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Forelimb reduction has been observed in numerous and disparate
non-avian theropod dinosaurs, resulting in the hypothesis that reduced
forelimbs evolved convergently. Clades with reduced forelimbs also
possess high degrees of cranial robusticity and gigantic body sizes.
Here, we provide a novel quantification of forelimb reduction across
Theropoda, and create and implement a cranial robusticity scoring
system, and analyse this dataset using bivariate and comparative
phylogenetic analyses. Results indicate that forelimb reduction is
strongly correlated with cranial robusticity and gigantism. Reduced/
vestigial forelimbs evolved in at least five theropod lineages in
concert with increased cranial robusticity and gigantism. Abelisaurids,
carcharodontosaurids and tyrannosaurids show the greatest forelimb
reduction relative to the skull. Repeated forelimb reduction across
theropods was facilitated by increased cranial robusticity and greater
body size that was potentially influenced by an upward trend in prey
body size. These events resulted in a shift from subduing prey using
grasping forelimbs to using powerful bites and robust skulls.

1. Introduction
Theropod dinosaurs constitute one of the most successful radiations of
terrestrial vertebrates, with a fossil record extending back to the Late Triassic
[1]. Among Mesozoic dinosaurs, non-avian theropods underwent major taxic,
ecological and morphological diversification throughout the Jurassic and
Cretaceous until their extinction at the close of the Cretaceous [2–4]. During
this period, non-avian theropods achieved a cosmopolitan distribution [5] and
occupied a broad range of ecological niches across terrestrial, arboreal, littoral
and possibly aquatic habitats [6–10]. Body size disparity across theropod
diversity is also particularly high [11] with multiple clades having evolved
gigantism [12].

Non-avian theropod diversity is remarkable, and more than two centu-
ries of study of these dinosaurs has resulted in the recognition of myriad
theropod lineages, many of which were mutually contemporaneous during
the Mesozoic [13]. Much of non-avian theropod morphological variation is
apparent in the skull and forelimbs, with the robusticity and proportional
size of the forelimb and skull varying across theropod phylogeny. In recent
years, distinct trends of forelimb reduction and/or vestigialization have been
observed in at least four distantly related non-avian, carnivorous theropod
lineages: Abelisauridae, Alvarezsauria, Carcharodontosauridae and Tyranno-
sauridae [14–17]. Despite the absolute reduction in the forelimbs of these
clades having been known for decades [18,19], the convergent evolution of
this trait has only recently been rigorously analysed [17,20].
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Among the clades in which forelimb reduction (particularly element shortening) has been observed, trends of increasing
gigantism (≥ 1000 kg body mass), super-gigantism (≥ 2500 kg body mass) and cranial ornamentation and robusticity have also
been observed [12]. This suggests that forelimb reduction may be causally associated with increases in body size and increasing
cranial robusticity. This phenomenon could be interpreted as being merely an allometric by-product of growth [21]. However,
Canale et al. [17] showed that the convergent evolution of reduced forelimbs in gigantic theropods is not attributable to a
single shared underlying pattern of allometric growth. For example, the carcharodontosaurids Acrocanthosaurus and Meraxes
are similar in body size but display dissimilar forelimb reduction patterns. Similarly, widely shared allometry cannot account
for forelimb reduction in tyrannosauroids [17]. Furthermore, negative allometry is not observed in giant maniraptoriforms (e.g.
Deinocheirus; Therizinosaurus), which do not display reduced forelimbs and were almost certainly not primarily carnivorous
[22,23]. This is in contrast to abelisaurids, carcharodontosaurids and tyrannosaurids, which were strictly carnivorous [24–26].
However, the carnivorous megaraptorids and spinosaurids both also include giant taxa but retain elongated forelimbs [7,8,21],
suggesting that a factor other than allometry/body size drove forelimb evolution among theropods.

Here, we provide a novel quantification of forelimb reduction across a broad representation of non-avian theropods in order
to investigate potential correlations between this phenomenon and factors including increasing body size, skull size and cranial
robusticity. We present and implement a novel scoring methodology that combines quantitative and qualitative measures of
cranial robusticity into a single cranial robusticity index. This cranial robusticity quantification, combined with data on forelimb
structure and body mass estimates, is analysed using comparative phylogenetic and other statistical approaches, in order to test
potential correlations and trends. We place our results in the wider context of non-avian theropod evolution and evaluate which
hypotheses best explain patterns of cranial robusticity, forelimb reduction and gigantism.

2. Methods
(a) Supertree construction
A supertree detailing the interrelationships among 176 non-avian theropods was grafted together from the results of numerous
previous analyses (see electronic supplementary material, table S1, for clade definitions). Some taxa that lacked sufficient
cranial/forelimb material for use in this study were included in the supertree for calibration purposes, as they were among
the earliest members of several key clades (e.g. Lythronax; Tyrannosauridae; Neovenator; Carcharodontosauridae). Stratigraphic
range data for each taxon were taken from the primary literature, based on radiometrically dated horizons where possible.
Uncertainty in taxon/formation age was accounted for by treating the data as minimum and maximum ages. The topology was
calibrated using the ‘paleotree’ package [27] in R v.4.3.1. Stratigraphic data were treated as random observations and branch
lengths distributed equally among all branches with minimum branch length set at 1 million years (Ma). This calibration
approach follows those of Gates et al. [12] and Aubier et al. [28]. The topology is provided in electronic supplementary material,
S4.

(b) Dataset
Forelimb, cranial and body mass data were collected for 85 non-avian theropod species (electronic supplementary material, S1).
Attempts were made to obtain all relevant data for each species from a single specimen to avoid introducing error as a result
of size discrepancies among individuals. Where this was not possible, specimens of similar size were used and overlapping
elements were scaled to the most complete specimen for analysis (see electronic supplementary information for further details).
Cranial data comprised anteroposterior skull lengths (tip of premaxilla to quadrate condyle posterior surface), dorsoventral
heights (maximum height excluding cranial crests), dental characteristics, bite force estimates and the degree of fusion between
various cranial bones. Forelimb data consisted of absolute proximodistal lengths for the humerus, radius, metacarpal II and
each phalanx of digit II (electronic supplementary material, figure S1). The second digit was used because this digit is typically
the longest in the theropod manus [29]. In taxa where the second digit was secondarily lost (e.g. Alvarezsauroidea), the first
digit was used instead.

Skull–forelimb length ratios (SFR) could be calculated for 61 of the 85 taxa. The SFR provides a measure of forelimb
reduction relative to the skull, in that taxa with an SFR ≥ 1.0 are deemed to display reduced forelimbs and those with
an SFR ≥ 1.2 are deemed to display vestigial forelimbs. These boundaries are based on observed ratios in taxa where the
reduction/vestigiality was first identified (e.g. Meraxes gigas, SFR; 1.562 [17]; Carnotaurus sastrei, SFR; 1.224 [19]). Despite this, it
is likely that the precise results of the current study would change if these boundaries were subtly different (±0.1). To investigate
the potential impact of using different SFR thresholds for defining reduced and vestigial forelimbs, two sensitivity analyses
were conducted, one with these thresholds set at 0.9 and 1.1, respectively, and one with them set at 1.1 and 1.3, respectively.

(c) Quantifying cranial robusticity
For theropods, cranial robusticity has often been specified by way of morphological comparisons of cranial characters (relative
skull height, dental morphology, etc.) [25,26]. Despite the wide range of cranial robusticity observable within Theropoda, a
universally applicable method for quantifying this feature, which accounts for dental morphology, skull proportions, bite force
and the extent of fusion of individual skull elements, has yet to be formulated. Here, we develop a new method for quantifying
the robustness of theropod skulls, considering their particular morphology and attributes. The new method is hereafter termed
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the Cranial Robusticity Score (CRS) and quantifies cranial robusticity based on the following characteristics: (i) maximum
dorsoventral height-anteroposterior length ratio (DV/AP), (ii) dental morphology, inferred from crown base ratios, (iii) number
of fused elements and the degree/likelihood of cranial kinesis, and (iv) bite force estimates inferred from temporal jaw adductor
physiological cross-sectional area as a proxy for muscle attachment area. These characters are used here to calculate a CRS
ranging from 3 to 50 with a score of 3 representing the lowest possible robusticity and a score of 50 representing the greatest
possible robusticity. For taxa that do not preserve sufficient cranial material, the components of the CRS were calculated using
the closest relatives available (the bite force of Tyrannotitan is based on other giganotosaurin carcharodontosaurids [8323N]). See
electronic supplementary material, figure S2, for further details of the CRS.

(d) Missing data
Missing data in palaeontological studies are almost unavoidable [30,31], such that studies have often resorted to estimating data
based on closely related species (e.g. [12]). Missing data have been shown to have deleterious effects on various multivariate
analyses, because certain data may be unavailable for some of the traits under study [32]. Initial examination showed that
a substantial number of data points were missing from the dataset, with over 20% of cells lacking data (289/1245 cells). In
order to circumvent this issue and obtain as complete a dataset as possible, the R package ‘Rphylopars’ [32] was utilized. We
mathematically imputed missing multivariate data points using a restricted maximum likelihood model assuming Brownian
motion. To assess the impact of using imputed datasets in analyses, each of the following analyses was conducted with the
imputed dataset (ID) as well as the original dataset (OD).

(e) Statistical analyses
To test for relationships between SFR and (i) body size, (ii) body mass, (iii) skull size, and (iv) cranial robusticity (based
on CRS), we conducted Spearman’s rank correlations and linear regression because our data consist of both continuous and
discrete values, for both independent and dependent variables [33]. This was done to establish whether or not the possession
of reduced forelimbs is predictable based on aspects of the cranial skeleton and/or absolute body measurements. Body mass
data were log10-transformed because the absence of such transformations can have significant impacts on the results of
macroevolutionary analyses by increasing the rate of false positives in phylogenetic comparative analyses [34]. Further analyses
were conducted with CRS and SFR normalized against the body mass of the taxon in question by taking the residuals of the
former two regressed against body mass. Ancestral state estimations for SFR, CRS and body mass were obtained from the
‘Rphylopars’ package to track their evolution across Theropoda. Phylogenetic signal tests for the SFR and CRS were conducted
using Pagel’s λ [32] and Blomberg’s K-statistic [35] and tested against null models of evolution assuming Brownian motion.
Phylogenetic generalized least squares (PGLS) analyses were conducted in the R package ‘picante’ [36] to investigate the
possibility of phylogenetic non-independence among the traits under study. CRS, SFR and log10(body mass) were iteratively
included in PGLS analyses, and the best-fitting model(s) was identified via size-corrected Akaike information criterion (AICc)
scores. Correlation between the residuals of linear models of SFR approximately log10(body mass) and CRS approximately
log10(body mass) was tested using PGLS regressions to provide body-mass-corrected estimates for SFR and CRS. All analyses
were run with herbivorous and omnivorous taxa (Ornithomimosauria, Therizinosauria, Oviraptorosauria; simply herbivores
hereafter) included in the ID and OD datasets and with these taxa excluded in order to explore the phylogenetic and ecological
distributions of patterns of forelimb reduction and cranial robusticity. Removing Ornithomimosauria and Oviraptorosauria also
permits testing forelimb reduction in the absence of clades which exhibit positive forelimb allometry [21]. We applied a Vuong
test to determine if the two possible regression models (x~y versus y~x) are distinct and to identify potential causality between
the residuals of the two variables of the best fit PGLS model. For further detail on the analytical procedures and methods used
in this work, see electronic supplementary material, S2.

3. Results
(a) Bivariate analyses—Spearman’s correlation
All bivariate analyses produced significant positive correlations of varying strengths between skull/forelimb ratio (SFR) and
cranial robusticity score (CRS), log10(body mass) and log10(skull size) in both the imputed and non-imputed datasets (electronic
supplementary material, table S2, figures S2–S5). Despite the varying strengths of the correlations, all traits are strongly
correlated with SFR, with body mass showing a weaker correlation than CRS and skull size. The values of the correlation
coefficients of the OD are greater than those of the ID. However, while the correlations appear weaker for the imputed data, the
results are still significant for the ID (p < 0.01 for all analyses), indicating that the imputation of missing data is unlikely to have
introduced an artificial signal/result. When herbivorous taxa are excluded from the analyses, R2 values for comparisons between
all variables increase (0.419–0.684 (SFR~log10(body mass)) and 0.691–0.694 (SFR~CRS) and 0.568–0.684 (SFR~log10(skull size))).
This suggests that carnivorous diets are more correlated with greater values of SFR and CRS (i.e. more reduced forelimbs and
more robust skulls). When body mass is accounted for, a strong correlation between SFR and CRS and between the residuals of
SFR~CRS is observed (R2 = 0.520; p << 0.001; figure 1a). Similarly, skull size shows a strong correlation with SFR when body mass
is accounted for (R2 = 0.978; p << 0.001). Therefore, when accounting for the covariant effect of body mass, CRS and skull size are
strongly correlated with SFR (figure 1).
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(b) Phylogenetic signal—Pagel’s λ and Blomberg’s K
Pagel’s λ and Blomberg’s K values for phylogenetic signal of SFR were between 0 and 1 (electronic supplementary material,
table S3). Pagel’s λ is significantly greater than 0 (p = 5.52 × 10−17) and significantly less than 1 (p = 9.46 × 10−4). This indicates
that the datasets used in this study do not fit a Brownian motion model and are therefore not random, suggesting directional
selection on SFR and convergence in forelimb reduction among theropod clades. Blomberg’s K is also significantly higher than
would be expected under a random model (electronic supplementary material, table S3). These values indicate that a significant
degree of phylogenetic signal is present in SFR among lineages which possess reduced forelimbs. This demonstrates that
phylogenetic position is a relatively good predictor of the extent to which forelimbs are, or are not, reduced/vestigial. When
herbivorous taxa are removed from the analysis, both measures of phylogenetic signal increase slightly (K = 0.7282738, Pagel’s λ
= 0.8951) and remain indicative of a non-random model of forelimb evolution.

(c) Evolution of reduced forelimbs—ancestral state estimation
The evolutionary histories of CRS, SFR and body mass are shown in figure 2. Ancestral estimation and empirical SFR values
suggest that reduced forelimbs (SFR ≥ 1.0) evolved in at least five disparate lineages of carnivorous theropods (Abelisauridae,
Carcharodontosauridae, Ceratosauridae, Megalosaurinae and Tyrannosauridae; electronic supplementary material, table S4).
Reduced forelimbs first appear in abelisauroids (SFR = 1.053) and are reduced further in abelisaurids (SFR = 1.294), in which the
forelimb becomes vestigial (SFR ≥ 1.2). Within brachyrostran abelisaurids, the forelimb is reduced even further (SFR = 1.424).
Ceratosaurus is the only ceratosaurid to possess reduced forelimbs (SFR = 1.022). Reduced forelimbs are also seen in members
of Megalosaurinae (SFR = 1.032), but the degree of reduction is slightly less than in abelisauroids. When the threshold for
reduction is raised (SFR ≥ 1.1), neither Ceratosauridae nor Megalosaurinae ancestrally possessed reduced forelimbs. However,
Torvosaurus still meets the threshold for reduction (SFR = 1.118). The carcharodontosaurid ancestor (SFR = 1.027) possessed
reduced forelimbs, and giganotosaurin carcharodontosaurids (SFR = 1.530) possessed forelimbs that are even more reduced
than those of abelisaurids, although this may be due to the more elongated skull of the former [17]. When applying the higher
threshold for reduced forelimbs, only carcharodontosaurids later-diverging than Concavenator show the reduced state (SFR =
1.275). Tyrannosaurids possessed ancestrally reduced forelimbs with an ancestral SFR of 1.127, whereas Pantyrannosauria has
an ancestral SFR of 0.682; and the greatest degree of forelimb vestigialization in the most derived taxa (Tyrannosaurus rex:
1.622). Within Tyrannosauridae, SFR increases from 1.127 to 1.212 in tyrannosaurines and finally to 1.220 in late-diverging
tyrannosaurines. Alvarezsauridae do not qualify as possessing reduced forelimbs relative to the skull (SFR = 0.938), although
when a lower threshold is applied (SFR ≥ 0.9), the ancestral alvarezsaurid did possess reduced forelimbs. This may be due to the
apomorphically small skulls in this clade, which lower the SFR of our sampled alvarezsaurids.

The above patterns largely persist even when alternative definitions of ‘reduced’ and ‘vestigial’ forelimbs are used. Regard-
less of the differing SFR thresholds applied, Tyrannosauridae, later-diverging Abelisauridae and Carcharodontosauridae all
possess ancestrally reduced forelimbs, while Megalosaurinae and Ceratosaurus do not possess reduced forelimbs using the
higher threshold (SFR = 1.028 and 1.066, respectively). Similarly, only Brachyrostra and Giganotosaurini possess vestigial
forelimbs at all thresholds, while Tyrannosaurinae are inferred to possess vestigial forelimbs at the lower and middle thresh-
olds. However, SFR values between early-diverging (Dynamoterror SFR = 1.296) and later-diverging Tyrannosaurinae (Daspleto‐
saurus SFR = 1.09; Tyrannosaurus SFR = 1.622) imply that vestigial forelimbs evolved in the tyrannosaurine ancestor, and the
forelimbs may have secondarily increased in size in Daspletosaurus.

(d) Phylogenetic generalised least squares
Significant correlations between SFR, CRS, log10(skull size) and log10(body mass) (electronic supplementary material, tables
S5 and S6) were recovered, albeit much weaker than that calculated in the Spearman’s correlation tests. Corrected Akaike
information criterion (AICc) scores demonstrate that the best-fit model to describe SFR includes CRS and body mass, with
the second-best model including CRS and skull size. Therefore, large body size and high cranial robusticity seem to influence
forelimb reduction relative to the skull. No phylogenetic outliers were detected based on the standard for determining outliers
via the value of phylogenetic residuals (≥ 3) [37]. The AICc scores can be assessed using the following likelihood test [38]
(equation 3.1).

(3.1)θ = exp AICcx −  AICcy
2 .

θ = Likelihood of model AICcy relative to AICcx, AICcn = AICc of nth model
Using equation (3.1), the model including CRS and body mass substantially outperforms all other models (electronic

supplementary material, tables S5 and S6). When herbivorous taxa are removed, correlations between SFR and all variables
increase (electronic supplementary material, tables S7 and S8), further suggesting that the correlations are stronger within
carnivorous taxa. The best-fit model includes CRS and body mass. The second-best model only includes CRS, showing that CRS
is the single best explanatory predictor for forelimb reduction, although maximum variation is explained when body mass is
included. When the residuals between the models CRS~body mass and SFR~body mass were tested (SFR~CRS), a significant
correlation between them is observed both when herbivorous taxa are included (R2 = 0.289; p = 1.598 × 10−7; AICc = −30.01;
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electronic supplementary material, table S6) and excluded (R2 = 0.2939; p = 4.452 × 10−5, AICc = −25.13; electronic supplementary
material, table S8). Our Vuong test shows that the CRS~SFR and SFR~CRS models are distinct from each other (ω2 = 0.578; p =
1.02 × 10−5) and that SFR is most likely a function of CRS as opposed to vice versa (z = 34.551; p = 2 × 10−16).

Figure 1. Results of PGLS regression of the residuals of SFR and CRS corrected for body mass including (a) and excluding (b) herbivorous taxa, with select taxa
highlighted. Silhouettes are by S. Hartman, from phylopic.org and used under a Creative Commons License (CC BY 3.0).

Figure 2. Phylogenetic heat maps of the traits considered in this work. Cranial Robusticity Score (a), Skull : Forelimb Ratio (b) and log10 body mass (c). Note
that increased cranial robusticity and body mass always precede increases in SFR. Skull silhouettes: Meraxes gigas (Eotyrannu5; https://creativecommons.org/licenses/
by-sa/4.0 (CC BY-SA 4.0), colour changed to red), Majungasaurus (Jaime Headden; https://qilong.wordpress.com/2011/10/19/walking-sledgehammers/; CC BY 3.0;
colour changed to red) and Daspletosaurus; other silhouettes as in figure 1.
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4. Discussion
(a) Patterns and trends in forelimb reduction
Reduced forelimbs, defined by an SFR ≥ 1.0 (skull length ≥ forelimb length), evolved independently in at least five carnivorous
theropod lineages which occupy disparate positions within non-avian theropod phylogeny: Abelisauridae, Carcharodontosauri-
dae, Ceratosauridae, Megalosauridae and Tyrannosauridae. Only abelisaurids [19], carcharodontosaurids [17] and tyrannosaur-
ids [14,39] have been previously identified as possessing the reduced condition. Within these three clades, vestigial forelimbs,
defined by an SFR ≥ 1.2 (skull length ≥ forelimb length × 1.2), eventually appear during their evolution. This demonstrates that
the reduction of the forelimb was a relatively common trend across Theropoda, suggesting that similar ecological/evolutionary
pressures governed the trends seen in forelimb evolution. Below, evolutionary trends relating to the forelimbs of each group are
described in detail utilizing the ancestral estimates and values in electronic supplementary material, S1.

In the early-branching abelisauroid Eoabelisaurus, the forelimb is similar in its proportions to those of other early-diverging
theropods (e.g. Dilophosaurus, Ceratosaurus) [40] with the exception of the manual skeleton, which is already much reduced.
This has previously been used to suggest a stepwise model for abelisauroid forelimbs, starting with modification of the manus
[41]. This is supported by later-branching abelisaurids, such as Majungasaurus and Carnotaurus: these taxa have proportionally
larger humeri relative to their forelimbs when compared with the antebrachium and manus in all other abelisaurids, with
manual elements among the most reduced/absent forelimb elements compared with Eoabelisaurus (electronic supplementary
material, table S9). There are distinct differences between the forelimbs of Majungasaurus and Carnotaurus. Carnotaurus (SFR =
1.224) possesses an intermediate stage of forelimb reduction between Eoabelisaurus (SFR = 1.12) and Majungasaurus (SFR = 1.613).
Majungasaurus possesses the most reduced forelimbs of any known abelisaurid (SFR = 1.613) and also has the proportionally
smallest antebrachium and manus amongst late-diverging abelisauroids. This corroborates previous work which showed that
the abelisauroid forelimb was reduced first by shortening the distal elements, and then by slightly shortening the proximal
forelimb elements [41]. Compared with other gigantic theropods (e.g. Carcharodontosauridae, Tyrannosauridae), Majungasaurus
and Carnotaurus possess the smallest proportional values for many elements of the forelimb, indicating that the reduction of
the forelimb in later-branching abelisaurids was perhaps the most extreme among gigantic carnivores. This is possibly due
to the much longer evolutionary history of abelisaurids (179–66 Ma) compared with carcharodontosaurids (155–89 Ma) and
tyrannosaurids (81–66 Ma). However, the forelimbs of carcharodontosaurids and tyrannosaurids exhibit similar degrees of
reduction in the most extreme cases, suggesting that the degree of reduction is constrained by developmental pathways rather
than the time allowed for reduction to occur. More complete remains of abelisaurids intermediate between Eoabelisaurus and
Majungasaurus are needed to determine the tempo of this clade’s forelimb evolution in greater detail.

Ceratosaurus also possesses reduced forelimbs with proportions similar to those of early-diverging abelisauroids but with
proportions similar to early abelisaurids (electronic supplementary material, table S9). As in early-diverging abelisaurids
(Eoabelisaurus), forelimb reduction is limited to the manus in Ceratosaurus, the phalanges and metacarpals being proximodistally
shortened [40]. Despite this, Ceratosaurus is not classified as a gigantic theropod, although mass estimates (966 kg) place it very
close to the 1000 kg threshold for gigantism. However, it is likely that other Ceratosaurus specimens are larger than those used
in this work, or the mass of this taxon was slightly underestimated. Indeed, Sombathy et al. [42] estimated a mass of 1132 kg
for a large Ceratosaurus individual (UMNH VP 5278; see electronic supplementary material, S2, for institutional abbreviations),
indicating that the individual used in the current study (USNM 4735) may not have been fully grown [42] and may have had a
body mass smaller than that used here (702 kg [42]). The presence of reduced forelimbs in Ceratosaurus individuals that do not
meet the gigantism threshold used here may be attributed to the forelimbs being proportionally small in immature Ceratosaurus.
This is seen in the tyrannosaurid Gorgosaurus, where the reduced forelimbs are present in juveniles as small as 335 kg [43].
Therefore, the presence of reduced limbs is not limited to adult individuals of a species, and so the use of potentially subadult
individuals of Ceratosaurus in this study is unlikely to have resulted in underestimation of the degree of forelimb reduction for
this taxon. As such, it is likely that the initial reduction of the manus occurred near the base of Ceratosauria and became much
more apparent in early-diverging abelisauroids and Ceratosaurus in association with the evolution of ceratosaurian gigantism.

Unfortunately, most megalosaurid forelimbs are unknown due to the fragmentary nature of the hypodigms of many taxa
[44], making evolutionary trends difficult to discern. Despite this, the SFR values obtained for some megalosaurines demon-
strate that members of this clade also possessed reduced forelimbs relative to the skull. Compared with other megalosaurids,
such as Afrovenator, Torvosaurus possessed a similarly sized humerus and manus but had a much smaller radius. As a result, the
forelimb lengths of Afrovenator and Torvosaurus are very similar (< 1 cm difference) while the body mass and skull length are
much greater in the latter (electronic supplementary material, S1). Baryonychine spinosaurids (Baryonyx, Suchomimus) were also
gigantic to super-gigantic and yet possessed non-reduced forelimbs (SFR: 0.736, 0.753). The SFR of the ancestral megalosauroid
is estimated at 0.777, indicating that spinosaurid forelimbs were only slightly reduced relative to the plesiomorphic state. The
comparatively low SFR values seen in baryonychines, and probably spinosaurids generally, reflect simultaneous elongation of
the skull and forelimbs likely resulting from a degree of limited piscivorous adaptation that left them still capable of hunting a
wide range of prey [45,46].

The only allosauroids found to possess reduced forelimbs are the Carcharodontosauridae. Non-carcharodontosaurids, such
as Allosaurus, possessed SFR values ranging from 0.813 to 0.892, compared with 0.914–1.923 in carcharodontosaurids. If we
exclude the smallest carcharodontosaurid, Concavenator (670 kg), the SFR range is 1.191–1.923. Giganotosaurin SFRs range from
1.562 to 1.923 (electronic supplementary material, S8). This demonstrates a clear trend in reduction and vestigialization of the
forelimb from early-diverging to derived carcharodontosaurids, in concert with major body mass increases. The proximal and
distalmost elements of the carcharodontosaurid forelimb are similar in proportions to those of early-diverging allosauroids,
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whereas the forearm is much more reduced (electronic supplementary material, table S10). For example, the proportional
lengths of the humerus of Allosaurus fragilis and Acrocanthosaurus are similar (34–35% forelimb length, respectively), while
their radii differ by 4% forelimb length, indicating that antebrachial proportions differ between early-diverging and derived
allosauroids [20]. Giganotosaurin carcharodontosaurids also display proportional differences relative to early-diverging
carcharodontosaurids. The humeri increase as a proportion of the forelimb between Acrocanthosaurus and Tyrannotitan. Meraxes
and Taurovenator demonstrate that the giganotosaurin manual skeleton was also reduced compared with that of early-diverging
carcharodontosaurids, with the manus being substantially proportionally shorter in giganotosaurins [20] (34% in Giganotosaur-
ini versus 44% in Allosaurus; electronic supplementary material, table S10). Therefore, carcharodontosaurid forelimbs evolved in
a similar modular fashion to those of abelisaurids, although the initial reduction involved the antebrachium and the later phase
involved the manual skeleton [17,20].

Tyrannosauroids show perhaps the clearest trend in forelimb reduction due to the relatively large amount of material
pertaining to the forelimbs known for taxa occupying various phylogenetic positions. Early-diverging tyrannosauroids such as
Guanlong (SFR = 0.548) and Eotyrannus (SFR = 0518) possess unreduced forelimbs, most similar to the ancestral coelurosaurian
condition (0.645), while larger, later-branching taxa possess shorter forelimbs (Yutyrannus: 0.843). SFR in early tyrannosaurids
such as Gorgosaurus (77–75.6 Ma; SFR = 1.286) and early tyrannosaurines such as Dynamoterror (78 Ma; SFR = 1.295) and
Daspletosaurus (77–74.4 Ma; SFR = 1.09) are considerably lower than in Tyrannosaurus (68–66 Ma; SFR = 1.622), indicating
relatively rapid forelimb reduction during the middle Campanian–Maastrichtian (figures 2 and 3). The elements of the
tyrannosauroid forelimb appear to have initially been reduced in equal proportions, with each element becoming smaller over
time. This trend changes with the evolution of the tyrannosaurid manus, where the latter contributes a decreased proportion
of forelimb length. The humeri of early-diverging tyrannosauroids are absolutely larger than those of later-diverging forms, as
Yutyrannus (35.8 cm; 33.3% forelimb length) has a humerus larger than Gorgosaurus (32.4 cm; 42.2% forelimb length), despite
the latter having a much larger body size. Smaller tyrannosauroids, such as Guanlong, possess smaller humeri, similar in
proportion to those of other early-diverging forms (23.8 cm; 34.1% forelimb length). In Daspletosaurus (35.7 cm; 37.4% forelimb
length), the humerus is of comparable absolute length to that of Yutyrannus, while the former is at least twice as massive
(2840 kg) as the latter (1414 kg). In Tyrannosaurus, the humerus is absolutely larger than that of any other tyrannosauroid
(length = 38.5 cm; 44.4% forelimb length). This shows that in later-branching tyrannosauroids, the humerus constitutes an
increasing proportion of the forelimb. The forearm of tyrannosauroids exhibits drastic differences in size and proportion during
its evolution, with tyrannosaurids (Gorgosaurus; 20.3% forelimb length; Daspletosaurus; 17.9%; Tyrannosaurus; 19.9%) showing
much shorter radii (and ulnae) than small (Eotyrannus; 31.1% forelimb length) and gigantic (Yutyrannus; 25.4% forelimb length)
non-tyrannosaurids. Furthermore, the forearms of smaller tyrannosauroids, such as Tanycolagreus (22.4%) and Guanlong (22.9%)
are proportionally larger than those of the large-bodied tyrannosaurids. The manus changes from being 123% (Yutyrannus)
or 126% (Guanlong) the length of the humerus in early tyrannosauroids to 136% in intermediate tyrannosauroids (Eotyrannus)
and 119% (Daspletosaurus) and 80% (Tyrannosaurus) in tyrannosaurines. Thus, each portion of the tyrannosaurid forelimb
became gradually reduced in approximate synchrony (electronic supplementary material, table S11), with no element(s) clearly
becoming reduced before any other(s), unlike the more modular pattern observed in abelisauroids and allosauroids.

One potential caveat concerning the evolution of tyrannosaurid forelimbs is that one tyrannosaurid subclade, Alioramini,
is characterized by longirostrine skulls, gracile proportions and lower body mass compared with tyrannosaurines [24,47].
Alioramins probably differed in their hunting style from other tyrannosaurids, with the former specializing in small, agile
prey items [48–50]. However, the alioramin body plan likely evolved secondarily from the body plan of other later-diverging
tyrannosauroids given that alioramins are phylogenetically bracketed by large-bodied taxa with robustly built skulls [51–54].

Although our results do not fully support forelimb reduction in alvarezsaurians, this is probably attributable to the follow-
ing: (i) the relatively small skulls of alvarezsaurids, (ii) the trend towards miniaturization observed in Alvarezsauria [55],
and (iii) the highly specialized ecology of derived alvarezsaurians, which are hypothesized to have been insectivores adapted
to digging [56,57]. The fact that alvarezsaurians do not meet the thresholds for forelimb reduction may be explained by
miniaturization, possibly as an adaptation for their insectivorous lifestyles, constraining the level of forelimb reduction relative
to the skull. This is supported by the role that CRS and body mass play in the evolution of reduced forelimbs in carnivorous
theropods. Therefore, although the forelimbs of alvarezsaurians were reduced throughout their evolution, their reduction was
probably related to their use in prey acquisition [57]. In short, alvarezsaurian forelimb reduction is likely not analogous to
forelimb reduction in gigantic theropods, but was driven by their distinct ecology.

(b) Drivers of forelimb reduction
Our analyses demonstrate that the presence of reduced/vestigial forelimbs is significantly correlated with cranial robusticity and
is associated with body mass increases towards gigantism and super-gigantism whilst displaying a relatively high degree of
phylogenetic signal (figure 1, electronic supplementary material, figures S5 and S6; tables S2 and S3). Among the correlations
tested, those including cranial robusticity are shown to be most significant, although they appear weaker when accounting
for phylogenetic relationships. Therefore, cranial robusticity increases were probably the primary driver of forelimb reduction,
with body mass as a likely accessory driver. The subsidiary role of body mass is supported by the observation that some taxa
have very high CRS and SFR values but do not exhibit commensurately large body mass, such as Majungasaurus (SFR = 1.613;
body mass = 1614 kg), Taurovenator (SFR = 1.781; body mass = 5728 kg) and Tyrannosaurus (SFR = 1.622; body mass = 8462
kg) (figures 2 and 3). Thus, the reduction of the forelimb in gigantic theropods is not primarily driven by allometric growth,
contrary to some previous studies [17,21]. Instead, the ‘allometric’ signal may have been driven by the increases in cranial
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robusticity leading to forelimb reduction, which is supported by the significant correlation we find between CRS and body mass
(p = 2.488 × 10−7). Indeed, Palma Liberona et al. [21] found that Oviraptorosauria and Ornithomimosauria did not demonstrate
the negative forelimb allometry found in other theropod clades such as Allosauroidea and Tyrannosauroidea. Here, we find
that oviraptorosaurians and ornithomimosaurians do not possess reduced forelimbs or, with some exceptions, gigantic body
sizes. Ornithomimosaurians also lack highly robust crania. These clades are also highly ecologically distinct relative to gigantic
allosauroid and tyrannosauroid theropods. As such, it is probable that ecological factors drove forelimb reduction in gigantic
predators, as opposed to negative allometry associated with body mass increases.

The biological drivers of increasing cranial robusticity, and the role of general diet specifically, have been investigated in
several extant tetrapod clades, with prey size being particularly significant in carnivores and plant food properties being
significant in herbivores. It has been suggested that increased skull robusticity and body size correlates with larger prey size
in toothed whales [58], which are analogous to theropods in that prey capture involves the jaws rather than the forelimbs.
Similar patterns are also seen in numerous other tetrapod groups, including Rodentia, Lepidosauria and Crocodylomorpha
[59–61]. While rodents may vary their skull construction according to plant type [60], lepidosaurs and crocodylomorphs vary
their skull robustness according to prey type and size [59,61]. Extending this linkage between cranial robusticity and prey choice
to theropod dinosaurs is plausible, given that skull shape and degree of fusion between elements has been shown to have
affected cranial performance in some theropod groups and impacted the composition of the predators’ diet [62,63]. Therefore,
it is highly likely that a predator’s cranial robusticity was linked to the characteristics of the organisms it was preying upon.
Larger prey items would have required a larger, more robust skull to resist the inevitably higher forces experienced when
attacking/restraining heavier prey.

The existence of large-bodied prey items, which lived alongside theropods throughout the Mesozoic, likely resulted in
certain theropod lineages growing to gigantic sizes. Given that theropod gigantism is linked with more robust crania and
reduced forelimbs, as well as the predator–prey body size relationships observed across tetrapods [43,64,65], it is probable that
gigantic theropods were specialized to hunt large-bodied prey, which required larger body size and higher cranial robusticity
to subdue [66,67]. This specialization resulted in a shift away from using the forelimb in prey capture towards a jaw-based
approach, ultimately resulting in the loss of the forelimbs’ role in hunting and eventually their reduction/vestigialization.
All taxa studied here which possess robust skulls (CRS ≥ 30) are known to have coexisted with a variety of megaherbivore

Figure 3. The evolution of cranial robusticity, forelimb proportions and body mass in each major theropod clade considered in this work. Trait optimization based on
ancestral state estimation and absolute values for terminal taxa. Note the convergent evolution of reduced forelimbs, high cranial robusticity and gigantic body size in
primarily hypercarnivorous clades. Silhouettes by S. Hartman, available from phylopic.org and used under a Creative Commons license (CC BY-NC-SA 3.0).
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taxa, both larger and smaller than the predator. This trend persisted throughout the latter half of the Mesozoic and across
all continents [68–75]. For example, in Late Jurassic North America (approximately 156 to approximately 146 Ma), Allosaurus
and Torvosaurus coexisted with gigantic sauropods, as well as large thyreophorans and ornithopods, with abundant evidence
for a predator–prey relationship between the theropods and megaherbivores [68,69]. In the Early Cretaceous (approximately
112–89 Ma) South America, numerous giganotosaurins lived alongside the largest known titanosaurian sauropods [17,70]. Due
to numerous adaptations in the skull which enabled giganotosaurins to produce much stronger bite forces, combined with
probable pack behaviour [70], it is likely that they preyed on juvenile individuals of these titanic sauropods [72]. Additionally,
Late Cretaceous North America (81–66 Ma) hosted an array of tyrannosaurids which coexisted with numerous large hadrosaur-
ids and ceratopsids [73–75].

The common and persistent co-occurrence of numerous super-gigantic theropods and megaherbivores suggests that a
predator–prey arms race [76,77] drove increasing cranial robusticity and body sizes in these theropods. Our findings align well
with this hypothesis. The increased body size of the potential prey items for these theropods would have likely resulted in the
necessity for a stronger bite in order to capture and restrain larger juveniles. This would then lead to an increase in the body
size of the predator. Therefore, the most likely drivers of forelimb reduction are primarily increased cranial robusticity and body
size in response to the increased body size of their potential prey items. This evolutionary arms race suggests that the selection
pressure leading to forelimb reduction was related to the increasing redundancy of these structures in prey capture, leading to
their reduction for energetic benefits.

It should be noted that while we have demonstrated a clear correlation between CRS and SFR, the above scenario does not
preclude forelimb reduction also influencing cranial robusticity. However, despite the results showing no direction of causality
between the two variables, it is more plausible that the reason for the correlations observed is increasing cranial robusticity.
The inverse relationship—forelimb reduction driving increasing robusticity implies that the forelimbs responded more directly
to an environmental pressure, which resulted in their reduction. While we do not disregard the plausibility of this scenario, it
predicts the existence of predators with reduced forelimbs and relatively low cranial robusticity, which would be a less efficient
strategy for prey capture than increasing cranial robusticity prior to forelimb reduction [26]. Our Vuong test shows that SFR
is most likely a function of CRS, supporting the conclusion that forelimb reduction is driven by cranial robusticity. Although
the R2 for the relationship between CRS and SFR appears relatively low, the effect size (R = 0.537) is large, meaning that while
the power of the SFR to accurately predict CRS is low, the latter explains a large part of the variance in SFR [78]. Furthermore,
ancestral state reconstructions indicate that increases in CRS and body mass beyond their respective thresholds always precede
increases in SFR (figures 2 and 3), suggesting that reduction/vestigialization of the forelimb is a function of cranial robusticity
and, secondarily, body mass. The relationship between cranial robusticity and forelimb reduction identified here leads us to
hypothesize that the forelimbs became reduced due to their redundancy as the head took on the leading role in prey capture
among gigantic carnivores. For discussion of developmental mechanisms of forelimb reduction, see electronic supplementary
material, S2.

5. Conclusion
We have shown that reduced forelimbs evolved in at least five disparate non-avian theropod clades, with each displaying
different reduction patterns. These disparate patterns highlight the convergent nature of forelimb reduction and demonstrate
that organisms may find different ways to adapt [79] to common selection pressures and that no single genetic mechanism
can be invoked to explain the reduction observed. Forelimb size relative to the skull is significantly correlated with cranial
robusticity and body mass, whereas body mass and skull size alone are not, suggesting that high cranial robusticity was the
primary driver of forelimb reduction. Although secondary, body mass increases were driven by increasing prey body size. We
postulate that forelimb reduction was a product of their redundancy in prey capture in these large theropods, whereas the
elongate forelimbs observed in the smaller maniraptoriformes are consistent with a distinct grasping predation style suitable for
tackling smaller prey. Elongate forelimbs may be related to the evolution of pennaceous feathers, and probably flight [80,81], or
perhaps reliance on the forelimb rather than the skull in prey capture in spinosaurids [46] and megaraptorids [82]. Future work
should aim to answer this question of limb function in maniraptoriformes as it will aid in our understanding of the significance
of the forelimb in the evolution of feathers (and flight) in non-avian dinosaurs. Further insights may also come from combining
the CRS with data from other approaches, such as three-dimensional geometric morphometrics and finite element analyses, to
more thoroughly analyse forelimb evolution among theropods.
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