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Abstract

Encephalization is a core concept in comparative neurobiology, aiming to quantify the neurological capacity of

organisms. For measuring encephalization, many studies have employed relative brain sizes corrected for

expected allometric scaling to body size. Here we highlight the utility of a multivariate geometric

morphometric (GM) approach for visualizing and analyzing neuroanatomical shape variation associated with

encephalization. GM readily allows the statistical evaluation of covariates, such as size, and many software

tools exist for visualizing their effects on shape. Thus far, however, studies using GM have not attempted to

translate the meaning of encephalization to shape data. As such, we tested the statistical relationship between

size and encephalization quotients (EQs) to brain shape utilizing a broad interspecific sample of avian

endocranial data. Although statistically significant, the analyses indicate that allometry accounts for <10% of

total neuroanatomical shape variation. Notably, we find that EQs, despite being corrected for allometric scaling

based on size, contain size-related neuroanatomical shape changes. In addition, much of what is traditionally

considered encephalization comprises clade-specific trends in relative forebrain expansion, particularly driven

by landbirds. EQs, therefore, fail to capture 90% of the total neuroanatomical variation after correcting for

allometry and shared phylogenetic history. Moving forward, GM techniques provide crucial tools for

investigating key drivers of this vast, largely unexplored aspect of avian brain morphology.
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Introduction

An appropriate characterization of brain morphology is crit-

ical for assessing neuroanatomical differences among taxa

and generating accurate conclusions on how and why these

differences have evolved (Striedter, 2005, 2009). In compar-

ative neurobiology there is a long-standing tradition of

quantifying differences in brain morphology in an attempt

to describe the neurological capacity of various taxa (Gould,

1975). Early comparative anatomists, such as von Haller

(‘Haller’s law’; L€ups, 2010), recognized that absolute brain

size is strongly correlated to the size of the animal (Fig. 1)

and that, even when corrected for body mass (Snell, 1891;

Dubois, 1897), brain size was found to be proportionately

larger in smaller animals and smaller in larger animals

(Gould, 1971; Jerison, 1973; van Dongen, 1998; Striedter,

2005). Since then, brain evolution has been largely assessed

as an allometric phenomenon, namely, as the scaling rela-

tionship between brain and body masses.

In most cases, however, removing the effect of size from

these measurements is crucial to study evolutionary changes

independent of simple allometric scaling (Gould, 1975; Ste-

vens, 2009). Portmann (1947a,b) was among the first

authors to recognize this and proposed to compare brain

differences among birds using ratios between the mass of

brain components and a baseline, or the mass of the brain-

stem of a putatively ‘primitive’ organism, which was labeled

as the ‘basal cipher’ (in birds, likely the chicken). Later,

based on the allometric relationship between brain and

body size, Jerison (1955, 1961, 1973) established the concept

of encephalization quotient (EQ), where all vertebrate

brains are characterized by the observed brain weight

divided by expected brain weight for a particular taxon.

This involves fitting a least-squares regression to log-trans-
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formed brain and body mass (Fig. 1C), and the EQ is

therefore a measure of the deviations of each taxon from

this pooled allometric pattern, essentially equivalent to the

residuals derived from the regression line. Consequently,

EQs and the residuals are assumed to be statistically inde-

pendent from the primary correlation of brain size with

body size (Gould, 1975) and have remained instrumental

variables in the comparative neurobiological literature (e.g.

Striedter, 2005, 2009; Stevens, 2009; Smaers et al. 2012).

Despite its wide adoption in neurobiological studies, EQs,

and by extension residuals from pooled allometric regres-

sions, are limited with respect to both methodological and

biological foundations. As a univariate metric, relative sizes

are highly restricted in capturing the overall neuroanatomi-

cal differences associated with size differences (Klingen-

berg, 1996), and groups with similar residual values could

exhibit disparate morphologies, confounding actual dispar-

ity in neuroanatomy. Secondly, a well-known limitation is

that the use of ratios has analytical shortcomings, including

non-independence of changes in value (Atchley et al. 1976;

Jasienski & Bazzaz, 1999). Further, the use of residual size

variables, even when analyzing multiple relative size mea-

surements (e.g. forebrain size, cerebellum size), is difficult

to translate into real anatomical changes. More impor-

tantly, however, the concept of encephalization presup-

poses that the brain scales as a function of body size, yet

Fig. 1 Neuroanatomical size in relation to skull and body size. (A) Skull of adult capercaillie, parrot, and magpie illustrating interspecific differences

in absolute and proportional size of the endocranial cavity and its subdivisions. Images scaled to equivalent skull length. (B) Exponential relationship

between brain volume and body mass. Data from Dominguez et al. (2002), after Jerison (1973). (C) Bivariate plot of log-transformed brain volume

against body mass showing a tight allometric relationship between these two variables. As examples, crows (gray data point) show positive residual

deviation which equates to greater encephalization than expected for its body size; ostriches and emu (black data points) exhibit negative residual

deviation, indicating less encephalization for its body size.
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numerous studies have shown that body size is not a

dominant predictor of brain size (Gould, 1981; Dunbar,

2006; Herculano-Houzel et al. 2007).

Clearly, the investigation of brain structures demands

more robust approaches to characterize the variation in

brain morphology. To this end, geometric morphometrics

(GM) offers a suite of powerful tools for investigating a

wide range of biological questions. Instead of univariate

measurements, such as mass, angles, and distances, it

involves multidimensional analyses of biological form

(Fig. 2; Dryden & Mardia, 1998; Adams et al. 2013) and

allows compelling visualizations of morphological differ-

ences in brain size and shape (e.g. Gunz, 2014). GM typically

involves landmark data comprising 2-D or 3-D Cartesian

coordinate points on defined anatomical locations (Fig. 3A).

These raw coordinate data are then aligned by superimposi-

tion, removing the effect of position, orientation and, of

great importance to the study of brain evolution, scale

(Fig. 3B,D). The distances between corresponding land-

marks among specimens, by definition, describe the differ-

ence in ‘shape’ based on the landmark configuration

(Fig. 3C,D). One of the most important advantages of these

shape data is that they can be subjected to standard multi-

variate statistical methods, including multivariate regres-

sions, commonly used to test for allometry (e.g. Monteiro,

1999; Mitteroecker et al. 2013; Marug�an-Lob�on et al. 2014).

With GM techniques, shape information is maintained

throughout the course of these analyses, allowing virtual

depictions of how specific factors affect actual morphologi-

cal differences (Slice, 2005).

Here, we assess the implementation of GM techniques for

studying encephalization using the neuroanatomical diver-

sity of modern birds as a case study. Previous studies have

characterized brain morphology with GM techniques in pri-

mates (Bruner et al. 2003; Bruner, 2004, Bruner & Jeffery,

2007; Bastir et al. 2010; G�omez-Robles et al. 2014) and in

birds (Kawabe et al. 2013, 2015), but to our knowledge

these studies have never directly and mathematically linked

shape changes to the traditional concept of encephaliza-

tion. Thus, to help visualize and define encephalization in

the context of GM, we examine the correspondence

between shape and EQ using the endocranial shape data of

extant birds.

Material and methods

Data

The endocranial coordinate data from a published study (Kawabe

et al. 2013) include 61 extant bird species encompassing 22 of 23

orders. As in mammals, the brain of modern birds fills nearly the

entire endocranial cavity, allowing the digital cast of this space to

be used as an accurate proxy of brain size and shape (Hopson, 1979;

Iwaniuk & Nelson, 2002; Striedter, 2005; Witmer et al. 2008). In this

article, we refer to anatomical features of the endocast with corre-

sponding structures on the brain (e.g. ‘forebrain’ instead of ‘cast of

forebrain’). The coordinate data were obtained by digitally placing

landmark points on endocasts reconstructed from 3-D micro-com-

puted tomography data of skulls in AMIRA v. 5.3.2 (Kawabe et al.

2013). The shape data consist of 28 landmarks including both the

left and right sides of the endocast (Fig. 3A; list of landmarks in

Kawabe et al. 2013).

We subjected the raw landmark data to a standard alignment

protocol in GM called generalized Procrustes superimposition

(Gower, 1975; Rohlf & Slice, 1990; Bookstein, 1991; Dryden & Mar-

dia, 1998). This procedure extracts shape information from the raw

coordinates by aligning the position and orientation of each speci-

men, in addition to standardizing their scale to a single centroid

size (CS). CS is computed as the square root of the sum of squared

distances between the landmarks and the centroid of the landmark

configuration (Dryden & Mardia, 1998). In this study, and in most

programs, the CS of specimens is scaled to unit size. The standard-

ization of size of coordinate data is particularly relevant in this

study because it guarantees that the effect of isometry on coordi-

nate values is removed from the data (Gower, 1975). In addition,

we applied a symmetrization procedure on the latter shape data,

which isolates a component of bilateral symmetric shape variation

(Mardia et al. 2000). This correction ignores any source of variation

within the sample due to asymmetry and reduces the small yet

potentially present error introduced by the separate digitizing of

two nearly identical sides of a bilaterally symmetric structure such

as the endocast.

In principle, CS of each specimen in the original, unaligned land-

mark configurations should serve as an equivalent proxy to brain

size, yet to our knowledge the comparison between these two sca-

lars has never been performed. To examine the level of correspon-

Isometry
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Fig. 2 Schematic diagram of types of morphological changes (periph-

ery) from reference structure (center). Use of shape data encompasses

morphological changes beyond the capabilities of angles and ratios

between different regions of a structure. Generalized Procrustes align-

ment, a standard procedure in GM, removes the effect of isometric

change from the coordinate data. Colors indicate homologous regions

within a structure.
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dence between endocranial CS and other size metrics for brain size,

we obtained the brain and body masses corresponding to each of

our sampled species from the literature (Mlikovsky, 1989a,b,c, 1990;

Dunning, 2007) (Appendix S1). We also used multivariate regres-

sions to compare the statistical relationship between brain shape

and EQ (sensu Jerison, 1973) calculated using PAST v. 2.17b (Hammer

et al. 2001). This EQ was calculated for each specimen using the

allometric equation derived from the dataset devised by Iwaniuk &

Nelson (2003), as EQ = (Brain volume/Body mass)0.568 (Ashwell &

Scofield, 2007), rescaling brain mass to volume (Appendix S1).

Analyses

Reduced major axis (RMA) regression was conducted in PAST v. 2.17b

(Hammer et al. 2001) to test the correspondence between brain and

body masses and centroid size. All GM analyses were performed

using MORPHOJ v. 1.06d (Klingenberg, 2011). To examine the distribu-

tion of endocranial shape in modern birds, the shape data were sub-

jected to principal components analysis (PCA; Jolicoeur &

Mosimann, 1960) to construct phylomorphospaces (Sidlauskas, 2008)

based on axes that capture much of the total shape variation. Using

the shape data and different size metrics, we performed multivari-

ate regressions to characterize and compare the predicted endocra-

nial shape from size, i.e. allometry (Monteiro, 1999; Mitteroecker

et al. 2013), as well as EQ. We also evaluated whether the endocra-

nial shape data contain a phylogenetic signal where closely related

taxa tend to exhibit similar endocranial shape (Klingenberg & Gidas-

zewski, 2010). This requires adopting a comparative approach that

takes into account the phylogenetic structure of the data (Felsen-

stein, 1985; Klingenberg & Gidaszewski, 2010; Klingenberg &

Marug�an-Lob�on, 2013). We followed previous studies on avian

brain shape (e.g. Kawabe et al. 2013) and corrected for phylogeny

based on the phylogenetic tree of Hackett et al. (2008), with all

branch lengths set to the same length (Fig. 4A). Although not dis-

cussed explicitly in this article, we reconstructed the ancestral shapes

using the squared-change parsimony method (Maddison, 1991).

However, due to rapid radiation of crown group bird orders early

in their evolutionary history, the assumption of equal branch

lengths may lead to spurious results. Therefore, we also used a

time-calibrated phylogeny based on a distribution of 10 000

sequence-based trees with Hackett tree as backbone topology from

Jetz et al. (2012) pruned to include only the taxa sampled in this

study (obtained at birdtree.org). Then, the median estimated

time divergences were modified based on primarily order-level rela-

Lateral Dorsal Caudal

B

C

D

A

Fig. 3 Geometric morphometric data used in

this study. (A) Skull and endocast (orange) of

an ostrich reconstructed from CT data.

Landmarks on the ostrich endocast in lateral

(left) and dorsal (right) views. (B) Example

landmark configurations depicting isometric

changes in endocranial morphology in lateral

view. Performing a generalized Procrustes

superimposition on coordinate data of

multiple specimens removes the effect on

isometry on coordinate values. Thus, shape

mathematically excludes isometric changes.

(C) Landmark data depicting shape

differences including differences in topology

and relative sizes of neuroanatomical

structures. (D) Shape data of all 61 endocasts

sampled in this study in lateral, dorsal, and

caudal views. The landmark data are from

Kawabe et al. (2013).
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tionships and divergence times put forth more recently by Jarvis

et al. (2014) based on genomic data. When the median divergence

times estimated by Jetz et al. (2012) and Jarvis et al. (2014) were

incompatible, then the branch leading to the node was arbitrarily

set to length 0.1 Ma. For example, the estimated divergence time

of Bycanistes albotibialis and Upupa epops is 58.2601 Ma in Jarvis

et al. (2014), but the preceding node is aged 51.985 Ma by Jetz

et al. (2012). Because a higher-level internal node cannot precede a

lower-level node, the branch between the two nodes was changed

to 0.1, and the terminal branches leading to B. albotibialis and

U. epopswere modified accordingly to construct an ultrametric tree

(Fig. 4B).

In addition, two species of Anas, Anas platyrhynchos and

Anas poecilorhyncha, were collapsed to form a single Anas terminal

in the time-calibrated phylogeny because the very short phyloge-

netic distance between these congeneric taxa considerably inflated

their phylogenetic independent contrast. Furthermore, several taxo-

nomic nomenclatures in the previous study (Kawabe et al. 2013)

were modified to reflect the current taxonomic classification (i.e.

Ceratogymna to Bycanistes, Halcyon chloris to Todiramphus chloris).

Phalacrocorax filamentosus (capillatus) was removed from the data-

sets when analyzing with a time-calibrated phylogeny because it

was not sampled. Although some of the lower-level phylogeny of

crown group birds is yet to be determined conclusively, using both

phylogenetic trees allowed us to evaluate the potential artifact

caused by assuming equal branch lengths in Aves.

To assess the correlation between non-allometric component of

neuroanatomy to EQ, residual shape data from multivariate regres-

sion analyses on the original endocranial shape data and size were

subjected to an additional round of PCA and multivariate regres-

sion analysis onto EQ. Likewise, multivariate regression was also

performed on phylogenetic independent contrasts (PICs) of shape

and size to determine whether allometric signal still exists in phylo-

genetically corrected data. Finally, these residual and PIC shape

datasets were regressed onto EQ to test whether EQs significantly

correlate with PIC shape, as well as shape data corrected for overall

allometric and phylogenetic signal.

Results

Bivariate regression analyses demonstrate significant corre-

lations between different size metrics (Fig. 5; Supporting

Information Table 1). As expected, log-transformed brain

and body mass data collected from literature scale with a

slope of 0.55 (Fig. 5A). In addition, the linear models show

a strong correspondence between endocranial CS and brain

mass (Fig. 5B), and thus between CS and body mass with a

slope of 0.60 (Fig. 5C). Notably, the EQ remains significantly

correlated with body size (Fig. 5D).

Phylomorphospaces constructed from the first two PCs of

endocranial shape (Fig. 6) and bivariate plots illustrating the

results of multivariate regression analyses (Fig. 7) provide

complementary views on the link between shape, size, and

encephalization. PC1 and PC2 of the original endocranial

shape data (Fig. 6A) account for similar percentages of the

variance (23 and 21%, respectively). This equivalency

between the amount of shape variance, as well as nearly

identical shape changes associated with these axes, signifies

that both PC1 and PC2 should be interpreted collectively as a

single descriptor of overall variation. We find that the neu-

roanatomy of birds largely differ in the relative size of the

forebrain and degree of flexion and extension of the

Fig. 4 Phylogenetic trees of species sampled in this study. (A) Equal branch tree based on Hackett et al. (2008) where all branch lengths are 1. (B)

Time-calibrated tree based on Jetz et al. (2012) and Jarvis et al. (2014).
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endocranial cavity (Fig. 6A). With relatively expanded

forebrains, the landbirds, particularly psittaciformes (parrots)

and passerines (songbirds), occupy the same region in mor-

phospace separate from the rest of birds. This distribution

strongly suggests that the endocranial data, and thereby

brainmorphology, contain a broadphylogenetic structure.

We performed three separate multivariate regression

analyses on the endocranial shape data, using the three size

variables: log CS (Fig. 7A), log body mass (Fig. 7B), and log

brain mass (Fig. 7C). All three regressions recover equivalent

and statistically significant results (Table 1). Size variables

account for nearly 10% or less of the total variance of

endocranial shape (Table 1), yielding an allometric trend in

which birds with smaller bodies and brains generally exhibit

a slightly more expanded forebrain than the cerebellum,

with a greater flexion in the brain (Fig. 7E). Conversely,

birds with larger brains and bodies bear relatively larger

cerebellum and a more elongated profile than smaller taxa

(Fig. 7E). Interestingly, the bivariate plot of shape vector,

representing the axis of maximum correlation with the

independent variable, against log body mass (Fig. 7B)

shows that relative body size is phylogenetically biased,

with the clade of waterbirds encompassing larger birds on

average than those of the rest in the sample.

The residual shape variation that remains unaccounted by

size is substantial (~90% of the total variation) and a PCA

on these residual data (Fig. 6B) results again in PC1 and PC2

capturing similar amount of variation (25 and 20%, respec-

tively). With the removal of overall allometric signal, the

primary axes of shape variation account for more distinct

morphological changes. Whereas PC1 primarily accounts for

relative forebrain expansion, PC2 is associated with changes

in the degree of overall brain flexion (Fig. 6B). The resulting

morphospace closely resembles that of the original

endocranial shape data, with the exception of Galloanserae

(ducks and chickens) that possesses a unique neuroanatomy

for their size.

Linking endocranial shape with encephalization, we find

that EQ correlates significantly with endocranial shape

(Table 1; Fig. 7D), corresponding to changes in the relative
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Fig. 5 Bivariate plots showing the scaling

relationships between (A) log brain mass and

body mass; (B) cube root of brain mass and

centroid size; (C) log CS and log cube root of

body mass; (D) EQ and cube root of brain

mass. Grey dots are examples of large avians

(Ratites)

Table 1 Summary of multivariate regressions.

Shape on: % Explained variance P

Log CS 8.12 <0.0001

Log Body mass (g) 8.73 <0.0001

Log Brain mass (g) 8.63 <0.0001

Jerison’s EQ 13.37 <0.0001

Non-allometric shape residuals on

Jerison’s EQ 13.57 <0.0001

Regression of PIC shape onto

PIC Log CS 8.49 <0.0001

PIC Log Body mass 7.86 <0.0001

PIC Log Brain mass 8.64 <0.0001

PIC Jerison’s EQ 5.06 <0.0006

Non-allometric shape PIC on

PIC Jerison’s EQ 2.73 0.08

CS, Centroid size; PIC, Phylogenetic independent contrasts data.
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A

B C

Fig. 6 Phylomorphospaces of endocranial shape constructed from first two principal components (PCs) and associated shape changes. (A) Phylo-

morphospace of original endocranial shape. Note that PC1 and PC2 account for similar shape changes (i.e. relative size of the forebrain and

dorsoventral flexion of the brain. Note relatively larger forebrain size in landbirds, particularly the crow and parrots. (B) PC phylomorphospace of

residual shape data from multivariate regression of original shape data onto log CS. Note that Galloanserae occupy a distinct area when common

allometric signal is mathematically removed. (C) PC phylomorphospace of residual shape data from multivariate regression of original shape data

onto log CS and EQ. Note that only brain flexure largely drives endocranial shape variation after correcting for encephalization.
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allometric shape changes as exemplified by relationship with log CS (E), and EQ (F) also predicts similar changes.
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size of the forebrain and less substantial changes in brain

flexion (Fig. 7F). A multivariate regression on the non-allo-

metric shape component (i.e. approximately 90% of total

shape variance) onto EQs shows significant correlation that

accounts for 7.78% of the total shape variance (P < 0.0001).

This predicted variance is still primarily associated with the

degree of relative forebrain expansion, where greater EQ

values predict proportionally larger forebrain (not figured).

Interestingly, the bivariate plot of this analysis also unam-

biguously shows that there is phylogenetic structure in the

data, with the landbirds generally having much larger EQs

than those of the rest of birds in the sample, in close corre-

spondence to their characteristic endocranial shape

(Fig. 7D). In other words, clade-specific shape and EQs drive

this overall trend, and need to be corrected with PIC. The

residual shape variation from this regression remains large

(~85% of the total shape variation) and PC phylomor-

phospace based on this dataset indicates that the largest

source of shape variance encompasses differences in the

degree of flexion, not by differences in forebrain expansion

(Fig. 6C). Comparison of the phylomorphospace of data cor-

rected for both allometry and EQ (Fig. 6C) to that of data

corrected only for allometric signal (Fig. 6B) implies that

EQs predominantly account for relative forebrain size.

To our surprise, we found a marginal difference in PIC

shape distribution using equal-branch and time-calibrated

trees (Supporting Information Fig. S1). Here, we present

only the results from PIC generated with the non-calibrated

phylogeny. Regressions on PIC data of shape onto size cor-

roborate the fact that allometric signal after correcting for

phylogenetic structure, or evolutionary allometry, signifi-

cantly underlies endocranial shape differences in birds

(Table 1, Fig. 7A). Although statistically significant, this sig-

nal merely accounts for 8% of total shape variation and pre-

dicts slight changes in forebrain size relative to other brain

regions, but not the degree of brain flexion (Fig. 8C). Simi-

larly, the PIC EQs only predict 5% of PIC brain shape changes

(P < 0.0006; Fig. 8D). This correlation, however, is significant

only if the PIC shape data have not been corrected for

allometry (Table 1). The PICs of EQs, therefore, are only very

slightly correlated with PIC brain shape (Table 1; Fig. 8B),

and not with the residuals from allometry based on the

regression of PIC shape onto size (Table 1).

Discussion

Accurate and robust characterization and analyses of neu-

roanatomical variation are important facets of compara-

tive neurobiology. By integrating shape data with

traditional metrics of encephalization, our results illustrate

several key aspects of using GM in this field. First, CS, the

univariate metric used in GM to remove the effect of iso-

metric scaling, is a reliable proxy for brain size, brain mass,

and body mass (Fig. 5). Although these results are not

surprising given that size measurements are often highly

correlated among one another (Klingenberg, 1996), log

CS, brain and body masses produce only slightly different

scaling factors. Thus, use of CS of endocasts is justified for

investigating the effect of size on brain morphology and

other neurological variables (Striedter, 2005).

In addition, our study corroborates previous observa-

tions that avian brains mostly differ in the proportional

size of the forebrain (Portmann, 1947a, Portmann, 1947b;

Iwaniuk & Nelson, 2002; Balanoff et al. 2013) and the

degree of brain flexion (Marug�an-Lob�on & Buscalioni,

2009; Kawabe et al. 2013). The results also indicate that

allometry is not a dominant predictor of the morphologi-

cal disparity in the avian brain, accounting for only ~10%

of endocranial shape variance. However, although the

contribution of size to brain variation across birds

is remarkably low, its impact is not negligible. For

instance, allometry can engender homoplasy (Lockwood

& Fleagle, 1999) due to greater instances of phenotypic

convergence based on size, and this phenomenon is

empirically demonstrated here by Galloanserae, which is

convergent in endocranial shape to many other birds in

our sample (Fig. 6A), but became distinct from the rest

when the dataset was corrected for allometric signal

(Fig. 6B).

The main source of avian brain disparity is relative fore-

brain expansion, yet our results clearly indicate that this

trend is also influenced by shared phylogenetic history.

Although there is considerable overlap in the occupation

of morphospace among broad taxonomic groups, the spec-

imens generally cluster within these clades (Fig. 6). The

landbirds contribute to the broader phylogenetic structure

by polarizing the general trend of forebrain expansion

among birds. This clade comprises parrots, crows, and rap-

tors, all of which are birds that have been traditionally per-

ceived as the most encephalized birds (Portmann, 1947a,b;

Jerison, 1973; Iwaniuk & Nelson, 2003; Iwaniuk & Hurd,

2004; Jarvis et al. 2005; Jarvis, 2009). When analyzing PICs

of endocranial shape, we find that evolutionary allometry

(i.e. allometric signal after correcting for phylogenetic sig-

nal), albeit significant, only accounts for little more than

10% of the total shape variation. Therefore, nearly 90% of

endocranial shape disparity remains unaccounted by

allometry and phylogenetic history.

By statistically linking EQ with GM, key properties of

univariate measurements of encephalization become

apparent. Multivariate regression on endocranial shape

onto EQs shows that differences in EQ are, not surpris-

ingly, associated with relative size of the forebrain, but

also with minor morphological changes in the overall

extent of the optic lobes (Fig. 7F). EQ, however, does not

substantially account for brain flexion. Regressions on PIC

shape and PIC EQ indicate that PIC EQ correlates signifi-

cantly with PIC shape, but loses predictive power when

the allometric signal is removed from PIC shape (Table 1).

Taken together, these results imply that EQ inherently
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contains size information with respect to overall brain

morphology. The reason for the inclusion of allometric

shape component in EQ could simply be attributed to the

highly multivariate shape data containing additional infor-

mation that is unaccounted for by univariate measure-

ment. Besides this large gap in the amount of

morphological information, however, the bivariate plot

based on a regression of endocranial shape onto log body

mass (Fig. 7B) shows that waterbirds, which tend to have

greater body mass, collectively exhibit positively divergent

shape relative to the overall trend of shape against log

body mass. Thus, body mass, which is used for calculating

EQs, not only contains phylogenetic structure, but also

size-dependent deviations from the predicted endocranial

shape driven by the waterbird clade. Most striking finding,

however, is that EQ fails to characterize the remaining

90% of the total endocranial shape variation unaccounted

for by size and phylogenetic relationships.

Identifying the processes underlying the pattern of size-

independent avian brain evolution is outside the scope of

this study, but our results may reveal that changes in struc-

tural design could be important features of neuroanatomi-

cal evolution. The structural and functional evolution of the

vertebrate brain involves a balanced regional allocation of

neurons across brain structures (Herculano-Houzel et al.

2014), and many landbirds have evolved complex cognitive

functions which, rather than size, relate to their particular

forebrain neuroarchitecture and connectivity (Jarvis, 2009).

Accordingly, geometric differences in features of brain

organization in these birds, such as more compact and

flexed whole brains, could indicate large-scale changes in

the neuronal network of the brain (Lieberman et al. 2000;

Bruner et al. 2014). This hypothesis provides important
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incentive to further investigate avian brain evolution using

GM.

Conclusions

The GM paradigm provides important perspectives to com-

parative neuroanatomy that overcome the limitations of

univariate measurements of encephalization. Its key advan-

tages include full characterization and visualization of the

variation in brain morphology, and these capabilities allow

investigations of localized morphological variation in the

brain that is typically obscured or difficult to interpret with

univariate metrics. In addition, Procrustes alignment used

for extracting shape information mathematically removes

the effect of isometry based on the size of the brain itself as

defined by the coordinate data. As such, the correction for

isometry is accomplished consistently with the same coordi-

nate data, removing the need to collect size data of addi-

tional structures or entire bodies. Although size is still a

valuable and informative metric, we demonstrate the utility

of GM for studying both general and localized variation in

brain morphology.

To this end, we find novel insights into the study of com-

parative neuroanatomy by linking GM with traditional met-

rics of encephalization. First, log-transformed centroid size,

a size metric typically used in GM studies, is highly

correlated with log brain and body mass. The use of CS for

removing the effect of isometry and allometry is thus justi-

fied at least for avian endocasts. Secondly, traditional

encephalization metrics, such as EQ, still contain size-depen-

dent shape variation. This result implies that EQs and uni-

variate residuals still contain appreciable amount of

allometric morphological signal. Thirdly, contrary to expec-

tations, EQ does not predict the vast majority of neu-

roanatomical shape changes independent of evolutionary

allometry, or shape variation due to allometry and shared

phylogenetic history. In fact, GM analyses indicate that evo-

lutionary allometry only accounts for ~10% of the total

shape variation. The remaining 90%, therefore, contain an

incredible source of morphological variation that is yet

to be tested against factors that may have driven avian

brain evolution – an endeavor suited for geometric

morphometrics.
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