machine Model
accuracy (%)

Testing data

learning model accuracy (%)

RF 85.6 88.4
MDA 84.4 84.1
C5.0 82.4 85.4

RF, random forests: two randomly selected predictor variables at
each tree node split and 2000 trees; MDA, mixture discriminant
analysis: eight subclasses; C5.0: tree-based model with 40 boost-
ing iterations.

model at 84.1%. We additionally assessed the RF model
by calculating the out-of-bag (OOB) error, a subset of the
original training data that the model uses to estimate the
prediction error. In this case the overall OOB error is
0.15, meaning that 85% of the retained subset classify
correctly, which corresponds well to the accuracy
returned from the test data. RF prediction errors decrease
as the forest is grown to its full extent of 2000 trees, with
the overall OOB error and most individual clade OOB
errors settling after around 200 trees. The accuracy of the
RF model responses achieved by varying the my,, tuning
parameter ranges from 84.8% to 85.6%, with the slightly
higher accuracy achieved by using two randomly selected
predictor variables at each tree node split.

The accuracy of the MDA model responses achieved by
varying the number of potential subclasses in each

taxonomic group ranges from 78.3% (one subclass) to
84.4% (eight subclasses), and the C5.0 model achieved
the best response (82.4% accuracy) using a tree-based
classifier with 40 boosting iterations.

At the individual clade level (Table 3; Fig. 7) the per-
formance of both the ensemble model and the individual
machine learning classifiers that make up this ensemble
varies with classification accuracy, ranging from 50% to
100% (Fig. 7). Maniraptoran clades have a high level of
classification accuracy regardless of the machine learning
model used, ranging from 92.8% (Dromaeosaur morpho-
type A, RF model) to 100% (Dromaeosaur morphotype
B, RF model; Dromaeosaur morphotype C, MDA model;
and Therizinosauria, RF model). The variation in clade
accuracy is driven by several factors, including the num-
ber of cases comprising the training group for that partic-
ular clade; morphological overlap with other clades; and
the limited morphological measurements used to train
the classifiers. The accuracy results reported here are
derived from cross-tabulation tests on the classified test-
ing data and confirm, as MacLeod et al. (2022) note, that
good levels of discrimination for some clades can be
achieved by machine learning even when group-level
feature-spaces overlap.

UK Bathonian sites

The classification results from the UK Bathonian isolated
teeth (Table 4) indicate the presence of three distinct dro-
maeosaur morphotypes. These morphotypes are strongly
supported across all machine learning models and the
ensemble classifier in either majority-vote or combined
probability mode. Our confidence in the classifications is
a combination of the machine learning results from three
independent classifiers and our post-hoc morphological
analysis. In all machine learning systems there is likely to
be a degree of misclassification and in this case the
models incorrectly classified GCLRM G8-23 as a dro-
maeosaur rather than a troodontid, NHMUK PV R37948
as a troodontid rather than a dromaeosaur and GCLRM
G167-32 as a dromaeosaur rather than a therizinosaur
(see Systematic palaeontology, below). The posterior
probabilities from the ensemble classifier (Fig. 8) also add
to our confidence in the machine learning prediction
given that the majority of the teeth return high posteriors
in favour of the assigned class, with the second-highest
class posterior in each case also indicating maniraptoran
affinities. In addition, it is clear from the trained MDA
data (Fig. 9) that the small teeth from these sites occupy
a segment of feature-space that is both congruent with a
broad maniraptoran feature-space and distinct from that
occupied by other Jurassic taxa.
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TABLE 3. Classification accuracy by clade based on test data.

Taxon Accuracy (%) T RF (%)% C5.0 (%)F MDA (%)} No. cases§
Neotheropoda: Coelophysis 91.7 100 99.8 100 9
Non-averostran Neotheropoda: Liliensternus 50.0 50 50 50 6
Ceratosauria: Abelisauridae 86.8 76.5 93.3 91.1 67
Ceratosauria: Noasauridae 55.6 66.7 50 73 13
Ceratosauria: other Ceratosauria 55.1 57.9 57.9 81.7 25
Megalosauroidea: Megalosauridae 71.3 78.6 78.3 82.5 29
Megalosauroidea: Spinosauridae 100.0 100 100 100 23
Megalosauroidea: other Megalosauroidea 50.0 50 50 49.9 8
Allosauroidea: Allosauridae 82.6 79.5 84.4 84.8 44
Allosauroidea: Carcharodontosauridae 95.5 99.4 91.8 93.4 56
Allosauroidea: Metriacanthosauridae 66.3 49.5 74.4 62.5 12
Allosauroidea: Neovenatoridae 60.6 49.5 49.7 68.5 16
Tyrannosauroidea: Tyrannosauridae morphotype A 91.6 99.8 62.5 100 16
Tyrannosauroidea: Tyrannosauridae morphotype B 86.5 83.9 85.5 91.5 132
Tyrannosauroidea: Tyrannosauridae morphotype C 50.0 50 50 58.3 6
Tyrannosauroidea: Tyrannosauridae premaxillary 66.5 66.5 66.4 87.4 16
Tyrannosauroidea: Proceratosauridae 99.8 99.8 100 68.8 8
Tyrannosauroidea: other Tyrannosauroidea 61.0 66.5 50 83.2 15
Therizinosauria 100.0 100 50 91.6 6
Dromaeosaur morphotype A 94.1 92.8 94.5 96.3 96
Dromaeosaur morphotype B 99.9 100 99.6 99.4 332
Dromaeosaur morphotype C 99.8 99.3 99.8 100 305
Troodontidae 94.6 95 93.4 97 124

tEnsemble model accuracy; }individual model accuracy; §no. cases per clade in the training data. RF, random forests: two randomly
selected predictor variables at each tree node split and 2000 trees; MDA, mixture discriminant analysis: eight subclasses; C5.0: tree-

based model with 40 boosting iterations.

SYSTEMATIC PALAEONTOLOGY

THEROPODA Marsh, 1881
MANIRAPTORA Gauthier, 1986
PARAVES Sereno, 1997
DROMAEOSAURIDAE Matthew & Brown, 1922
Gen. et sp. indet. Morphotype A
Figure 10

Referred  specimens. GLRCM ~ G100-14, G100-21, G100-9,
G140-7, G14-27, G21-22, G38-10, G75704, G91702, G91705,
G91706, NHMUK PV R37904, R37905, R37906, R37907,
R37908, R37910, R37924, R37925, R37926, R37927, R37928,
R37929, R37935, R37939, R37940, R37941, R37942,
R37944, R37945, R37946, R37947, R37948, R37949, R37950,
R37953.

Localities. Hornsleasow Quarry, Chipping Norton Limestone
Formation, Great Oolite Group, Bathonian, Middle Jurassic
(14 teeth); Woodeaton Quarry, Bed 23, Bladon Member,
White Limestone Formation, Great Oolite  Group,
Bathonian, Middle Jurassic (seven teeth); Kirtlington Quarry,
‘Mammal Bed’, Bladon Member, White Limestone Forma-
tion, Great Oolite Group, Bathonian, Middle Jurassic (15
teeth).

Description. Morphotype A tooth crowns (36 in total) are
ziphodont, range in CH from 1.45 mm to 7.79 mm (Fig. 11)
and have serrated distal carinae and unserrated mesial cari-
nae. The distal crown margin is concave, the crowns are
labiolingually compressed (CBR 0.36-0.76) and their lingual
and labial surfaces possess centrally placed concave depres-
sions that extend apically to the mid-height of the crown
surface. These depressions, especially where strongly devel-
oped, result in a lemniscate (figure-of-eight) basal cross-
section. Both mesial and distal carinae are well developed
with the distal carina often deflected labially towards the
crown base and the mesial carina twisted slightly and
deflected lingually basally. The distal carina extends from the
crown apex to the crown base and bears denticles that are
generally restricted to the lower two-thirds of the carina,
although occasionally reaching the apex. The distal denticles
decrease in size both apically and distally from carina mid-
length. Distal denticles are small, ranging in length from
0.05 mm to 0.27 mm (18.2 per mm to 3.6 per mm), are sub-
rectangular in shape with a convex external margin, and are
orientated perpendicular to the carina (except for a few teeth
in which the denticles are slightly inclined apically). The
mesial carina extends from the apex of the crown to a posi-
tion approximately two-thirds down the crown and lacks
denticles. The crown surface has a braided enamel texture
consisting of sinuous grooves and ridges that are orientated
apicobasally (Hendrickx et al. 20154, 2019).
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FIG. 7. Simplified time-calibrated theropod phylogeny showing the individual clade classification accuracies based on the machine learning
ensemble and the range extensions (in red) implied by these results. Nodes: 1, Tetanurae; 2, Coelurosauria; 3, Maniraptora; 4, Paraves. For
Therizinosauria and Troodontidae we have used the recent Berriasian age determination, rather than Barremian, for the Cedar Mountain
Formation of Utah (Joeckel et al. 2020). Phylogeny modified after Rauhut & Foth (2020). All silhouettes taken from Phylopic (https://www.
phylopic.org: Pranav Iyer: Dromaeosauridae (CCO 1.0); Michael Keesey: Abelisauridae, Tyrannosaurus (CC BY 3.0); Scott Harmann: Coelo-
physis (CC BY 3.0), Megalosauroidea, Allosaurus, Compsognathidae, Therizinosauria, Troodon, Alvialae (all CC BY-NC-SA 3.0); Nobu
Tamura: Ornithomimosauria (CC BY 3.0); Funk Monk: Alvarezsauridae (CC0 1.0); Jaime Headden: Oviraptosauria (CC BY-NC-SA)).

Gen. et sp. indet. Morphotype B R37918, R37919, R37921, R37922, R37923, R37930, R37931,
Figure 12 R37933, R37934, R37936, R37937, R37938, R37943, R37951,
R37952.

Referred specimens. GCRLM GTUBE 67, G10022, G100-64, G10-  Localities. Hornsleasow Quarry, Chipping Norton Limestone
37, G12-28, G14-22, G167-24, G68-1, G7.21-3, GHQ104 C-1, Formation, Great Oolite Group, Bathonian, Middle Jurassic (12
GTEMP3061, GX, NHMUK PV R36771, R36778, R37909, teeth); Woodeaton Quarry, Bed 23, Bladon Member, White
R37911, R37912, R37913, R37914, R37915, R37916, R37917, Limestone Formation, Great Oolite Group, Bathonian, Middle
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TABLE 4. Tooth morphotypes, UK Bathonian sites.

Specimen

Locality

Morphotype

Machine learning

Majority vote

Combined posterior
probability

GLRCM G100-14
GLRCM G100-21
GLRCM G100-9
GLRCM G140-7
GLRCM G14-27
GLRCM G21-22
GLRCM G38-10
GLRCM G75704
GLRCM G91702
GLRCM G91705
GLRCM G91706
NHMUK PV R 37904
NHMUK PV R 37905
NHMUK PV R 37906
NHMUK PV R 37907
NHMUK PV R 37908
NHMUK PV R 37910
NHMUK PV R 37924
NHMUK PV R 37925
NHMUK PV R 37926
NHMUK PV R 37927
NHMUK PV R 37928
NHMUK PV R 37929
NHMUK PV R 37935
NHMUK PV R 37939
NHMUK PV R 37940
NHMUK PV R 37941
NHMUK PV R 37942
NHMUK PV R 37944
NHMUK PV R 37945
NHMUK PV R 37946
NHMUK PV R 37947
NHMUK PV R 37948
NHMUK PV R 37949
NHMUK PV R 37950
NHMUK PV R 37953
GCRLM GTUBE 67
GLRCM G10022
GLRCM G100-64
GLRCM G10-37
GLRCM G12-28
GLRCM G14-22
GLRCM G167-24
GLRCM G68-1
GLRCM G7.219-3
GLRCM GHQ104 C -1
GLRCM GTEMP3061
GLRCM GX
NHMUK PV R 36771
NHMUK PV R 36778

Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Kirtlington
Kirtlington
Kirtlington
Kirtlington
Kirtlington
Kirtlington
Kirtlington
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Woodeaton
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Hornsleasow
Watton Cliff
Watton Cliff

Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B

Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Troodontidae

Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B

Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Troodontidae

Dromaeosaur A
Dromaeosaur A
Dromaeosaur A
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
Dromaeosaur B
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TABLE 4. (Continued)
Specimen Locality Morphotype Machine learning

Majority vote Combined posterior P

probability

NHMUK PV R 37909 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.98
NHMUK PV R 37911 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.99
NHMUK PV R 37912 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.99
NHMUK PV R 37913 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.96
NHMUK PV R 37914 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.97
NHMUK PV R 37915 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37916 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.97
NHMUK PV R 37917 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37918 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37919 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37921 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37922 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.93
NHMUK PV R 37923 Kirtlington Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.83
NHMUK PV R 37930 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.97
NHMUK PV R 37931 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37933 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37934 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37936 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 1
NHMUK PV R 37937 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.92
NHMUK PV R 37938 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.59
NHMUK PV R 37943 Woodeaton Dromaeosaur B Troodontidae Troodontidae 0.58
NHMUK PV R 37951 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.96
NHMUK PV R 37952 Woodeaton Dromaeosaur B Dromaeosaur B Dromaeosaur B 0.73
NHMUK PV R 36779 Watton Cliff Dromaeosaur C Dromaeosaur B Dromaeosaur B 0.63
NHMUK PV R 37920 Kirtlington Dromaeosaur C Dromaeosaur C Dromaeosaur C 0.61
GLRCM G167-32 Hornsleasow Therizinosauria Dromaeosaur B Dromaeosaur B 0.99
GLRCM G8-23 Hornsleasow Troodontidae Dromaeosaur B Dromaeosaur B 0.98

Combined posterior probability, assigned tooth morphotype by combining posterior probabilities from three machine learning models;
majority vote, assigned tooth morphotype following simple majority vote of three machine learning models; morphotype, assigned
tooth morphotype following machine learning and visual description; P, combined posterior probability value.

Jurassic (10 teeth); Kirtlington Quarry, ‘Mammal Bed’, Bladon
Member, White Limestone Formation, Great Oolite Group,
Bathonian, Middle Jurassic (13 teeth); Watton Cliff, Forest Mar-
ble Formation, Great Oolite Group, Bathonian, Middle Jurassic
(two teeth).

Description. Morphotype B crowns (37 in total) are grouped
together by the machine learning analysis but show consider-
able variation in denticle size differences between carinae,
hence might encompass several different subgroups with
broadly similar morphology. Tooth crowns are ziphodont,
slightly larger than morphotype A (CH ranging from 1.66 mm
to 19 mm) and have a straight to concave distal margin. Most
of the crowns are labiolingually narrow (CBR < 0.6) although
four (NHMUK PV R37934, NHMUK PV R36778, NHMUK
PV R37911 and NHMUK PV R37931) have a CBR of >0.8
(Fig. 11) and may represent more mesially positioned teeth
(Hendrickx et al. 2019). In contrast to morphotype A, the
depressions on the lingual and labial surfaces are less promi-
nent. Consequently, the basal cross-section of morphotype B
ranges from a weaker lemniscate outline to a more oval or

lenticulate shape. The mesial and distal carinae are both well
developed and extend from the crown apex to just above the
crown base with the distal carina often exhibiting a labial
deflection basally and the mesial carina (where preserved)
twisted slightly lingually. In contrast to morphotype A, both
mesial and distal carinae are denticulate. Mesial denticles are
restricted to the apical region of the carina but distal denticles
extend over the full length of the carina. The distal denticles
are generally larger than the mesial denticles with DSDI > 1.
However, in some smaller crowns (NHMUK PV R36778,
NHMUK PV R37912, NHMUK PV R37913, NHMUK PV
R37937, NHMUK PV R37911, NHMUK PV R37951) the DSDI
is <1, indicating that the mesial denticles are larger than distal
ones. In several crowns (NHMUK PV R37936, NHMUK PV
R37943, NHMUK PV R37916, NHMUK PV R37931, GCLRM
G167-24, GCLRM G10-37, GCLRM GTube 67, NHMUK PV
R37923 and NHMUK PV R37938) the difference in size
between mesial and distal denticles is exaggerated, with
DSDI > 1.4, and it is possible that they may represent either a
variation within this morphotype or a separate morphotype.
However, in the absence of any other morphological
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FIG. 8. Posterior probability of the final assigned taxon from
the machine learning ensemble classifier for UK Bathonian
teeth. Specimens with prefix PV R are Natural History
Museum (NHMUK), those with prefix G are Museum of
Gloucester (GLRCM). The colour scale represents the posterior
probability. Taxon abbreviations: ABE, Abelisauridae; ALL,
Allosauridae; CAR, Carcharodontosauridae; COE, Coelophysis;
DMA, Dromaeosaur morphotype A; DMB, Dromaeosaur mor-
photype B; DMC, Dromaeosaur morphotype C; MEG, Megalo-
sauridae; MET, Metriacanthosauridae; NAC, other
Ceratosauria; NEV, Neovenatoridae; NOA, Noasauridae; NTT,
other Tyrannosauroidea; SPI, Spinosauridae; THZ, Therizino-
sauria; TMA, Tyrannosauridae morphotype A; TMB, Tyranno-
sauridae morphotype B; TPM, Tyrannosauridae pre-maxillary;
TRO, Troodontidae.

differences, and the machine learning support for this group-
ing, we have elected to keep these crowns in morphotype B.
Mesial and distal denticles are all rectangular to subrectangular
in shape with a convex external margin and are orientated per-
pendicular to the carina. The crown surface has a braided
enamel texture consisting of sinuous grooves and ridges orien-
tated apicobasally (Hendrickx et al. 20154, 2019).

Gen. et sp. indet. Morphotype C
Figure 13

Referred specimens. NHMUK PV R36779, R37920.

Localities. Kirtlington Quarry, ‘Mammal Bed’, Bladon Member,
White Limestone Formation, Great Oolite Group, Bathonian,
Middle Jurassic (one tooth); Watton Cliff, Forest Marble Forma-
tion, Great Oolite Group, Bathonian, Middle Jurassic (one
tooth).

Description. Morphotype C includes two small, damaged
crowns ranging in CH from 0.61 mm to 1.6 mm with a con-
cave distal margin. The crowns are labiolingually narrow
(CBR c¢. 0.5) and the depressions on the lingual and labial
surfaces seen in morphotypes A and B are absent or weakly
developed, resulting in a subcircular to oval basal cross-
section. Both mesial and distal carinae are present, extending
from the crown apex to just above the crown base, and are
denticulate. Mesial denticles are restricted to the upper half
of the carina, and distal denticles extend from the base to
just below the crown apex. The mesial carina is extensively
worn on both teeth. Denticles on the mesial and distal cari-
nae are equal to subequal in size, with a DSDI of 1.1. The
serration density on both the mesial and distal carinae is sub-
stantially greater than in morphotype B, with mesial denticles
ranging from 15 per mm (NHMUK PV R36779) to 18 per
mm (NHMUK PV R37920) and distal denticles from 13 per
mm (NHMUK PV R36779) to 17.4 per mm (NHMUK PV
R37920). By contrast, morphotype B mesial denticles average
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teeth compared with training data based on two mixture dis-
criminant analysis (MDA) dimensions. A, compared with all
taxa in the training data with Maniraptoran clades highlighted.
B, compared with Jurassic taxa. CV, canonical variate.

8.7 per mm and distal denticles, 7.0 per mm. Both mesial
and distal denticles are rectangular to subrectangular in shape
with a convex external margin and are orientated perpendicu-
lar to the carina. These small teeth, although damaged and
worn in places, appear to represent a morphotype distinct
from morphotype B based on their smaller size, and greater
serration density on both carinae.

TROODONTIDAE Gilmore, 1924
Gen. et sp. indet.
Figure 14

Referred specimen. GCLRM G8-23.

Locality. Hornsleasow Quarry, Chipping Norton Limestone For-
mation, Great Oolite Group, Bathonian, Middle Jurassic.

Description. GLRCM 8-23 is a small, almost complete isolated
tooth with a distinctive morphology. The tooth shows some
damage at the base of the distal carina and at the crown apex
where denticles are missing. The crown is small (CH 2.9 mm)
and phylloform, with a slight lingual inclination. It is labiolin-
gually compressed (CBR 0.53), lenticular in basal cross-section
and has a weak constriction at the base. The distal margin of
the crown is straight to weakly concave and the mesial margin
is convex. The mesial and distal carinae are both denticulate
with large, prominent and apically orientated denticles. The
mesial carina reaches the base of the crown: however, due to
damage it is not possible to confirm this for the distal carina.
Distal denticles are both significantly larger and fewer in num-
ber than the mesial denticles with a DSDI of 1.43. Both mesial
and distal denticles appear to extend from the base of the
crown to the apex, although damage to the basal portion of
the distal carina obscures this somewhat. Mesial denticles
decrease in size both apically and basally from the crown mid-
point whereas distal denticles increase in size slightly towards
the apex. Distal denticles are subrectangular in shape, being
slightly longer mesiodistally than apicobasally, and have convex
external margins. The denticles are aligned perpendicular to the
carina towards the base of the crown but become apically ori-
entated and hooked midway along the carina. Mesial denticles
have a parallelogram-shaped outline in labial view caused by
the apical orientation of the denticles along the carina. Grooves
are present between adjacent denticles on both carinae but do
not extend to the crown surface.

THERIZINOSAUROIDEA Maleev, 1954
Gen. et sp. indet.
Figure 15

Referred specimen. GCLRM G167-32.

Locality. Hornsleasow Quarry, Chipping Norton Limestone For-
mation, Great Oolite Group, Bathonian, Middle Jurassic.

Description. GCLRM G167-32 is an isolated complete crown
that is phylloform in shape, labiolingually compressed and sub-
symmetrical in both lingual and labial views with convex mesial
and distal margins. The crown is small with a crown height of
3.5 mm, a maximum width of 2.8 mm (decreasing to 2.4 mm at
the crown base: crown base occupying around 85% of the
maximum crown width, CBR = 0.73), and has a small basal
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FIG. 10. Isolated crowns of indeterminate dromaeosaurs (morphotype A) from Woodeaton Quarry (NHMUK PV R37059; A-D, I-
J) and Kirtlington Quarry (NHMUK PV R37925; E-H, K-L) in: A, E, lingual; B, F, labial; C, G, distal; D, H, mesial; I, K, basal view.
J, L, magnification of apical regions boxed in D and H, respectively. Scale bars represent: 1 mm for general views (A-I, K); 0.1 mm

for apical close-ups (J, L).

constriction. The labial surface is strongly convex. The lingual
surface is dominated by a median ridge running from apex to
base forming a slightly convex profile bounded by mesial and
distal concave depressions adjacent to both carinae. Carinae are
present on both margins of the teeth with the mesial carina
restricted to the upper half of the crown and the distal carina
extending toward, but not reaching, the crown base. Both cari-
nae are denticulated with fewer, and larger, denticles towards
the apex than at the mid-crown position. Average denticle sizes
on both carinae are equal with the distal carina ranging from
6.3 per mm at mid-crown to 5.9 per mm apically and the
mesial carina being 6.6 per mm at mid-crown to 5.7 per mm

apically. Denticles appear to reach almost to the apex of the
crown although slight damage and wear at the apex obscures
this. The denticles are rectangular, being slightly longer apico-
basally, have a convex exterior margin and are slightly inclined
apically.

Morphological comparisons

Dromaeosaurid morphotypes. We interpret morphotypes A-C as
dromaeosaurids based on the machine learning classification and
several morphological characters of the teeth, which, in
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FIG. 11. Range of morphometric measurements across each
maniraptoran morphotype. Abbreviations: CBL, crown base
length; CBW, crown base width; CH, crown height; DDM, distal
denticles per mm; MDM, mesial denticles per mm.

conjunction with their small size, preclude other taxa. The small
crown size of these teeth tends to rule out taxa such as Tyranno-
sauroidea (excluding Proceratosauridae), Allosauroidea, Carchar-
odontosauridae, Ceratosauridae and Megalosauridae, although
there is a possibility that these teeth may have come from juve-
nile individuals of larger adult taxa. Dromaeosaurid teeth have
the following combination of features: relatively small size, with
even larger-bodied taxa such as Utahraptor having teeth that are
less than 5 cm in crown height (Hendrickx et al. 2019); zipho-
donty; labiolingual compression; a twisted mesial carina; a distal
carina that is deflected labially; and denticles present on either
both the mesial and distal carinae or only the distal carina (San-
key et al. 2002; Hendrickx et al. 2019; Prasad & Parmar 2020).
Dentitions with unserrated mesial carinae and denticulate distal
carinae (as per morphotype A) are present in numerous clades
in both the mesial and lateral dentitions, including a number of
small dromaeosaurids (Atrociraptor, Richardoestesia, saurornitho-
lestines, velociraptorines and dromaeosaurines) from the Late
Cretaceous of North America (Larson 2008; Williamson & Bru-
satte 2014; Larson et al. 2016) and the Asian velociraptorine
Tsaagan (Norell et al. 2006; Chiarenza et al. 2020). Larger distal
denticles compared with mesial denticles has previously been
used as a synapomorphy to identify velociraptorine teeth (e.g.
Rauhut & Werner 1995; Sweetman 2004; van der Lubbe
et al. 2009) however, this feature is found across a range of dei-
nonychosaurian taxa such as saurornitholestines and Richardoes-
tesia (Larson 2008; Larson & Currie 2013; Larson et al. 2016;
Hendrickx et al. 2019; Chiarenza et al. 2020). A lemniscate
cross-section is a feature present in many deinonychosaurs,
including most dromaeosaurids, but with the exception of some
metriacanthosaurids, megaraptorans and tyrannosauroids it is
absent from non-maniraptoriform theropods (Hendrickx &
Mateus 2014; Hendrickx et al. 2019).

Troodontid morphotype. We refer the single tooth GCLRM G8-
23 to Troodontidae on both morphological-based considerations
and machine learning morphospace position. GCLRM G8-23
resembles the teeth of troodontids based on its large, bulbous,
widely spaced and apically inclined denticles on the distal carina,
the overall phylloform shape of the crown, and the presence of a
basal constriction. The presence of denticles on both the mesial
and distal carinae is seen in derived troodontids (Makovicky
et al. 2003; Goswami et al. 2013; Hendrickx et al. 2019), with
only Troodon formosus (Leidy 1856), Zanabazar junior (Norell
et al. 2009), Saurornithoides mongoliensis (Osborn 1924; Hen-
drickx et al. 2019) and a single isolated tooth from the Late Cre-
taceous of India (Goswami et al. 2013) having serrated mesial
and distal carinae in at least part of the dentition. Abelisaurid
lateral teeth also share this denticle morphology: however, the
distal margins of most abelisaurid crowns, with a few exceptions,
tend to be convex rather than straight to weakly concave and
have a triangular crown shape rather than the phyllodont shape
seen here (Hendrickx & Mateus 2014).

Therizinosauroid morphotype. We refer the single tooth GCLRM
G167-32 to Therizinosauroidea on morphological-based consid-
erations only, given that this tooth was incorrectly classified as a
dromaeosaurid in the machine learning analysis. A subsymmetri-
cal phylloform-shaped tooth with a basal constriction as seen in
GCLRM G167-32 are features shared with therizinosauroids such
as Falcarius (Kirkland et al. 2005; Zanno 2010a), Erlikosaurus
(Barsbold & Perle 1980) and Eshanosaurus (Xu et al. 2001; Bar-
rett 2009). The median ridge on the lingual surface running
from crown apex to base resulting in concave surfaces adjacent
to both carinae is consistent with that observed in the lateral
teeth of therizinosaurs (Zanno 2010a; Hendrickx et al. 2019).
The possession of a small number of large denticles on the
carina is a feature shared between Therizinosauroidea and Troo-
dontidae (Hendrickx et al. 2019): however, the sub-equal size of
denticles on both carinae of GCLRM G167-32 and the regular,
narrow spacing between denticles is in contrast to the large, bul-
bous and widely spaced denticles often seen in troodontids
(Hendrickx et al. 2019). The convex distal margin of the crown
in GCLRM G167-32 is a feature shared with a number of non-
maniraptoran theropods (Abelisauridae, Spinosauridae and Cera-
tosaurus) and some maniraptorans (Ornithomimosauria, Alvar-
ezsauroidea and Oviraptorosauria): however, the combination of
crown shape and denticle morphology precludes these taxa.
GCLRM G167-32 possesses a basal constriction, the crown base
occupying c. 85% of maximum crown width, a feature assessed
by Hendrickx et al. (2019) to represent an unambiguous dental
synapomorphy of Therizinosauria.

Comparisons with other UK Middle Jurassic theropod taxa

Of the theropod dinosaurs known from the Middle Jurassic of
the UK we can exclude larger non-maniraptoran taxa such as
the megalosaurids Megalosaurus (Buckland 1824; Benson 2010a),
Magnosaurus (Huene 1932; Benson 2010b), Duriavenator
(Owen 1883; Waldman 1974; Benson 2008) and Eustreptospondy-
lus (Walker 1964; Sadleir et al. 2008), and the basal tetanuran
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FIG. 12. Isolated crowns of indeterminate dromaeosaurs (morphotype B) from Woodeaton Quarry (NHMUK PV R37916; A-D, I-])
and Hornsleasow Quarry (GCLRM G167-24; E-H, K-L) in: A, E, lingual; B, F, labial; C, G, distal; D, H, mesial; I, K, basal view. J, L,
magnification of apical regions boxed in D and H, respectively. Scale bars represent: 1 mm for general views (A-I, K); 0.1 mm for api-

cal close-ups (J, L).

Cruxicheiros (Benson & Radley 2010) on the basis of morpho-
space position (Fig. 9), size and overall morphology (Hendrickx
et al. 2015a). The teeth of an earlier-branching coelurosaur, the
tyrannosauroid Proceratosaurus bradleyi (Rauhut et al. 2010),
from the Bathonian of England, bear a superficial similarity to
dromaeosaur morphotype B. However, the overall crown shape
of Proceratosaurus maxillary and dentary teeth differs in that the
basal part of the crown is almost straight with only the apical
part strongly recurved. In addition, the basal longitudinal
depressions on both lingual and labial surfaces are strongly
developed, giving a clear lemniscate basal cross-section in con-
trast to that present in morphotype B (Rauhut ef al. 2010).
Moreover, Proceratosaurus denticles are chisel-shaped with

flattened exterior margins in contrast to the convex margin seen
in morphotype B (Woodward 1910; Rauhut et al. 2010).

DISCUSSION

The application of machine learning techniques, com-
bined with morphological-based approaches, to isolated
teeth from Bathonian microvertebrate sites confirms the
presence of at least three maniraptoran taxa in the assem-
blage: three dromaeosaur morphotypes (which might
indicate multiple dromaeosaur taxa); a troodontid; and a
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FIG. 13. Isolated crown of indeterminate dromaeosaur (mor-
photype C) from Woodeaton Quarry (NHMUK PV R37920), in:
A, lingual; B, labial; C, basal; D, distal; E, mesial view. Scale bar
represents 1 mm.

therizinosaur. Apart from morphological changes due to
taxonomy, there are a number of other sources of possi-
ble variation in tooth morphology including those poten-
tially introduced by positional or ontogenetic changes.
Unfortunately there are few relevant datasets or previous
studies on theropod tooth variation on which to rigor-
ously test these hypotheses. Buckley et al. (2010) and
Buckley & Currie (2014) examined tooth variation in sin-
gle populations of the tyrannosaurid Albertosaurus sar-
cophagus (Buckley et al. 2010) and the Late Triassic
theropod Coelophysis bauri (Buckley & Currie 2014). The
analysis of A. sarcophagus teeth suggests that strongly het-
erodont dentitions can influence morphospace occupa-
tion, with premaxillary teeth quantifiably different to
maxillary and dentary teeth but with no quantifiable dif-
ference between maxillary and dentary teeth. Analysis of
848 teeth from 23 skulls of C. bauri using both discrimi-
nant analysis and canonical variate analysis shows that
positional variation does not influence morphospace
occupation but that it can be influenced by ontogeny.
This does suggest that a degree of caution is warranted
when ascribing morphotypes of isolated theropod teeth to

FIG. 14. Isolated crown of an indeterminate troodontid
(GCLRM G8-23) from Hornsleasow Quarry, Gloucestershire in:
A, lingual; B, labial; C, basal; D, distal; E, mesial view. Scale bar
represents 1 mm.

different taxa; hence here we distinguish the teeth only as
morphotypes within a broader taxonomic framework.
These results provide the first quantitative support for
the presence of maniraptoran theropods in the Middle
Jurassic, from sites that are well constrained biostratigra-
phically in Bathonian ammonite zones, increase the
known diversity of Middle Jurassic theropods from the
UK, and provide the oldest occurrences of troodontids
and therizinosaurs worldwide (Fig. 7). These identifica-
tions provide the first definitive body-fossils consistent
with predictions made by phylogenetic analyses, which
posited the likely presence of these clades at this time
(Holtz 2000; Rauhut 2003; Xu et al. 2010; Carrano
et al. 2012; Rauhut & Foth 2020). Previous reports of
Middle Jurassic maniraptoran occurrences have been dis-
puted (Foth & Rauhut 2017; Ding et al. 2020) or have
considerable temporal and stratigraphic confusion (Sulli-
van et al. 2014; Xu et al. 2016). The age of the paravians
from the Middle to Upper Jurassic Daohugou Beds (Yan-
liao biota) in northeastern China is controversial because
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FIG. 15. Isolated crown of an indeterminate therizinosauroid
(GCLRM G167-32) from Hornsleasow Quarry, Gloucestershire
in: A, lingual; B, labial; C, basal; D, distal; E, mesial view. Scale
bar represents 1 mm.

of stratigraphic uncertainties surrounding the placement
of volcanic rocks in the sequence used to obtain radio-
metric dates (Sullivan et al. 2014; Xu et al. 2016). The
beds are close to the Middle-Upper Jurassic boundary
and have been referred to either the upper part of the Jiu-
longshan (Haifanggou) Formation and/or the lower part
of the overlying Tiaojishan Formation (or both). Recent
radiometric dating suggests that the Anchiornis-bearing
bed is Oxfordian in age with most anchiornithines com-
ing from the Tiaojishan Formation and scansoriopterygids
from the underlying Jiulongshan Formation. Notwith-
standing this, the uncontroversial acceptance of avialians
such as Archaeopteryx (Meyer 1861; Owen 1864; Hux-
ley 1868) from the Late Jurassic of Germany, as well as
the Yanliao biota maniraptorans (Godefroit et al. 2013a,
2013b; Sullivan et al. 2014; Xu et al. 2015; Foth & Rau-
hut 2017) and probable maniraptorans from the Middle
to Upper Jurassic Shishugou Formation (Han et al. 2011),
clearly indicate that the clade should have been estab-
lished by the late Middle Jurassic (Choiniere et al. 2012).

Our results show that Maniraptora was not only estab-
lished by the Bathonian but was already diverse at this
time, at least in Laurasia, and also extend significantly the
known temporal ranges of all major maniraptoran clades.
Therizinosaurians, excluding the controversial occurrence
of Eshanosaurus (Xu et al. 2001; Barrett 2009), are cur-
rently known mainly from the Cretaceous of Asia apart
from the basal, and oldest, therizinosauroids Falcarius
and Martharaptor from the Berriasian Cedar Mountain
Formation of Utah (Kirkland et al. 2005; Senter
et al. 2012; Joeckel et al. 2020) and the Turonian taxon
Nothronychus from New Mexico and Utah (Kirkland &
Wolfe 2001). The occurrence of a therizinosaur in the
Bathonian of the UK extends the temporal range of this
clade by c. 27 myr (Fig. 7). Dromaeosaurs had an almost
pan-global distribution during the Late Cretaceous,
although they are best known from Asia and North
America. The earliest definitive dromaeosaurs, excluding
records of referred isolated teeth, are from the Barremian
Jehol biota of China (Xu et al. 2000; Zheng et al. 2009).
Isolated teeth from the Middle and Late Jurassic of Laura-
sia and Gondwana have been assigned to the clade previ-
ously (Zinke 1998; Hendrickx & Mateus 2014; Vullo
et al. 2014; Prasad & Parmar 2020) but their identifica-
tions have not been widely accepted (Foth & Rauhut 2017;
Ding et al. 2020; Sellés et al. 2021). Our results, however,
offer the first quantitative assessment of potential dro-
maeosaur teeth from the Middle Jurassic, confirming the
existence of the clade by the Bathonian and a confirmed
range extension of some 38 myr (Fig. 7). Based on com-
parisons with our data, it seems likely that some other
published Jurassic records also represent this clade,
although rigorous analysis will be needed to confirm this
suggestion. Troodontids are known primarily from the
Cretaceous of Asia, Europe and North America (Brown &
Schlaikjer 1943; Russell 1946; Barsbold et al. 1987; Cur-
rie 1987; Sellés et al. 2021) and possibly the Late Jurassic
of China (Hu et al. 2009; Turner et al. 2012; Brusatte
et al. 2014), although more recent analyses consider these
Late Jurassic taxa to be basal avialians (Foth & Rauhut
2017; Pei et al. 2017). Isolated teeth from the Late Juras-
sic of Portugal and North America and the Late Creta-
ceous of India have been assigned to the clade
(Chure 1994; Zinke 1998; Goswami ef al. 2013) although
many of these identifications have been questioned (Ding
et al. 2020). Thus, our confirmed Middle Jurassic Euro-
pean troodontid pushes back the origin of this clade by
27 myr (Fig. 7) from the Berriasian (Geminiraptor, Utah;
Senter et al. 2010) to the Bathonian.

The presence of this diverse Middle Jurassic biota also
suggests we need to re-visit the biogeographical scenarios
that have been proposed to account for patterns in man-
iraptoran faunal distributions (Case et al. 2007; Rauhut
et al. 2010; Zanno 2010b; Ding et al. 2020). Two non-
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FIG. 16. Biogeographical history of Maniraptora from the Middle Jurassic to the Late Cretaceous. A, Middle Jurassic. B, Late Juras-
sic. C, Early Cretaceous. D, Late Cretaceous. Maniraptoran occurrences shown in red circles and unconfirmed occurrences in yellow
circles. Middle Jurassic occurrences include the results from this study, dromaeosaurs reported from the Kota Formation of India (Pra-
sad & Parmar 2020) and possible occurrences in Ethiopia (Goodwin et al. 1999) and Kyrgyzstan (Averianov et al. 2005). Palaeogeogra-
phical maps from Scotese (2021).

mutually exclusive scenarios are widely accepted as having
major impacts on maniraptoran biogeographical distribu-
tions: vicariance from a widespread initial distribution,
driven by continental break-up and fragmentation (Fas-
tovsky & Weishampel 1996; Upchurch ef al. 2002;
Zanno 2010b; Ding et al. 2020), and faunal dispersal with
dispersal routes shaped by the establishment of land brid-
ges between continental masses (Upchurch et al. 2002;
Dunbhill et al. 2016; Ding et al. 2020). It is also likely that
regional extinction events played a part in shaping bio-
geographical  distributions  (Sereno  1997;  Barrett
et al. 2011; Benson et al. 2012). The presence of Middle
Jurassic Laurasian proceratosaurids and earliest Creta-
ceous Gondwanan ornithomimosaurs suggests that coe-
lurosaurs were widespread before the break-up of
Pangaea (Rauhut et al. 2010; Choiniere et al. 2012), with
a recent analysis by Ding ef al. (2020) suggesting that
continental-scale vicariance was an important factor in
accounting for coelurosaurian biogeographical distribu-
tions. Due to the uncertainty created by the absence of
definitive and temporally well constrained pre-Cretaceous
maniraptorans (Zanno 2010b; Foth & Rauhut 2017; Sellés
et al. 2021), several different scenarios have been put for-
ward to account for maniraptoran distributions while
accepting that more fossil evidence would be needed in
order to test these. For example, Foth & Rauhut (2017)

suggested that all maniraptoran clades more derived than
Ornitholestes originated and diversified in eastern Asia,
followed by dispersal from this area to Europe and North
America by the Late Jurassic. By contrast, the pan-
Laurasian distribution of Early Cretaceous therizinosaurs
has been taken to indicate either a vicariance event, with
therizinosaurs present in Asia and North America prior
to major rifting and the opening of the North Atlantic, or
a dispersal of basal therizinosaurs between North America
and Asia via land bridges after the rifting event
(Zanno 2010b; Ding et al. 2020; Scotese 2021). Dromaeo-
saur biogeography has been suggested to indicate a vicari-
ance event driven by the break-up of Pangaea and
subsequent continental separation (Ding et al. 2020),
implying a widespread distribution before the break-up.
Troodontids are common across Asia and North America
by the Campanian and Maastrichtian, and a tooth attrib-
uted to the clade has been reported from the Late Creta-
ceous of India, the first Gondwanan representative of the
clade (Goswami et al. 2013), although Ding et al. (2020)
suggested that this identification should be provisional
Possible scenarios to account for troodontid biogeography
include multiple Laurasian dispersal events, a dispersal
event from Laurasia to Gondwana or a wider clade distri-
bution prior to the break-up of Pangaea (Senter
et al. 2010; Goswami et al. 2013; Ding et al. 2020).
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The presence of maniraptorans in the Middle Jurassic
(Fig. 16) suggests that a pan-Pangaean distribution was
established before continental separation began at c.
170 Ma (Scotese 2021). A combination of vicariance
events driven by continental separation, regional extinc-
tions and later dispersal events can be invoked that then
lead to the later Mesozoic distributions.

Machine learning provides a powerful new tool that
can provide quantitative assessments of isolated theropod
tooth identifications and has been shown to outperform
other analytical methods (Wills ef al. 2021). The use of
multiple machine learning algorithms. as applied here,
enables the corroboration of results by checking predic-
tions derived from another technique. It is also important
to note the limitations of any technique and our study
was constrained (due to the nature of the training data-
sets available) to a small number of morphometric vari-
ables. Moreover, data availability was too poor to
accurately describe a model in some cases. However, we
expect the ability to classify isolated teeth in this manner
to improve with the collection of more data (including
3D data) to train the classifiers. For now, we emphasize
the importance of cross-checking results from machine
learning analyses with more traditional morphological-
based approaches.

CONCLUSION

The use of machine learning algorithms has enabled us to
confirm, in a quantifiable framework, the presence of a
diverse maniraptoran theropod fauna in the Middle
Jurassic (Bathonian) of the UK. Our sample includes the
oldest-known occurrences of Troodontidae and Therizi-
nosauroidea. This confirms a Middle Jurassic (or earlier)
origin for Maniraptora and suggests that the clade had a
pan-Pangaean distribution prior to continental break-up.
The presence of these early maniraptorans, currently
known only from isolated teeth, highlights the importance
of incorporating microvertebrate remains into faunal and
evolutionary analyses. The accuracy of machine learning
results is hampered by the quality of the data used to
train the models, and larger datasets will be required to
improve model performance, but the combination of
these results with morphological-based identifications can
overcome this issue to provide a robust, testable frame-
work for taxonomic identifications.
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