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1 | INTRODUCTION

| Andrew N. Iwaniuk® | Ryan C. Ridgely® |

Abstract

Endocasts are increasingly relied upon to examine avian brain evolution because they
can be used across extant and extinct species. The endocasts of birds appear to be
relatively faithful representatives of the external morphology of their brains, but it is
unclear how well the size of a surface feature visible on endocasts reflects the vol-
ume of the underlying brain region. The optic lobe and the Wulst are two endocast
structures that are clearly visible on the external surface of avian endocasts. As they
overlie two major visual regions of the brain, the optic tectum and hyperpallium, the
surface areas of the optic lobe and Wulst, respectively, are often used to infer visual
abilities. To determine whether the surface area of these features reflects the volume
of the underlying brain regions, we compared the surface areas of the optic lobes
and Waulsts from digital endocasts with the volumes of the optic tecta and hyper-
pallia from the literature or measured from histological series of brains of the same
species. Regression analyses revealed strong, statistically significant correlations be-
tween the volumes of the brain regions and the surface areas of the overlying en-
docast structures. In other words, the size of the hyperpallium and optic tectum can
be reliably inferred from the surface areas of the Wulst and optic lobe, respectively.
This validation opens the possibility of estimating brain-region volumes for extinct
species in order to gain better insights in their visual ecology. It also emphasizes the
importance of adopting a quantitative approach to the analysis of endocasts in the

study of brain evolution.

recent years, there has been increased interest in examining brain

evolution in extinct species through the use of virtual endocasts de-

Birds are one of the most speciose groups of vertebrates, and this
diversity is reflected in their behavior and brain anatomy (Walsh and
Milner, 2011a; Jetz et al., 2012; Cooney et al., 2017; Billerman et al.,
2020; Pigot et al., 2020). Understanding the evolution of the avian
brain has typically relied upon the study of extant species (Boire
and Baron, 1994; Northcutt, 2002; Iwaniuk et al., 2004; lwaniuk
and Hurd, 2005; Gutiérrez-lbanez et al., 2009, 2014; Corfield et al.,
2012; Wylie et al., 2015), as well as brain endocasts preserved in
the fossil record (Edinger, 1929, 1951; Wiman and Edinger, 1942). In

rived from computed tomography (CT) images (Witmer et al., 2008;
Walsh and Milner, 2011a; Balanoff et al., 2016). In a similar fashion
to mammals (Jerison, 1973), the size of the avian endocranial cavity
is a reasonably accurate estimate of actual brain size (lwaniuk and
Nelson, 2002) and shape (Watanabe et al., 2019) (Figure 1), and so
avian endocasts can yield major insights into the evolution of the
avian brain in both extant and extinct species.

The close relationship between endocranial size and brain size, as

well as the increasingly widespread use of CT scanning to generate
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FIGURE 1 The skull and brain
endocast of a ruffed grouse. (a) The brain
endocast (three-dimensionally modelled
in blue) of a ruffed grouse (Bonasa
umbellus, AMNH Birds SKEL 21616) in its
hemisected skull as compared to its (b)
endocranial cavity (outlined in blue). In
birds, the endocast has been shown to be
a faithful representative of the surface
structure of the brain itself

FIGURE 2 The relationship between the endocast structures and the brain regions. The brain section images have been scaled up
relative to the scale bar according to the specimen's calculated shrinkage value. (a) A thionin-stained axial section of the brain of a ruffed
grouse (Bonasa umbellus, RUGR 344) sectioned by A. lwaniuk's laboratory. The hyperpallium is outlined in red on the left hemisphere. (b) A
lateral view of the endocast of a ruffed grouse (AMNH Birds SKEL 21616) showing the location of the Wulst and optic lobe. The position
along the brain's rostrocaudal axis from which the slices shown in (a) and (c) would have been extracted are indicated by a dotted line with
the appropriate letter. (c) A thionin-stained axial section of the brain of a ruffed grouse sectioned by A. lwaniuk's laboratory. The optic
tectum is outlined in red on the left side. Abbreviations: H, hyperpallium; OL, optic lobe; OT, optic tectum; W, Wulst. Scale bar =5 mm

virtual endocasts, has led to a large number of paleoneurological
studies of extinct birds (Dominguez Alonso et al., 2004; Ashwell and
Scofield, 2008; Milner and Walsh, 2009; Scofield and Ashwell, 2009;
Walsh and Milner, 2011b; Zelenitsky et al., 2011; Ksepka et al., 2012;
Smith and Clarke, 2012; Balanoff et al., 2013; Walsh et al., 2013,
2016; Kawabe et al., 2014; Tambussi et al., 2015; Gold et al., 2016;
Proffitt et al., 2016; Early et al., 2020). The most popular approach
to studying these virtual endocasts is inspired by the Principle of
Proper Mass, which states that the size of a brain region is propor-
tional to its ability to process information (Jerison, 1973). Many re-
searchers have studied patterns in relative sizes of brain regions and
their potential functional implications in the endocasts of extant and
extinct birds. For example, some species of elephant birds and moa
have relatively smaller optic lobes than most extant birds, leading
researchers to infer reduced visual capabilities (Torres and Clarke,
2018; Early et al., 2020). Other researchers have hypothesized that
the expansion of the Wulsts of penguins throughout evolutionary
time may correlate with changes in locomotion and prey choice
(Ksepka et al., 2012; Proffitt et al., 2016).

Although these studies have provided some insights into avian
brain evolution and the sensory ecology of extinct species, they
are dependent on an untested assumption: the surface area of an
endocast structure represents the volume of the underlying brain
region. This is problematic because the surface area of features on
the endocast could be affected by factors other than the volume of
the directly underlying brain region, such as the size of neighboring

endocast structures or the size of deeper brain regions. In addition,

species that differ in morphology or volume of a brain region may
be very similar in the surface area of the corresponding endocast
structure. Determining the degree of correspondence between en-
docast features and brain-region volumes is therefore essential for
an effective understanding of avian, and more generally archosau-
rian, brain evolution throughout the fossil record and for relating
endocast morphology to behavior.

Unlike the mammalian cortex in which sulciand gyri can be used
to delineate individual cortical regions (Edinger, 1948; Radinsky,
1969, 1971; Falk, 1987), avian brains do not have many brain re-
gions that can be potentially defined by surface area features on
the endocast. Two structures that are readily apparent on most
avian endocasts are the optic lobes and the Wulst. The optic lobes
are rounded, bilateral expansions of the midbrain (Figure 2b,c). The
optic lobes overlie the optic tract and optic tectum, which together
receive the majority of retinal afferents (Hunt and Webster, 1975;
Remy and Gunturkin, 1991; Mpodozis et al., 1995). The tectofugal
pathway is the primary visual pathway in most birds (Wylie et al.,
2009, 2015; Wylie and Iwaniuk, 2012) and, as such, variations in its
relative size seem to reflect aspects of visual abilities. For example,
kakapo (Strigops habroptila) and kiwi (Apteryx spp.), two flightless,
nocturnal taxa endemic to New Zealand, have relatively small optic
tecta, as well as reductions in other parts of their visual systems
(Martin et al., 2007; Corfield et al., 2011), indicating relatively poor
visual abilities compared with other species. Reductions in the
optic lobes of endocasts have similarly been interpreted as indi-

cations of reductions in the visual system (Smith and Clarke, 2012;
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Early et al., 2014, 2016, 2020; Torres and Clarke, 2018), based on
the assumption that the surface area of the optic lobes reliably
estimates the volume of the underlying optic tectum. However,
beneath the optic tract and optic tectum are the inferior collic-
ulus and tegmental nuclei, and changes in the sizes of these re-
gions could affect the surface area of the optic lobes. In addition,
expansion of cerebral hemispheres could obscure enough of the
optic-lobe surface area that it might not be a faithful proxy of the
optic tectum (Figure 2b,c).

The Wulst can also be observed readily on the dorsal surface
of the telencephalic region of most avian endocasts and brains
(Figure 2a,b). The name of the endocast structure refers to the bulge
that is created by the hyperpallium and part of the hippocampal for-
mation of the dorsal telencephalon (Puelles et al., 2007). The major-
ity of the Wulst is hyperpallium, which is analogous, and potentially
homologous, to the mammalian primary visual, somatosensory, and
motor cortices (Funke, 1989; Deng and Wang, 1993; Wild, 1997,
Medina and Reiner, 2000; Wild and Williams, 2000; Manger et al.,
2002; Reiner et al., 2005). The hyperpallium is a strictly avian brain
region that is not present in the forebrains of nonavian reptiles or
other vertebrates (Jarvis, 2009), so the presence and expansion of
the Waulst is considered to be a hallmark of avian brain evolution
(Walsh and Milner, 2011a; Balanoff et al., 2013; Beyrand et al.,
2019). Although the hyperpallium is multifunctional, based on both
hodology (i.e., neural pathways) and neurophysiology (Funke, 1989;
Deng and Wang, 1993; Wild, 1997; Medina and Reiner, 2000; Wild
and Williams, 2000; Manger et al., 2002; Reiner et al., 2005), the
majority of studies have focused on its functions in visual process-
ing. Across species, birds with a large degree of binocular visual field
overlap tend to have relatively larger hyperpallia than other groups
of birds (Iwaniuk and Wylie, 2006; Iwaniuk et al., 2008). The size and
position of the Wulst are frequently assessed in comparative studies
of the endocasts of extant and extinct birds as if the size of the en-
docast structure represented the underlying hyperpallium (Ashwell
and Scofield, 2008; Ksepka et al., 2012; Smith and Clarke, 2012;
Early et al., 2014, 2016; Kawabe et al., 2014; Carril et al., 2016; Gold
et al., 2016; Proffitt et al., 2016). However, the dorsoventral depth
of the hyperpallium is quite variable across taxa, which could occur
independently of the visible surface area. As mentioned previously,
the Wulst also includes part of the hippocampal formation. Although
the avian hippocampal formation typically occupies a small fraction
of total telencephalic volume (Ward et al., 2012), it could contribute
to Wulst surface area.

In order to fully understand the evolution of the optic tectum or
hyperpallium, fossils need to be included in analyses of the relative
size of these regions through the use of endocasts. Here, we tested
the assumption that endocast-structure surface area is an accurate
estimate of underlying brain-region volume for the optic lobe/optic
tectum and Wulst/hyperpallium across a range of extant bird spe-
cies. We used phylogenetic generalized least squares (PGLS) regres-
sions to compare the scaling relationships of the endocast structures
to endocast size with the scaling relationships of the brain regions

to brain size. We also evaluated the relationships between the
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endocast and brain structures directly by assessing both relative and
absolute sizes of these structures. Based on the spatial relationship
between these brain and endocast structures, we predicted that our
results would also show a strong relationship between the sizes of
these complementary structures. If our prediction is correct, these
relationships and the surface areas of the endocast structures of
extinct birds could be then be used to predict the volumes of their
brain regions.

2 | MATERIALS AND METHODS
2.1 | Species sampling

Overall, we compared endocast-structure surface areas and brain-
region volumes across 34 avian species, representing 21 orders
(Table 1). Species were selected based on: (a) covering a diversity of
clades; (b) availability of the same species for both histological data
(Iwaniuk et al., 2004, 2006, 2008, 2010; Corfield et al., 2011, 2012,
2016; Gutiérrez-lbanez et al., 2013, 2014) and microCT scanning.

This study did not involve any live animal specimens.

2.2 | Brain-region volumes

The term “optic lobe” has been used to define a general brain re-
gion in some previous publications (Cobb, 1964; Dubbeldam, 1968;
lwaniuk et al., 2006; Walsh and Milner, 2011a), and the terms “Wulst”
and “hyperpallium” have been used almost interchangeably to refer
to either the endocast structure or brain region in the literature
(Budzynski and Bingman, 2004; Iwaniuk and Hurd, 2005; Iwaniuk
etal., 2008; Witmer et al., 2008; Wylie et al., 2009; Gutiérrez-lbanez
et al., 2013). We use the term “optic lobe” to refer strictly to the
endocast structure, whereas “optic tectum” refers to the underlying
brain region. Similarly, the term “Wulst” refers solely to the endocast
structure, and “hyperpallium” refers to the underlying brain region.
Optic tectum, hyperpallium, and brain volumes were obtained
for 34 species in total (Table 1). The majority of the data were com-
piled from the literature (lwaniuk et al., 2004, 2006, 2008, 2010;
Corfield et al., 2011, 2012, 2016; Gutiérrez-lbarez et al., 2013,
2014). Details of the source of specimens and histology are provided
in those previous papers, but briefly, all brains were immersion-fixed
and sectioned in the coronal (axial) plane at a standard thickness
(40 pm) and stained with thionin. Brain regions were delineated and
measured according to previous studies and published stereotaxic
brain atlases (Karten and Hodos, 1967; Stokes et al., 1974; Matochik
etal., 1991; Boire and Baron, 1994; Puelles et al., 2007). Hyperpallial
volumes were not published for all 34 species, so where possible,
we measured the hyperpallium in the same specimens from which
optic tectum data were taken. Sections throughout the telencepha-
lon were digitized with an Olympus VS120 Virtual Slide Microscope
(Olympus Corporation of the Americas) or photographed with a

macro lens with a Nikon Coolpix digital camera. Brain regions were



TABLE 1 The endocast-structure surface areas (SA) and brain-region volumes (Vol) analyzed

Optic Lobe Optic Tectum Waulst SA Hyperpallium Endocast SA
Species SA (mm?) Vol (mm°) (mm?) Vol (mm°) (mm?) Brain Vol (mm°)
Agelaius phoeniceus”" 104.4 50.8 115.5 106.1 832.0 1614.9
Amatzilia tzacat/™ 35.4 12.8 27.7 11.3 215.4 182.27,175.9"i
Anas platyrhynchos™™ 164.1 251.5 2111 572.2 2098.4 5738.0
Apteryx australis mantelli®" 56.9 32.0 174.4 224.0 2629.4 8293.0%, 5299.0
Apus apus? 56.9 428 - - 439.8 668.0
Ardea cinereg® 296.7 697.8 233.3 520.4 2453.7 8446.0
Bonasa umbellus"' 192.7 182.3 97.8 171.9 1204.7 3136.07, 2548.3""
Bubo virginianus®"! 238.5 277.0 1145.3 2617.4 3900.5 17199.1
Bubulcus ibis> 199.5 211.0 147.7 220.7 1323.1 4025.0
Buteo swainsoni* 266.8 450.1 — - 2334.3 8099.0
Colinus virginianus™" 104.6 112.3 50.8 69.2 652.8 1091.0
Columba livia®' 128.1 198.3 57.0 187.4 953.3 2093.0
Crypturellus tataupa® 111.7 159.3 35.0 66.2 669.1 1583.0
Dacelo novaeguineae® 271.6 3339 85.2 176.3 1607.3 3515.0
Dromaius novaehollandiae®’ 446.0 494.2 913.26 4388.0 5861.3 21029.38, 21830.0
Fulica americana®"' 130.3 127.7 94.5 227.5 1118.3 2719.0% 2797.0"1
Junco hyemalis”™' 70.1 50.5 53.8 61.0 4338 879.17,834.9"i
Larus philadelphia” 140.9 160.3 - - 1034.2 2512.6
Meleagris gallopavo™ 373.0 7711 238.1 469.0 2671.2 7990.0
Melopsittacus undulatus®' 671 59.6 88.1 84.4 677.4 1220.0
Mergus serrator” 154.5 188.9 — - 1622.2 4754.0
Nyctidromus albicollus® 70.2 37.0 46.3 66.0 525.3 910.0
Passer domesticus™™ 63.3 62.7 65.4 1171 557.6 989.0
Phalacrocorax auritus® 259.0 187.2 534.3 1381.2 3163.2 7323.0% 7149.41
Picoides pubescens’ 78.1 50.1 - - 708.6 997.5
Psittacus erithacus>" 251.6 155.1 424.8 668.6 3071.0 6405.4
Ptilinopus superbus* 93.8 66.2 - - 671.1 1052.1
Rhea americana®™ 514.7 1286.6 594.6 2295.1 4758.7 19228.0
Scolopax rusticola”™ 97.2 104.9 75.6 130.4 1232.5 2593.67,2678.6"1
Spheniscus magellanicus®™ 290.4 672.3 546.9 2362.6 3877.4 16757.0
Sphyrapicus varius’ 71.6 65.1 - - 676.2 888.4
Steatornis caripensis> 97.6 104.7 214.8 749.5 1355.8 3900.0
Thalassarche me!anophris7 261.1 246.4 — — 4330.9 14129.3
Tyto alba>™ 92.8 136.5 616.3 1605.4 2249.3 6149.0

Sources for optic tectum volumes: 'Bee de Speroni and Pirlot, 1987; 2lwaniuk et al., 2006; 3lwaniuk et al., 2008; *lwaniuk et al., 2010; *Corfield et al.,
2011; °Gutiérrez-lbariez et al., 2013; 'Gutiérrez-Ibafez et al., 2014; 8Corfield et al., 2016 and Corfield pers. comm. Sources for hyperpallium volumes:
iBee de Speroni and Pirlot, 1987; Boire 1989; Mlwaniuk et al., 2008; “Corfield et al., 2011; 'Corfield et al., 2012; VGutiérrez-lbafiez et al., 2013;
viipresent study. In cases where two different specimens were measured, both brain volumes are listed with the appropriate superscript to indicate
source. For example, the brain volume of the Amazilia tzacat! specimen for which optic tectum volume was measured is 182.2 mm?®, and that of the
specimen for which hyperpallium volume was measured is 175.9 mm®.

delineated in ImageJ (National Institutes of Health, Bethesda, MD) 2.3 | Generating endocasts
with the borders of the regions based on the same studies and at-

lases cited above, as well as De Groof et al. (2016). 3D brain-region The specimens were CT scanned at slice thicknesses ranging from
volumes and shrinkage factors were calculated for each specimen, 25 pum to 96 um, depending on specimen size, on a Bruker Skyscan
and the volumes were corrected for shrinkage following Iwaniuk 1173 pCT scanner, a TriFoil Imaging eXplore CT 120 Small Animal

et al. (2010). uCT scanner, or a GE Phoenix v|tome|x s240 uCT scanner (Table
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FIGURE 3 The boundaries of the endocast structures of interest. (a) An axial slice of CT scan data of Anas platyrhynchos (USNM Birds
631963) demonstrating the boundaries used to guide removal of the trigeminal ganglion from the optic lobe when generating endocasts for
the present study. (1) Indicates the ventrolateral curvature of the fossa tecti mesencephali and (2) indicates the angle of the brainstem. (b)
The sagittally hemisected skull of a ruffed grouse (Bonasa umbellus, AMNH Birds SKEL 21616) in a dorsolateral oblique view, with an inset
zoomed in to focus on the fossa tecti mesencephali in which the optic lobe sits. (c) Ventral view of the skull of a ruffed grouse to provide
orientation for (d). The area of focus of (d) is indicated by the box outlined in a dashed line. (d) A ventral view of the dorsal surface of the
inside of the braincase of a ruffed grouse showing the Wulst on both hemispheres. Scale bars = 5 mm. Abbreviations: c, caudal boundary

of the Wulst (subtle inflection between the Wulst and impression of hippocampus); CFl, crista frontalis interna; CTC, crista tecti caudalis;
CT, crista tentorialis; CV, crista vallecularis; FCC, fossa cranii caudalis; FTM, fossa tecti mesencephali; H, impression of the hippocampus;

ip, inflection point between the FCC and FTM; OL, optic lobe; r, rostral boundary of the Wulst; tel, telencephalon; TrO, impression of the

tractus opticus; CN V, trigeminal nerve; W, Wulst. Scale bars = 5 mm

S1). The images were then segmented in Avizo (Thermo Fisher
Scientific). Natural openings and breaks in the bone were patched
and smoothed following best practices protocols for generating
avian endocasts (Balanoff et al., 2016). Care was taken to remove
endocranial vasculature such as the carotid artery and the transver-
sotrigeminal and transversooccipital veins at their boundaries with
the endocast, but the occipital sinus was not removed as it is some-
times a diffuse structure that obscures the cerebellar folia and could
not be segmented consistently across all species.

Some of the openings in the braincase allow the passage of cra-
nial nerves into their respective canals. Although nerves comprise

part of the overall neuroanatomy of birds, they were considered as

separate entities from the brain in this study, so their canals were cut
off from the endocasts using points of inflection as indicators of the
brain-nerve boundary (e.g., Figure 3a). For all the endocasts that were
contributed by colleagues, only one investigator (CE) performed the
removals of the cranial nerves to ensure consistency across speci-
mens. The fossa and canals of the trigeminal nerve (CN V) make up
the ventral surface of the bony fossa tecti mesencephali in many
birds, which means that CN V is continuous with the optic lobe on
the endocast (Figure 3). The ventrolateral curvature of the fossa tecti
mesencephali and the angle of the brainstem in axial view guided re-
moval of CN V. The resulting boundary was smoothed in sagittal slices

of CT scan data using an interpolation-based approach until the optic
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FIGURE 4 The endocasts of the species for which optic lobe surface areas were measured. The optic lobes are highlighted in orange.
A skull and endocast of a ruffed grouse (Bonasa umbellus, AMNH Birds SKEL 21616) is shown in lateral view in the bottom right corner for
orientation. Scale bars = 5 mm
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FIGURE 5 The endocasts of the species for which Wulst surface areas were measured. The Wulsts are highlighted in green. A skull and
endocast of a ruffed grouse (Bonasa umbellus, AMNH Birds SKEL 21616) is shown in dorsal view in the bottom right corner for orientation.
Scale bars =5 mm

lobe and CN V on the endocast closely resembled the shape of these All CT scan image stacks and endocast surface files are available
structures in diffusible iodine-based contrast-enhanced CT (diceCT; on MorphoSource (www.morphosource.org; see Table S1 for cite-
Gignac et al., 2016) and histological datasets of the brains of birds. able DOls).
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2.4 | Measuring endocast-structure surface areas

Endocasts were simplified and remeshed to 600,000 faces in Avizo,
exported from Avizo as little-endian STL files, and imported into
Maya modeling software (Autodesk). The optic lobes were isolated
on each side of the endocast based on the boundaries of the fossa
tecti mesencephali. The anatomical criteria used to bound the fossa
tecti mesencephali were the crista tentorialis dorsally, the inflection
point between the fossa cranii caudalis and the ventral floor of the
fossa tecti mesencephali (where CN V had been removed) ventrally,
the impression of the tractus opticus rostrally, and the crista tecti
caudalis caudally (Figures 3 and 4). The Wulst was isolated from the
dorsal surface of each cerebral hemisphere of the endocast using
the anatomical criteria of the crista frontalis interna as the medial
boundary, the crista vallecularis as the lateral boundary, the point at
which the crista vallecularis and crista frontalis interna intersected
as the rostral boundary, and the subtle inflection marking the cau-
dal boundary of the Wulst (Figures 3 and 5). Identifying this caudal
boundary based on surface features can be challenging, so 3D avian
brain atlases based on MRI data were used to ensure the most ac-
curate delimitation possible (De Groof et al., 2016). The remaining
portions of the endocast were assigned to the “endocast remain-

»n o«

der” material. These selections (“endocast remainder,” “optic lobes,”
and “Wulst”) were separated, exported as OBJ files, and converted
to STL files with MeshLab (Visual Computing Laboratory, Tuscany,
Italy). The surface areas of the resulting STL files were measured
in Avizo with its “Surface Area Volume” feature (Table 1). Although
separating parts of mesh files could result in warping along the “cut”
edge, this does not occur in Maya, which extracts faces without rec-
omputing, smoothing, or redistributing the borders across vertices.
To confirm this, we measured the surface area of a few endocasts
before they had been exported from Avizo and after they had been
treated in Maya and did not find a noticeable difference. The general
steps of our method for measuring isolated endocast structures are
similar to the few studies that have collected similar measurements
(Walsh and Milner, 2011b; Torres and Clarke, 2018).

2.5 | Statistical analyses

All phylogenetically informed statistical analyses were performed
in R (R Foundation for Statistical Computing) running in RStudio
(RStudio, Inc.). We first reconstructed a phylogenetic tree following
the methods of Cooney et al. (2017). In brief, the fine-scale relation-
ships from Jetz et al. (2012), a complete time-calibrated phylogeny
for all extant species of birds known at the time, were mapped onto
the backbone of Prum et al. (2015), a phylogeny based on next-
generation genome sequencing. The code for this procedure is avail-
able in the Supplementary Data of Cooney et al. (2017) and uses the
R packages {ape} (Paradis et al., 2004) and {phytools} (Revell, 2012).
As in Cooney et al. (2017), our analyses were also run with phylog-
enies from Ericson et al. (2006) and Hackett et al. (2008) to explore

the effects of different topologies on the results. To determine the

influence of phylogeny on the data, Pagel's A was calculated for the
regressions (Pagel, 1999) in {phytools} (Revell, 2012).

For all statistical analyses, we used a phylogenetic generalized
least squares (PGLS) regression in {caper} (Orme et al., 2018). Tests
of normality indicated that the raw data were not normally distrib-
uted, so all data were log-transformed. For most regressions, there
was at least one significant outlier, but these were not discarded as
they reflect neuroanatomical diversity in the sample. 95% confi-
dence intervals and prediction intervals for the regression lines were
calculated using the {evomap} package (Smaers & Mongle, 2014).

Several PGLS analyses were performed to determine the relation-
ship between endocast-structure surface areas and brain-region vol-
umes. In cases where we were assessing relative size, we used brain
or endocast remainder, that is, the total measurement of the brain
or endocast minus the measurement of the region of interest, rather
than the total size of the brain or endocast (Deacon, 1990), except
for the regressions based on percentages. To compare the scaling of
the optic lobe to that of the optic tectum, we regressed optic-lobe
surface area on endocast-remainder surface area and optic-tectum
volume on brain-remainder volume. To directly evaluate the relation-
ship between endocast structures and brain regions, we regressed
the percent of the brain volume occupied by the optic tectum on the
percent of the brain surface area occupied by the optic lobe (Figure 6).
As another evaluation of this relationship, we regressed absolute op-
tic-tectum volumes on absolute optic-lobe surface areas. This set of
analyses was performed on 34 species of birds. We performed the
same set of analyses on Wulst surface areas and hyperpallium vol-

umes for a subsample of 26 species of birds (Figure 7).

3 | RESULTS

Phylogenetic signal was low and not significant in most regressions,
regardless of which phylogeny was used (p = 0.05; Table S2). The
slopes, intercepts, and correlation coefficients of the PGLS regres-
sions were consistent across phylogenies (Table S2), so only the re-
gressions corrected with the Jetz et al. (2012) + Prum et al. (2015)
phylogeny are shown (Table 2; Figures 6 and 7).

Optic-lobe surface area scaled to endocast-remainder surface
area with a similar slope to that of optic-tectum volume relative to
brain volume (Table 2, Figure 6a,b). Consistent with findings of a
previous study (Martin et al., 2007), Apteryx australis mantelli is an
outlier with a relatively smaller optic tectum and optic lobe. The cor-
relation coefficients of both regressions were also similar, although
this value was higher for the optic lobe-endocast surface area re-
gression. The regression of the relative optic-tectum volume on rel-
ative optic-lobe surface area expressed as percentages had a higher
correlation coefficient and similarly sized confidence and prediction
intervals (Table 2, Figure 6c). The slope of the line representing the
relationship of absolute optic-tectum volume to absolute optic-lobe
surface area (Figure 6d) is very similar to that of the line represent-
ing the relationship between the relative values (Figure 6c, Table 2).

The correlation coefficient of the regression of absolute values was
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Regression Pagel's 1 p-value Slope Intercept
OT Vol. vs. BR Vol. 6.61le-5 1.00 0.72 -0.80
OL SA vs. ER SA 1.00 0.096 0.69 0.049
% OT Vol.vs. % OLSA  6.61e-05  1.00 1.35 -1.65
OT Vol. vs. OL SA 7.03e-05  1.00 1.44 -2.19

H Vol. vs BR Vol. 0.75 0.46 1.24 -4.23

W SA vs. ER SA 1.00 2.54e-3 117 -3.40

% H Vol. vs. % W SA 6.61le-5 1.00 0.91 -0.016

H Vol. vs. W SA 0.48 0.68 1.31 -0.85

EARLY ET AL.

TABLE 2 Theresults of tests of

Adj.R®  p-value phylogenetic signal, slope, intercept,
0.64 9.65e-9 adjusted R-squared, and p-values for
071 3.27e-10 all PGLS regressions run with the
079 1 240-12 Prum + Jetz phylogeny

0.88 <2.20e-16

0.87 2.93e-12

0.86 7.00e-12

0.61 1.58e-6

0.91 1.50e-14

Phylogenetic signal is low and insignificant in most regressions. All of the relationships represented
by these regressions are significant (p = 0.05). Abbreviations: BR, brain remainder; ER, endocast
remainder; H, hyperpallium; OL, optic lobe; OT, optic tectum; SA, surface area; Vol., volume; W,

Waulst.

much higher than any of the regressions representing relative optic
lobe or optic tectum size (Table 2). Taken together, these values sug-
gest that optic-lobe surface area is a good proxy for optic-tectum
volume in both relative and absolute terms.

The regressions of Wulst-endocast surface area and hyperpalli-
um-brain volume had nearly identical slopes and correlation coefficients
to one another (Table 2, Figure 7a,b). The distribution of species around
the regression line was also similar, including the barn owl Tyto alba oc-
cupying the higher end of the 95% prediction interval. Relative Wulst
surface area therefore appears to be a close approximation of relative
hyperpallium volume. However, when both measurements were ex-
pressed as percentages, the correspondence between the two appears
to be much weaker. As shown in Figure 7c, there is considerable scatter
around the regression line, the confidence and prediction intervals are
quite large, and the slope and correlation coefficients are low (Table 2).
Based on this comparison, relative Wulst size and relative hyperpallium
volume are not closely correlated. Finally, a comparison of the absolute
measurements yielded another strong relationship (Figure 7d), with a
similar slope and correlation coefficient to that of the Wulst-endocast

and hyperpallium-brain regressions (Table 2, Figure 7a,b).

4 | DISCUSSION

Our results show that optic lobe and Wulst surface areas scale
similarly to endocast-remainder surface areas as optic tectum and
hyperpallium volumes scale to brain-remainder volumes, respec-
tively (Table 2; Figures 6 and 7). We also demonstrate that there is
a strong, significant relationship between the relative volume and
relative surface area of the structures of interest. Further, absolute
optic lobe and Wulst surface areas are reliable proxies for optic tec-
tum and hyperpallium volumes, respectively, with the strongest cor-
relation coefficients of all regressions performed (Table 2). The close
correspondence between these values exists in spite of the other as-
pects of neuroanatomy that could influence endocast-structure sur-
face area, such as the volume of regions deep to the underlying brain
region or the degree of overlap between the endocast structure and

neighboring brain regions on the endocast. Our results therefore

provide support for previous studies that have inferred neuroanat-
omy based on relative optic lobe or Wulst size in extant and extinct
birds (Ashwell and Scofield, 2008; Milner and Walsh, 2009; Scofield
and Ashwell, 2009; Walsh and Milner, 2011b; Ksepka et al., 2012;
Smith and Clarke, 2012; Walsh et al., 2013; Early et al., 2014, 2016,
2020; Kawabe et al., 2014; Tambussi et al., 2015; Carril et al., 2016;
Gold et al., 2016; Proffitt et al., 2016; Torres and Clarke, 2018).

There are, however, a few caveats to keep in mind when inter-
preting the results of this study. The reported endocast measure-
ments are based on one individual per species, as are most of the
measurements based on histology. In both endocast and histological
studies, this is generally due to resource constraints (e.g., access to
specimens, scanner time), but it would be worthwhile to compare
the endocasts of multiple adult individuals within a species to estab-
lish intraspecific variation in endocasts. A second potential source
of error exists in the definition of structural boundaries, especially
the boundary between the Wulst and the impression for the hyper-
pallium on the endocast. The difficulty inherent in distinguishing
between these two structures means that any estimates of Wulst
surface area should be assumed to include at least some of the hip-
pocampal formation. In addition, other researchers may define the
boundaries of the endocast structures differently, which could result
in different measurements, but we have endeavored to clearly de-
scribe the boundaries we used to aid in reproducibility.

The relationships of the measured endocast-structure surface
areas with endocast-remainder surface areas are very similar to the
relationships of the volumes of their underlying brain regions with
brain-remainder volumes. The slopes of the optic lobe and optic
tectum regressions are similar, as are those of the Wulst and hyper-
pallium regressions, although it should be noted that the intercepts
are different within endocast and brain-structure pairs (Table 2). The
similarity in slopes indicates that the endocast structures scale simi-
larly with endocast size, as do the brain regions with brain size. Thus,
relative optic lobe and Wulst surface areas are reliable proxies for
relative optic tectum and hyperpallium volumes, respectively.

Given the functional significance of relative brain-region size es-
tablished in histological studies (lwaniuk et al., 2004, 2006, 2008,
2010; Corfield et al., 2011, 2012, 2016; Gutiérrez-Ibafiez et al., 2013,
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FIGURE 6 Regressions of optic tectum and optic lobe measurements. (a) Optic-tectum volumes regressed on brain-remainder volume
(i.e., brain volume minus optic-tectum volume). Slope = 0.72, adjusted R% = 0.64. (b) Optic-lobe surface areas regressed on endocast-
remainder volume (i.e., endocast surface area minus optic-lobe surface area). Slope = 0.69, adjusted R? = 0.71. (c) Relative optic-tectum
volume, as expressed as the percent of the brain occupied by the optic tectum, regressed on relative optic-lobe surface area, as expressed as
the percent of the endocast occupied by the optic lobes. Slope = 1.35, adjusted R? = 0.79. (d) Absolute optic-tectum volumes regressed on
absolute optic-lobe surface areas. Slope = 1.44, adjusted R? =0.88. For all regressions, the line from the PGLS regression is plotted in black,
95% confidence intervals are represented by the dashed lines, and 95% prediction intervals are represented by the dotted lines

2014), if the relationship between the relative sizes of the endocast
and brain regions is strong, relative endocast-structure size could
be used to make behavioral inferences in extinct birds. Regressions
of the log-transformed percentages of the brain volume occupied
by the brain-region volume on the log-transformed percentages of
the endocast surface area occupied by the endocast-structure sur-
face area yielded significant results (Table 2). However, the adjusted
R-squared value for the relationship between the relative hyperpal-
lium size and relative Wulst size is low (Table 2), and there was more
scatter around the regression line than in the other plots (Figure 7).
Ratios are not always an appropriate way to correct for size, espe-
cially when there is an allometric rather than isometric relationship
between variables (Atchley et al., 1976; Packard and Boardman,
1999), as is the case with our data (Table 2, Figures 6 and 7). That
being said, the optic lobe percentage was more consistent with optic
tectum percentage than was Wulst percentage with hyperpallium
percentage (Figures 6 and 7). The inconsistency of using ratios for

one structure versus another and the aforementioned statistical

issues with ratios in general lead us to conclude that ratios should
probably be avoided in quantitative analyses of endocasts, or at least
interpreted with caution.

The regression of absolute optic-tectum volume on absolute
optic-lobe surface area represents a strong, significant relationship
between these two variables, as does the regression of absolute hy-
perpallium volume on absolute Wulst surface area (Table 2; Figures 6
and 7). Ultimately, these absolute endocast-structure surface areas
explain 88% (optic lobe) and 91% (Wulst) of the variation in absolute
brain-region volumes. The slope of the regression of optic-tectum
volume on optic-lobe surface area is 1.4, which is close to what one
would expect the relationship between the volume (e.g., mm®) and
surface area (e.g., mm?) of a three-dimensional object to be (1.5, or
3/2). The slope of the regression of hyperpallium volume on Wulst
surface area is 1.3, which does not match the expected relationship
between volume and surface area as closely. This could be due to
the fact that the hyperpallium seems to be more variable in size

and shape throughout its rostrocaudal extent than does the optic
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tectum. Regardless of the nature of the relationships between these
brain and endocast structures, the relationship between absolute
endocast-structure surface areas and absolute brain-region volumes
is stronger than the relationship between these relative values, and
it avoids the problems of using ratios in studies of allometry (Atchley
et al., 1976; Packard and Boardman, 1999).

Studies that have identified functionally significant hyper- or hy-
potrophy in relative brain regions in extant birds have done so by
comparing absolute brain-region volume with the rest of the brain
(lwaniuk et al., 2004, 2006, 2008, 2010; Corfield et al., 2011, 2012,
2016; Gutiérrez-lbanez et al., 2013, 2014). To generate a similar mea-
sure in extinct birds, absolute endocast volume could be substituted
for absolute brain volume, as these values are strongly correlated
in birds (Iwaniuk and Nelson, 2002). The relationship between the
endocast-structure surface areas and brain-region volumes could be
used to estimate absolute brain-region volumes of an extinct bird
from the surface area of its overlying endocast structure. The result-

ing brain-region volume could then be used in conjunction with that

from histological studies to estimate relative brain-region size, infer
sensory ecology and examine brain evolution more comprehensively
by including the fossil record (Early et al., 2020).

Some groups of birds with enhanced tactile sensory systems
have relatively smaller optic tecta (e.g., waterfowl, parrots) (Iwaniuk
et al., 2010), leading some authors to hypothesize a trade-off be-
tween the two sensory systems in these birds (Wylie et al., 2015).
Relatively smaller optic tecta have also been documented in noc-
turnal birds like owls (lwaniuk et al., 2010; Gutiérrez-lbafez et al.,
2013) and specialists like kiwi and kakapo that have reduced their
reliance on vision (Martin et al., 2007; Corfield et al., 2011) to the
point of near-blindness in the kiwi (Moore et al., 2017). Frogmouths
(Podargidae) and owls, two groups of birds with significant visual
field overlap and binocular vision, have relatively larger hyperpal-
lial volumes than other groups of birds (Iwaniuk and Wylie, 2006;
Iwaniuk et al., 2008). In light of our findings, similar functional ca-
pabilities could be more confidently inferred for extinct birds with

reduced optic lobes or expanded Wulsts on their endocasts.
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This study represents the largest sample of avian endocasts for
which surface areas of optic lobes and Wulsts have been directly
measured from virtual endocasts. Many previous studies comparing
relative sizes of these endocast structures have done so with quali-
tative visual assessments, although they included quantitative mea-
surements of other endocast traits (Milner and Walsh, 2009; Ksepka
etal., 2012; Smith and Clarke, 2012; Kawabe et al., 2014; Carril et al.,
2016; Gold et al., 2016; Proffitt et al., 2016). Others have estimated
optic lobe or Wulst sizes from axial slices of CT scan data but have
not directly measured the surface areas of the structures of interest
(Ashwell and Scofield, 2008; Scofield and Ashwell, 2009; Tambussi
et al., 2015). A few studies have in fact measured the surface area
of these endocast structures directly from virtual models of the en-
docast, but these have limited samples of species (Walsh and Milner,
2011b; Early et al., 2014, 2016; Torres and Clarke, 2018). The clearly
described boundaries we used to define the endocast structures of
interest will make it easy for similar measurements to be taken from
these endocasts. And the sample of virtual endocasts of extant birds
published in this study provide the context of a comparative frame-
work within which previously published endocasts of extinct birds
could be analyzed (Early et al., 2020).

5 | CONCLUSIONS

Overall, this study demonstrates a strong, significant relation-
ship between the volume of the optic tectum and the surface
area of the optic lobe and between the volume of the hyperpal-
lium and the surface area of the Wulst. We also show that the
studied endocast-structures scale to endocast size with a simi-
lar slope as do their underlying brain regions to brain size, and
that there is a significant relationship between relative brain-
region and relative endocast-structure sizes. Now, along with
endocasts being reliable estimates of overall brain size (lwaniuk
and Nelson, 2002), at least some endocast structures can also
be considered faithful representatives of the size of their under-
lying brain regions. This finding increases the confidence with
which inferences about the size of the optic tectum and hyper-
pallium can be made from the endocasts of extant and extinct
birds. It also provides statistical relationships that can be used
to calculate the volumes of the optic tectum and hyperpallium of
species for which histological data are not available, potentially
allowing researchers to extend studies of avian brain evolution
into deep time.
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