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Abstract How do large and unique brains evolve? Historically, comparative neuroanatomical

studies have attributed the evolutionary genesis of highly encephalized brains to deviations along,

as well as from, conserved scaling relationships among brain regions. However, the relative

contributions of these concerted (integrated) and mosaic (modular) processes as drivers of brain

evolution remain unclear, especially in non-mammalian groups. While proportional brain sizes have

been the predominant metric used to characterize brain morphology to date, we perform a high-

density geometric morphometric analysis on the encephalized brains of crown birds (Neornithes or

Aves) compared to their stem taxa—the non-avialan coelurosaurian dinosaurs and Archaeopteryx.

When analyzed together with developmental neuroanatomical data of model archosaurs (Gallus,

Alligator), crown birds exhibit a distinct allometric relationship that dictates their brain evolution

and development. Furthermore, analyses by neuroanatomical regions reveal that the acquisition of

this derived shape-to-size scaling relationship occurred in a mosaic pattern, where the avian-grade

optic lobe and cerebellum evolved first among non-avialan dinosaurs, followed by major changes to

the evolutionary and developmental dynamics of cerebrum shape after the origin of Avialae.

Notably, the brain of crown birds is a more integrated structure than non-avialan archosaurs,

implying that diversification of brain morphologies within Neornithes proceeded in a more

coordinated manner, perhaps due to spatial constraints and abbreviated growth period.

Collectively, these patterns demonstrate a plurality in evolutionary processes that generate

encephalized brains in archosaurs and across vertebrates.

Introduction
The human brain, with its inflated cerebrum, is often considered the zenith of brain evolution. Semi-

nal works, both classic and modern, have suggested that our specialized brain morphology arose

through (i) changes in gross-level scaling relationship (allometry) of brains (Striedter, 2005; Ril-

ling, 2006; Passingham and Smaers, 2014), and (ii) mosaic, or modular, evolution where individual

brain regions have the capacity to evolve quasi-independently from one another due to decoupling

of previously shared genetic, developmental, functional, and spatial constraints (Barton and Harvey,

2000; Rowe et al., 2011; Smaers and Soligo, 2013; Gómez-Robles et al., 2014; Ni et al., 2019).

Clarifying the degree to which these patterns extend across vertebrates requires examining other
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episodes of encephalization. Crown birds offer an excellent comparative system to mammals, even

primates, because they share neuroanatomical features that evolved independently, including a rela-

tively large brain size (Jerison, 1973; Nieuwenhuys et al., 1998; Northcutt, 2002; Butler and

Hodos, 2005; Iwaniuk et al., 2005; Gill, 2006), globular brains with expanded cerebra, specialized

cytoarchitecture and neuron types (Reiner et al., 2004; Dugas-Ford et al., 2012; Shanahan et al.,

2013; Pfenning et al., 2014; Karten, 2015; Stacho et al., 2020), and the capacity to perform higher

cognitive behaviors (Lefebvre et al., 2002; Weir et al., 2002; Emery, 2006; Auersperg et al.,

2012; Kabadayi et al., 2016; Bayern et al., 2018; Boeckle et al., 2020). In addition, they feature

remarkable variation in brain morphology that is conducive to macroevolutionary studies

(Iwaniuk and Hurd, 2005; Figure 1).

Chronicling the evolutionary origins of the archetypal ‘avian’ brain requires information on ances-

tral brain morphologies of extinct coelurosaurian dinosaurs. Because brain tissue does not readily

fossilize, paleontologists have relied on endocasts, or the internal mold of the braincase, to docu-

ment and analyze neuroanatomical evolution through geologic time (Jerison, 1963; Jerison, 1969;

Edinger, 1975; Hopson, 1979; Balanoff and Bever, 2017). As in extant mammals, the brain occu-

pies nearly the entire cranial cavity in crown birds, and thus, these endocasts are used as accurate

proxies for brain size and shape in these groups (Jerison, 1973; Haight and Nelson, 1987;

De Miguel and Henneberg, 1998; Iwaniuk and Nelson, 2002; Watanabe et al., 2019; Early et al.,

2020). Volumetric analyses of endocasts from avialan and non-avialan dinosaurs show that crown

birds exhibit a derived allometric trend in brain-to-body size although some closely related non-avia-

lan dinosaurs (e.g., oviraptorosaurs, troodontids) overlap in allometric trends with neornithine

groups (Balanoff et al., 2013; Ksepka et al., 2020). Volumetric data of endocasts also indicate that

each brain region evolved under different modes across avian and non-avian coelurosaurs, implying

mosaic brain evolution (Balanoff et al., 2016b). However, whether the encephalized brains of crown

birds possess a unique allometric trajectory and a more modular structure than non-avialan archo-

saurs, as anticipated by classic notion of phenotypic modularity (Wagner and Altenberg, 1996;

Goswami et al., 2014), remains to be explicitly tested. In addition, despite its prevalence and

importance as a morphological metric, size data are limited in characterizing brain morphology. For

example, similarly sized brains could have disparate shapes, especially given the diversity in brain

morphologies within Neornithes and similar volumetric proportions between crown birds and some

non-avialan dinosaurs.

To holistically analyze neuroanatomical shape, we use a high-density geometric morphometric

(GM) approach on endocranial reconstructions from micro-computed tomography (mCT) imaging.

Three-dimensional (3D) landmarks were placed virtually on endocasts from 37 extant and recently

extinct (Dodo, Greak Auk) neornithine species and six non-avialan coelurosaurs to characterize the

overall morphology of the brain and its functional subdivisions visible on the endocast—cerebrum,

optic lobe, cerebellum, and medulla (Figure 1; Supplementary file 1a, b for specimen and landmark

sampling). In this study, endocranial regions are referred to by the name of the soft-tissue features

that are reflected on the surface. This unified mathematical framework allows the relative size, con-

figuration, and surface morphology of neuroanatomical traits to be analyzed together, including allo-

metric and correlative trends in shape within and between brain regions (Klingenberg, 2008). We

analyze this rich phenotypic dataset to test if crown birds exhibit (i) a derived allometric relationship

between endocranial shape and size, and (ii) a more structurally modular brain compared to the

ancestral pattern observed in non-avialan coelurosaurian dinosaurs. Moreover, we anticipate that dif-

ferences in evolutionary patterns of allometry and phenotypic integration will be reflected in extant

archosaurs developmentally (Bookstein et al., 2003), where clades with more integrated brain evo-

lution show more integrated brain development. As such, we combine postnatal developmental

data of the American alligator (Alligator mississippiensis) and the domestic chicken (Gallus gallus)

with interspecific sampling of Coelurosauria to assess whether (iii) the developmental allometry and

integration pattern mirror evolutionary patterns of endocranial shapes in non-avialan dinosaurs and

crown birds, respectively.

Results
Shape data were subjected to principal components analysis (PCA) to create morphospaces that

visualize patterns of neuroanatomical variation (Figure 2; Figure 2—figure supplement 1 for fully
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labeled morphospaces). Morphospace of overall endocranial shape shows that Neornithes exhibits

distinct brain morphologies from non-avialan archosaurs (multivariate analysis of variance:

R2 = 0.323; p<0.001), largely along the PC1 axis (Figure 2a). Archaeopteryx, often considered one

of the earliest diverging avialans (Pittman et al., 2020), and an unnamed troondontid (IGM 100/

1126) occupy an intermediate position between non-avialan dinosaurs and Neornithes, indicating

general evolutionary trend toward the neornithine brain form as previously reported (Balanoff et al.,

Figure 1. Time-calibrated phylogeny of avialan and non-avialan coelurosaurs sampled in this study, with Alligator mississippiensis as outgroup. Center

image shows discrete (red), curve (yellow), and surface (blue) landmarks used to characterize endocranial shape including the cerebrum (green), optic

lobe (yellow), cerebellum (blue), and medulla (red). Lateral views of select endocranial models, indicated by bolded taxonomic names on the

phylogeny, highlight the neuroanatomical variation observed across taxa. See Supplementary file 1a for list of specimens sampled for the interspecific

dataset and Supplementary file 1b for the landmark scheme used in this study.
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Figure 2. Morphospaces constructed from first two principal components (PC) of neuroanatomical shapes. These plots illustrate the distribution of
shape variation in the (a) overall endocranial shape, where the arrows denote postnatal developmental trajectories of Alligator (green) and Gallus
(purple); (b) cerebrum; (c) optic lobe; (d) cerebellum; and (e) medulla. Regional shape data are locally aligned. See text for details. The following figure
supplement is available for Figure 2Ðfigure supplement 1 . PC morphospaces with full specimen labels.

Figure 2 continued on next page
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