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Abstract: Owls and nightbirds are nocturnal hunters of active prey that combine visual and 
hearing adaptations to overcome limits on sensory performance in low light. Such sensory 
innovations are unknown in non-avialan theropod dinosaurs and are poorly characterized on the 
line leading to birds. We investigate morphofunctional proxies of vision and hearing in living 
and extinct theropods and demonstrate deep divergences of sensory modalities among groups. 
Nocturnal predation evolved early in the non-avialan lineage Alvarezsauroidea, signalled by 
extreme low-light vision and increases in hearing sensitivity. The Late Cretaceous alvarezsauroid 
Shuvuuia deserti also possessed specialized hearing acuity rivalling today’s barn owl. This 
combination of sensory adaptations therefore evolved independently in dinosaurs long before the 
modern bird radiation, providing a striking example of convergence between dinosaurs and 
mammals. 
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One Sentence Summary:  Theropod dinosaurs had diverse sensory modalities, including owl-
like night vision and superb hearing in alvarezsauroids. 
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Main Text:  
Sensory specializations are some of the most striking vertebrate innovations (1, 2) and are 

common as adaptations to low-light activity in birds and mammals.  Facultative nocturnal 

behaviors of living birds, such as tactile probing and dabbling in some water birds, require 

limited sensory anatomical changes (3). However, most nocturnal birds have conspicuous 

modifications of the visual system, and specialized nocturnal foragers of active prey combine 

adaptations of both vision and hearing (4). Such adaptations enable distinctive foraging strategies 

such as the use of precise sound-localization and low-light (scotopic) vision in the barn owl (Tyto 

alba), which can hunt in complete darkness (5).  These sensory adaptations leave clear skeletal 

signatures that should be evident in fossils. Nevertheless, sensory evolution in birds and their 

theropod stem lineage is poorly understood (but see e.g., (6-9)). This is a substantial shortcoming 

in our understanding of dinosaurian biology and of the structure of Mesozoic ecosystems. 

To evaluate the evolution of vison and hearing in extinct theropods, we studied skeletal 

proxies for two sensory systems: the scleral ossicle ring (hereafter, ‘scleral ring’) of the eye for 

vision; and the endosseous cochlear duct of the bony labyrinth for hearing. The scleral ring is 

embedded in the eyeball surface in numerous living and extinct amniotes. Nocturnal species 

typically have wider ring apertures, reflecting larger pupil sizes that increase light sensitivity (9). 

The endosseous cochlear duct is intimately linked to hearing performance (e.g., sensitivity, 

frequency range) because it houses the basilar papilla or cochlea (10). The elongate mammalian 

cochlea has been an area of continued evolutionary innovation (e.g., (11, 12)), demonstrating the 

importance of hearing in their foraging strategies. Bird species that rely on auditory cues for 

foraging, such as owls, have an elongate endosseous cochlear duct, alongside other anatomical 

modifications (13).  
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Our analyses show visual and auditory adaptations to nocturnality in alvarezsauroids, an 

enigmatic theropod lineage that spanned the Late Jurassic–Late Cretaceous.  Early branching 

alvarezsauroids, such as Haplocheirus sollers, retain generalized theropod features suggesting a 

relatively unspecialized predatory ecology (14). However, late-branching alvarezsauroids such as 

Shuvuuia deserti have a curious mixture of derived traits, including bird-like skulls, cursorial 

hindlimbs, and short, functionally-monodactyl forelimbs interpreted as adaptations for scratch-

digging (15, 16). These features are the source of continued speculation and debate about 

alvarezsauroid paleoecology (15-18).   

 Our digital reconstructions of the scleral rings of the alvarezsauroids Haplocheirus and 

Shuvuuia show a proportionally large eye with an extremely wide aperture (Fig. 1; Figs. S1–S5) 

(19). Phylogenetic flexible discriminant analysis (pFDA) of scleral ring and orbit morphology, 

extended from previous analyses (9), has mean accuracy of 92.0% for classification of extant 

species as nocturnal or non-nocturnal. Among theropods, the highest posterior probabilities for 

nocturnal vision (ppnocturnal) are for Haplocheirus (ppnocturnal>0.99), Shuvuuia (ppnocturnal>0.87), 

and the coelophysoid Megapnosaurus (ppnocturnal>0.99) (Fig. 1; Table S1). These have 

morphologies similar to those of birds that have specialized low-light visual systems (Fig. 1), but 

are different to other theropods, including many for which nocturnality was previously inferred 

at a much less stringent probability threshold (ppnocturnal > ppdiurnal or ppcathemeral) (6).  

Micro-CT scans reveals anatomical specialization of the endosseous cochlear duct in 

Shuvuuia, similar to the barn owl (Tyto), with large duct diameters and a proximodistally 

elongate morphology, curving posteromedially under the brain cavity. These anatomies are 

unlike almost all other theropods. Cochlear duct elongation imposes spatial constraints on the 

labyrinth in both taxa (Figs. 2, 3), which have low, broad semicircular canals compared to their 
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evolutionary relatives (20) (Fig. 3B). Both taxa also show two well-defined laminae extending 

along the length of the endosseous cochlear duct, medially (primary bony lamina) and laterally 

(secondary bony lamina) (Fig. 2). Similar laminae in mammals are attachment sites for the 

basilar membrane, which supports the basilar papilla.  

Comparison of endosseous cochlear duct length to braincase height across 88 extant birds 

corroborates our interpretation of relative duct elongation as related to nocturnality and other 

foraging traits (Fig. 3; Table S2, Figs. S6–10) (19). Owls (Strigiformes), large-bodied, nocturnal 

Strisores (e.g., owlet nightjars, pootoos, frogmouths and the echolocating oilbird), and some 

other taxa have moderately or greatly elongated ducts (Fig. 3), whereas vocal learners do not 

(Fig. S6; Table S3). This suggests that duct elongation is an adaptation for auditory foraging, 

contradicting the hypothesis that it evolved to facilitate intraspecific communication (10). 

Woodpeckers, which use auditory foraging of concealed insects, show limited–moderate duct 

elongation (Table S3). Some water-associated birds, including gannets, kingfishers, and 

cormorants also show moderate duct elongation that deserves further investigation (Table S3). 

Nightjars, which are low-light predators of aerial prey in generally open environments, show 

only limited duct elongation (Table S3). 

Elongation of the endosseous cochlear duct also occurs among Mesozoic theropods, 

including some predatory groups (Troodontidae, Tyrannosauridae, Dromaeosauridae), the 

secondarily herbivorous Therizinosauria, and in alvarezsauroids, including the Jurassic–Early 

Cretaceous taxa Haplocheirus and Xiyunykus (Fig. 3). The barn owl (Tyto), Shuvuuia and an 

undescribed troodontid (IGM 100/1126) are outliers, demonstrating auditory specialization, even 

compared to other owls, strisorans and Mesozoic theropods (Fig. 2; (20)). Proportional reduction 
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of the ensosseous cochlear duct occurs in oviraptorosaurs and ornithomimosaurs, which are 

hypothesized to be herbivores or omnivores (22, 23).  

The proportionally large eyes and scleral ring apertures of Haplocheirus and Shuvuuia 

indicate nocturnal visual adaptation. These represent some of the earliest and latest 

alvarezsauroids, suggesting that nocturnal visual capabilities were widespread in that group. The 

early appearance and phylogenetic retention of nocturnal visual adaptations in alvarezsauroids 

contrasts with inferences of equivocal or diurnal activity patterns in most other theropods, 

including early birds (Avialae) (Fig. 4). This distribution suggests a deep evolutionary 

divergence of activity patterns among theropods, with alvarezsauroids becoming nocturnal visual 

specialists (Fig. 4). The hearing-related anatomy of Shuvuuia, comprising an exceptionally 

elongate endosseous cochlear duct and the presence of a secondary bony lamina, is uniquely 

comparable to the barn owl among extant birds (Fig. 2) and corroborates the hypothesis of 

specialized nocturnal foraging in alvarezsauroids. This mode of life is rare in birds (4), and we 

also find that it was rare in non-avialan theropods, contrasting with the relatively high incidence 

of nocturnal foraging in mammals (24). 

Even moderate elongation of the endosseous cochlear duct is rare in our broad sample of 

extant birds (Fig. 3D). It occurs most frequently (though not exclusively) in owls and large-

bodied nightbirds such as frogmouths, owlet nightjars and pootoos (Table S3). These are 

predominantly nocturnal predators of highly mobile and often cryptic, ground-based, and near-

perch prey (3). Many of these taxa forage for prey items that were also available to extinct 

theropod dinosaurs (including terrestrial invertebrates and small vertebrates) by ground-running 

and pouncing from a low perch (e.g., frogmouths) or descent from quartering flight (e.g., owls) 

(3). Increased hearing ability in these groups is an adaptation that improves the chances of 
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locating and successfully striking prey in low light (5). For example, the specialized hearing of 

barn owls, which have highly elongated duct lengths, even compared to other strigiforms, 

enables them to catch prey with high accuracy in complete darkness based on acoustic cues alone 

(25, 26). 

In contrast to its scarcity in extant birds, moderate elongation of the endosseous cochlear 

duct is common in our sample of non-avialan theropods, occurring in all alvarezsauroids, the 

hypercarnivorous Tyrannosauridae, Dromaeosauridae, and Troodontidae, and the secondarily 

herbivorous Therizinosauria (Fig. 3). Theropods therefore evolved increased hearing ability more 

frequently than in modern birds, although Oviraptoridae and Ornithomimidae have shorter ducts 

(Fig. 3) and may have relied on other senses.   

Previous hypotheses of alvarezsauroid ecology (15, 16, 27) noted a unique combination 

of ecomorphological traits in geologically younger taxa such as Shuvuuia. These traits include 

dental reduction and a slender mandible, combined with fossorial adaptations of its forelimbs and 

have been used to support hypotheses of specialized predation on colonial insects (15, 16). Our 

study additionally indicates low-light vision and specialized auditory capabilities, traits that are 

widespread among mammals but rare in dinosaurs, including birds. Myrmecophagous mammals 

have previously been suggested as analogues for alvarezsauroids (15, 16). However, we note that 

nocturnality, excellent hearing, and digging forelimbs occur much more widely, in mammals that 

span a broad range of ecologies. Moreover, dental/mandibular reduction in mammals may not be 

a functional analogue of dental/mandibular reduction in birds and other dinosaurs: extant birds 

with proportionally small crania/mandibles, such as galliforms, can have wide-ranging diets, and 

birds that consume small vertebrates can subdue their prey without the use of teeth. We therefore 

suggest that derived alvarezsauroids such as Shuvuuia could have consumed a wide range of 
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nocturnal invertebrates and potentially small vertebrates, and that fossorially-adapted forelimbs 

had versatile functions, allowing excavation of shallow burrowing or crevice-inhabiting animals 

from the substrate or vegetation. 

Combined visual and auditory specializations for nocturnality evolved independently in 

mammals, birds and, as reported in this study, non-avialan dinosaurs, providing an example of 

convergent sensory evolution in vertebrates. Sensory paleoecology of dinosaurs remains poorly 

understood in general. Nevertheless, our findings provide information on deep evolutionary 

divergences of activity patterns among non-avialan theropods and strong evidence for nocturnal 

specialization through 95 million years of alvarezsauroid evolution. Many living animals are 

active at night, but nocturnal communities remain poorly studied both today (28) and in the past. 

Identifying specialized night-foragers like Shuvuuia highlights the occurrence of diel partitioning 

among predators in Mesozoic terrestrial ecosystems. It indicates that richly sampled 

paleoecosystems like the Djadokhta Formation hosted previously unrecognized nocturnal and 

diurnal subcommunities and expands our understanding of the structure of past ecosystems and 

of the ecological traits of theropod dinosaurs.  
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Figure Captions 

Fig. 1. Optic ratio by geometric mean of optic measurements for living birds, squamates, 
and non-avialan theropods (A, see Data S3). Scleral ossicle ring anatomy in: B, Aegotheles 
cristatus; C, Haplocheirus sollers; D, Micropsitta finchii; E, Erlikosaurus andrewsi (29). Blue 
indicates nocturnality, green indicates non-nocturnality, color gradient indicates the posterior 
probability of nocturnality (19, Data S3).  
 

Fig. 2. Comparative anatomy of the endosseous cochlear duct of Shuvuuia deserti 
(uncrushed adult specimen IGM100/1304; A–C) and the extant barn owl Tyto alba (D–F). 
A, D, posterior views of braincases showing external anatomy. B, E, transparent CT renderings 
of braincase in posterior view, showing endosseous labyrinths. C, F, digital reconstructions of 
the endosseous labyrinths in lateral view. Scale bars equal 5mm (B, E), 2.5mm(C, F). 
Abbreviations: bcf, braincase floor; eor, external otic region; fm, foramen magnum; oc, occipital 
condyle; sbl, secondary bony lamina; skr, skull roof. 
 

Fig. 3. Endosseous cochlear duct (ECD) length in a sample of birds and non-avialan 
theropod dinosaurs. A, ECD length versus braincase height for extant birds (regression line 
log10(ECD length) = -0.265 + 0.744 * log10(braincase height)); p <0.0001; λ [phylogenetic 
signal] = 0.89; N = 88). Residuals indicate relative duct length, indicated with a color gradient 
for non-avialan theropods. B, Endosseous labryinths of selected non-avialan theropods colored 
according to residual duct length. Grey line follows the fenestra ovalis. C–D, Histograms 
showing relative duct lengths among sampled extant birds (C) and non-avialan theropods (D). 
Scale bars equal 2.5 mm.  
 
Fig. 4. Endosseous cochlear duct (ECD) length residuals and ppnoct for selected theropods. 
A, Phylogeny of study sample mapping duct length residuals and posterior probability of 
nocturnality in Mesozoic theropods. B, ppnoct versus relative ECD length (residuals) for extant 
and extinct theropods. Skulls (clockwise): Haplocheirus sollers (IVPP V15988); Shuvuuia 
deserti (IGM100/0977; labyrinth from IGM100/1304); Tyto alba. See also Figs. S8, S9. 
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For previously published models (N=55) (44) used in this study: 
http://www.morphosource.org/Detail/ProjectDetail/Show/project_id/377 
 
Contents of the data folder, file names, and relevant figures are summarized below: 

File/Folder name Name Description of contents Relevant 
figure(s) 

Extant bird labyrinth models.zip 

Data S1 A zipped folder containing 
33 .stl models of 
living bird inner 
ears that are new to 
this study 

2, 3, 4, S4, S5, 
S6, S7, 
S10 

Extinct theropod labyrinth 
models.zip 

Data S2 A zipped folder containing 
17 .stl models of 
extinct theropod 
inner ears 

2, 3, 4, S4, S5, 
S6, S7, 
S10 

Eye_data.csv 

Data S3 A spreadsheet containing 
measured optical 
variables for all 
analysis taxa 

1, 4, S3, S8, S9 

Lagenar length measurement 
dataset.xlsx 

Data S4 Spreadsheet containing 
taxonomic 
information, 
morphological 
measurements, 
specimen 
accession/voucher 
numbers, fossil 
provenance 
information, 
copyright 
information, and 
CT scan parameters 
for 88 extant bird 
and 17 extinct 
theropod inner ears 

2, 3, 4, S4, S5, 
S6, S7, 
S10 

Haplocheirus.csv 

Data S5 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 

1, S1, S9 
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for Haplocheirus 
sollers 

Megapnosaurus.csv 

Data S6 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 
for Megapnosaurus 
kayentakatae 

1, S1, S9 

Choiniere et al pFDA 
analyses.zip 

Data S7 A zipped folder containing 
all data, trees, and 
R scripts to run 
SOR analysis, plus 
folders containing 
all results. A 
readme file 
explains how to run 
the scripts. 

1, 4 

Shuvuuia.csv 

Data S8 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 
for Shuvuuia 
deserti 

1, S1, S2, S9 

Supplemental Information 
Table 1 

Data S9 A spreadsheet containing 
classification 
summaries for 
phylogenetic 
flexible 
discriminant 
analyses, 
performed over a 
sample of 50 trees. 

1, 4, S3, S8, S9 

Supplemental Information 
Table 2 

Data S10 A spreadsheet containing 
average 
classification errors 
for phylogenetic 
flexible 
discriminant 
analyses, broken 
down by group of 
diel activity pattern 
(dap). 

1, 4, S3, S8, S9 

Supplemental Information 
Table 3 

Data S11 A spreadsheet containing 
predicted diel 
activity pattern 
from all analyses.  

1, 4, S3, S8, S9 
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ECD data objects for Choiniere 
et al 20201.zip 

Data S12 Data sheets and analytical 
scripts demonstrating 
regression of ECD length on 
skull size measures, and for 
generating figures shown in 
the paper and its 
supplement 

 

3, 4, S6, S7, S10 

Correspondence and requests for materials should be addressed to Roger Benson, 
roger.benson@earth.ox.ac.uk. 
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Supplementary Materials for 
 

Evolution of vision and hearing modalities in theropod dinosaurs  
Authors: Jonah N. Choiniere1†, James M. Neenan1,2†, Lars Schmitz3,4, David P. Ford1,, 

Kimberley E.J. Chapelle1,5, Amy M. Balanoff5,6, Justin S. Sipla7, Justin A. Georgi8, Stig A. 

Walsh9, 10,  Mark A. Norell5, Xing Xu11,12, James M. Clark13, Roger B. J. Benson1,14* 

 
Correspondence to: roger.benson@earth.ox.ac.uk 

 
 
This PDF file includes: 
 

Materials and Methods 
Figs. S1 to S11 
Tables S1 to S3 
Captions for Data S1 to S11 

 
Other Supplementary Materials for this manuscript include the following:  
 

Data files S1 to S11: 
File/Folder name Name Description of contents Relevant 

figure(s) 

Extant bird labyrinth models.zip 

Data S1 A zipped folder containing 
33 .stl models of 
living bird inner 
ears 

2, 3, 4, S4, S5, 
S6, S7, 
S10 

Extinct theropod labyrinth 
models.zip 

Data S2 A zipped folder containing 
17 .stl models of 
extinct theropod 
inner ears 

2, 3, 4, S4, S5, 
S6, S7, 
S10 

Eye_data.csv 

Data S3 A spreadsheet containing 
measured optical 
variables for all 
analysis taxa 

1, 4, S3, S8, S9 

Lagenar length measurement 
dataset.xlsx 

Data S4 Spreadsheet containing 
taxonomic 
information, 
morphological 
measurements, 
specimen 
accession/voucher 

2, 3, 4, S4, S5, 
S6, S7, 
S10 
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numbers, fossil 
provenance 
information, 
copyright 
information, and 
CT scan parameters 
for 88 extant bird 
and 17 extinct 
theropod inner ears 

Haplocheirus.csv 

Data S5 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 
for Haplocheirus 
sollers 

1, S1, S9 

Megapnosaurus.csv 

Data S6 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 
for Megapnosaurus 
kayentakatae 

1, S1, S9 

Scripts_trees_data_results.zip 

Data S7 A zipped folder containing 
all data, trees, and 
R scripts to run 
SOR analysis, plus 
folders containing 
all results. A 
readme file 
explains how to run 
the scripts. 

 

Shuvuuia.csv 

Data S8 A spreadsheet containing 
ppnocturnal values for 
each tree and each 
analysis iteration 
for Shuvuuia 
deserti 

1, S1, S2, S9 

Supplemental Information 
Table 1 

Data S9 A spreadsheet containing 
classification 
summaries for 
phylogenetic 
flexible 
discriminant 
analyses, 
performed over a 
sample of 50 trees. 

1, 4, S3, S8, S9 

Supplemental Information 
Table 2 

Data S10 A spreadsheet containing 
average 
classification errors 

1, 4, S3, S8, S9 
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for phylogenetic 
flexible 
discriminant 
analyses, broken 
down by group of 
diel activity pattern 
(dap). 

Supplemental Information 
Table 3 

Data S11 A spreadsheet containing 
predicted diel 
activity pattern 
from all analyses.  

1, 4, S3, S8, S9 

ECD data objects for Choiniere 
et al 20201.zip 

Data S12 Data sheets and analytical 
scripts demonstrating 
regression of ECD length on 
skull size measures, and for 
generating figures shown in 
the paper and its 
supplement 

 

3, 4, S6, S7, S10 
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Materials and Methods 

Provenance of fossil specimens 

Information about the provenance of fossil specimens used in this study is included in 
Data S4. This includes specimen numbers, locality, geological context, age and citations to 
relevant data sources, as well as the institutions in which they are housed and accessible. 

 
Scleral ring reconstructions 
 

The scleral ring of Haplocheirus sollers was reconstructed from the holotype specimen, 
IVPP V15988, which comprises a nearly complete skull and mandible, with no evidence of 
mediolateral crushing and only mild distortion posteriorly on the right side of the skull (14). The 
scleral ossicle rings were originally preserved in situ, with minor disarticulation, but were later 
damaged and required digital reconstruction. The best-preserved scleral ossicles were originally 
located in the left orbit (see (18) figs. 4 and 10). We segmented these from micro-computed 
tomographic (µCT) scan data using Mimics v.19.0 x64 
(http://biomedical.materialise.com/mimics). The resulting 3D digital models were used, together 
with data and measurements from original descriptions (14), to reconstruct the scleral ring (Fig. 
S1). Prior to breakage, the ring was composed of approximately 20 ossicles (18). Digital 
restoration of a complete scleral ring was conducted in Blender v.2.81a (https:// 
www.blender.org) duplicating and re-articulating an articulated series of 2.5 scleral ossicles to 
form a ring of 20 plates that measures ~33 mm in internal diameter. The validity of our digital 
reconstruction is confirmed by comparison of our digital scleral ring to inferences from the 
original specimen: Choiniere et al. (18) inferred that the internal diameter of the ring was 
approximately 76% of the orbit diameter, whereas our measurement is 73.5% (Fig. S1D). 
 

For the scleral ring of Shuvuuia deserti, we reconstructed µCT Scans of IGM 100/0977 
using VG Studio Max 3.3.2 (https://www.volumegraphics.com/en/products/vgstudio-max.html). 
We segmented the 16 associated scleral ossicles preserved in the ventral part of the right orbit 
(mirrored in our figures and our analysis for ease of visual comparison with Haplocheirus 
sollers). We selected the three best-preserved and best-articulated scleral ossicles from the 16 
associated elements for further analysis and reconstruction. One of these ossicles was slightly 
rotated and we digitally rearticulated it to its presumed life position. Adjacent ossicles have 
about 30% overlap, and we used this observation to place duplicated versions of the three 
segmented plates into a circular shape, following the curved contours of the ossicles. This 
resulted in 19 plates comprising a complete scleral ring, with an estimated inner diameter of 
22.36 mm and outer diameter of 28.33 mm that we consider as a maximal estimate of ring size. 
In total 16 scleral ossicles are preserved from the right ring, providing a minimum bound on size. 
Therefore, we also built a digital reconstruction with 16 ossicles, which has an inner diameter of 
18.95 mm and an outer diameter of 24.76 mm (Fig. S2). This minimum ring size estimate is 
conservative with respect to our hypothesis that alvarezsauroids had nocturnal vision (smaller 
aperture sizes generally indicate diurnal habits), so we used this minimum estimate in all 
subsequent analyses. We view it as likely, however, that the original ring was larger than this.  
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Both orbits of IGM 100/0977 are dorsoventrally crushed and the postorbital bars are 
disarticulated. We therefore estimated orbit diameter by comparing measurements with a 
smaller, uncrushed skull (IGM 100/1001). We measured the distance between the contact of the 
frontal with the postorbital posteriorly in the orbital rim to the contact of the frontal with the 
prefrontal anteriorly, indicating that the orbit of 100/0977 is 1.786 times the size of that in IGM 
100/1001 (linear measurement = 17.17 mm in IGM 100/1001; = 30.37 mm in IGM 100/0977). 
We used this to scale the orbit height of IGM 100/1001 (orbit height = 16.85 mm), resulting in 
an estimated orbit diameter of 30.1 mm. Anteroposterior orbit length was not used because of the 
occurrence of an extensive preorbital extension in IGM 100/1001 that artificially extends the 
effective orbit diameter. 

The shapes of the ossicles, the estimated number in a complete ring, and the percent 
occupation of the orbit in our reconstructions of Shuvuuia are all strikingly similar to those of 
Haplocheirus and Megapnosaurus, and are outliers relative to other non-avialan theropods. 

 
Osteological correlates of visual nocturnality  

 
To analyse visual adaptations to light environments we collated measurements of orbit 

length, outer (=external), and inner (internal) scleral ring diameter (see Fig. S3), all of which are 
relevant for ocular image formation (30). Data were taken from Schmitz and Motani (6) and 
supplemented with more data on extant birds (Data S3) and the new information for 
Haplocheirus and Shuvuuia (see scleral ring reconstructions in Figs. S1 and S2). This combined 
dataset comprises 55 extant squamates, 367 extant birds, and 37 Mesozoic archosaurs, including 
14 non-avialan theropods and four Mesozoic birds (Avialae). Most extant species in this dataset 
are classified as diurnal (N=308, while nocturnal species (N=75) and cathemeral species (N=39) 
make up much smaller proportions.  

 
We performed phylogenetic flexible discriminant analysis (pFDA (6)) on species average 

orbit and scleral ring measurements, using a time-calibrated phylogenetic framework (for R 
scripts see Supplemental Materials Data S7). For this analysis, we constructed a distribution of 
supertrees using trees with branch lengths of extant birds based on the Hackett et al. (31)  
backbone presented by Jetz et al. (32) , and of squamates from Zheng and Wiens (33), combined 
with the topology of Benson et al (34) for extinct dinosaurs and Benson et al (35) (based on 
Andres & Myers (36)) for pterosaurs. Fossil branch lengths were reconstructed using their 
stratigraphic occurrence ages and imposing a minimum branch length of 1 Ma (“mbl1”, e.g. 
(37)). Given the temporally-extensive distribution of fossil species, and the sparse nature of our 
taxon sample compared to the sizes of these phylogenies, these branch durations in the 
phylogeny are primarily determined by occurrences of older fossil members of each group. 
Therefore this timescaling approach (mbl1) yields similar divergence times to other approaches.   

 
We accounted for phylogenetic uncertainty by iterating pFDA over a sample of 50 trees 

(reflecting variation in topology of the fossil source trees and variation in topology and branch 
lengths from the extant bird tree distribution). To test for the reliability of our diel activity 
inferences, we ran several different versions of the dataset (Data S5–11):  
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1) pFDA training data consisting of only extant birds, three diel activity bins 
(scotopic/photopic/mesopic), all three originally measured traits (orbit length, outer, 
and inner diameter); 

2) pFDA training data consisting of only extant birds, only two diel activity bins 
(scotopic/non-scotopic), all three originally measured traits (orbit length, outer, and 
inner diameter); 

3) pFDA training data consisting of only extant birds, only two diel activity bins 
(scotopic/non-scotopic), two traits (optical ratio sensu(8) and geometric mean of all 
traits; 

4) pFDA training data consisting of extant birds and lizards, three diel activity bins 
(scotopic/photopic/mesopic), all three originally measured traits (orbit length, outer, 
and inner diameter); 

5) pFDA training data consisting of extant birds and lizards, only two diel activity bins 
(scotopic/non-scotopic), all three originally measured traits (orbit length, outer, and 
inner diameter); 

6) pFDA training data consisting of extant birds and lizards, only two diel activity bins 
(scotopic/non-scotopic), two traits (optical ratio sensu(8) and geometric mean of all 
traits. 

All pFDA iterations followed the same approach: determine optimal lambda for 
correlations between traits and behavior, extract correct classification rates, apply discriminant 
function to fossils, and record bin predictions with posterior probabilities (see Supplemental 
Information). Analysis 5 yielded the best classification rates (92% correct, averaged over 50 
trees; see Data S7). Adding squamates to the analysis improved the classification accuracy by 
about 2-3%. Analyses 2 and 4 follow the same approach but analysis 4 is based on birds and 
squamates as extant comparisons, and the error rate decreases from 10 to 8%. It is not clear 
whether this error reduction is due to adding a phylogenetically more distant clade or represents 
an effect of larger sample size. Throughout all analyses, false classifications as nocturnal tended 
to be rare. For example, for analysis 5, only 5% of non-nocturnal species were erroneously 
classified as nocturnal, while 20% of nocturnal species were grouped in the non-nocturnal 
category (see Data S7). This classification pattern suggests that inferences of nocturnality may be 
conservative. Correct classifications of cathemeral activity for training taxa were entirely absent 
in both analyses that employed a three-group diel activity pattern approach (analyses 1 and 3). R 
scripts, classifications of fossils based on posterior probabilities averaged over 50 iterations, and 
all predicted bins are available in Data S7.  

Inference of hearing ability 

To examine the hearing ability of alvarezsaurs and other theropods, we collected µCT scans of 
74 birds and 17 non-avialan theropods (including the alvarezsauroids Haplocheirus sollers IVPP 
V15988, Xiyunykus pengi IVPP V22783, and Shuvuuia deserti IGM 100/1304), and 
reconstructed the endosseous cochlear duct for each using VG Studio Max v3.2 and Amira 
2019.1 (see Figs. S8, S9; Data S4). Endosseous cochlear ducts from the left labyrinth were used 
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in all birds and non-avialan theropods (in some taxa the right labyrinth was used and reflected 
owing to better preservation). Relative endosseous cochlear duct lengths have previously been 
shown to correlate with hearing frequency range, in a study that scaled duct lengths in various 
reptiles, including birds, based on basicranial length (10). We do not attempt to estimate hearing 
frequency range for extinct taxa here but nevertheless consider the relative duct length to be a 
generalized proxy for auditory specialization. 

Our CT scans of fossil specimens were screened prior to use to ensure that scan quality 
and specimen preservation were sufficient to ensure representative measurements of endosseous 
cochlear duct length. Among CT datasets that were available to us prior to analysis, we excluded 
any that showed substantive crushing (especially dorsoventral crushing) of the braincase that 
would modify the original duct length or braincase height. We also confirmed that the duct 
lengths in these models reflected the in-life anatomy by critical examination of the relevant 
portions of the braincase. Finally, we excluded scans where the endosseous cochlear duct was 
not sufficiently well-preserved, or lacked sufficient resolution or visualisation quality to provide 
a representative measurement. 

To obtain accurate midline lengths, each endosseous cochlear duct was skeletonized 
using the Auto Skeleton tool in Amira, according to the methods outlined in (20, 38). 
Semilandmarks were placed using Amira along each skeletonized duct, starting from the 
narrowest point where the lagena meets the vestibule, along the entire course, and then a final 
landmark was placed on the most distal point of the external surface (Fig. S6).  

To statistically determine the best size measurement for indexing the relative length of 
the endosseous cochlear duct, we performed a set of phylogenetic regressions (39) of log10(duct 
length) on: (1) braincase height, approximating the size of the vertical space available to 
accommodate the vestibular organ; (2) hindbrain height, representing the height of the posterior 
portion of the brain; (3) braincase width, representing an alternative measure of braincase size as 
an estimate of space available to accommodate the vestibular organ; (4) species body mass; and 
(5) postrostral length, being the skull length measured excluding the rostrum (i.e. from the 
anterior orbit margin to the level of the occipital condyle). Postrostral length provides a measure 
of overall skull size when excluding the rostrum, which varies substantially in cross-sectional 
area and mass among birds. Postrostral length was only available for N = 71 of our total sample 
of N = 88 species. We therefore conducted two sets of analyses, one at each sample size. We 
compared these models using AICc (Akaike’s information criterion for finite sample sizes), 
allowing the data to indicate which provides the best explanation of absolute duct length. 

This analysis provides decisive support for indexing relative endosseous cochlear duct 
length against braincase height (Table S2; ΔAICc > 12; R2 > 0.75), measured as the distance 
between the ventral surface of the basisphenoid to the highest point on the dorsal surface of the 
cranial vault (usually the frontal; Fig. S7). We chose this measurement as an estimate of the 
relative space available to accommodate the vertical height of the endosseous labyrinth, and 
therefore to house an elongate endosseous cochlear duct. Our model comparison results provide 
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strong evidence that braincase height represents a structural limit on duct length in birds, and that 
auditory specialists should have positive residuals from this relationship. 

The hypothesis that braincase height provides a structural limit on endosseous cochlear 
duct length is also supported by the existence of trade-offs between duct length and the size of 
the vestibular organ (comprising the dorsal part of the labyrinth) in taxa which have elongate 
endosseous cochlear ducts. This trade-off suggests that extreme duct elongation imposes 
constraints on the vertical space available to house the semicircular canals, and has been 
demonstrated so far in echolocating bats (40) and in barn owls (20) (also see main text Figs 2, 3, 
showing that Shuvuuia has a dorsoventrally compressed semicircular canal geometries, 
suggesting that endosseous cochlear duct elongation has imposed a constraint on the dorsoventral 
space available for the SCCs). 

Our phylogenetic regressions were implemented using the gls() function of the R package 
nlme version 3.1-139 (41), estimating Pagel’s λ, a phylogenetic signal parameter (42) to vary 
during fitting of the regression model using the corPagel correlation structure of ape version 5.0 
(43). We used 100 trees from the tree distribution of Jetz et al. (32) for this analysis, based on the 
Hackett backbone (31) and present mean values from across those analyses in our results tables. 
Residuals from the resulting regression line were used as a measure of relative ECD length in 
both birds and non-avialan theropods (see Figs. S8, S9 and Table S3, Supplemental Information). 

 Although the specimen of Shuvuuia used for the scleral ring reconstruction 
(IGM100/0977) is dorsoventrally crushed (see main text Fig. 4, and Fig. S2), the ECD 
reconstruction and the braincase measurements for this taxon were made using a similar-sized, 
undistorted specimen (IGM 100/1304; main text Fig. 2). The braincase of Xiyunykus pengi IVPP 
V22783 is incomplete, as it lacks the supraoccipitals and parietals (44). It was therefore 
necessary to estimate braincase height for this taxon based on the preserved portions 
(basioccipital, basisphenoid and exoccipital/opisthotics). To do this, we took measurements of 
corresponding braincase elements from the alvarezsauroids Haplocheirus sollers (IVPP V15988) 
and Shuvuuia deserti (IGM 100/1304). We specifically compared the height from the 
posteromedial point of the basal tuber to the posterodorsal point of the exoccipital. These 
measurements suggest that the braincase of Xiyunykus is 0.86 times the size of that in 
Haplocheirus (braincase height = 32.0 mm) and 2.67 times that of Shuvuuia (braincase height = 
10.2 mm). This results in estimated braincase heights for Xiyunykus of 27.5 mm and 27.2 mm. 
Because of the similarity in these values we used a braincase height of 27.35 mm for Xiyunykus. 

Qualitative analysis of skull symmetry 

Some living owls have skulls with asymmetrical otic regions as an adaptation to improve sound 
localization (3). We qualitatively examined the otic regions in the two best preserved skulls 
of Shuvuuia (IGM 100/1304 and IGM 100/1001; Fig. S11) to assess where asymmetry was 
present in late-branching alvarezsauroids. The larger of these skulls, IGM 100/1304, has been 
taphonomically distorted so that the left side of the braincase is dorsally and slightly posteriorly 
displaced relative to the right side. This distortion affects each of the braincase bones, i.e., the 
supraoccipital, exoccipital/opisthotic, prootic, laterosphenoid and basisphenoid, approximately 
equally. When visually correcting for this distortion we find no evidence of asymmetry. The 
smaller skull, IGM 100/1001, has a nearly undistorted braincase, but not all of the bones are 
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preserved. Other than differential breakage on the contralateral sides of the braincase, we can 
find no evidence of asymmetry in IGM100/1001.  
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Fig. S1. Reconstruction of the scleral ring of Haplocheirus sollers (IVPP V15988). A, two 
well-preserved in situ ossicles were identified from the detached matrix of the left orbit (black 
dashed line = anterior plate, red dashed line = posterior plate). B, These ossicles were segmented 
in the detached matrix. C, The ossicles were rendered as 3D objects (red dashed line denotes the 
anterior margin of the posterior plate). D, The gap between the anterior and posterior region of 
the anterior ossicle was closed and the two-plate element duplicated, with the duplicate placed on 
the posterodorsal surface of the original element. E, This process was repeated to form a circular 
ring comprising 20 ossicles, with an internal diameter of ~33mm. F, The reconstructed scleral 
ossicle ring positioned inside the segmented left orbit of the holotype. G, skull of Haplocheirus 
sollers in left lateral view before damage to ring, showing region in F outlined in red and with 
arrow indicating dorsal half of the ring. Scale bars for A–E, G as labelled, F not to scale. 
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Fig. S2. Reconstruction of the scleral ring of Shuvuuia deserti (IGM 100/0977). A, Well-
preserved ossicles were identified in µCT scan cross-sections. B, Ossicles were segmented using 
region-growing tool in VG Studio Max. C, Segmented in-situ ossicles showing surrounding 
matrix. D, Ossicles isolated from matrix and visually inspected. E, The best three ossicles were 
selected and rotated so that the curvature matched, with 30% overlap of adjacent ossicles. F, 
Sections of three ossicles were digitally copied and assembled into a partial ring structure. G, 
The completely reconstructed ring comprising 19 total ossicles. H, The reconstructed ring in blue 
inside the reconstructed orbit used to obtain measurements (see Fig. S3 for more details). I, 
IGM100/0977 in left lateral view (mirrored for display) showing ossicle mass circled in red. J, 
the reconstructed scleral ring positioned in as-preserved orbit of IGM100/0977, showing ossicle 
mass circled in red. Scale bars as labelled. 
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Fig. S3. Orbital measurements used in this study. A, Cranium of Bubo scandiacus (Snowy 
Owl) in oblique left lateral view, showing scleral ring and orbital length measurement. B, 
Cranium and mandible of Haplocheirus sollers in left lateral view, showing scleral ring and 
orbital length measurement. C, Isolated scleral ring of A in anterior view, showing scleral ring 
measurements. D, Isolated scleral ring of B in anterior view, showing scleral ring measurements. 
Abbreviations: OL: orbital length; SID: scleral ring inner diameter; SOD: scleral ring outer 
diameter. A, B scaled to orbital length; C, D scaled to SID. 
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Fig. S4. Skeletonized ECD landmarking method using scaled digital model of the 
endosseous labyrinth of Velociraptor mongoliensis (IGM 100/976). A, Endosseous labyrinth 
model prior to skeletonization. B, Semi-transparent endosseous labyrinth model showing midline 
skeleton of the endosseous cochlear duct and vestibule (blue line). C, Magnification showing 
landmarks on midline skeleton of the ECD and the ventralmost apex of the duct, initiating 
dorsally at the narrowest point between the duct and the vestibule. Duct lengths of extant birds 
and extinct non-avialan theropods were measured as the summed Euclidean distances between 
these points. Scale bar equals 20 mm. 
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Fig. S5. Braincase height measurement method. A, Hemisected digital model of the skull of 
Acanthisitta chloris NHMUK 1940.12.8.146 showing braincase height measurement. B, Sagittal 
midline slice through µCT data for the skull of Haplocheirus sollers (IVPP V15988) showing the 
braincase height measurement. Braincase height was measured as the maximum vertical distance 
between the basicranial floor and the skull roof. Scale bars as labelled. 
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Fig. S6. Endosseous cochlear duct (ECD) length versus braincase height in extant birds. 
Vocal learners (hummingbirds, parrots, oscine passerines) show no co-ordinated deviation from 
the regression line for ECD length ~ braincase height (dashed line; coefficients in Table S1). 
Number key: 1, Struthio camelus; 2, Casuarius casuarius; 3, Apteryx australis; 4, Apteryx 
haastii; 5, Tachyeres brachypterus; 6, Aythya fuligula; 7, Cygnus olor; 8, Gallus gallus; 9, 
Phasianus colchicus; 10, Coturnix coturnix; 11, Gelochelidon nilotica; 12, Hydroprogne caspia; 
13, Larus argentatus; 14, Creagrus furcatus; 15, Alca torda; 16, Scolopax rusticola; 17, Actitis 
hypoleucos; 18, Haematopus ostralegus; 19, Strigops habroptila; 20, Nestor notabilis; 21, Ara 
macao; 22, Psittacus erithacus; 23, Melopsittacus undulatus; 24, Acanthorhynchus superciliosus; 
25, Corvus corax; 26, Dicrurus paradiseus; 27, Luscinia megarhynchos; 28, Passer domesticus; 
29, Menura novaehollandiae; 30, Falco tinnunculus; 31, Falco subbuteo; 32, Pandion haliaetus; 
33, Circus cyaneus; 34, Buteo buteo; 35, Aquila chrysaetos; 36, Vultur gryphus; 37, Cathartes 
sp.; 38, Tyto alba; 39, Pulsatrix perspicillata; 40, Strix aluco; 41, Bubo scandiacus; 42, 
Megascops kennicottii; 43, Otus spilocephalus; 44, Athene noctua; 45, Surnia ulula; 46, Trogon 
curucui; 47, Coracias garrulus; 48, Alcedo atthis; 49, Ramphastos dicolorus; 50, Sphyrapicus 
varius; 51, Dendrocopos major; 52, Picus viridis; 53, Eurostopodus mystacalis; 54, Chordeiles 
minor; 55, Caprimulgus macrurus; 56, Podargus strigoides; 57, Apus apus; 58, Chaetura 
brachyura; 59, Streptoprocne zonaris; 60, Hemiprocne comata; 61, Patagona gigas; 62, 
Archilochus colubris; 63, Selasphorus rufus; 64, Colibri coruscans; 65, Topaza pyra; 66, 
Aegotheles cristatus; 67, Steatornis caripensis; 68, Nyctibius griseus; 69, Cuculus canorus; 70, 
Diomedea exulans; 71, Phoebastria nigripes; 72, Phoebastria immutabilis; 73, Fulmarus 
glacialis; 74, Pelagodroma marina; 75, Ciconia nigra; 76, Ciconia ciconia; 77, Ardea cinerea; 
78, Balaeniceps rex; 79, Morus bassanus; 80, Phalacrocorax auritus; 81, Phalacrocorax carbo; 
82, Phalacrocorax harrisi; 83, Fregata magnificens; 84, Phaethon lepturus; 85, Podiceps 
cristatus; 86, Phoenicopterus ruber; 87, Opisthocomus hoazin; 88, Columba livia. 
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Fig. S7. Endosseous cochlear duct (ECD) length versus braincase height in extant birds and 
extinct non-avialan theropods. Dashed line is the regression line for ECD length ~ braincase 
height (coefficients in Table S1). Number key: 1, Alioramus altai, Tyrannosauroidea, IGM 
100/1844; 2, Citipati osmolskae, Oviraptorosauria, IGM 100/978; 3, Conchoraptor gracilis, 
Oviraptorosauria, IGM 100/3006; 4, Dromaeosaurus albertensis, Dromaeosauridae, AMNH 
FARB 5356; 5, Erlikosaurus andrewsi, Therizinosauria, IGM 100/111 ; 6, Haplocheirus sollers, 
Alvarezsauroidae, IVPP V15988; 7, Incisivosaurus gauthieri, Oviraptorosauria, IVPP_V13326; 
8, Troodontidae sp. IGM 100/1126; 9, Khaan mckennai, Oviraptorosauria, IGM 100/973; 10, 
Murusraptor barrosaensis, Megaraptora, MCF-PVPH 411; 11, Shuvuuia deserti, 
Alvarezsauroidea, IGM 100/1304; 12, Sinraptor dongi, Allosauroidea, IVPP V10600; 13, 
Struthiomimus altus, Ornithomimosauria, AMNH 5355; 14, Tsaagan mangas, Dromaeosauridae, 
IGM 100/1015; 15, Velociraptor mongoliensis, Dromaeosauridae, IGM 100/976; 16, Viavenator 
exxoni, Abelisauridae,_MAU-Pv-LI-530; 17, Xiyunykus pengi, Alvarezsauroidea, IVPP V22783. 
For identifications of extant birds use Fig. S6. 
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Fig. S8. Timescaled tree of Mesozoic theropod and ornithodiran relationships showing 
posterior probabilities of nocturnal vision capability based on SOR measurements and 
pDFA analysis (see methods). Circles represent terminal taxa and ancestral state reconstructions 
and are colored according to ppnocturnal values (see Table S1 and main text Fig. 4). Phylogeny is 
modified from Benson et al (34) and represents a consensus view of ornithodiran inter-
relationships. Image was prepared using functions from the R 4.0.0 (45) package ape version 5.0 
(46), including the function ace() for ancestral state estimation. 
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Fig. S9. Timescaled tree of theropod relationships in this study showing posterior 
probabilities of nocturnal vision capability based on scleral ring measurements and pDFA 
analysis (see Methods). Circles represent terminal taxa and ancestral state reconstructions and 
are colored according to ppnocturnal values (see Table S1 and main text Fig. 4). Phylogeny 
represents one topology from (32) (described in supplementary text). Image was prepared using 
functions from the R 4.0.0 (45) package ape version 5.0 (46), including the function ace() for 
ancestral state estimation. 
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Fig. S10. Timescaled tree of theropod relationships, including extant avialans showing 
relative lengths of the endosseous cochlear duct (residuals from phylogenetic regression of 
duct length on braincase height). Filled circles represent terminal taxa and ancestral state 
reconstructions and are colored according to relative duct length (see Table 2 and main text Fig. 
3). Phylogeny represents one configuration of our composite tree (described in Methods). Image 
was prepared using functions from the R 4.0.0 (45) package ape version 5.0 (46), including the 
function ace() for ancestral state estimation. 
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Fig. S11. Images of Shuvuuia deserti used to evaluate skull symmetry. A–E, braincase of 
Shuvuuia deserti IGM100/1304 in: A, left lateral; B, right lateral (mirrored); C, anterior; D, 
posterior; E, ventral views. F–I, skull of Shuvuuia deserti IGM100/1001 in: F, left lateral 
(mirrored); G, right lateral; H, posterior; I, ventral views. Scale bars as labelled.  
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Taxon Mean ppnocturnal Min ppnocturnal Max ppnocturnal 
Rhamphorhynchus_muensteri 0.4491 0.4156 0.4737 
Scaphognathus_crassirostris 0.2654 0.2535 0.2786 
Tapejara_wellnhoferi 0.0444 0.0376 0.0524 
Tupuxuara_sp 0.287 0.2657 0.3082 
Pterodactylus_antiquus 0.4778 0.4478 0.4962 
Pterodaustro_guinazui 0.7196 0.6563 0.7646 
Ctenochasma_elegans 0.4674 0.4404 0.4965 
Ctenochasma_taqueti 0.3868 0.3629 0.4049 
Agilisaurus_louderbacki 0.3541 0.2939 0.3979 
Psittacosaurus_mongoliensis 0.0058 0.0035 0.0094 
Protoceratops_andrewsi 0.7557 0.7228 0.786 
Corythosaurus_casuarius 0.0887 0.0604 0.1325 
Prosaurolophus_maximus 0.0395 0.0311 0.0523 
Saurolophus_osborni 0.0017 0.001 0.0031 
Plateosaurus_longiceps 0.1919 0.159 0.2347 
Riojasaurus_incertus 0.4853 0.4175 0.5532 
Lufengosaurus_huenei 0.8097 0.7678 0.8365 
Diplodocus_longus 0.0019 0.001 0.0032 
Nemegtosaurus_mongoliensis 0.023 0.0152 0.0369 
Herrerasaurus_ischigualastensis 0.0011 0.0005 0.0019 
Megapnosaurus_kayentakatae 0.9989 0.9979 0.9995 
Sciurumimus_albersdoerferi 0.4908 0.4692 0.5109 
Garudimimus_brevipes 0.3641 0.3369 0.3896 
Ornithomimus_edmontonicus 0.6218 0.5961 0.6385 
Juravenator_starki 0.7973 0.7562 0.8239 
Haplocheirus_sollers 0.9987 0.998 0.999 
Shuvuuia_deserti 0.9134 0.8967 0.9208 
Erlikosaurus_andrewsi 0.0002 0.0002 0.0004 
Almas_ukhaa 0.0178 0.0158 0.0204 
Sinornithosaurus_millenii 0.4079 0.1532 0.7122 
Microraptor_gui 0.4479 0.1475 0.7184 
Velociraptor_mongoliensis 0.4769 0.4484 0.5004 
Linheraptor_exquisitus 0.4745 0.4464 0.502 
Archaeopteryx_lithographica 0.1391 0.1245 0.1511 
Sapeornis_chaoyangensis 0.1813 0.1502 0.2113 
Confuciusornis_sanctus 0.2726 0.2553 0.2863 
Yixianornis_graubaui 0.0187 0.0174 0.0204 
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Table S1. Posterior probability of nocturnality for extinct theropods averaged over our 
phylogenetic flexible discriminant analyses 1–6 (see Methods; each analysis is averaged over 
50 trees). Analysis 5 yields the most accurate classification.  
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Model N AICc R2 λ Variable Coefficient Std.Error p value notes 

ECD.length ~ 
braincase.height 

88 -226.2 0.776 0.89 intercept -0.265 0.065 <0.0001 decisively 
best model  

        braincase.height 0.744 0.041 <0.0001   

ECD.length ~ 
hindbrain.height 

88 -211.0 0.733 0.89 intercept -0.124 0.064 0.0581 
 

 
        hindbrain.height 0.700 0.043 <0.0001   

ECD.length ~ 
braincase.width 

88 -220.2 0.76 0.84 intercept -0.254 0.065 0.0002 
 

 
        braincase.width 0.704 0.04 <0.0001   

ECD.length ~ 
body.mass 

88 -178.7 0.615 0.92 intercept 0.262 0.057 0.0001 
 

          body.mass 0.167 0.013 <0.0001   

ECD.length ~ 
braincase.height 

71 -172.9 0.756 0.91 intercept -0.244 0.073 0.0013 decisively 
best model  

        braincase.height 0.729 0.047 <0.0001   

ECD.length ~ 
hindbrain.height 

71 -159.2 0.705 0.89 intercept -0.096 0.072 0.1878 
 

 
        hindbrain.height 0.678 0.049 <0.0001   

ECD.length ~ 
braincase.width 

71 -163.5 0.722 0.84 intercept -0.218 0.075 0.0051 
 

 
        braincase.width 0.679 0.047 <0.0001   

ECD.length ~ 
postrostral.length 

71 -146.1 0.645 0.91 intercept -0.136 0.086 0.1190 
 

 
        postrostral.length 0.592 0.05 <0.0001   

ECD.length ~ 
body.mass 

71 -135.3 0.587 0.93 intercept 0.288 0.06 <0.0001 
 

          body.mass 0.160 0.015 <0.0001   

Table S2. Phylogenetic regression model comparison of scaling variables related to 
endosseous cochlear duct (ECD) length in extant birds. Upper model set includes N = 88 
species for which ECD length, braincase height, hindbrain height, braincase width and body 
mass were available. Lower model set includes N = 71 species for which postrostral skull length 
was also available. N is the sample size of extant bird species analyzed. AICc is Akaike’s 
information criterion for finite sample sizes and indicates decisive support for the model ECD 
length ~ braincase height at both sample sizes. Lambda (λ) is a phylogenetic signal parameter 
(42). R2 is computed by comparison to an intercept-only null model following the procedure of 
(47). All variables were log10-transformed prior to analysis. Results represent the mean values 
from analyses conducted across 100 trees from the distribution of Jetz et al. (32), based on the 
Hackett (31) backbone. 
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Species Group Common name Residual 
ECD 
length 

Elongation (qualitative) 

Shuvuuia deserti Alvarezsauroidea (fossil species) 0.329 high elongation 

Tyto alba Strigiformes (owls) barn owl 0.301 high elongation 

Troodontidae IGM 
100/1126 

Troodontidae (fossil species) 0.276 high elongation 

Velociraptor mongoliensis Dromaeosauridae (fossil species) 0.172 moderate elongation 

Podargus strigoides Strisores (nightbirds) - nocturnal tawny frogmouth 0.167 moderate elongation 

Strix aluco Strigiformes (owls) tawny owl 0.156 moderate elongation 

Morus bassanus Aequorlitornithes (water birds) northern gannet 0.153 moderate elongation 

Nyctibius griseus Strisores (nightbirds) - nocturnal common potoo 0.140 moderate elongation 

Athene noctua Strigiformes (owls) little owl 0.135 moderate elongation 

Otus spilocephalus Strigiformes (owls) mountain scops owl 0.119 moderate elongation 

Alcedo atthis Coraciimorphae common kingfisher 0.118 moderate elongation 

Erlikosaurus andrewsi Therizinosauria (fossil species) 0.114 moderate elongation 

Megascops kennicottii Strigiformes (owls) western screech owl 0.114 moderate elongation 

Aegotheles cristatus Strisores (nightbirds) - nocturnal Australian owlet-nightjar 0.112 moderate elongation 

Steatornis caripensis Strisores (nightbirds) - nocturnal oilbird 0.111 moderate elongation 

Haplocheirus sollers Alvarezsauroidea (fossil species) 0.111 moderate elongation 

Xiyunykus pengi Alvarezsauroidea (fossil species) 0.111 moderate elongation 

Phalacrocorax carbo Aequorlitornithes (water birds) great cormorant 0.108 moderate elongation 

Sphyrapicus varius Coraciimorphae yellow-bellied sapsucker 
(woodpecker) 

0.104 moderate elongation 

Phalacrocorax auritus Aequorlitornithes (water birds) double-crested 
cormorant 

0.099 moderate elongation 

Balaeniceps rex Aequorlitornithes (water birds) shoebill 0.098 moderate elongation 

Pulsatrix perspicillata Strigiformes (owls) spectacled owl 0.083 moderate elongation 

Dendrocopos major Coraciimorphae great spotted 
woodpecker 

0.078 moderate elongation 

Surnia ulula Strigiformes (owls) northern hawk owl 0.076 moderate elongation 

Dromaeosaurus 
albertensis 

Dromaeosauridae (fossil species) 0.075 moderate elongation 

Alioramus altai Tyrannosauroidea (fossil species) 0.074 moderate elongation 

Ciconia ciconia Aequorlitornithes (water birds) white stork 0.072 limited elongation 

Falco subbuteo Falconiformes Eurasian hobby 0.071 limited elongation 

Diomedea exulans Aequorlitornithes (water birds) wandering albatross 0.069 limited elongation 

Trogon curucui Coraciimorphae blue-crowned trogon 0.067 limited elongation 

Coracias garrulus Coraciimorphae european roller 0.053 limited elongation 

Phalacrocorax harrisi Aequorlitornithes (water birds) flightless cormorant 0.052 limited elongation 

Circus cyaneus Accipitriformes hen harrier 0.051 limited elongation 

Coturnix coturnix Galliformes common quail 0.046 limited elongation 

Fregata magnificens Aequorlitornithes (water birds) magnificent frigate bird 0.045 limited elongation 

Murusraptor barrosaensis Megaraptoridae (fossil species) 0.044 limited elongation 

Caprimulgus macrurus Strisores (nightbirds) - nocturnal large-tailed nightjar 0.043 limited elongation 
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Picus viridis Coraciimorphae European green 
woodpecker 

0.041 limited elongation 

Luscinia megarhynchos Passerines common nightingale 0.038 limited elongation 

Sterna caspia Aequorlitornithes (water birds) Caspian tern 0.038 limited elongation 

Chaetura brachyura Strisores - swift short-tailed swift 0.038 limited elongation 

Podiceps cristatus Aequorlitornithes (water birds) great crested grebe 0.036 limited elongation 

Alca torda Aequorlitornithes (water birds) razorbill 0.035 limited elongation 

Ardea cinerea Aequorlitornithes (water birds) grey heron 0.035 limited elongation 

Incisivosaurus gauthieri Oviraptorosauria (fossil species) 0.034 limited elongation 

Apus apus Strisores - swift common swift 0.032 limited elongation 

Topaza pyra Strisores - hummingbird fiery topaz 
(hummingbird) 

0.031 limited elongation 

Cuculus canorus Otidimorpha common cuckoo 0.031 limited elongation 

Haematopus ostralegus Aequorlitornithes (water birds) Eurasian oystercatcher 0.029 limited elongation 

Tsaagan mangas Dromaeosauridae (fossil species) 0.028 limited elongation 

Tachyeres brachypterus Anseriformes Falkland steamer duck 0.027 limited elongation 

Columba livia Columbimorpha rock dove 0.026 limited elongation 

Bubo scandiacus Strigiformes (owls) snowy owl 0.025 limited elongation 

Buteo buteo Accipitriformes common buzzard 0.023 limited elongation 

Aquila chrysaetos Accipitriformes golden eagle 0.022 limited elongation 

Falco tinnunculus Falconiformes common kestrel 0.016 limited elongation 

Cygnus olor Anseriformes mute swan 0.015 limited elongation 

Actitis hypoleucos Aequorlitornithes (water birds) common sandpiper 0.014 limited elongation 

Phoebastria nigripes Aequorlitornithes (water birds) black-footed albatross 0.013 limited elongation 

Eurostopodus mystacalis Strisores (nightbirds) - nocturnal white-throated nightjar 0.013 limited elongation 

Passer domesticus Passerines house sparrow 0.012 limited elongation 

Corvus corax Passerines common raven 0.008 limited elongation 

Chordeiles minor Strisores (nightbirds) - nocturnal common nighthawk 0.004 limited elongation 

Streptoprocne zonaris Strisores - swift white-collared swift 0.002 limited elongation 

Casuarius casuarius Palaeognathae southern cassowary -0.003 short 

Menura novaehollandiae Passerines superb lyrebird -0.003 short 

Psittacus erithacus Psittaciformes African grey parrot -0.004 short 

Dicrurus paradiseus Passerines greater racket-tailed 
drongo 

-0.006 short 

Gallus gallus Galliformes red junglefowl -0.007 short 

Phoenicopterus ruber Aequorlitornithes (water birds) American flamingo -0.007 short 

Colibri coruscans Strisores - hummingbird sparkling violetear 
(hummingbird) 

-0.010 short 

Cathartes sp Accipitriformes New World vulture -0.012 short 

Acanthorhynchus 
superciliosus 

Passerines western spinebill -0.013 short 

Hemiprocne comata Strisores - swift whiskered treeswift -0.016 short 

Melopsittacus undulatus Psittaciformes budgerigar -0.016 short 

Phasianus colchicus Galliformes ring-necked pheasant -0.017 short 
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Ara macao Psittaciformes scarlet macaw -0.020 short 

Sterna nilotica Aequorlitornithes (water birds) gull-billed tern -0.023 short 

Larus argentatus Aequorlitornithes (water birds) European herring gull -0.023 short 

Pandion haliaetus Accipitriformes osprey -0.027 short 

Vultur gryphus Accipitriformes Andean condor -0.028 short 

Creagrus furcatus Aequorlitornithes (water birds) swallow-tailed gull -0.030 short 

Patagona gigas Strisores - hummingbird giant hummingbird -0.030 short 

Aythya fuligula Anseriformes tufted duck -0.034 short 

Archilochus colubris Strisores - hummingbird ruby-throated 
hummingbird 

-0.035 short 

Viavenator exxoni Abelisauridae (fossil species) -0.035 short 

Phoebastria immutabilis Aequorlitornithes (water birds) Laysan albatross -0.046 short 

Nestor notabilis Psittaciformes kea -0.046 short 

Fulmarus glacialis Aequorlitornithes (water birds) northern fulmar -0.047 short 

Sinraptor dongi Allosauroidea (fossil species) -0.049 short 

Ciconia nigra Aequorlitornithes (water birds) black stork -0.050 short 

Opisthocomus hoazin hoatzin hoatzin -0.050 short 

Selasphorus rufus Strisores - hummingbird rufous hummingbird -0.055 short 

Ramphastos dicolorus Coraciimorphae green-billed toucan -0.057 short 

Phaethon lepturus Aequorlitornithes (water birds) white-tailed tropicbird -0.070 short 

Strigops habroptila Psittaciformes kakapo -0.073 short 

Scolopax rusticola Aequorlitornithes (water birds) Eurasian woodcock -0.075 short 

Khaan mckennai Oviraptorosauria (fossil species) -0.080 short 

Apteryx haastii Palaeognathae great-spotted kiwi -0.081 short 

Pelagodroma marina Aequorlitornithes (water birds) white-faced storm petrel -0.082 short 

Apteryx australis Palaeognathae southern brown kiwi -0.120 short 

Conchoraptor gracilis Oviraptorosauria (fossil species) -0.123 short 

Struthiomimus altus Ornithomimosauria (fossil species) -0.125 short 

Struthio camelus Palaeognathae common ostrich -0.151 short 

Citipati osmolskae Oviraptorosauria (fossil species) -0.191 short 

 
Table S3. Relative ECD lengths, rank-ordered from longest to shortest, listing species names 
and group memberships. Non-avialan theropod are known from fossil data and are shown in bold 
typeface. Qualitative elongation categories are assigned reflecting in-text descriptions. A distinct 
distributional gap is present between ‘high elongation’ and ‘moderate elongation’. However, 
‘moderate elongation’, ‘limited elongation’ and ‘short’ represent qualitative subdivisions of a 
quantitative continuum. 
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Data Captions (for review purposes all separate files available at 
https://osf.io/gxvdc/?view_only=e45e029daed24c50ada38ee1fbb2892d; to be replaced with 
DOI or other permanent link upon acceptance) 
 
Data S1. A zipped folder containing 33 .stl models of living bird inner ears that are new to this 
study. Complete data for all reconstructed ears used in this study are also available at the 
following links: 
For new models used in this study: 
https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/1096 
 
For previously published models (44) used in this study: 
http://www.morphosource.org/Detail/ProjectDetail/Show/project_id/377  
 
Data S2. A zipped folder containing 17 .stl models of extinct theropod inner ears 
Data S3. A spreadsheet containing measured optical variables for all taxa analyzed 
Data S4. Spreadsheet containing taxonomic information, morphological measurements, 
specimen provenance/accession/voucher numbers, copyright information, and CT scan 
parameters for 74 extant bird and 17 extinct theropod inner ears 
Data S5. A spreadsheet containing ppnocturnal values for each tree and each analysis iteration for 
Haplocheirus sollers 
Data S6. A spreadsheet containing ppnocturnal values for each tree and each analysis iteration for 
Megapnosaurus kayentakatae 
Data S7. A zipped folder containing all data, trees, and R scripts to run SOR analysis, plus 
folders containing all results. A readme file explains how to run the scripts. 
Data S8. A spreadsheet containing ppnocturnal values for each tree and each analysis iteration for 
Shuvuuia deserti 
Data S9. A spreadsheet containing classification summaries for phylogenetic flexible 
discriminant analyses, performed over a sample of 50 trees. 
Data S10. A spreadsheet containing average classification errors for phylogenetic flexible 
discriminant analyses, broken down by group of diel activity pattern (dap). 
Data S11. A spreadsheet containing predicted diel activity pattern from all analyses. 

 
 
 
 


