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ONTOGENETIC NICHE SHIFT AS A DRIVER OF COMMUNITY STRUCTURE 
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by 
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ABSTRACT 

 

As some of the most charismatic megafauna to ever walk the earth, the physiology, 

morphology, growth and evolution of non-avian theropods has been studied exhaustively, 

yet little is understood about their roles in ecosystems as juveniles. For carnivorous 

megatheropods, which exceed 1,000kg in mass yet hatched from eggs of limited size, the 

likelihood of utilizing different prey through ontogeny was high, simply by proxy of the 

immense difference in size between adults and juveniles. We found these ontogenetic 

niche shifts, evidenced by significantly different dental microwear in Tyrannosaurids, to 

have excluded dinosaurian mesocarnivores from Mesozoic communities. The few 

dinosaurian mesocarnivores that did co-occur with megatheropods exhibited indications 

of competition similar to those seen in modern mammalian carnivores, and may have 
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relied on highly efficient locomotion to remain competitive. Such impacts of juvenile 

megatheropods highlight their importance within Mesozoic ecosystems. 
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The influence of juvenile dinosaurs on community structure and diversity  
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Abstract 

 

Despite dominating biodiversity in the Mesozoic, dinosaurs were not speciose. 

Oviparity constrained even gigantic dinosaurs to <15kg at birth; growth through multiple 

morphologies led to consumption of different resources at each stage. Such disparity 

between neonate and adults could have influenced the structure and diversity of dinosaur 

communities. Here we quantify this effect for 43 communities across 136 Ma and seven 

continents. We find megatheropods (>1,000kg), such as tyrannosaurs, had unique effects 

on dinosaur community structure. While herbivores spanned the body-size range, 

communities with megatheropods lacked carnivores weighing 100-1,000kg. We 

demonstrate that juvenile megatheropods likely filled the mesocarnivore niche, resulting 

in reduced overall taxonomic diversity. The consistency of this pattern suggests 

ontogenetic niche shift was an important factor in generating dinosaur community 

structure and diversity. 

 

Introduction 

 

Dinosaurs were the dominant terrestrial vertebrates for over 150 million years, yet 

their species diversity, particularly at sizes below 60kg, remained well below that of other 
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fossil groups (1). Moreover, their overall body size distribution differed from other 

vertebrates. Because small-bodied vertebrates can finely partition resources and have 

high turnover between environments (2, 3), they typically have the highest diversity 

across regions. Yet curiously, large-bodied dinosaurs were the most diverse. This was 

particularly true for herbivorous sauropods and ornithischians, while the predominantly 

carnivorous theropods exhibited a more uniform range of sizes globally (4). While the 

preponderance of large-bodied forms may partially be due to taphonomy (5), some 90% 

of dinosaur species below 60kg would have to be missing from the fossil record for the 

body mass distribution of dinosaurs to resemble that of extinct mammals, which display a 

pattern less skewed by size (4). Rather, dinosaurs’ global body mass distribution patterns 

may have been linked to their physiology; as oviparous organisms, the largest dinosaurs 

grew from disproportionately small infants (6). Many dinosaurs exhibited significant 

morphological differences between juveniles and adults (7-8), resulting in the utilization 

of different resources through growth and development(9–12), a relatively rare terrestrial 

life-history strategy observed mostly in large egg-laying reptiles (13). Moreover, rapid 

growth combined with low adult survivorship (14–16) resulted in large populations of 

juvenile dinosaurs (17), which may have competed with dinosaurs that were small and 

medium-sized as adults.  

Here we test whether low dinosaur species diversity and their unique body size 

distribution was, at least partially, owing to the large disparity between neonate and adult 

body size, with juveniles of larger-bodied species filling ecological niches that might 

have otherwise been available to other taxa. This concept of ‘ontogenetic niche shift’ 

(ONS) in dinosaurs is widely assumed based on modern correlates (10, 13-14, 18-19). 

2



For example, based on modelling of hypothetical dinosaur communities, Codron et al. (9, 

11) predicted that ONS led to reduced dinosaur diversity between 1-1000kg. Despite 

these predictions, little work has empirically explored juveniles’ influence on community 

structure and overall dinosaur diversity (11, 19). Thus, we examine small-scale body size 

patterns for evidence of competitive interactions using fossil evidence from dozens of 

communities representing a wide variety of environments spanning the majority of 

dinosaur evolution, and evaluate the potential effects of spatial scale and trophic 

affiliation using well constrained groups of biologically interacting species.  

Our analyses are based on 43 dinosaur communities constructed from data extracted 

from the Paleobiology Database (20-21) (Table S1.1). From this baseline, each species’ 

occurrence and taxonomic validity were checked individually against the literature, with 

taxa deemed synonymous by most experts removed, and novel taxa absent from the 

PBDB added. Masses were derived using averages from the primary literature (Table 

S1.1). Wherever possible, formations were limited to smaller subsets of co-occurring 

species. Our dataset represents seven continents spanning 136 million years, including 

>550 species. We predicted dinosaur communities with strong local drivers would 

diverge from the global distribution (2, 22-23). As ecological interactions such as 

competition might not have influenced carnivorous and herbivorous dinosaurs equally 

(24) the shape of each carnivore and herbivore dinosaur guild within each community 

was compared against the global distribution (4).  

Results 

  We find the overall body size distributions within communities are consistently 

bimodal regardless of continent, taxa, and time, resulting in less extreme skew towards 
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large size than evidenced in the global distribution (global skew = -0.577, community 

average skew = -0.365; Table S1.2). The disparity between the local and global 

distributions is driven primarily by small (10-100kg) carnivorous dinosaurs (Table S1.4, 

Fig 1); when examined separately, local herbivore body mass distributions closely reflect 

their global distribution, suggesting ecological interactions have little effect on their 

distribution (K-S test p < 0.05 in 40% of communities; Table S1.3). 

 

Figure 1.1 Community divergence from global distributions. Distributions comparing 

1,303 global taxa to local community taxa (median). Overall, global taxa are more left-

skewed and communities are more bimodal. A: largest deviation from the global 

distribution- the same deviation is clearly shown in the carnivore distribution. 

 

In contrast, most carnivorous guilds within communities differ from the global 

carnivore pattern (K-S test p < 0.05 for 64% of communities; Table S1.4), as predicted 
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for strong local interactions. Pairwise comparisons between carnivore guild distributions 

are non-significant in 92% of tests (Two tailed t-test, α=0.05; Bonferroni correction for 

multiple comparisons: α=0.000058 non-significant in 99.7%, Table S1.7) despite 

differing variances, means and sample sizes, suggesting similar underlying drivers across 

communities. The only exceptions are formations lacking megatheropods (carnivores 

>1,000kg) (e.g., Tremp, Bissekty), those dominated by very small taxa (e.g., Yixian), or 

those containing multiple sauropods (e.g., Morrison, Lameta). The availability of 

multiple enormous prey species may have reduced interspecific competition and allowed 

the coexistence of an unusually diverse assortment of carnivores.   

Community distributions exhibit a persistent lack of carnivorous dinosaurs weighing 

between 100-1,000kg (Fig 2). The least likely body size of carnivorous taxa is 

consistently in the 100-300kg range (Fig S1). For perspective, if the modern mammal 

carnivore assemblage of Kruger National Park were similarly structured, there would be 

no carnivores between the size of an African lion (190kg) and a bat-eared fox (4kg) (Fig 

3). The carnivore ‘gap’ is above the expected limit of taphonomic size bias against small 

dinosaurs (5), and the drivers of such bias are unlikely to selectively affect carnivores but 

not herbivores, suggesting the gap represents a true biological signal. Moreover, it is 

unlikely that other clades, such as mammals or crocodylomorphs occupied this body size 

niche, as no known Mesozoic mammals exceeded 15kg (22), and crocodylomorphs were 

predominantly semi-aquatic after the Triassic (25). Furthermore, the width of the 

carnivore body size gap is correlated with the size of the largest carnivore (Kendall Rank 

τ = 0.437, p = 0.000652). The presence of megatheropods in the community decreases the 

likelihood of co-occurring species between 100-1,000kg even further (Table S1.5). 
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Strikingly, formations without megatheropods, such as Yixian Lujiantun, do not exhibit 

body size discontinuities in their carnivorous dinosaur assemblages. 

 

Figure 1.2 M-S distributions of nine formations (A Judith River, B Dinosaur Park, C Two 

Medicine, D Bayan Shireh, E Barun Goyot, F Horseshoe Canyon, G Cedar Mountain, H 

Cloverly, I Hell Creek). Brackets illustrate the gaps in carnivore distributions. 

 

 
Figure 1.3 The dinosaur gap vs modern carnivorous mammals. A Carnivorous mammals 

of Kruger National Park organized to scale by mass. B Carnivorous dinosaurs of 

Dinosaur Park Formation if the largest carnivore were scaled equal to the largest 

mammalian carnivore in Kruger. Infants of largest species below adult for relative growth 

requirement. 
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While the overall distribution of carnivore body size is consistent, the gap itself is 

dynamic. From the Jurassic to the Cretaceous the size gap in carnivore species shifts 

towards larger sizes, mirroring the evolutionary increase in overall dinosaur size (26) and 

widens from an average of 436kg to over 2,060kg. We suspect the shift and expansion of 

the body size gap is due to a number of changes from the Jurassic to the Cretaceous 

resulting in increased competition, including 1) decrease by half of average prey body 

mass, limiting the potential for size partitioning (26), 2) the diversification of small, 

potentially endothermic carnivorous dinosaurs (27), and 3) heightened ONS in 

Cretaceous megatheropods.    

A smaller size gap is found in Jurassic communities, which are characterized by 

multiple large allosauroids and medium sized ceratosaurs. Allosauroidea is a 

morphologically diverse clade (28), which likely facilitated the co-occurrence of multiple 

carnivores within communities. Juvenile allosaurs were more similar to adults than 

Cretaceous megatheropods (29), resulting in fewer feeding niche shifts through ontogeny. 

Predation on sauropods (30) may have reduced allosaurs’ competition with ceratosaurs, 

which have been associated piscivory or omnivory, respectively (31). This relatively high 

morphological differentiation and associated dietary niche partitioning, combined with 

limited ONS in megatheropods may have allowed for the coexistence of large and 

medium sized Jurassic carnivores.     

The end of the Jurassic saw a drastic reduction in the diversity of both sauropods and 

stegosaurs, and may have led to the disappearance of many allosauroid taxa (32). 

Replacing the diverse megatheropod guilds of the Jurassic were Cretaceous communities 

dominated by a single clade; tyrannosaurs in the north and abelisaurs in the south. Both 
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tyrannosaurs and abelisaurs have been associated with extensive morphological changes 

through ontogeny (7, 33). Concurrent diversification of dromaeosaurs added competitive 

pressure on the truncated prey base (34). The ornithischian prey that replaced sauropods 

likely travelled in multigenerational herds (35) limiting the possibility of predation of 

isolated juveniles. We suggest competition for a limited prey source by both large and 

small carnivores, and the broadening of megatheropod niches resulted in a widening of 

the carnivore gap.    

For juvenile megatheropods to exclude smaller species from the community, they 

must represent a non-negligible proportion (>50%) of the biomass. Moreover, juvenile 

peak biomass must fall predominantly within the carnivore gap. To evaluate the effect of 

juveniles (<16 yrs (12, 33)) on community composition, we calculated the proportion of 

juvenile biomass using published growth rates derived from lines of arrested growth and 

survivorship curves based on relative age abundance from mass-death assemblages 

recorded in the fossil record (17, 36–38).  

We calculated biomass through ontogeny for 1,000-individual cohorts of six 

tyrannosaurs and four allosaurs by multiplying the mass (Ma) and survivorship (Sa) at age 

(a) such that the proportion of any species’ biomass represented by juveniles (BMJ) is  

BMJ = ∑ (
M1∗S1

Σ(M1∗S1,M2∗S2… Mmax∗Smax)
) , (

M2∗S2

Σ(M1∗S1… Mmax∗Smax)
) … (

M16∗S16

Σ(M1∗S1… Mmax∗Smax)
) 

 

We then related (BMJ) to the proportion of mass contained in adults, set to 1, so that 

relative juvenile species proportion (RSPJ) is equal to 

RSPJ = BMJ ∗ [
1

1−BMJ
] 
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For example, if juveniles represented 60% of the biomass of Tyrannosaurus rex, the 

juvenile ‘morphospecies’ would be equivalent to 1.5x the taxonomic species. 

Tyrannosaurs and other megatheropods did not live long past somatic maturity (16), and 

juvenile growth rate approached that of mammals and birds (12). This supports our 

finding that megatheropod biomass peaked at sexual maturity (age 16-19) and followed a 

log-normal distribution (Fig S2). For all 10 species examined, juvenile biomass is 

proportional to least 60% of adult conspecifics (Table S1.6), and exceeds adult biomass 

in five tyrannosaur species. Substantial proportions of juvenile biomass, including peak 

biomass, fall within the range of the size gap in all communities (Fig 4). Thus, juvenile 

megatheropods represent taxonomically identical, but ecologically disparate 

‘morphospecies’ within their communities, with the greatest potential influence in the 

mass range of 300-1000kg. Our results support the hypothesis that juvenile 

megatheropods effectively filled the niche of medium-sized, or meso-carnivores and 

therefore likely limited diversification of theropods with adult body sizes that fell within 

this range.  

9



 

Figure 1.4 Community distributions with juvenile megatheropods as morphospecies 

stacked with adult conspecifics (Formations as in Fig. 2). The influence of juveniles is 

highest within the carnivore gap and is proportional to at least 60% adults in all measured 

communities. Megatheropods less than 3,000kg exert the most influence, matching or 

outweighing their adult conspecifics in over half of the measured formations. 

 

  That large carnivorous dinosaurs may have filled multiple niches through ontogeny 

is not a new assertion (7, 9, 11-12, 32), yet despite their morphological disparity, adults 

and juveniles continue to be grouped together in diversity indices, which is accurate 

taxonomically, but not ecologically. Our analysis demonstrates the influence juvenile 

megatheropods would have had as morphospecies on their community. We find a gap in 

the community body size distribution of carnivorous dinosaurs regardless of continent, 

biome, formation size, or species examined. Our analysis demonstrates this gap was 

likely filled by juvenile megatheropods and suggests that low taxonomic diversity in 

carnivorous dinosaurs was not caused solely by taphonomy or collection bias, but rather 

competition for resources within and among body size niches filled by juveniles. 

Dinosaurs existed in a unique terrestrial community structure, largely organized as a 
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result of their extreme size, ovipary and resulting ontogenetic niche shift. The grow fast, 

die young approach of megatheropods resulted in a predominance of juveniles in the 

local communities, filling the morphological and functional role of mesocarnivores, 

which as a result are absent from the fossil record as unique species, artificially deflating 

diversity indices of dinosaurs as a whole.  
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Chapter 2 

Sinking teeth into ontogeny: Dental Microwear Texture Analysis quantifies niche 

partitioning in tyrannosaurs 

Schroeder, Katlin M.1; Goodwin, Mark B.2; Mueller, Elsa3; DeSantis, Larisa R.G.3 

1 Department of Biology, University of New Mexico, Albuquerque, NM 87131, USA 

2 University of California Museum of Paleontology, Berkeley, CA 94720, USA 

3 Department of Biological Sciences, Vanderbilt University, Nashville, TN 37240, USA 

 

Abstract 

Given the immense separation of body size between juvenile and adult tyrannosaurs it 

is likely they consumed different prey. However, reconstructing the dietary niche of these 

non-analogue carnivores is challenging, as their dentition provides relatively few clues to 

specialized dietary ecology. While dental microwear texture analysis (DMTA) has been 

effective in characterizing generalized diet in modern reptiles, recent studies fall short of 

identifying specific dietary components that contribute to dental microwear. Further, as 

inferences of tyrannosaur diet from extant reptiles may be limited due to reptiles’ 

relatively small body size, and inferences from oft-studied carnivorous mammals may be 

misleading due to differences in form and function, it is necessary to calibrate 

interpretations of DMTA across these taxa before they can be applied to tyrannosaurs. 

Here we examine patterns of both DMTA and International Organization for 

Standardization (ISO) texture analysis within and between mammalian and reptilian 

carnivores and identify specific dietary components that correlate to dental microwear in 

each. We then utilize these results to interpret the dental microwear of in-situ teeth of 

four tyrannosaur genera at three age classes (juvenile, subadult and adult) between and 

within each genus through ontogeny. We find significant differences in dental wear 
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through ontogeny within all genera, and among multiple age classes between genera, 

indicating ontogenetic and taxonomic dietary separation. Specifically, our results indicate 

adult and juvenile tyrannosaurs consumed brittle foods with relatively little bone 

interaction, possibly indicative of consuming thick integument and flesh mostly whole. 

Conversely, sub-adult tyrannosaurs, particularly Tyrannosaurus consumed more 

malleable foods, with high instance of durophagy, potentially through the utilization of 

defleshed carcasses as a dietary supplement. Finally, we find significant differences in 

dental wear between multiple age classes of co-occurring tyrannosaurs, a possible avenue 

of competition avoidance within these genera.    

Introduction 

The debate surrounding the feeding ecology of tyrannosaurs has continued for at least 

60 years (379–386). While coprolites (387, 388), tooth traces (32, 389–391) and finite 

element analysis (392–394) have characterized tyrannosaurs’ general carnivore niche, the 

specifics of prey preference and prey acquisition strategy remain largely elusive. This 

debate is further complicated by the potential for dietary niche shifts through ontogeny in 

tyrannosaurs. Both the immense separation in size between juveniles and adults, and 

changes in morphological characteristics such as bite force (395–397), gracility and 

cursoriality (8, 12, 33, 398, 399) would have made the utilization of different prey and 

prey acquisition techniques very likely through ontogeny (14, 19, 400–402). However, 

the precise nature of these dietary shifts has yet to be quantitatively assessed. 

One powerful technique for assessing the dietary ecology of animals is Dental 

Microwear Texture Analysis (DMTA). DMTA examines the microscopic features left in 

enamel during the processing of food items using scale sensitive fractal analysis (403, 
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404). Its engineering cousin, developed by the International Organization for 

Standardization (ISO), uses a variety of metrics to assess surface textures similarly to 

DMTA. Both DMTA and ISO textural analysis have been applied to a wide variety of 

extinct and extant vertebrates, including mammals (405–407), lepidosaurs (408), 

mosasaurs (409), archosaurs (410, 411) and dinosaurs (412). As such, both DMTA and 

ISO textural analysis have been demonstrated as reliable proxies for diet within a wide 

variety of taxa, particularly as a proxy for durophagy in carnivores (413). 

However, with few exceptions (408) DMTA and ISO have yet to be compared across 

taxonomic classes, where feeding structures and mechanics can vary significantly (414, 

415). It is therefore unclear whether factors influencing microwear in mammalian and 

reptilian carnivores are the same. This understanding is essential, as the majority of 

interpretations underlying DMTA have been based on the diets of modern mammals 

(405, 413, 416, 417). While we might expect tyrannosaurs to have diets analogous to 

extant carnivorous mammals, tyrannosaurs’ use of reptilian food processing strategies 

(414, 418) may significantly influence microwear patterns. 

Here we compared published DMTA and ISO values for extant carnivorous lepidosaurs, 

archosaurs and mammals against common dietary components to identify drivers of 

microwear. Using these extant dietary correlations as a guide, we then characterized the 

dental microwear patterns of four Late Cretaceous North American tyrannosaurids 

(Albertosaurus, Gorgosaurus, Daspletosaurus and Tyrannosaurus) to assess dietary 

niche partitioning between and within each genus through ontogeny. Were ontogenetic 

niche shift an important life history strategy in tyrannosaurs, we would expect to observe 

significant separation in dental microwear between ontogenetic stages within genera. 
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Further, as competition was likely a significant factor in the formation of megatheropod 

(carnivorous dinosaurs >1,000kg) assemblages (401, 402), we would expect dental 

microwear to significantly differ between the co-occurring tyrannosaurs Gorgosaurus 

and Daspletosaurus (419). 

Materials and Methods 

DMTA and ISO Calibration 

As DMTA and ISO are utilized unequally among studies of reptiles and mammals, 

we identified metrics which approximate similar qualities in microwear texture. We used 

simple linear regression on values recorded for our 33 tyrannosaur specimens to identify 

covariance (coefficient of determination > 90%) between 5 DMTA and 20 ISO metrics. 

We then examined the formulas underlying these metrics to identify which, if any, 

approximate similar textural characteristics, but are calculated in such a way that 

decorrelates them. For example, two metrics may assess the directionality of scratches, 

but are poorly correlated because one calculates the average contiguous length of 

scratches, while the other calculates the average angle of scratches. 

To identify specific contributions to dental microwear among extant carnivorous 

mammals and reptiles we collected published scat and stomach content data (Table S2.1, 

(46, 48–101)) for 11 mammal species from 4 families and 26 reptile species from 12 

families spanning from 1-700kg in body mass. These species were selected based on the 

availability of dental microwear values in the literature (408, 410, 474, 475). As exact 

diet information was not available for each specimen, and as specimens within species 

were collected from differing geographic locations, we used the average of percent diet 

by volume recorded for species. We estimated percent carrion use based on recorded 
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scavenge rates for mammals, and rate of carcass sharing for large reptiles, recorded as a 

percentage of the portion of large mammals within each species’ diet. When available, 

rates of bone marking were included from the literature. “Small” mammals were defined 

for each species, based on the possibility of being consumed without dismemberment. 

We then compared dietary proportions against averaged species values for each DMTA 

and ISO metric using Kendall Rank correlation (α = 0.05). Prior to averaging, values 

were normalized to a scan area of 102x138μm to limit variation due to collection 

technique.  

Dental Microwear Collection 

The tyrannosaur genera used in this study were selected based on the number of 

occurrences of North American Tyrannosauroids recorded in the Paleobiology Database 

(20) (Figure S2.1). We used teeth from the Museum of the Rockies (MOR), the Royal 

Tyrrell Museum (RTMP), the Field Museum of Natural History (FMNH), the Burpee 

Museum of Natural History (BMRP) and the University of California Museum of 

Paleontology (UCMP). Specimens lacking provenance, containing obvious modifications 

outside regular preservation were not used. In-situ teeth were collected preferentially, 

although teeth no longer situated in the jaw were used when their source specimen could 

be unequivocally identified (Table 2.1). An exception were “Aublysodon” teeth, which 

are likely the juveniles of Daspletosaurus (476). These are so exceedingly small that they 

cannot be mistaken for the teeth of older individuals, and were collected from formations 

with only one tyrannosaur.  
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Table 2.1: Age, tooth information, facet location and DMTA and ISO values for all tyrannosaur teeth analyzed  
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We examined microwear from both the lingual and labial sides of lateral maxillary 

and dentary teeth. Anterior dentary teeth and premaxillary teeth were used only when 

lateral teeth were unavailable or did not yield viable microwear. While it would be ideal 

to obtain microwear from teeth in the same jaw position and from the same tooth 

location, the limitations of the fossil record of tyrannosaurs makes this unfeasible. The 

dental microwear of premaxillary teeth might be expected to vary the most from more 

posterior teeth due to their position in the mouth and slightly different morphology, yet 

using a two tailed t-test with unequal variance (α < 0.05) premaxillary teeth could only be 

discerned from other teeth in one of twelve significant microwear metrics (Tfv, p = 

0.003). 

We selected teeth with visible wear facets in the enamel whenever possible. Although 

it has been hypothesized that the wear facets on archosaur teeth may be due to accidental 

occlusion with other teeth, and might therefore obliterate microwear caused by food 

(409), other authors have noted the presence of similar wear facets on non-occluding 

saber teeth of Smilodon fatalis (477). The existence of facets on both the labial and 

lingual sides of individual tyrannosaur teeth (Table S2.2) also contradict this hypothesis 

(477–479). Regardless, wear was never recorded from the centers of such facets on the 

tyrannosaur teeth in this study, where tooth-on-tooth wear is most likely to have 

influenced results. 

Teeth were cleaned with cotton swabs soaked in 91% Isopropyl Alcohol to remove 

dust and debris. We then created high resolution molds using President Jet Regular Body 

Polyvinylsiloxane (Coltene/Whaledent ltd.) Molds were retaken if visible debris detached 

from the tooth surface. We then made casts from the molds using EpoTek 301 low 
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viscosity medical grade clear epoxy resin and hardener, centrifuged at 1000rpm in 50mL 

falcon tubes for 10 minutes to remove air bubbles. Casts were filled slowly using 

disposable pipettes and left undisturbed to cure between 1-7 days due to the large size 

(>3” deep) of some molds. 

Casts of teeth were cleaned with 91% alcohol on cotton swabs and examined using 

white-light confocal microscopy at 20x magnification to identify areas showing non-

diagenetic wear within the enamel. As many areas within facets were entirely worn 

through into dentin, great care was taken to select areas entirely within the enamel 

surface. Images of these areas were taken using a Sensofar PLμ profiler at 10x 

magnification, generating 5nm vertical resolution 3D point clouds at lateral intervals of 

0.166μm. For each tooth, four adjacent 102x138μm images were sampled covering a total 

area of 204x276μm. Generated point clouds were analyzed with SSFA software 

(ToothFrax and SFrax, Surfract Corp) to identify variation in 25 DMTA and ISO metrics, 

which are described in the supplemental material (Table S2.3) 

Tyrannosaur age assessment 

Because we used teeth associated with cranial or post cranial anatomy, it was possible 

to age all 33 specimens. While the majority of age estimates had already been assigned 

by previous investigators (Table 2.1) (8, 17, 33, 53, 480–484), the ages of 9 specimens 

were estimated based on the size of associated skeletal elements (53, 485–491). Although 

some intraspecific variation is admitted likely in tyrannosaurs, we are not relying on 

exact ages in any analysis, thus this variation is not likely to affect our results.  

We categorized specimens into three age classes: “juvenile”, “sub-adult” and “adult” 

such that “juveniles” were specimens that had yet to reach the rapid growth phase, “sub-
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adults” were currently in the rapid growth phase, and “adults” had achieved relative 

asymptotic growth following the rapid growth phase. The timing of the “sub-adult” phase 

of rapid growth used to delineate our groups was based on growth curves of dozens of 

specimens (33, 37, 398, 492), and occurs at approximately 10-18 years for the smaller 

Albertosaurus, Gorgosaurus and Daspletosaurus and at approximately 15-20 years for 

the larger Tyrannosaurus.  

Tyrannosaur Microwear Analysis 

To assess the potential for dietary separation between species of tyrannosaurs, we 

transformed the values of 4 DMTA metrics and 7 ISO metrics (those found to be 

significantly correlated with diet in reptiles) into ranked data. This allowed for the 

parametric analysis of nonparametric data; a more statistically powerful method for small 

datasets. We then used Kruskall-Wallis analysis of variance (α = 0.05) (403) to compare 

mean values between genera and ontogenetic group. As ANOVA testing only determines 

whether all groups tested have identical means, we followed each ANOVA with the 

conservative Dunn’s multiple comparison test (493) to identify if any group mean varied 

from any other.  

As a test for dietary niche partitioning among genera, we compared the four 

tyrannosaurs against one another as whole, with no consideration of ontogenetic 

grouping. This test also acted as a general control with which to compare variation 

through ontogeny. To more accurately assess taxonomic dietary separation through the 

isolation of ontogenetic variation, we then compared the four tyrannosaurs within each 

ontogenetic group: juveniles compared to juveniles, sub-adults to sub-adults and adults to 

adults. To further identify potential dietary separation between genera, particularly those 
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that co-occur, we compared variation in across ontogenetic stages between genera (e.g. 

juvenile Daspletosaurus against adult Gorgosaurus). Finally, we assess variation within 

each genus across ontogenetic grouping to identify shifts in diet with age.  

Results 

Tyrannosaur Dental Microwear 

Our results indicate significant variation across ontogeny in the dental microwear of 

tyrannosaurs (Kruskall-Wallis with post-hoc Dunn’s test, α = 0.05). Generally, sub-adult 

tyrannosaurs exhibited the most distinct microwear patterns in all four genera (Figure 

2.1). We observed a trend of many sharp, tall peaks (high Sku and Smr1) in juveniles and 

adults in Albertosaurus, Gorgosaurus and Tyrannosaurus, while sub-adults of these 

genera had rounder peaks (Figure 2.2). Similarly, we observed high directionality of 

scratches (high epLsar) in all four tyrannosaur genera.  

We also found significant variation between tyrannosaurs at multiple stages of 

ontogeny. Both juveniles and subadults of the Albertosaurine tyrannosaurs (Gorgosaurus 

and Albertosaurus) had less pitting than the Tyrannosaurines (Daspletosaurus and 

Tyrannosaurus), demonstrated by lower values of Textural Fill Volume (Tfv) and Peak 

Volume (Vmp). Further, we found subadult Albertosaurines exhibited shallower wear 

(low Smr1), and fewer tall peaks (low Spk), and exhibited lower complexity values (Asfc, 

Sdr) when compared to Tyrannosaurines. Surprisingly, microwear complexity was 

significantly lower in adult specimens of Tyrannosaurus than in both Dapletosaurus and 

Gorgosaurus, whereas subadult Tyrannosaurus specimens exhibit the highest complexity 

values of all specimens (Asfc and Sdr) (Figure 2.2).  
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Figure 2.1: Separation in dental microwear characteristics for Albertosaurus (circles), Daspletosaurus (triangles), Gorgosaurus 

(squares) and Tyrannosaurus (diamonds). Ontogenetic stages shown as shape size (smallest = juveniles). Significantly different values 

shown by filled shape.  

 

Results also indicated significantly lower complexity (Sdr) values in Albertosaurus, and lower peak height (Spk) values in 

Gorgosaurus when species were compared as a whole (Figure 2.3, Table S2.2). Spk and Sdr values were also relatively low within 

subadults and juveniles of Albertosaurus, and subadults of Gorgosaurus, although not significantly different from members of their 

age group in other genera. As such, we suspect this reflects a lack of statistical power within the smaller ontogenetic groupings, rather 

than an error in the significance of the variation between genera as a whole.  
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Figure 2.2: Distribution of microwear values for DMTA and ISO values with significant 

difference in at least one genus for genera through ontogeny. See supplementals for 

actual values (Table S2.2). Center lines represent group median, box extents show 

interquartile range for data, bars demonstrate minimum and maximum, non-outlier (open 

points above distributions) values. Significantly different distributions indicated by p-

values in brackets above distributions (Dunn’s procedure, α = 0.05) 
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Figure 2.3: Distribution of microwear values for DMTA and ISO juveniles alone, 

subadults alone, adults alone and whole genera irrespective of age. Only metrics with 

significant differences shown. Results of all ANOVA testing listed in supplementals 

(Table S2.4). Center lines represent group median, box extents show interquartile range 

for data, bars demonstrate minimum and maximum, non-outlier (open points above 

distributions) values. Significantly different distributions indicated by p-values in 

brackets above distributions (Dunn’s procedure, α = 0.05) 

 

DMTA and ISO Correlation 

Overall we found poor correspondence between DMTA and ISO metrics based on 

tyrannosaur microwear values, with only Asfc and Sdr following a linear relationship. 

However, although not directly correlated, the DMTA metric epLsar and the ISO metric 

Str are both good measures of the directionality of scratches. It is reasonable, therefore, to 
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assume that within a certain group, epLsar and Str, and Asfc and Sdr represent the 

influence of the same dietary components on tooth microwear (Table S2.3).     

Our results indicate that the dietary drivers of dental microwear are likely not the 

same between carnivorous mammals and reptiles. While we identified a significant 

correlation between percent carrion use and Asfc in mammals (Kendal Rank Correlation, 

p = 0.003), this trend was not observed in reptiles or when mammals and reptiles were 

grouped (p = 0.105). Further, significant differences in reptile and mammal epLsar and 

percent insect values (p = 0.046) were not reflected in either reptiles (p = 0.903) or 

mammals (p = 0.851) alone (Figure 2.4).  

Within carnivorous reptiles we identified multiple significant correlations between 

dietary components and microwear. Of the 9 ISO metrics found to be correlated with diet 

in reptiles, 7 were strongly correlated with the percent of vertebrates and/or percent 

faunivory in reptile diets (Kendal Rank Correlation τ > [.3], p < 0.05), indicating 

carnivory as a significant driver of microwear in the reptiles examined. The ISO metrics 

Sq, Ssk, Sku, Vmp, Spk, and Str were all significantly correlated with more specific 

dietary components (e.g. piscivory, carrion use, invertivory, etc) (Table S2.3). Neither 

body size nor taxonomic family displayed significant correlation with microwear metrics 

in reptiles. 
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Figure 2.4: Trends displaying different DTMA parameters across higher order taxa. 
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Discussion and Conclusions 

Our dental microwear results indicate diet varied both between tyrannosaur genera, 

and through ontogeny, supporting the hypothesis of ontogenetic and interspecific niche 

partitioning in tyrannosaurs (Figure 2.5) (Figure 2.1). Specifically, juvenile 

Albertosaurus, Gorgosaurus and Tyrannosaurus regularly consumed relatively rough 

(high Smr1), brittle (low epLsar) food sources with little bone interaction (low 

Sdr)(Figure 2.2). Such microwear textures may have resulted from the piercing of rough 

integument during the oral manipulation of whole vertebrate prey. Indeed, the dental 

microwear values of all juvenile tyrannosaurs most closely resembled those of 

predominantly piscivorous and invertivorous crocodilians (Albertosaurus and 

Tyrannosaurus = Spectacled Caiman (Caiman crocodilus chiapasius), Daspletosaurus = 

American Crocodile (Crocodylus acutus), Gorgosaurus = Saltwater Crocodile 

(Crocodylus prosus)) (Table S2.1), which regularly consume prey whole (431, 433, 438). 

These findings are consistent with other features reflecting active predation of small 

vertebrates, including high resistance to tortional stress in the skull (399) and cursorially 

adapted limbs (398, 494). 

Within juveniles, dental microwear also varied by genus. For example, juveniles of 

Daspletosaurus exhibited higher values of durophagy (high Tfv) (Figure 2.3). As the 

average age and mass for juvenile Daspletosaurus in our sample is just 2 years and 35kg, 

this increased durophagy may indicate consumption of shelled organisms, such as insects, 

crustaceans and turtles. Conversely, the older juveniles of Albertosaurus (avg. 8yrs) 
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appear to have consumed softer (low Tfv)(Figure 2.3), rougher (high Smr1) foods (Figure 

2.2). 

Figure 2.5: Typical dental microwear patterns of four tyrannosaur genera at each of our 

three ontogenetic stages 

 

The dental microwear of subadult tyrannosaurs was the most distinctive from other 

ontogenetic stages (Figure 2.5). Subadults of all tyrannosaur genera exhibited more 

directional scratches (high epLsar), indicating the increased consumption of non-brittle 

foods. This trend was most obvious in Tyrannosaurus (Figure 2.1). High directionality in 

scratches may indicate the avoidance of integument, and combined with high durophagy 
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(Sdr) (Figure 2.2), Tyrannosaurus subadults may have regularly consumed defleshed 

carcasses, possibly through the use of kleptoparasitism. As the second largest carnivores 

in their communities, shared with a wide variety of carnivores between 10-300kg, it is not 

unrealistic to propose the use of intimidation to secure food resources obtained by other 

species or smaller conspecifics, a tactic employed in both mammal and reptilian 

carnivores (495–497). Indeed, these relatively light, long legged subadults would have 

been within the ideal mass for long distance travel between carcasses (498). 

Both Tyrannosaurus and Daspletosaurus subadults exhibited higher instances of 

durophagy (high Asfc and Sdr, and high Spk, respectively) (Figure 2.3), than the 

Albertosaurine tyrannosaurs. High durophagy in Tyrannosaurines could be due to the 

consumption of stripped carcasses and increased consumption of bone. Indeed, the 

complexity values of subadult Tyrannosaurus were most similar to polar bears (Ursus 

maritimus), which have been known to crush bone when scavenging (465), and the 

durophagus roughneck monitor (Varanus rudicollis) (466). These findings are also 

consistent with tooth marks on low-nutrition bones (disarticulated, toes, ankles and lower 

legs) made by subadult Tyrannosaurus in the course of scavenging (391). Similarly, the 

consumption of apparent carcasses with minimal dismemberment by multiple 

Daspletosaurus subadults (326) correlates well with high durophagy and roughness 

values observed in this study.  

Although often characterized as a regularly opportunistic or even obligate scavenger 

(381, 382, 385, 499), we found Tyrannosaurus adults had the lowest durophagy values 

(Sdr) of all genera in our study (Figure 2.2). Adult Tyrannosaurus also exhibited 

significantly less directional wear (epLsar) than subadults of their own genera (Figure 
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2.2). Similar to microwear seen in juvenile tyrannosaurs, our results indicate adult 

Tyrannosaurus likely consumed rough integument with relatively little bone interaction, 

possibly through the consumption of whole or large dismembered portions of vertebrate 

prey. These results strongly suggest active predation as a significant portion of adult 

Tyrannosaurus’ dietary ecology, and are supported by healed Tyrannosaurus bite marks 

on Triceratops (500) and large hadrosaurs (390). Further, considering the known 

consumption of fresh dinosaur muscle and bone by Gorgosaurus (387), it is not 

unrealistic to conclude adult tyrannosaurs in general were largely active predators.    

As the only two large North American tyrannosaurs known to co-occur, the apparent 

differences in the dental microwear of Gorgosaurus and Daspletosaurus may represent 

competitive avoidance though niche partitioning. Lower complexity (Sdr) values in 

Gorgosaurus subadults (Figure 2.2) may indicate more frequent active predation or more 

preferential carcass use, including the avoidance of hard integument, tendon and bone. 

Interestingly, the complexity and directionality (epLsar) values of Gorgosaurus most 

resemble those of Varanus komodoensis, an animal well known for both its aggressive 

removal of flesh from bones it cannot swallow whole (418), and frequent carcass use 

(467). Increased carcass utilization may have also been common in the adults of 

Gorgosaurus and Daspletosaurus, as evidenced by higher durophagy values (Asfc) than 

in other adult tyrannosaurs (Figure 2.3). These observations are consistent with bite 

marks attributable to either Gorgosaurus or Daspletosaurus adults on a theropod skeleton 

that had already undergone moderate decay (501). Indeed, these two tyrannosaur genera 

were found to have significantly different dental microwear between nearly every 

ontogenetic stage.    
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The separations we have observed between and within these genera strongly support 

the argument for ontogenetic niche shift in tyrannosaurs. Our results indicate that juvenile 

tyrannosaurs were predominantly active predators, transitioning from insects to small 

vertebrates to small and medium dinosaurs as they grew. The “awkward teenager” 

subadult tyrannosaurs- too big to chase down small vertebrates, but not yet experienced 

enough to take on large prey- may have heavily supplemented a diet of small to medium 

dinosaurs with kleptoparasitism or scavenging. Adult tyrannosaurs were likely 

predominantly active predators, although readily utilized carcasses in areas of higher 

competition.  

These separations in dietary niche played a particularly important part in the 

structuring of Cretaceous communities. By decreasing both intraspecific and interspecific 

competition with other tyrannosaurs through the dietary partitioning of nearly every 

ontogenetic stage, tyrannosaurs were able to successfully assimilate the niches of medium 

sized carnivores as they grew (401, 402). This life history strategy may well have been 

influential in the dominance of tyrannosaurs in Laurasia, and exemplifies the importance 

of juvenile giants in community ecology.  
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Abstract 

Due to the disparity between infant and adult megatheropod mass, it is likely juvenile 

megatheropods utilized separate feeding niches through ontogeny. This may have caused 

dietary overlap with medium sized carnivorous dinosaurs. While many communities lack 

mesocarnivores, a few species of giant paravians (100-1000kg) did co-occur with 

megatheropods despite potential competition with juveniles. The traits that enabled giant 

paravians to compete with megatheropods, the role of ancestral flight-adaptations and 

whether paravians exhibited the effects of competition are unknown. Here we examine 

the locomotor capabilities of volant and non-volant paravians and non-paravian theropods 

across body size to determine top speed and efficiency. We assess prey availability and 

competitive overlap based on body size and running speed in four dinosaur assemblages 

containing giant paravians. Finally, we re-examine the phylogenetic placement of the 

giant paravian Dakotaraptor steini to contextualize its competitive capacity. We identify 

two distinct non-volant paravian cursorial styles: giant paravians had limited top speeds, 

but were highly efficient runners, while small non-volant paravians were fast, but 

inefficient. We further find volant paravians among the least adapted to cursorial 

locomotion. Giant paravians may have competed with megatheropods such as 
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Tyrannosaurus rex, and relied on highly efficient locomotion to utilize large hunting 

ranges.  

Introduction 

During the Mesozoic, small-bodied carnivore niches were dominated by paravians 

(369, 370, 376). As the dinosaurian clade most closely related to modern birds, many 

paravians exhibited adaptations for flight, such as small body size, feathered forelimbs 

and gracile bauplans. Such flight adaptations may have provided a physiological release 

in hindlimb structuring that enabled the utilization of niches previously unavailable to 

non-avian theropods (507). Indeed, in modern aves, flight-enabled hindlimb variations 

have been correlated with the use of at least a half dozen different habitats or foraging 

styles (508). Vertical niche partitioning has also been identified as an effective way of 

avoiding competition for food resources in modern volant birds and mammals (509, 510).      

However, at least four paravian lineages evolved giant size (100-1000kg) (511). 

These larger-bodied paravians had limited potential for flight, were likely unable to use 

arboreal habitats, and displayed adaptations for terrestrial foraging. For example, the 

relatively short, robust metatarsals of eudromaeosaurs, combined with elongate pre-

ungual distal pedal phalanges indicate they were strong graspers (512), and may have 

used their posteriorly positioned first pedal digit to restrain larger prey (513). Conversely, 

the elongate metatarsals and increased horizontal range of motion in the second pedal 

digit of Unenlagiids and Troodontids likely sacrificed grasping abilities in favor of rapid 

movements of the feet, a possible adaptation for hunting insects and small vertebrates 

(512). This increase in body size is intriguing, as it likely resulted in dietary niche 
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overlaps between giant paravians and juvenile megatheropods (carnivorous dinosaurs 

>1,000kg).  

Owing to the giant sized attained by many dinosaurs combined with restricted birth 

mass, changes in the diet through ontogeny were likely common. This may have been a 

major driver of community structure. For example, by occupying different ecological 

niches at different body sizes, juveniles of the largest theropods may have outcompeted 

other carnivores, leading to the wide-scale absence of medium-sized carnivores (100-

1,000kg) in their communities (401, 402). Certainly in terms of biomass, juvenile 

megatheropods were abundant enough within medium body size classes to present a 

significant competitive force within Mesozoic carnivore guilds. How then did other 

carnivorous dinosaur species coexist? Likely explanations include the utilization of 

niches not available to megatheropods, or the possession of adaptations that enabled 

effective competition.  

Here we examine cursoriality in giant paravians and whether enhanced running 

abilities may have enabled co-occurrence with juvenile megatheropods. While all clades 

containing giant paravians have been interpreted as cursorially adapted, it remains 

unclear whether the running abilities of giant paravians exceeded those of 

megatheropods. We focus on Dakotaraptor steini, one of the few medium sized 

carnivorous theropods known to co-occur with megatheropods in the Cretaceous. Using 

speed and efficiency metrics such as femur strength, cost of transport, and cursorial limb 

proportion we identify trends within the running abilities of both volant and non-volant 

paravians, and compare these to the running ability of non-paravian carnivorous 
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theropods. We then assess food resource partitioning in dinosaur assemblages inhabited 

by giant paravians based on prey available in terms of body size and running speeds. 

Methods 

Phylogenetic Analysis 

Because the phylogenetic affinities of the formerly chimeric D. steini are unstable 

(514), and characteristics suggested as ancestral cursorial adaptations may instead be 

novel adaptations to non-cursorial foraging strategies, we re-examined it’s evolutionary 

relationships. The phylogenetic affinities inferred for D. steini were calculated using 

datasets from DePalma, et al., (2015), Hartman, et al., (2019) and Jasinski, et al., (2020). 

These three datasets were themselves derived from the Theropod Working Group 

(TWiG), whose theropod experts have compiled over 850 species level characters and 

created coelurosaurian phylogenetic brackets for the last 20 years (515). We updated each 

of the three datasets to reflect character scores confidently assigned to Dakotaraptor. 

This included the recodification of the furcula, which was described in the holotype but 

later determined to be a turtle endoplastron (516–518), as a character of unknown state 

(“?”). Matrices were analyzed for parsimony using protocol modified from Madzia and 

Cau, (2017) (519), using TNT 1.5 (520) with equally weighted, unordered multistate 

characters. Using equally weighted characters avoids placing undue importance on 

certain characters over others, and is the most commonly used method. Likewise, using 

unordered characters ignores the number of steps required to transform a character from 

one state to another, effectively making all character states equally likely (521).   

Tree Analysis Using New Technology (TNT) utilizes algorithms to identify the most 

parsimonious trees, allowing for the analysis of much larger datasets in less time. We ran 
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100 ”New Technology” search replicants on each of the three matrices, using sectorial 

searches and tree-fusing. Sectorial searches randomly generate near-optimal portions of a 

tree through repetitive random addition sequence (RAS) and tree bisection reconnection 

(TBR). Tree-fusing then identifies all possible exchanges between these near-optimal tree 

portions, maintaining swaps that improve parsimony to create globally optimal trees 

(522). We then used TBR (via TNT “Traditional Search”) on the shortest trees generated 

by the “New Technology” analysis to identify the most parsimonious tree from each of 

the three published matrices.  

Morphometric Analysis 

We collected measurements of femur, tibia/tibiotarsus, and metatarsal length for 25 

non-volant and 37 volant adult paravian genera (Table 3.1), as well as 18 carnivorous and 

51 herbivorous dinosaurs that co-occurred with giant paravians (Table 3.2) from the 

literature. Published skeletal measurements were used preferentially. For a subset of taxa 

(7 of 62), we estimated dimensions from illustrations of elements published with scale 

bars using ImageJ software (523). Limb measurements were then used to calculate 

several metrics of running speed and efficiency.  
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Table 3.1: Measurements and calculated values for cursoriality tests performed. All 

masses from Schroeder, et al., 2021 (402) unless noted.  (m = meters, GN = Giganewton) 

*Mass estimated based on theropod regression from O’Gorman & Hone, 2012 (4) 
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Table 3.2: Body mass, running speeds and cost of transport for non-avian dinosaurs found in communities with giant paravians. Body 

mass from Schroeder, et al., 2021 

*Hip height estimated from closest available relative 
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Sprinting Capacity 

a) Femur Strength (SF). To evaluate the capacity for sprinting ideally we would 

employ a calculation that incorporated the material properties of all bone tissues being 

directly loaded, as these are differentially deposited during growth and have complex 

physical responses to stress. However, because data on bone histology and/or cross 

sections were lacking, we used a generalized calculation based on femoral diameter. 

Following Alexander’s index of athletic ability (524), as modified by Farlow (525) we 

roughly estimated the impact resistance of the femur in square meters per giganewton,  

[1]   𝐹𝑒𝑚𝑢𝑟 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑆𝐹) =
𝐷𝐹

0.5𝑚∗𝐿𝐹∗𝑔
 

where DF is the midshaft diameter of the femur in cm, LF is the proximodistal length of 

the femur in cm, m is body mass in kg, and g is the gravitational constant 9.8m/s2.  

Top Speed 

b) Velocity (v). While femoral strength can provide a relative estimate for sprinting 

capacity, it falls short of an estimate of actual locomotor speeds, which may influence 

dietary overlap in carnivorous dinosaurs. Thus, we employed the method of Thulborn 

(526) to estimate the locomotor speeds in meters per second for all 131 dinosaur genera, 

[2a]   𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣) = √𝑔𝐻 (
𝐿𝐻∗𝐻

1.8𝐻
)

2.564

     

where H is the hip height in meters, and LH is stride length by height in meters.  

c) Maximum Velocity (vmax). As the calculation in equation [2a] assumes the capacity 

for a genus to achieve certain stride lengths which may not be plausible, we 

physiologically constrained maximum speeds, 

39



[2b]   𝑀𝑎𝑥 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣)𝑀𝑎𝑥 =
𝐿𝐻

𝐻
∗ 𝑓  

where LH/H is maximum stride length in meters, and f is maximum stride frequency in 

strides per second. In the event that any locomotor speed derived from equation [2a] 

exceeded this speed, the lesser of the two values was used. For quadrupedal dinosaurs, 

the shorter of the limbs was used to calculate maximum speed. 

d) Hip Height (H). Hip height in meters was calculated based on the lengths of the 

major hindlimb elements held above the ground. To adjust (H) for the crouched stance 

employed by bipedal dinosaurs (527, 528), total hindlimb length was multiplied by a 

constant calculated based on the average ratio of hip heights in rigorous skeletal diagrams 

to the sum of limb bone lengths for 8 theropod dinosaurs between approximately 1-

6,000kg in mass (529–533), 

[2c]  𝐻𝑖𝑝 𝐻𝑒𝑖𝑔ℎ𝑡 (𝐻)𝐵𝑖𝑝𝑒𝑑 = 0.8964(𝐹𝐿 + 𝑇𝐿 + 𝑀𝑇𝐿)    

where FL is the proximodistal length of the femur, TL is the proximodistal length of the 

tibia or tibiotarsus, and MTL is the proximodistal length of the longest metatarsal in 

meters. 

e) Maximum Stride Length (LHmax). The ratio of maximum stride length in meters 

per height was calculated by distributing a physiologically appropriate range proportional 

to the body size range of a given taxa. For example, in theropods with H<1m, LHmax was 

distributed between 3-4 (526), with smaller animals achieving rates closest to 4, using the 

equation, 

[2d]  𝑆𝑡𝑟𝑖𝑑𝑒 𝐿𝑒𝑛𝑔𝑡ℎ (𝐿𝐻3−4) = 4 − (
𝐻1,𝐻2,𝐻3…𝐻𝑚𝑎𝑥−1−𝐻𝑚𝑖𝑛 

𝐻𝑚𝑎𝑥
𝐻𝑚𝑖𝑛

)  

where H is ranked in order from smallest to largest.  
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f) Maximum Stride Frequency (f). The fastest cadence at which a dinosaur can move 

was calculated per Thulborn (526) using the longer of the front or rear limbs for 

quadrupedal dinosaurs, 

[2e]  𝑀𝑎𝑥 𝑆𝑡𝑟𝑖𝑑𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝑓) = 3𝐻−0.63   

and limited to an absolute maximum of 5 (526). 

The calculations of formulas [2a-e] were repeated for speeds at walk-trot transition, 

trot-run transition and at maximum sprint speed, setting LH equal to 2, 2.9 LHmax, 

respectively. 

Cursorial Limb Proportion 

As sprinting potential does not necessarily equate to habitual running speeds, a 

measurement of relative limb proportions was also used to assess cursoriality. As the 

majority of forward motion during the gait of a theropod is achieved with the lower 

portion of the limb, it is to be expected that theropods with relatively longer tibia and 

metatarsals will be more capable of rapid cursorial locomotion. Cursorial Limb 

Proportion (CLP), which relates known upper and lower limb lengths to an “expected” 

ratio by body size  was calculated following Persons and Currie, (2016) (483). 

g) Cursorial Limb Proportion (CLP). The percent deviance from the expected CLP 

indicates the relative cursorial ability, with positive values indicating better than average 

cursoriality, given in Persons and Currie, (2016) as: 

[3a] 𝐶𝑢𝑟𝑠𝑜𝑟𝑖𝑎𝑙 𝐿𝑖𝑚𝑏 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 (𝐶𝐿𝑃) = (𝑇𝐿 + 𝑀𝑇𝐿) − (𝐿𝑥𝐸/100𝐿𝑥𝐸)   

where TL is the proximodistal length of the tibia, MTL is the proximodistal length of the 

longest metatarsal and LxE is the expected lower limb length based on theropods (LTE) or 

paravians (LPE) in mm. 
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h) Expected Lower Limb Length (LTE, LPE,). We compared volant and non-volant 

paravians to both the theropod ratio derived in Persons and Currie, (2016) and an 

equation derived using simple linear regression of the limb lengths of 62 paravians to 

calculate an “expected” ratio for paravians, 

[3b]  𝑇ℎ𝑒𝑟𝑜𝑝𝑜𝑑 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐿𝑒𝑛𝑔𝑡ℎ (𝐿𝑇𝐸) = 4.178(𝐹𝐿
  0.8371)     

[3c]  𝑃𝑎𝑟𝑎𝑣𝑖𝑎𝑛 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐿𝑒𝑛𝑔𝑡ℎ (𝐿𝑃𝐸) = 2.2818 (𝐹𝐿
  0.9162)  

where FL is proximodistal length of the femur in mm.  

Cost of Transport 

i) Cost of Transport (COT). Finally, as the ability to sprint at a certain speed does not 

equate to unlimited capacity to move at such speeds, the energetic cost of transport 

(COT) in joules/kg*meter was calculated following Pontzer, et al., 2009 (534): 

[4]  𝐶𝑜𝑠𝑡 𝑜𝑓 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 (𝐶𝑂𝑇) = 90.284𝐻−0.77   

j) Percent Change COT (Δe). As exceedingly high cost of transport in one stage of 

locomotion may indicate a reticence to maintain such speed for extended periods, we 

calculated the percent change in energetic requirements between low and high speeds 

over a set period of time,  

[5]  % 𝐶ℎ𝑎𝑛𝑔𝑒 𝐶𝑂𝑇 (Δe) =
(𝑣tr∗𝐶𝑂𝑇)−(𝑣𝑤𝑡∗𝐶𝑂𝑇)

𝑣𝑤𝑡∗𝐶𝑂𝑇
   

where vtr is the velocity at the trot-run transition and vwt is the velocity at the walk-trot 

transition in meters per second. 

Niche Overlap 

We examined four dinosaur assemblages with giant paravians: the South American 

Campanian-Maastrichtian Allen Formation (84), the North American Berriasian-

Cenomanian Yellow Cat Member of the Cedar Mountain Formation (535) and 
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Maastrichtian Hell Creek Formation (202), and the Mongolian Cenomanian-Santonian 

Bayan Shireh Formation (117). Using estimated body size and maximum running speeds 

for both carnivorous and herbivorous dinosaurs, we evaluated the likely predator-prey 

relationships within these communities. 

k) Prey size (mprey, nprey). Prey utilization for carnivorous dinosaurs was estimated 

based on carnivorous dinosaur stomach contents and coprolites, and modern predator-

prey mass allometry. We calculated maximum prey mass from the allometry developed 

for modern mammalian carnivores (400): 

[6]  𝑀𝑎𝑥 𝑃𝑟𝑒𝑦 𝑀𝑎𝑠𝑠 (𝑚𝑝𝑟𝑒𝑦) = 1.39mpredator − 0.74  

where m is mass in kg. This allometry yields accurate estimates when applied to modern 

carnivorous reptiles (536). Minimum prey mass was derived from the log-log body mass 

relationship (r2 = 0.99) of small terrestrial prey consumed by large crocodilians and 

theropods (387, 388, 537, 538), 

[7]  𝑀𝑖𝑛 𝑃𝑟𝑒𝑦 𝑀𝑎𝑠𝑠 (𝑛𝑝𝑟𝑒𝑦) = 2.05mpredator − 5.74 

where n is mass in kg. 

We then limited the subset of herbivorous dinosaurs within the mass range prescribed 

by equations [6] and [7] by maximum sprint speed calculated for predators in equations 

[2a] and [2b]. Although specialized ambush predation styles could enable slower 

predators to consume faster prey items (418, 539), lacking clear evidence of this specific 

hunting style in dinosaur taxa, we assumed a limitation on prey availability based on 

maximum predator speed. Therefore, the area prescribed by carnivore running speeds and 

available prey body size was used to identify prey overlap between potentially competing 
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carnivorous dinosaurs by simply counting the number of carnivorous dinosaurs 

competing for the prey items within these prescribed areas.  

Results 

Phylogenetic Reassessment 

The phylogenetic affinities of Dakotaraptor remain uncertain at best. However, based 

on reanalysis with updated characters in three separate matrices our results indicate the 

placement of D. steini near or within the Unenlagiidae was the most plausible, as this 

placement was supported by the largest percentage of scores available (Hartman = 17% 

of 700 characters, Jasinski = 14% of 180, DePalma = 14% of 361). While parsimony 

analysis using the matrix from DePalma, et al., (2015) did place D. steini as sister to U. 

ostrommaysi and Dromaeosaurus albertensis (540) (Figure S3.1), we believe results from 

the DePalma database were potentially influenced by the a priori constriction to a limited 

number of only non-volant taxa (Depalma = 86). Widening the phylogenetic bracket to 

include all of deinonychosauria, as in the Jasinski, et al., 2020 matrix, resulted in the 

placement of D. steini outside of the dromaeosauridae, on the basal branch leading to 

Zhenyulong suni, Tianyuraptor ostromi, and Hulsanpes perlei (Figure 3.1). Similarly, 

parsimony analysis using the matrix from Hartman, et al., (2019) placed D. steini outside 

of dromaeosauridae, as sister to the South American Unenlagia ‘sensu lato’ (Figure 

S3.2). 
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Figure 3.1: Result of parsimony analysis using matrix from Jasinski, et al., 2020. 

Dakotaraptor recovered as sister to Dromaeosaurs with Zhenyuanlong, Tianyuraptor and 

Hulsanpes. Volant taxa highlighted in green.  

 

Cursorial Ability 

Among paravians, femur strength (Sf) was significantly negatively correlated with 

body size in volant taxa (Fisher corrected Pearson’s rho = -0.787, p = 5.44E-10) (Figure 

3.2; Table 3.1). A similar negative correlation was found in non-volant taxa (rho = -

0.491, p = 0.011). However, as the confidence interval is large enough for the trend to 

approach zero (rho = -0.118), and linear regression explained a limited among of 

variation in the data (r2 = 0.241), this trend may be biologically noninformative. Femur 
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strength decreased more rapidly with body size in volant taxa compared to non-volant 

taxa, and was highest among small volant taxa. 

Figure 3.2: Sprinting capacity in paravians based on femur strength per body size. Linear 

trend for volant taxa shown by dotted line (r2 = 0.6198) and for non-volant taxa by solid 

line.  

 

Although femur strength implied that volant taxa had stronger femora, and therefore 

larger capacity for high sprint speeds, the cursorial limb proportion (CLP) of volant taxa 

were frequently below expected for theropods as a whole (Figure 3.3A). Furthermore, of 

the nearly /3rd of paravians that had below expected CLP values compared to other 

paravians, all were volant (Figure 3.3B). In contrast with femoral strength index, CLP 

scores generally increased with body size in both volant and non-volant paravians (volant 

log10(CLP) = 0.292log10(m) + 1.231, r2 = 0.94; non-volant log10(CLP) = 0.241log10(m) + 

1.289, r2 = 0.957). Among non-volant paravians, members of the Unenlagiidae and 

Dakotaraptor fell consistently above expected values (Figure 3.3B). However, we did not 

find a trend toward increased CLP within giant paravians as a whole. 
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Figure 3.3: Deviation from expected CLP for theropods (A) and paravians (B) by volant (open shapes) and non-volant (filled shapes). 

Dromaeosaurids shown in diamonds in (A) and Unenlagiids shown in triangles in (B).  

 

Generally, both running efficiency (as shown by lower COT) and running speed increased with size among paravians (Figure 3.4). 

This trend was most robust for large, non-volant taxa (Figure 3.4). Perhaps unsurprisingly, most volant taxa had relatively poor 

running efficiency. Interestingly, the trend of increasing top speed with size plateaued significantly (two tailed t-test with equal 

variance, p = 0.005, df = 142) above body sizes of approximately 75kg, with the highest potential top speeds found in non-volant 

paravians ranging from 15-30kg. This did not appear to be a physiological limitation in speed, as the increasing top speed trend was 

continued outside of paraves in ornithomimosaurs. 
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Figure 3.4: Running efficiency and speeds in theropods at walk-trot transition (low line extent), trot-run transition (center point) and 

maximum top speed (upper line extent). Volant paravians shown in open circles, non-volant paravians shown in filled circles and non-

paravian theropods shown in open squares. Increasing top speed trend shown by solid line, plateau shown by dotted line. Body mass 

increases from left to right across x-axis. 

 

Curiously, when we examined the percent change in energetic expenditure from walking speeds to running speeds, we found that 

non-volant taxa between 10-30kg had the greatest increase in energy required between walking and running (Figure 3.5). Conversely, 

paravians above 75kg had decreasing separation between their walking and running energetic expenditures, and resemble other 

medium and large theropods in this respect.  
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Figure 3.5: Increase in energy expenditure from walking speed to running speeds in 

theropods. Non-volant paravians shown by filled circles, non-paravian theropods in open 

squares. 

 

Niche Assessment 

Based on overlapping regions of top speed and body size, giant paravians appear to 

have been limited in terms of prey availability; no dinosaur assemblages contained 

herbivorous dinosaurs available only to giant paravians (Figure 3.6). Paravians 

commonly filled the small-carnivore body size niche, and with relatively high running 

speeds could have easily consumed both small herbivorous dinosaurs or small mammals 

and reptiles. Competitive overlap was highest at low speeds and small body size in all 

communities examined, and higher overall at small body sizes (1.4-2.6 predator:prey 

ratio) in the Bayan Shireh and Hell Creek Formations (Figure 3.6C and D). 

Both the Allen and Cedar Mountain Formations lacked herbivorous dinosaurs within 

the top speed and mass likely to be consumed by the giant paravians present, 

Austroraptor and Utahraptor, respectively (Figure 3.6A and B). However, numerous 

mammals, turtles and crocodilians within this range are present in both formations. 

Interestingly, within the Allen Formation all herbivorous dinosaurs fell outside the likely 
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prey body size margins for carnivores, which may indicate the consumption of juvenile 

herbivores, or that carnivorous dinosaurs exceed the predator-prey mass relationship seen 

in modern carnivorous mammals. 

Giant paravians were generally the slowest of all carnivorous dinosaurs in 

assemblages examined, outrunning only adult megatheropods (Table 3.2). Giant 

paravians overlapped both in size and running capacity with juveniles of cohabitant 

megatheropods (e.g. Dakotaraptor with Tyrannosaurus, and Achillobator giganticus with 

Tarbosaurus bataar) (Figure 3.6C and D).  

Discussion 

While an exact understanding of Cretaceous Food webs is still largely elusive, it is 

clear that niche partitioning was common both within and between dinosaur species (12, 

142, 402, 541–543). Among paravians, three distinct locomotion styles may have enabled 

the co-occurrence of these dinosaurs with juvenile megatheropods. The most apparent of 

these was the ability to fly. It is unlikely that volant paravians, who had access to arboreal 

niches and fed on prey below the body size cut off for juvenile megatheropods would 

have been in direct competition. These paravians were poorly adapted to running, with 

low top speeds and high energetic requirements. Although the finding of high femur 

strength in small, volant paravians seems to contradict this claim (Figure 3.2), we argue 

the majority of this finding was a result of post mortem crushing (544–546) and the use 

of femur diameter. Instead, running was likely a mostly superfluous adaptation in these 

species, as the capacity for flight would have expanded the available niche vertically 

beyond that of larger, non-volant carnivores. 
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Figure 3.6: Speed and body mass for communities with the four largest giant paravians. A) Allen Formation, B) Cedar Mountain 

Formation, C) Bayan Shireh Formation, and D) Hell Creek Formation. Dinosaurian prey availability by mass and top speed for each 

carnivore shown by grey box. Prey availability box for giant paravians outlined in grey. Darker areas represent high functional areas 

of competition. 
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Among non-volant paravians, a divide in locomotion style was evident between small 

and large body sizes. Small (10-30kg) paravians were capable of rapid, but costly, 

cursorial locomotion, which likely translated into ambush or short-range pursuit hunting, 

analogous to modern cheetahs (Acinonyx jubatus) (Figures 3.4, 3.5). This rapid, cheetah-

esque cursoriality likely enabled small non-volant paravians to co-occur with larger, 

slower theropods, who likely pursued somewhat larger, slower prey. Conversely, our 

results indicated paravians exceeding 75kg in body mass had limited top speeds (Figure 

3.4). Indeed, they were regularly the slowest carnivores in their communities, outpaced 

by both smaller deinonychosaurs and juvenile megatheropods. As a result, there were no 

prey items available exclusively to giant paravians in terms of speed or body size, and 

therefore limited potential for food resource partitioning (Figure 3.6). 

As megatheropods appear to regularly utilize all available habitats (547), the 

opportunity for spatial partitioning by carnivores may have been reduced in assemblages 

with megatheropods. As such, the presence of both the large tyrannosaur Tarbosaurus 

and the smaller tyrannosaur Alectrosaurus may have been in direct competition with the 

giant paravian Achillobator in the Bayan Shireh Formation. Similarly, the presence of the 

megatheropod Tyrannosaurus may have been in direct competition with the giant 

paravian Dakotaraptor  in the Hell Creek Formation. 

Intraguild competition has been found to result in low population densities in modern 

mammalian carnivores such as the African wild dog Lycaon pictus, which competes for 

food resources with lions (Panthera leo) and hyenas (Crocutta crocutta) (548). This 

appears to have been the case for giant paravians co-occurring with megatheropods. For 

example, despite over 150 years of collection in the Hell Creek Formation (499), only a 
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single specimen of the giant paravian Dakotaraptor has been identified, despite the 

presence dozens of much smaller and much larger carnivorous dinosaur specimens. This 

same census frequently identified sub-adult megatheropods in the same size class as 

Dakotaraptor. Conversely, in communities where giant paravians occurred without 

megatheropods, their relative abundance is much higher. For example the Yellow Cat 

Member of the Cedar Mountain Formation has produced abundant giant paravian tracks 

(549) and skeletal remains from rigorous censusing has shown the giant paravian 

Utahraptor to be relatively abundant (550). 

A potential response to direct competition for food resources is the utilization of large 

home range (509, 548), a tactic that giant paravians’ superb locomotor efficiency and 

moderate size may have allowed. The ability to traverse long distances through high 

locomotor efficiency and moderate size may also have made scavenging an effective 

strategy to supplement the diets of giant paravians (498). This approach may have been 

particularly effective within giant Unenlagiid paravians, which exhibited consistently 

above average cursorial limb proportions even when compared to other paravians (Figure 

3.3). The rapid foot maneuverability enabled by the gracile lower limb morphology of 

Unenlagiids (512) could have been employed to avoid retaliation during persistence 

hunting of larger herbivores, a strategy sometimes employed by Varanus komodoensis 

(467, 536, 551) and frequently by Lycaon pictus (552, 553).  

The placement of D. steini as either a uniquely derived member of the Unenlagiidae, 

or as a non-dromaeosaurid deinonychosaur allows for a more contextualized 

interpretation of its morphology. Rather than an extraordinarily gracile member of the 

dromaeosauridae, which were relatively robust, stocky animals at large size (512, 535, 

53



554), D. steini was likely an unusually large relative of the more gracile Unenlagiids. As 

such, Dakotaraptor was likely an extremely efficient runner, which may have made it 

particularly well suited to long distance foraging, a strategy that may have facilitated its 

cohabitation with larger megatheropods like Tyrannosaurus rex (399, 502).   

The evolution of flight and flight-adapted features in many paravians likely enabled 

their expansive radiation in the Cretaceous (376, 555, 556) and the domination of small-

body size carnivore niches across the globe. However, at least some paravian clades 

evolved away from characteristically small size. The loss of rapid locomotion with the 

development of medium body size resulted in large overlaps in prey availability and 

potential competition, particularly in dinosaur assemblages containing megatheropods. 

Co-occurring with carnivorous dinosaurs that underwent significant shifts in morphology 

through ontogeny likely amplified competitive pressures on giant paravians. However, 

ancestrally flight-adapted frames may have enabled giant paravians to avoid competitive 

exclusion through highly efficient cursorial locomotion, although still potentially 

suffering the effects of enhanced competition with juvenile megatheropods. It is clear that 

while for some paravians, adaptations away from flight and towards gigantism were 

advantageous in reducing competition with the multitude of small, agile dromaeosaurs, 

for those co-occurring with the niche-shifting megatheropods of the Cretaceous, it was 

“out of the frying pan, into the fire”.   
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Appendix 1 

Materials and Methods 

Data 

Dinosaur assemblages were identified by downloading all vertebrate occurrences 

known to species or genus level between 200Ma and 65MA from the Paleobiology 

Database (PaleoDB https://paleobiodb.org/#/ download 6 August, 2018). Using 

associated depositional environment and taxonomic information, the vertebrate database 

was limited to only terrestrial organisms, excluding amphibians, pseudosuchians, 

champsosaurs and ichnotaxa. Taxa present in formations were confirmed against the most 

recent available literature, as of November, 2020. Synonymous taxa or otherwise 

duplicated taxa were removed. Taxa that could not be identified to genus level were 

included as “Taxon X”.  GPS locality data for all formations between 200MA and 65MA 

was downloaded from PaleoDB to create a minimally convex polygon for each possible 

formation.  

Any attempt to recreate local assemblages must include all potentially interacting 

species, while excluding those that would have been separated by either space or time. 

We argue it is acceptable to substitute formation for home range in the case of non-avian 

dinosaurs, as range increases with body size. Reaching masses of 80,000kg, it is not 

unrealistic for gigantic non-avian dinosaurs to have home ranges that spanned the entirety 

of a geologic formation, particularly as none of the included formations exceed the 

modern range of some mammalian megafauna (39). Further, our research is focused on 

the overall shape of body size diversity distributions, so while there is time-averaging in 

our dataset, this is also acceptable, as we are examining the presence/absence of body 
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sizes, rather than the exact species identified within the assemblage. Wherever possible, 

formations were reduced to biostratigraphic groups recognized in the literature to remedy 

this potential issue, resulting in an average time span of 4.8 million years for our 

formations. Only formations with at least 5 species were included in the overall dataset, 

and only formations containing at least 3 carnivores were included in the carnivore test 

set. 

Mass estimates from the literature were added to the final dataset of terrestrial 

vertebrates. When a range of masses were available for one species, the average was used 

to normalize for variability within mass estimate techniques, which included, (but were 

not limited to) volumetric, limb bone circumference, limb bone length, and polynomial 

regression. Where no mass estimate was available, estimates from similarly sized species 

within the same genus, family or order were substituted. Species were assigned to a 0.5 

log(10) bin based on mass. While it is noted that a wide variety of mass estimate 

techniques are included within this dataset, as all analyses were performed on log10 

scale, variability between estimates did not have an appreciable effect on our results.   

All species were assigned a basic trophic level designator based on species 

morphological and ecological descriptions in the literature. Species were categorized 

individually, regardless of taxonomic affinity in order to most accurately capture the 

intricacies of dinosaur community structuring. “Carnivores” and “Herbivores” were 

identified as any organism never having been contested in the literature as a non-

carnivore or non-herbivore, respectively. As only a small percentage of the species 

included in our analyses fell outside of these two main categories, we subdivided the 

“omnivore” group in two, which were then added to either the “carnivore” or “herbivore” 
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group as appropriate. “Meat-dominant omnivore” was assigned to any species that had 

been suggested as an omnivore after an initial designation of carnivore, or which was 

identified as an omnivore with identifiable faunivore morphology, and were grouped with 

carnivores for analysis. A similar method was used to designate “plant-dominant 

omnivore”, which were grouped with herbivores. Recent accounts of dietary remnants, 

such as stomach contents and coprolites, were also considered when grouping species 

into tropic categories. While we endeavored to be as accurate as possible with these 

descriptions, some species, particularly enigmatic species within caenagnathidae and 

oviraptoridae, have yet to be definitively described within a single dietary category. Our 

inclusion of these species within the “meat-dominant omnivore” group may prove to be 

inaccurate as more evidence is presented in the literature. However, these enigmatic 

species represent an exceedingly small portion of the overall sample tested (1.6%) and 

therefore are unlikely to significantly change our results when grouped as herbivores 

rather than carnivores.  

 

Statistical Analysis 

To determine the shape of the M-S distribution, each dinosaur assemblage, as well as 

each carnivore and herbivore assemblage was tested for fit with K-S Goodness of Fit 

(alpha=0.05) against the global dataset, bootstrapped 1,000 times. Bimodality was 

assessed with Sarle’s Bimodality Coefficient, summary statistics, and fit to quadratic and 

4th degree polynomial regressions. Bimodality was further tested through likelihood of 

bin occupancy for the entire dataset, as well as on carnivores and herbivores separately. 

To determine the effect of the presence of megatheropods in an assemblage, a Kendal 
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Rank test was performed on 39 carnivore guild distributions. Likelihood of bin 

occupancy was further tested in relation to occupancy of surrounding mass bins to 

determine the influence of any larger species on occupancy.  

 

Ontogenetic Biomass Calculations 

In order to identify potential competitive exclusion in dinosaur assemblages, biomass 

was calculated for megatheropods from nine formations from the total dataset. These 

formations were selected because they represent multiple geographic locations and 

geologic periods, and contain theropods for which growth and survivorship curves have 

been calculated. Growth rates from Erickson and Bybee were multiplied by survivorship 

of the same species from Erickson, using a 1,000-individual cohort. As it has been 

hypothesized that giant theropods would all employ a similar rapid growth curve, and as 

neither growth curves nor survivorship curves for Acrocanthosaurus atokensis and Siats 

meekerorum were available in the primary literature, growth curves for these species 

were created by averaging growth rates from Tyrannosaurus rex for its increased size, 

and Allosaurus fragilis for its taxonomic similarity to A.atokensis and S. meekerorum, 

Survivorship curves from Daspletosaurus torosus were substituted directly, as the mass 

of all three species is similar. The same method was utilized for Tarbosaurus bataar, 

averaging curves from T. rex and D. torosus. Biomass estimates for Achillobator 

giganticus were not included as there are no existing comparable growth curves or 

survivorship estimates available. 

The relative biomass for juveniles and adults of each species was multiplied by the 

proportional biomass for each mass bin, normalized so the adult proportion = 1.  
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Juveniles were defined as individuals in the cohort that had not reached somatic maturity 

based on asymptotic growth (approximately age 16). 

Supplementary Text 

Inclusion and exclusion of taxa 

Our database of 557 non-avian dinosaur taxa are based on downloads from the 

Paleobiology Database, an extensive recording of all published taxa, updated and 

maintained by a group of paleontologists from around the globe. Downloads from the 

PBDB provided a baseline of all potential taxa to be found in a community, which was 

then independently verified against the literature, as of November, 2020. Sources for 

every occurrence of every species were identified independent from the PBDB to confirm 

their accuracy temporally and spatially, and are listed in Table S3.1. All obsolete taxa 

(e.g. Deinodon) were excluded. Morphological and phylogenetic reassessments were 

followed as much as possible, and taxonomy was updated accordingly, specifically 

pertaining to the following species: 

Amtosaurus archibaldi- fragmentary remains that have been described with 

ankylosaur or hadrosaur affinities have since been renamed as Bissektipelta (40) 

Anatotitan copei- hadrosaur material from western North America which most 

recently has been demonstrated to be the remains of Edmontosaurus (41).  

Chialingosaurus kuani- based solely on juvenile remains from the Shaximiao 

formation that cannot be distinguished as a unique taxon, and is therefore a nomen 

dubium (42) 

Chungkingosaurus jiangbeiensis- has been identified as a possible juvenile of 

Tuojiangosaurus (43) 
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Compsosuchus solus- based on fragmentary remains from the Lameta formation, has 

since been determined to be a nomen dubium and is therefore listed as “Noasaurid C” in 

this paper (44) 

Drinker nisti- neornithischian remains from this species were reclassified together 

with at least one other taxon as a single taxon Nanosaurus agilis (45) 

Iguanodon dawsoni- limited post-cranial material from the Wadhurst Clay formation 

that has since been reclassified as Barilium dawsoni (46) 

Iguanodon orientalis- poorly described skull material from Khuren Dukh that has 

since been reclassified as Altirhinus kurzanovi (47) 

Jubbulpuria tenuis- based on fragmentary remains from the Lameta formation, has 

been determined to be a nomen dubium and is therefore listed as “Theropod B” in this 

paper (44) 

Koutalisaurus kohlerorum- synonymous with Pararhabdodon (48) 

Leptorhynchos elegans- caenagnathid redescribed as Citipes elegans (49) 

Majungatholus atopus- originally described as a new pachycephalosaur, material has 

been re-assigned to Majungasaurus (50) 

Maleevus disparoserratus- originally described as a new ankylosaur from the Bayan 

Shireh formation, has since been determined to be a junior synonym of Pinacosaurus 

(51) 

Nanotyrannus- based on a skull originally described as Gorgosaurus lancensis from 

the Hell Creek formation, Nanotyrannus was erected as a new genus of pygmy 

tyrannosaur (52). Following the discovery of a second, more complete skeleton, 
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numerous morphological analyses have overwhelmingly shown the two specimens 

attributed to N. lancensis to be juvenile specimens of Tyrannosaurus rex (8, 12, 53–56) 

Ornithomimus minutus- based on isolated toe bones from the Laramie formation 

with likely Alvarezsaurid affinity (57), is listed as “Alvarezsauridae” in this paper   

Richardoestesia asiatica- although likely a valid species, this tooth taxon cannot be 

distinguished from R. isosceles and has been included within this taxon in this paper (58) 

Styracosaurus ovatus- ceratopsian remains from the Two Medicine formation that 

have since been reclassified as Rubeosaurus (59) 

Titanosaurus madagascariensis- based on fragmentary remains from the Maeverano 

formation, has been identified as synonymous with Laplatasaurus (60)  

Triceratops / Torosaurus- although the validity of the genus Torosaurus has been 

called into question (61-62) as a possible ontogenetic stage of the earlier named 

Triceratops, we feel this assertion has yet to be definitively proven, particularly in light 

of more recent morphometric analyses (63-64). As such, we include both genera in our 

paper. 

Ugrunaaluk kuukpikensis- hadrosaurid remains from the Prince Creek formation that 

have since been reclassified as remains of juvenile Edmontosaurus (65) 

Wuerhosaurus mongoliensis- informally named stegosaur material from the 

Dzunbain formation which has since been formally described as Mongolostegus 

exspectabilis (66) 

Willinakaqe salitralensis- originally described as a new saurolophine hadrosaur 

from the Allen formation(67), W. salitralensis has since been determined to refer to 

multiple species and is therefore a nomen dubium (68).  
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Yunnanosaurus robustus- material from the Lufeng formation represents an 

ontogenetic series, synonymous with Y. huangi (69) 

In the interest of capturing as much biodiversity as possible, we removed as few 

“problematic” taxa as possible. Only those that we found to be definitively synonymous, 

or those that showed a preponderance of evidence towards synonymizing were excluded. 
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Figure S1.1. Number of species in each mass bin, by guild, in formations from the 

Jurassic and Cretaceous periods (bars) appears more normal than global distribution. 

Herbivores (light grey) mirror their left-skewed global distribution, while carnivores 

exhibit a unique bimodal trend. Likelihood of at least one species existing in mass bin in 

any formation (lines) shows the distinctly more platykurtic distribution at local scales, as 

well as the severe drop in likelihood in medium size carnivore bins. 
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Figure S1.2. Growth vs survivorship of three megatheropods shows biomass is highest at 

sexual maturity, which occurs shortly before somatic maturity in dinosaurs.   
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Table S1.1. Taxon list for each community with mass in kg and references 
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Table S1.1 (continued) 
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Table S1.1 (continued) 
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Table S1.1 (continued) 
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Table S1.1 (continued) 
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Table S1.1 (continued) 
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Table S1.1 (continued) 
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Table S1.2 Summary Statistics, KS Test and polynomial tests for full communities. α = 0.05, Sarle’s b = .555 
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Table S1.3 Summary Statistics, KS Test and polynomial tests for herbivore guilds. α = 0.05, Sarle’s b = .555 
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Table S1.4 Summary Statistics, KS Test and polynomial tests for carnivore guilds. α = 0.05, Sarle’s b = .555 

 

74



Table S1.5 The likelihood of bin occupation by guild with and without larger species 

present 
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Table S1.6 Proportional biomass for 10 species of large theropods 
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Table S1.7 Pairwise t-test of communities with Bonferroni correction alpha value 
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Table S1.7 (continued) 
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Table S1.8 Global taxon list with mass in kg  
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)

 

86



Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)

 

90



Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Table S1.8 (continued)
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Appendix 2 

Figure S2.1: Number of occurrences for North American Tyrannosauroids in the PBDB.  
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Figure S2.2: Correlations in dietary components and ISO values in extant carnivorous 

reptiles. Significance from Kendall Rank correlation, α = 0.05 
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Table S2.1: Dietary components and DMTA/ISO values for extant mammalian and reptilian carnivores 
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Table S2.2: Average and standard deviation for all species at all ontogenetic stages
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Table S2.3: Correlations between ISO and DMTA values and carnivorous reptile and 

mammal diet. Explanation of metric and calculation included. 
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Table S2.4: Percent difference between all species and all ontogenetic stages. Significant 

values (Dunn’s p < 0.05) shown in bold face and dark grey. 
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Appendix 3 

Character states used in each of the phylogenetic analyses 

 

DePalma et al. 2015 

1??????????????????????????????????????????????????????????11110??0????01??????

0???????????????00100?0???????0???????????????????0??????????????0?1 

 

Hartman et al. 2019 

?????????????????????????????????????????????????????????????????????????????????

???????0??101???????????????????{12}???????????{12}1??????????????????2001?0??

000?1{234}?????1??????????????????????????????110111000?100101101000?00???11

1???????????????1???????????100?0??????????????111????00??00???0{01}??????????

0?????????????????21?????????????????????????????????????????????11??1??????????

??1?01?????{12}??0??0????????????0?????????01?101?????01?0?0?1?????0??????????

1???0?01???????????????0?01??0???00?0???????????????????????????1???0??0??????0

?1???2?????????????????????????????????????????????????????????????????????????1

?0???????0?????0?{01}?????0??{01}??????????????00??00????0???--??{12}{01}-

?????????????????01????0 

 

Jasinski et al. 2020 

?????????????????????????????????????????????????????????????????????????????????

???1?00??11?????????1??????1??2??????1100?00????1??????????????????????????010

?1????0??0000????0??? 
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Figure S3.1: Parsimoy results using matrix from Depalma, et al., 2015  
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Figure S3.2: Parsimoy results using matrix from Hartman, et al., 2019
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