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Abstract
The cerebellum is largely conserved in its circuitry, but varies greatly in size and shape across species. The extent to which 
differences in cerebellar morphology is driven by changes in neuron numbers, neuron sizes or both, remains largely unknown. 
To determine how species variation in cerebellum size and shape is reflective of neuron sizes and numbers requires the 
development of a suitable comparative data set and one that can effectively separate different neuronal populations. Here, we 
generated the largest comparative dataset to date on neuron numbers, sizes, and volumes of cortical layers and surface area 
of the cerebellum across 54 bird species. Across different cerebellar sizes, the cortical layers maintained relatively constant 
proportions to one another and variation in cerebellum size was largely due to neuron numbers rather than neuron sizes. 
However, the rate at which neuron numbers increased with cerebellum size varied across Purkinje cells, granule cells, and 
cerebellar nuclei neurons. We also examined the relationship among neuron numbers, cerebellar surface area and cerebellar 
folding. Our estimate of cerebellar folding, the midsagittal foliation index, was a poor predictor of surface area and number 
of Purkinje cells, but surface area was the best predictor of Purkinje cell numbers. Overall, this represents the first compre-
hensive, quantitative analysis of cerebellar anatomy in a comparative context of any vertebrate. The extent to which these 
relationships occur in other vertebrates requires a similar approach and would determine whether the same scaling principles 
apply throughout the evolution of the cerebellum.
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Introduction

The anatomy and circuitry of the cerebellum is largely 
conserved across jawed vertebrates (Voogd and Glickstein 
1998), but cerebellar size and shape vary considerably across 
clades (Larsell 1967; Yopak et al. 2017). For example, while 
non-avian reptiles and amphibians have relatively small cer-
ebella with few folds (i.e., low degree of foliation), mam-
mals and birds have relatively large cerebella that are highly 
folded (Yopak et al. 2017). Even within vertebrate classes, 
such as birds, cerebellar morphology varies greatly across 
species (Iwaniuk et al. 2006, 2007; Sultan and Glickstein 
2007). Some of this variation is thought to reflect differences 

in neuron number and/or neuron size (Herculano-Houzel 
et al. 2014), and thus neural processing related to, for exam-
ple, cognitive processing (Hall et al. 2013; Iwaniuk et al. 
2009; Smaers et al. 2018) and locomotion (Iwaniuk et al. 
2007; Larsell 1967). However, the extent to which inter-
specific variation in cerebellum size and morphology arises 
from neuron sizes and numbers remains uncertain. Recent 
studies on total neuron numbers in the cerebellum indicate 
that the allometric relationship between the number of neu-
rons and cerebellar mass is largely conserved across spe-
cies (Herculano-Houzel et al. 2015a; Jardim-Messeder et al. 
2017; Olkowicz et al. 2016), with only a couple of clades 
deviating from this general “scaling rule” (Herculano-Hou-
zel et al. 2014, 2015a).

Of the mammal species studied thus far, two clades 
diverge from a general allometric relationship between cer-
ebellar mass and total number of neurons such that they have 
higher neuronal densities in the cerebellum: primates and 
eulipotyphlans (shrews, moles, and hedgehogs) (Herculano-
Houzel et al. 2014, 2015a). This increased neuronal density 
accompanies a highly folded cerebellum and an expansion 
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of the cerebellar hemispheres in primates (MacLeod et al. 
2003; Smaers et al. 2018), but no comparable changes in 
eulipotyphlan cerebella. In birds, songbirds and parrots also 
have higher neuronal densities in the cerebellum compared 
with other avian clades (Olkowicz et al. 2016), but both 
songbirds and parrots also tend to have relatively smaller 
and more foliated cerebella (Iwaniuk et al. 2005, 2006). 
Thus, an increase in neuronal density in the cerebellum is 
associated with larger or smaller cerebella, a more folded 
cerebellar cortex or no discernible gross anatomical changes 
at all. These mixed results across mammals and birds means 
that the relationship between neuron numbers and cerebellar 
size and shape remains unclear.

All of the neuron-volume scaling relationships described 
above were obtained through the use of the isotropic frac-
tionator (Herculano-Houzel and Lent 2005), which provides 
accurate estimates of total neuron numbers in dissectible 
brain regions (Herculano-Houzel et al. 2015c; Ngwenya 
et al. 2017), but does not yet allow for the separation of dif-
ferent neuronal populations within the cerebellum. Further, 
the isotropic fractionator method does not include Purkinje 
cells because they do not express NeuN (Apps and Hawkes 
2009; Mullen et al. 1992). Like any larger brain region, the 
cerebellum is comprised of different types of neurons con-
nected to each other in different ways (Yopak et al. 2017). 
For example, while granule cells receive input from mossy 
fibers and project to Purkinje cells through parallel fibers, 
Purkinje cells also receive input from climbing fibers and 
are the sole source of output to the cerebellar and vestibular 
nuclei (Apps and Hawkes 2009). The numbers of these dif-
ferent neuronal populations could vary at a different rate 
relative to total cerebellar size. Determining whether dif-
ferent neuronal populations increase with cerebellum size 
at different rates would provide novel and more specific 
insights into the functional consequences of a relatively 
larger and/or more folded cerebellum. For example, if some 
clades or cerebellar morphologies have more Purkinje cells, 
this could indicate enhanced output processing from the cer-
ebellar cortex.

Another caveat of the isotropic fractionator method 
is that neuron size is not measured directly, but rather 
is inferred as inversely proportional to neuronal den-
sity (Herculano-Houzel et  al. 2014). This is because 
the method relies on rupturing cell membranes to stain 
nuclei. Scaling of neuron size with cerebellum size, or for 
that matter most brain regions, across species, therefore, 
remains largely unexplored (but see Stevens 1969; Teeter 
and Stevens 2011). Just as different neuronal populations 
might vary in neuron number–region volume relationships, 
the scaling of cell size could also vary among different 
types of neurons. This is especially true for the cerebel-
lum, which contains both the largest neurons (Purkinje 
cells) and the smallest neurons (granule cells) in the brain 

(Lange 1982). In fact, across galliform birds (e.g., quail, 
partridge, pheasant), Purkinje cell size is positively cor-
related with the size of the cerebellum, while granule cell 
size is not (Cunha et al. 2020). Thus, instead of inferring 
the average size of total cerebellar neurons from neuronal 
density (Herculano-Houzel et al. 2014), actual measure-
ments of neuron size are needed to determine to what 
extent species differences in cerebellum size are driven 
by neuron numbers and/or sizes.

As noted above, the cerebellum not only varies in overall 
size, but also morphology. More specifically, the degree of 
folding, referred to as foliation, varies greatly across and 
within clades (Cunha et al. 2020; Iwaniuk et al. 2006; Yopak 
et al. 2007). Such variation is thought to reflect behavioural 
differences across species. For example, fast-swimming 
sharks performing complex manoeuvres tend to have a 
more foliated cerebellum than slow-moving sharks (Yopak 
et al. 2007) and birds that build more complex nests (Hall 
et al. 2013) or use tools (Iwaniuk et al. 2009) have relatively 
more folded cerebella than other species. An assumption 
that underlies these studies is that a higher degree of folia-
tion reflects an increase in the surface area of the cerebellum 
relative to cerebellar volume, therefore, allowing more cells 
within a given volume and an increase in processing capac-
ity (Hall et al. 2013; Iwaniuk et al. 2009). Within galliform 
birds, the degree of foliation is positively correlated with the 
number of cerebellar neurons, but neuronal populations dif-
fer in their allometric relationships with the degree of folia-
tion (Cunha et al. 2020). Whether these same patterns can 
be generalized across other clades remains to be determined, 
but is critical to understand the functional implications of 
cerebellar foliation. For example, if a more foliated cerebel-
lum has more Purkinje cells, which would reflect greater 
output from the cerebellar cortex to the cerebellar and ves-
tibular nuclei. Thus, a detailed investigation on the cellular 
scaling of the cerebellum, combined with what is known of 
cerebellar circuitry, would provide novel insights into the 
functional consequences of species differences in not only 
cerebellar size, but also morphology.

To address these key issues in cerebellar evolution, we 
provide the most detailed quantitative analysis of cerebel-
lar anatomy conducted in a comparative context so far. We 
quantified the volumes of different layers of the cerebel-
lar cortex, surface area of the Purkinje cell layer, cerebel-
lar foliation and the sizes and numbers of Purkinje cells, 
granule cells, and cerebellar nuclei neurons across 54 avian 
species. Using this data set, we calculated allometric rela-
tionships among all variables to test whether: (i) cerebel-
lar layers increase in volume at a same rate across species; 
(ii) different neuronal populations scale with cerebellar size 
at the same rate; (iii) a higher degree of cerebellar folia-
tion is associated with an increase in the surface area of the 
Purkinje cell layer and thus number of cerebellar neurons 
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(e.g., Purkinje cells); and (iv) if there are quantitative differ-
ences in the cerebellar anatomy among clades.

Methods

Specimens

We obtained measurements of the cerebella from 54 species 
representing 18 orders of birds (Fig. 1; Tables 1, 2, 3). With 
the exception of some galliform species (Bonasa umbellus, 
Coturnix japonica, and Perdix perdix; Cunha et al. 2020), 
a single individual was sampled per species. As described 

elsewhere, our brain collection is derived from specimens 
obtained from wildlife sanctuaries, veterinary clinics in 
Australia and hunters in Canada and New Zealand (Corfield 
et al. 2013, 2015) and the methods of collection of the speci-
mens adhered to the guidelines of the Canada Council for 
Animal Care. The heads of these specimens were immersion 
fixed in 4% buffered paraformaldehyde for at least 2 weeks. 
The brains were extracted, weighed, and stored in para-
formaldehyde. The brains then were place in 30% sucrose 
in 0.1 M phosphate buffer until they sank (for cryoprotec-
tion), embedded in gelatin, sectioned on a freezing stage 
microtome in the sagittal plane at a thickness of 40 μm and 
every section collected in 0.1 M phosphate buffered saline. 

Fig. 1  Phylogeny of the species 
analyzed in this study. The 
orders Passeriformes (song-
birds), Psittaciformes (parrots), 
Anseriformes (waterfowls), and 
Galliformes (chicken-like birds) 
are indicated on the branches
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Table 1  A list of the avian species analyzed and their respective brain volumes, cerebellum volumes, molecular layer volumes, granule cell layer 
volumes, white matter volumes, surface area of the Purkinje cell layer, and cerebellar foliation index (CFI)

Order Common name/
species

Brain 
Volume
(mm3)

Cerebellum 
Volume
(mm3)

Molecular layer 
Volume
(mm3)

Granule cell 
layer 
Volume
(mm3)

White matter 
Volume
(mm3)

Purkinje cell 
layer, surface 
area (μm2)

Cerebellar 
foliation 
index

Accipitriformes Collared spar-
rowhawk

(Accipiter cir-
rocephalus)

4875.483 749.476 331.006 224.770 181.966 1,054,295,727 4.40

Wedge-tailed 
eagle

(Aquila audax)

15,997.104 1466.816 685.260 406.260 367.796 1,557,879,727 4.68

White-bellied 
sea eagle

(Haliaeetus 
leucogaster)

12,540.540 1108.880 507.160 289.580 312.360 964,970,443 4.57

Anseriformes American 
wigeon

(Anas ameri-
cana)

5245.173 549.587 271.366 157.114 104.845 756,665,832 3.72

Northern shov-
eler

(Anas clypeata)

3288.513 279.091 133.606 88.934 56.550 378,222,471 3.14

Mallard
(Anas platy-

rhynchos)

6216.255 560.058 286.351 151.064 109.660 910,208,725 3.45

Gadwall
(Anas strepera)

4324.324 510.189 223.622 154.310 120.928 684,181,960 3.37

Lesser scaup
(Aythya affinis)

4546.139 437.920 213.370 132.678 79.014 637,152,788 3.76

Bufflehead
(Bucephala 

albeola)

4440.154 559.080 271.490 173.534 102.730 621,147,084 3.60

Common gold-
eneye

(Bucephala 
clangula)

5961.390 685.382 356.603 203.059 125.518 942,512,966 4.11

Red-breasted 
merganser

(Mergus serra-
tor)

4247.104 442.431 178.120 148.054 111.274 614,832,009 3.56

Caprimulgi-
formes

Spotted nightjar
(Eurostopodus 

argus)

1012.548 137.935 61.280 43.535 30.265 212,361,215 3.01

Tawny frog-
mouth

(Podargus 
strigoides)

5943.050 442.086 226.194 134.145 69.455 460,317,436 3.35

Casuariiformes Emu
(Dromaius 

novaehollan-
diae)

27,750 3352.930 1576.430 944.610 766.880 2,966,617,590 4.94

Charadrii-
formes

Silver gull
(Larus novae-

hollandiae)

2941.120 325.830 168.384 92.404 65.768 404,151,167 4.02

Short-billed 
dowitcher 
(Limnodro-
mus griseus)

1338.031 102.960 51.696 31.601 18.101 176,856,625 3.38
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Table 1  (continued)

Order Common name/
species

Brain 
Volume
(mm3)

Cerebellum 
Volume
(mm3)

Molecular layer 
Volume
(mm3)

Granule cell 
layer 
Volume
(mm3)

White matter 
Volume
(mm3)

Purkinje cell 
layer, surface 
area (μm2)

Cerebellar 
foliation 
index

Columbiformes Rock dove
(Columba livia)

2343.436 296.410 135.962 91.635 63.283 500,813,356 4.16

Peaceful dove
(Geopelia 

placida)

776.062 85.2732 40.034 28.0512 14.767 153,994,538 2.97

Coraciiformes Laughing 
kookaburra

(Dacelo novae-
guineae)

3970.077 389.618 174.675 135.877 78.870 551,543,759 3.55

Falconiformes Brown falcon
(Falco ber-

igora)

6031.853 638.496 323.704 189.022 115.819 680,062,357 3.87

Galliformes Ruffed grouse
(Bonasa umbel-

lus)

2288.120 324.170 139.995 84.374 55.716 497,138,294 4.01

Japanese quail
(Coturnix 

japonica)

936.390 118.867 57.609 33.693 17.387 208,022,535 3.53

Spruce grouse
(Dendragapus 

canadensis)

1944.500 340.710 157.025 88.557 57.332 498,244,020 3.75

Turkey
(Meleagris gal-

lopavo)

5905.975 945.435 408.138 248.492 186.467 1,309,051,327 5.29

Indian peafowl
(Pavo cristatus)

6070.785 749.080 329.097 187.214 129.592 947,227,067 4.29

Grey partridge
(Perdix perdix)

2027.027 182.530 88.141 51.173 30.472 325,485,310 3.73

Ring-necked 
pheasant

(Phasianus 
colchicus)

4060.039 397.133 184.581 101.074 71.064 541,238,255 4.01

Gruiformes American coot
(Fulica ameri-

cana)

2718.919 242.208 119.614 74.498 42.710 390,131,670 3.43

Dusky moorhen
(Gallinula 

tenebrosa)

2726.544 308.984 152.184 87.475 69.678 371,087,600 3.21

Otidiformes Australian 
bustard

(Ardeotis aus-
tralis)

10,500.965 1257.190 592.004 349.836 304.556 1,351,531,180 4.69
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Table 1  (continued)

Order Common name/
species

Brain 
Volume
(mm3)

Cerebellum 
Volume
(mm3)

Molecular layer 
Volume
(mm3)

Granule cell 
layer 
Volume
(mm3)

White matter 
Volume
(mm3)

Purkinje cell 
layer, surface 
area (μm2)

Cerebellar 
foliation 
index

Passeriformes Brown thornbill
(Acanthiza 

pusilla)

434.363 37.080 18.536 12.103 5.632 105,390,527 3.45

Little raven
(Corvus mel-

lori)

9833.977 689.292 371.034 177.280 134.669 1,065,446,231 5.34

Australian 
magpie

(Gymnorhina 
tibicen)

5665.058 412.762 205.552 114.084 86.645 797,050,699 4.92

Superb lyrebird
(Menura novae-

hollandiae)

10,163.127 819.282 405.340 240.878 163.150 931,334,099 4.29

Field sparrow
(Spizella 

pusilla)

579.150 46.866 19.112 18.035 9.691 114,769,622 3.49

Pelecaniformes Cattle egret
(Bubulcus ibis)

4025.096 383.994 194.863 113.376 70.776 513,045,821 4.26

Australian 
pelican

(Pelecanus con-
spicillatus)

22,500 2173.060 1117.048 584.068 468.124 2,297,435,251 4.89

Piciformes Scaly-throated 
honeyguide

(Indicator 
variegatus)

800 109.910 57.620 37.125 12.780 216,155,679 3.57

Yellow-bellied 
sapsucker

(Sphyrapicus 
varius)

1442.761 125.878 49.392 46.447 27.032 294,672,035 3.81

Procellari-
iformes

Short-tailed 
shearwater

(Puffinus tenui-
rostris)

4757.722 756.520 394.480 231.700 116.220 1,103,366,504 4.25

Black-browed 
albatross

(Thalassarche 
melanophris)

14,129.344 2047.780 1020.916 574.374 424.960 2,811,851,152 5.51
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For some specimens, the cerebella were first dissected 
from the brain by cutting through the cerebellar peduncles 
and processed in the same way as the intact brains. For 
all species, every other section (1:2 series) was mounted 

onto gelatinized slides, stained with thionin acetate, dehy-
drated through a graded ethanol series, cleared in Hemo-De 
(Thermo Fisher Scientific, #HD-150) and coverslipped with 
Permount (Thermo Fisher Scientific, #SP15-150).

Table 1  (continued)

Order Common name/
species

Brain 
Volume
(mm3)

Cerebellum 
Volume
(mm3)

Molecular layer 
Volume
(mm3)

Granule cell 
layer 
Volume
(mm3)

White matter 
Volume
(mm3)

Purkinje cell 
layer, surface 
area (μm2)

Cerebellar 
foliation 
index

Psittaciformes Australian king 
parrot

(Alisterus 
scapularis)

4901.544 322.714 157.542 92.083 67.942 517,671,690 4.41

Sulphur-crested 
cockatoo

(Cacatua 
galerita)

13,937.259 1048.852 501.600 297.350 222.378 1,453,018,054 5.56

Galah
(Cacatua rosei-

capilla)

7455.598 479.634 226.720 141.215 104.328 643,265,073 4.80

Purple-crowned 
lorikeet

(Glossopsitta 
porphyro-
cephala)

1855.212 137.923 62.165 43.819 31.334 235,961,485 3.78

Budgerigar
(Melopsittacus 

undulatus)

1486.486 156.575 68.840 40.730 42.585 283,101,554 3.90

Cockatiel
(Nymphicus 

hollandicus)

2161.197 220.004 105.120 60.530 49.687 381,440,513 4.17

Crimson rosella
(Platycercus 

elegans)

3628.378 225.094 100.210 69.516 50.213 369,803,274 4.14

Red-rumped 
parrot

(Psephotus hae-
matonotus)

1798.262 135.238 62.086 41.098 29.066 277,353,038 3.79

Rainbow lori-
keet

(Trichoglossus 
haematodus)

3333.977 190.924 97.187 54.919 35.133 395,266,155 4.30

Sphenisci-
formes

Little penguin
(Eudyptula 

minor)

7583.977 1365.146 777.134 340.858 225.882 1,561,508,578 4.91

Strigiformes Northern saw-
whet owl

(Aegolius 
acadicus)

2857.143 239.494 95.868 80.798 54.648 380,425,115 3.70

Australian 
boobook

(Ninox boo-
book)

6338.803 377.972 174.938 122.534 69.491 452,608,686 3.61

Barn owl
(Tyto alba)

7142.857 397.556 186.926 122.954 77.710 559,195,713 3.79
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Table 2  Numbers (#) of Purkinje cells, granule cells, and cerebellar nuclei neurons across species analyzed

Order Common name/species #Purkinje cells #Granule cells #Cerebellar 
nuclei neurons

Accipitriformes Collared sparrowhawk (Accipiter cirrocephalus) 897,955 890,894,656 169,550
Wedge-tailed eagle (Aquila audax) 1,267,441 1,149,562,112 242,359
White-bellied sea eagle (Haliaeetus leucogaster) 1,005,487 923,455,360 172,132

Anseriformes American wigeon
(Anas americana)

624,585 442,898,400 116,930

Northern shoveler
(Anas clypeata)

457,616 285,671,744 114,034

Mallard
(Anas platyrhynchos)

907,034 635,422,912 112,362

Gadwall
(Anas strepera)

617,042 480,030,240 137,483

Lesser scaup
(Aythya affinis)

581,555 447,906,304 148,472

Bufflehead
(Bucephala albeola)

511,940 442,348,640 88,386

Common goldeneye (Bucephala clangula) 1,383,070 606,733,632 145,463
Red-breasted merganser (Mergus serrator) 593,958 457,814,016 98,760

Caprimulgiformes Spotted nightjar (Eurostopodus argus) 169,574 150,813,568 44,861
Tawny frogmouth (Podargus strigoides) 455,900 376,710,656 77,081

Casuariiformes Emu
(Dromaius novaehollandiae)

4,735,835 2,584,285,440 357,850

Charadriiformes Silver gull
(Larus novaehollandiae)

333,034 302,858,368 70,523

Short-billed dowitcher (Limnodromus griseus) 167,844 78,940,320 57,750
Columbiformes Rock dove

(Columba livia)
523,856 346,092,704 81,118

Peaceful dove
(Geopelia placida)

175,798 91,912,584 45,343

Coraciiformes Laughing kookaburra (Dacelo novaeguineae) 543,676 940,231,232 81,467
Falconiformes Brown falcon

(Falco berigora)
740,853 652,221,632 80,901

Galliformes Ruffed grouse
(Bonasa umbellus)

568,783 307,992,725 105,378

Japanese quail
(Coturnix japonica)

402,471 106,524,944 69,634

Spruce grouse (Dendragapus canadensis) 577,257 222,194,016 78,799
Turkey
(Meleagris gallopavo)

1,261,079 896,211,904 190,878

Indian peafowl
(Pavo cristatus)

904,452 393,968,960 144,161

Grey partridge
(Perdix perdix)

451,406 120,762,048 73,693

Ring-necked pheasant (Phasianus colchicus) 586,874 401,393,760 87,841
Gruiformes American coot

(Fulica americana)
379,303 319,894,080 76,381

Dusky moorhen (Gallinula tenebrosa) 379,368 258,506,304 96,273
Otidiformes Australian bustard (Ardeotis australis) 954,555 916,399,552 161,511
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Volumetric measurements

We measured the volumes of molecular cell layer (ml), 
granule cell layer (gl), white matter layer including the 
cerebellar nuclei (wm + cn) and total cerebellum vol-
ume (cb) using the Cavalieri method, as implemented in 
Stereo Investigator software (Microbrightfield Inc., VT, 
USA), with a 2.5 × objective (n.a. = 0.075) on a Zeiss Axio 
Imager 2 microscope. The Cavalieri method consists of 
counting grid points that are inside a region of interest 
(e.g., molecular layer). Each point has a specific area, and 
the sum of those areas can be multiplied by the thickness 
of the tissue and sampling interval (i.e., inverse of the 
proportion of sections analyzed) to accurately estimate 

the volume of the entire region (Gundersen et al. 1999; 
Table S1). Each of the cerebellar layers measured are eas-
ily distinguishable from one another (Fig. 2), but the cer-
ebellar nuclei were included with the white matter volume 
because of the indistinct borders of the cerebellar nuclei in 
sagittal sections. We, therefore, refer to this as the white 
matter plus cerebellar nuclei (wm + cn). The Purkinje cell 
layer is typically a thick, mono-cell layer with some dis-
continuous gaps between cells in sagittal sections. Hence, 
calculating the volume of this layer could lead to signifi-
cant measurement errors. As an alternative, we measured 
the surface area of Purkinje cell layer, and size and number 
of Purkinje cells (see below) rather than the volume of 
the layer. Estimated volumes of all regions of interest are 

Table 2  (continued)

Order Common name/species #Purkinje cells #Granule cells #Cerebellar 
nuclei neurons

Passeriformes Brown thornbill (Acanthiza pusilla) 172,757 85,635,896 35,690

Little raven
(Corvus mellori)

892,424 780,922,368 120,485

Australian magpie (Gymnorhina tibicen) 768,936 814,053,056 93,900

Superb lyrebird
(Menura novaehollandiae)

870,097 904,763,584 147,375

Field sparrow
(Spizella pusilla)

134,504 75,443,432 30,442

Pelecaniformes Cattle egret
(Bubulcus ibis)

429,449 349,358,112 93,184

Australian pelican (Pelecanus conspicillatus) 1,588,855 1,291,263,872 264,139
Piciformes Scaly-throated honeyguide

(Indicator variegatus)
210,990 101,545,400 48,422

Yellow-bellied sapsucker
(Sphyrapicus varius)

305,975 180,678,592 63,559

Procellariiformes Short-tailed shearwater (Puffinus tenuirostris) 770,170 908,588,288 99,623
Black-browed albatross (Thalassarche melanophris) 2,300,728 1,621,144,960 291,537

Psittaciformes Australian king parrot (Alisterus scapularis) 509,073 348,362,976 88,750
Sulphur-crested cockatoo
(Cacatua galerita)

1,254,155 1,022,579,776 168,471

Galah
(Cacatua roseicapilla)

617,875 574,456,000 100,342

Purple-crowned lorikeet (Glossopsitta porphyrocephala) 241,327 175,971,680 61,182
Budgerigar (Melopsittacus undulatus) 289,087 155,686,048 59,123
Cockatiel
(Nymphicus hollandicus)

376,777 240,051,504 85,989

Crimson rosella (Platycercus elegans) 259,291 271,755,136 82,464
Red-rumped parrot (Psephotus haematonotus) 268,572 180,058,576 48,783
Rainbow lorikeet (Trichoglossus haematodus) 323,122 217,400,720 66,609

Sphenisciformes Little penguin (Eudyptula minor) 1,242,661 970,026,304 155,915
Strigiformes Northern saw-whet owl (Aegolius acadicus) 380,817 265,476,624 53,250

Australian boobook (Ninox boobook) 609,521 436,894,720 139,601
Barn owl
(Tyto alba)

451,163 472,394,048 95,436
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Table 3  Soma sizes (μm2) of Purkinje cells, granule cells, and cerebellar nuclei neurons across species analyzed (± SD)

Order Common name/species Purkinje cell size Granule cell size Cerebellar nuclei neuron size

Accipitriformes Collared sparrowhawk (Accipiter cirrocephalus) 300.710 ± 61.251 8.797 ± 1.256 334.739 ± 71.562
Wedge-tailed eagle (Aquila audax) 456.756 ± 83.102 14.002 ± 2.896 479.626 ± 153.855
White-bellied sea eagle (Haliaeetus leucogaster) 469.149 ± 112.661 11.225 ± 1.448 462.654 ± 141.603

Anseriformes American wigeon
(Anas americana)

459.791 ± 95.990 9.172 ± 1.434 405.114 ± 119.114

Northern shoveler
(Anas clypeata)

317.128 ± 71.180 10.069 ± 1.160 442.122 ± 106.362

Mallard
(Anas platyrhynchos)

476.699 ± 190.757 9.630 ± 1.254 348.200 ± 92.530

Gadwall
(Anas strepera)

247.916 ± 55.068 8.819 ± 1.534 336.350 ± 89.451

Lesser scaup
(Aythya affinis)

433.919 ± 106.203 11.824 ± 1.737 437.387 ± 155.998

Bufflehead
(Bucephala albeola)

343.081 ± 60.692 11.195 ± 1.136 392.749 ± 100.220

Common goldeneye (Bucephala clangula) 511.195 ± 184.240 13.167 ± 2.318 395.496 ± 135.575
Red-breasted merganser (Mergus serrator) 222.020 ± 43.691 9.056 ± 1.086 299.579 ± 88.618

Caprimulgiformes Spotted nightjar (Eurostopodus argus) 274.709 ± 67.539 9.621 ± 1.241 271.130 ± 67.376
Tawny frogmouth (Podargus strigoides) 511.705 ± 122.552 15.668 ± 2.285 437.580 ± 132.350

Casuariiformes Emu
(Dromaius novaehollandiae)

578.392 ± 110.782 20.144 ± 3.951 372.085 ± 95.745

Charadriiformes Silver gull
(Larus novaehollandiae)

400.590 ± 63.807 12.356 ± 2.210 329.251 ± 98.496

Short-billed dowitcher (Limnodromus griseus) 304.695 ± 66.178 10.727 ± 1.252 345.054 ± 90.268
Columbiformes Rock dove

(Columba livia)
328.607 ± 70.135 14.038 ± 1.999 369.342 ± 114.043

Peaceful dove
(Geopelia placida)

331.634 ± 63.452 11.986 ± 1.885 354.633 ± 130.276

Coraciiformes Laughing kookaburra (Dacelo novaeguineae) 347.044 ± 79.126 11.157 ± 1.527 434.509 ± 128.607
Falconiformes Brown falcon

(Falco berigora)
377.064 ± 97.670 10.932 ± 1.358 292.18 ± 63.169

Galliformes Ruffed grouse
(Bonasa umbellus)

417.338 ± 24.792 11.861 ± 1.337 408.100 ± 115.922

Japanese quail
(Coturnix japonica)

366.541 ± 25.575 13.602 ± 0.135 323.366 ± 73.456

Spruce grouse (Dendragapus canadensis) 412.334 ± 66.047 13.459 ± 0.039 392.945 ± 89.769
Turkey
(Meleagris gallopavo)

501.821 ± 11.098 10.989 ± 0.078 412.496 ± 113.538

Indian peafowl
(Pavo cristatus)

529.581 ± 43.140 12.699 ± 1.754 501.634 ± 159.881

Grey partridge
(Perdix perdix)

403.532 ± 60.218 14.817 ± 0.849 401.63 ± 119.885

Ring-necked pheasant (Phasianus colchicus) 481.987 ± 13.865 11.930 ± 0.736 372.831 ± 91.257
Gruiformes American coot

(Fulica americana)
397.465 ± 84.706 10.315 ± 1.325 371.351 ± 84.818

Dusky moorhen (Gallinula tenebrosa) 322.775 ± 71.775 10.386 ± 1.363 385.486 ± 101.154
Otidiformes Australian bustard (Ardeotis australis) 393.842 ± 106.024 10.666 ± 1.435 369.809 ± 98.759
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provided in Table 1. The distance between the grid points 
(grid size), and the sampling interval, varied according 
to overall cerebellum size (Table S1). The coefficients of 
error for all volumes ranged from 0.002 to 0.014.

Surface area of the Purkinje cell layer

The surface area of the Purkinje cell layer was calculated by 
measuring the total length of the Purkinje cell layer through 
the sagittal axis of the cerebellum, and multiplying it by 
the thickness of the Sects. (40 μm) and sampling interval 
(Table 1). The sampling interval was the same one used for 
the volumetric measurements (see Table S1).

Cerebellar foliation index (CFI)

We used the same approach as in Iwaniuk et al. (2006, 
2009) to calculate the degree of foliation (i.e., folding) in 
the cerebellum (Table 1). First, we measured (a) the total 
length of the Purkinje cell layer of the midsagittal section 
and then (b) the length of the “envelope” enclosing the 
Purkinje cell layer (see Fig. 2a). The ratio (a/b) between 
these two measurements serves as a metric to calculate 
the degree of foliation, referred to as the cerebellar folia-
tion index (CFI), and is comparable to gyrification indices 
calculated in mammals (Hofman 1985; Pillay and Manger 
2007; Zilles et al. 1989). Thus, a higher number reflects a 
greater degree of foliation.

Table 3  (continued)

Order Common name/species Purkinje cell size Granule cell size Cerebellar nuclei neuron size

Passeriformes Brown thornbill (Acanthiza pusilla) 189.003 ± 34.175 6.306 ± 0.967 226.162 ± 49.399

Little raven
(Corvus mellori)

484.401 ± 115.573 9.369 ± 1.220 459.757 ± 130.644

Australian magpie (Gymnorhina tibicen) 345.135 ± 66.720 9.555 ± 1.366 413.521 ± 112.178

Superb lyrebird
(Menura novaehollandiae)

280.407 ± 59.367 8.708 ± 1.000 357.912 ± 82.596

Field sparrow
(Spizella pusilla)

191.211 ± 44.279 9.904 ± 1.788 302.391 ± 79.363

Pelecaniformes Cattle egret
(Bubulcus ibis)

543.942 ± 130.684 10.780 ± 1.534 421.988 ± 129.709

Australian pelican (Pelecanus conspicillatus) 492.731 ± 111.300 16.094 ± 2.686 457.406 ± 154.674
Piciformes Scaly-throated honeyguide

(Indicator variegatus)
292.638 ± 62.710 11.430 ± 1.963 310.044 ± 96.800

Yellow-bellied sapsucker
(Sphyrapicus varius)

166.29 ± 39.679 11.771 ± 1.916 252.462 ± 67.996

Procellariiformes Short-tailed shearwater (Puffinus tenuirostris) 344.706 ± 107.151 10.537 ± 1.279 305.454 ± 80.332
Black-browed albatross (Thalassarche melanophris) 343.577 ± 76.180 12.244 ± 1.518 362.104 ± 99.151

Psittaciformes Australian king parrot (Alisterus scapularis) 404.644 ± 79.071 9.461 ± 1.071 359.630 ± 144.957
Sulphur-crested cockatoo
(Cacatua galerita)

423.260 ± 86.903 10.784 ± 1.412 488.317 ± 187.910

Galah
(Cacatua roseicapilla)

346.342 ± 67.906 9.531 ± 1.037 317.196 ± 69.466

Purple-crowned lorikeet (Glossopsitta porphyro-
cephala)

315.535 ± 69.678 10.368 ± 1.121 451.154 ± 145.499

Budgerigar (Melopsittacus undulatus) 317.18 ± 66.208 10.160 ± 1.309 383.317 ± 110.859
Cockatiel
(Nymphicus hollandicus)

384.595 ± 69.721 9.586 ± 1.287 403.847 ± 123.281

Crimson rosella (Platycercus elegans) 349.493 ± 71.025 8.993 ± 1.317 327.510 ± 102.433
Red-rumped parrot (Psephotus haematonotus) 307.785 ± 45.189 9.497 ± 1.434 337.123 ± 83.237
Rainbow lorikeet (Trichoglossus haematodus) 377.526 ± 96.850 9.909 ± 1.065 294.431 ± 62.871

Sphenisciformes Little penguin (Eudyptula minor) 512.358 ± 133.930 13.308 ± 1.924 383.633 ± 97.203
Strigiformes Northern saw-whet owl (Aegolius acadicus) 305.544 ± 76.990 10.730 ± 1.191 319.019 ± 88.886

Australian boobook (Ninox boobook) 269.488 ± 45.881 8.200 ± 1.258 235.656 ± 60.165
Barn owl
(Tyto alba)

385.962 ± 98.792 12.076 ± 1.682 356.918 ± 78.560
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Cell counts

We estimated the number of three types of cerebellar neu-
rons: Purkinje cells, granule cells, and cerebellar nuclei neu-
rons (Table 2; Fig. S1). Purkinje cells are found exclusively 
within the Purkinje cell layer and are readily identifiable 
from other cerebellar cell types based on size, shape, and 
location. We only counted Purkinje cells with intact continu-
ous cell membranes, typical “teardrop” shape, and clearly 
visible nuclei. The numbers of Purkinje cells were estimated 
using the optical fractionator method implemented in Ste-
reo Investigator software (Microbrightfield Inc., VT, USA), 
with a 20 × objective (n.a. = 0.5) on a Zeiss Axio Imager 
2 microscope. Frame size remained constant across all 
species, but grid size varied according to cerebellum size 
(Table S1). The coefficients of error (CE) of the Purkinje cell 
counts, defined as the standard error of the mean of repeated 
estimates divided by the mean (Microbrightfield Inc., VT; 
USA), were all equal to or below 0.05, indicating that our 
measurements were precise (Gundersen et al. 1999).

Granule cells are densely packed within the granule cell 
layer and it is possible to distinguish them from other neuron 

types within this layer by cellular morphology and spatial 
distribution (Fig. S1). Granule cells, however, cannot be 
necessarily discerned from non-neuronal cells (e.g., glia) 
in Nissl-stained tissue; thus, our granule cell counts likely 
represent an overestimation of granule cell numbers (Cunha 
et al. 2020). The fact that specimens in our lab collection 
were fixed, prepared and mounted previously, at different 
times, prevented us from using NeuN as a neuron-specific 
marker in the cerebellum (Mullen et al. 1992). Still, given 
that specimens were processed consistently by the same 
method, neuronal counts likely yield comparable numbers 
across species within our study.

We counted granule cells with continuous, round shaped, 
and intact cell membranes and darkly stained nuclei 
(Table 2), which distinguishes them from Lugaro, Golgi, 
and unipolar brush cells. Lugaro cells are either globular 
or spindle-like in shape, are mostly clustered just below the 
Purkinje cell layer (Craciun et al. 2019; Fox 1959). Golgi 
cells have an irregular shape, are much larger than granule 
cells and typically have pale cytoplasmic staining (Andersen 
et al. 1992; Dieudonné 1998). Last, unipolar brush cells have 
circular-ovoid somata and are intermediate in size between 

Fig. 2  Midsagittal sections of Nissl-stained cerebella of: a peaceful 
dove (Geopelia placida), b grey partridge (Perdix perdix), c lesser 
scaup (Aythya affinis), d brown thornbill (Acanthiza pusilla), e sul-
phur-crested cockatoo (Cacatua galerita), and f Australian bustard 
(Ardeotis australis). Note the difference in cerebellar size and shape 
across avian species. For example, while the sulphur-crested cockatoo 
has a CFI of 5.56, the peaceful dove has a CFI of 2.97. For the peace-
ful dove (A), cerebellar folia are represented as roman numerals, from 

I (anterior) to X (posterior), as suggested by Larsell (1967). The black 
continuous line follows the Purkinje cell layer. The ratio between the 
length of the Purkinje cell layer (continuous black line) and the enve-
lope length of this same layer (dotted black line) is referred to as the 
cerebellar foliation index (CFI). ml molecular layer, gr granule cell 
layer, and “wm + cn” white matter layer and cerebellar nuclei. Scale-
bars: A–C = 1 mm, D = 0.5 mm, E–F = 2 mm
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granule cells and Golgi cells (Mugnaini and Floris 1994). 
Therefore, based on our morphological selection criteria, 
and given the low density of these other neuronal types, the 
potential inclusion of some is unlikely to affect our estimates 
of the total number of granule cells. The optical fractiona-
tor method was also used to quantify the numbers of gran-
ule cells under the same microscope with a 100 × objective 
(n.a. = 1.4). Frame size remained constant across species, but 
grid size varied (Table S1). Because granule cells are rela-
tively small (< 20 μm2) and densely packed (Fig. S1), they 
could be damaged or sectioned at the top and bottom sur-
faces of the tissue. Thus, guard zones of 4–7 μm were used 
to protect against lost caps (Gardella et al. 2003). All granule 
cell counts had CEs that were equal to or below 0.07.

Cerebellar nuclei neurons are distributed in two paired 
nuclei within the white matter layer (Arends and Zeigler 
1991). Here, we counted all of them as a single popula-
tion (Table 2) because it was not possible to define clear 
anatomical borders between the cerebellar nuclei in sagittal 
sections (see also above). We only counted cerebellar nuclei 
neurons with intact cell membranes. The shape and size of 
the soma of cerebellar nuclei neurons was highly variable, 
ranging from globular to fusiform-like shape (Fig. S1). As 
with other cells, we used the optical fractionator probe with 
the same microscope, and a 40 × objective (n.a. = 0.95), to 
estimate the numbers of cerebellar nuclei neurons. Frame 
size remained constant across species, but grid size varied 
(Table S1). To compensate and protect against lost caps, we 
used guard zones from 4 to 7 μm (Gardella et al. 2003). All 
cerebellar nuclei neuron counts had CEs that were equal to 
or below 0.07.

Cell sizes

We measured soma sizes of Purkinje cells, granule cells, and 
cerebellar nuclei neurons. All cell sizes were measured using 
the nucleator probe (4 rays), implemented in Stereo Inves-
tigator (Microbrightfield Inc., VT, USA). The nucleator 
probe estimates the average cross-sectional area of randomly 
selected neurons. For the current study, at least 100 size 
measurements were made of each neuronal type for each 
specimen (Table 3). The measurements for each cell size 
followed a typical normal distribution (see Fig. 3). For all 
neuron types, cell membranes were intact, and morphologies 
followed the descriptions provided above.

Variation across orders

Due to common ancestry, closely related species are 
expected to have more traits in common (Garamszegi 2014). 
Therefore, to examine allometric relationships among all 
measurements, we performed phylogenetic generalized least 
squares (PGLS) of log-transformed data. The aim of PGLS 

is to test hypotheses about correlated evolution, assuming 
that the residuals from a linear model have a phylogenetic 
covariance. All statistical analyses were performed in R 
4.0.3 (R Core Team 2020), using the pgls function in caper 
(Orme et al. 2013) and nlme (Pinheiro et al. 2006) with max-
imum likelihood estimations of Pagel’s λ (Pagel 1999). We 
extracted 1000 fully resolved trees from birdtree.org (Jetz 
et al. 2012), with Ericson et al. (2006) backbone phylogeny, 
and built a maximum clade credibility tree (consensus tree; 
Fig. 1) using phangorn (Schliep 2011). For all PGLS analy-
ses, we used log-transformed data and the consensus phy-
logenetic tree. We ran phylogenetic analyses of covariance 
(pANCOVA) to test for significant differences across clades. 
We specifically tested for allometric differences across avian 
orders that have at least five species represented in our sam-
ple: Anseriformes (waterfowl), Galliformes (chicken-like 
birds), Passeriformes (songbirds), and Psittaciformes (par-
rots). Species from all other clades were lumped together as 
“other birds”. Because Galliformes and Anseriformes form 
a monophyletic group (“Galloanserae”) and Passeriformes 
and Psittaciformes form another monophyletic group (“Psit-
tacopasserae”) (Hackett et al. 2008; Jarvis et al. 2014; Prum 
et al. 2015), we also ran separate statistical analyses for both 
of these clades against “other birds”. The percentage differ-
ences reported in the results (see below) are based on the 
differences between the intercepts and/or slopes for a given 
clade (e.g., Galliformes) and other birds.

Model selection and hypothesis testing

To test whether surface area of the Purkinje cell layer or cer-
ebellar volume better explains the variation of the Purkinje 
cell number, we compared allometric models using Akaike 
information criterion (AIC) values to identify the most par-
simonious model (Burnham and Anderson 2002, 2004).

Results

Allometric relationships of the cerebellum volume

The molecular, granule cell, and white matter plus cer-
ebellar nuclei (wm + cn) layers increased with the rest of 
the cerebellum with slopes that approximated isometry 
(Table S2; Fig. 4). The scaling of the molecular layer did 
not differ significantly across clades (Fig. 4a), but galliforms 
had relatively smaller granule cell layer (− 38%; Fig. 4b; 
pANCOVA, p = 0.01; no differences in slopes) and wm + cn 
volumes compared with other birds (− 11%; Fig. 4c; pAN-
COVA, p < 0.01; no differences in slopes). In contrast, par-
rots had significantly larger wm + cn volumes than other 
birds (+ 10%; Fig. 4c; pANCOVA, p = 0.04; no differences 
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Fig. 3  Distribution of cell soma sizes (μm2) of Purkinje cells (a, d, g, 
j, m), granule cells (b, e, h, k, n), and cerebellar nuclei neurons (c, 
f, i, l, o) within the following specimens: brown thornbill (Acanthiza 
pusilla, a–c), lesser scaup (Aythya affinis, d–f), galah (Cacatua rosei-
capilla, g–i), collared sparrowhawk (Accipiter cirrocephalus, j–l) and 
emu (Dromaius novaehollandiae, m–o). The depicted bars represent 
the summed-up counts of cells within the following ranges: 25–50 µm 

for Purkinje cells and cerebellar nuclei neurons, and 0.75–1.50 µm for 
granule cells. The distribution of cell soma sizes followed a normal 
distribution curve. Although the distribution of the granule cell sizes 
in the emu appears to be slightly different than a normal curve, most 
of the measurements were still restricted to a narrow range of sizes 
(e.g., 16–22 μm)
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in slopes). Note that despite these significant differences, 
there was quite a bit of overlap across clades (Fig. 4).

The number of Purkinje cells increased with cerebel-
lar volume with a slope less than 1 (slope = 0.703 ± 0.035 
(standard error); PGLS, p < 0.01; Fig. 5a; Table S2). The 

only clade that differed significantly from this allometric 
relationship was Galliformes, which had relatively more 
Purkinje cells (+ 2.5%; Fig. 5a; pANCOVA, p = 0.01; no 
differences in slopes). Waterfowl did not differ significantly 
from other groups and, therefore, the difference between 

Fig. 4  Scatterplots of the log-transformed volumes  (mm3) of: a 
molecular layer  (mm3) against rest of cerebellum and b granule cell 
layer against rest of the cerebellum, c white matter layer plus cere-
bellar nuclei neurons against rest of the cerebellum. Clades with sig-

nificant differences from other birds are indicated in the graph. See 
allometric equations and statistical data in Table S2. The rest of the 
cerebellum refers to as total cerebellum size minus the size of the cer-
ebellar layer in the y-axis

Fig. 5  Scatterplots of the log-transformed of: a Purkinje cell number, 
b granule cell number, c cerebellar nuclei neuron number, d Purkinje 
cell size  (mm2), e granule cell size  (mm2), and f cerebellar nuclei 
neuron size  (mm2) against the log-transformed volume  (mm3) of the 

cerebellum. Clades with significant differences from other birds are 
indicated in the graph. See allometric equations and statistical data in 
Table S2. CbN cerebellar nuclei
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Galliformes and other clades also drove a significant, but 
marginal, difference in relative Purkinje cell numbers 
between Galloanserae and other birds (+ 1.6%, Fig. 5a; 
pANCOVA, p = 0.04; no differences in slopes). Granule cells 
increased in number with cerebellum volume with a steeper 
slope than that of Purkinje cells (0.867 ± 0.038, PGLS, 
p < 0.01; Fig. 5b; Table S2). Across clades, galliforms had 
significantly fewer granule cells relative to cerebellar volume 
(− 2.1%; Fig. 5b; pANCOVA, p < 0.01; no differences in 
slopes) and songbirds have significantly more granule cells 
(+ 2.4%, Fig. 5b; pANCOVA, p < 0.01). Last, the number 
of cerebellar nuclei neurons increases significantly with the 
cerebellum volume, but with the shallowest slope of the 
three neuron types (0.518 ± 0.027; Fig. 5c; PGLS, p < 0.01; 
Table S2) and no significant differences were detected across 
clades.

As shown in Fig. 3, cell sizes varied greatly within spe-
cies (coefficients of variation = 20–30%). Average cell sizes 
scaled at different slopes relative to total cerebellar volume 
(Table S2) and the slopes were much shallower than that 
for cell numbers (Fig. 5). Across clades, Galliformes have 

significantly larger Purkinje cells relative to cerebellar vol-
ume than other birds (+ 4.7%, Fig. 5d; pANCOVA, p < 0.01; 
no differences in slopes). At the other end of the spectrum, 
songbirds have significantly smaller granule cells relative 
to cerebellum size than other birds, which also drove a sig-
nificant difference between Psittacopasserae and other birds 
(− 9%; Fig. 5e; pANCOVA, p = 0.01; no slope differences). 
No significant differences were detected across orders or 
clades for the size of the cerebellar nuclei neurons relative 
to the volume of the cerebellum (Fig. 5f; Table S2).

Allometric relationships among neuronal 
populations

Among the three neuronal populations, allometric relation-
ships varied in strength and slope. The number of granule 
cells increased with positive allometry relative to the number 
of Purkinje cells (1.125 ± 0.064; Fig. 6a; PGLS, p < 0.01; 
Table S2). Across clades, galliforms had significantly fewer 
granule cells relative to the number of Purkinje cells com-
pared to other birds (− 11%, Fig. 6a; pANCOVA, p < 0.01) 

Fig. 6  Scatterplots of the log-transformed of: a granule cell num-
ber against Purkinje cell number, b cerebellar nuclei neuron num-
ber against Purkinje cell number, c cerebellar nuclei neuron num-
ber against granule cell number, d granule cell size (μm2) against 
Purkinje cell size (μm2), e cerebellar nuclei neuron size (μm2) against 

Purkinje cell size, and f cerebellar nuclei neuron size against gran-
ule cell size. Clades with significant differences from other birds are 
indicated in the graph. See allometric equations and statistical data in 
Table S2. CbN cerebellar nuclei
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and drove a significant difference between Galloanserae 
and other birds (−  7%, Fig.  6a; pANCOVA, p = 0.01). 
Galliformes also had a steeper slope for the granule cell-
Purkinje cell relationship compared to other birds (+ 36%, 
Fig. 6a; pANCOVA, p = 0.03). The number of cerebellar 
nuclei neurons increased with the number of Purkinje cells 
with a much shallower slope than the number of granule 
cells (0.690 ± 0.037; Fig. 6b; PGLS, p < 0.01; Table S2), and 
no significant differences were detected among clades. The 
number of cerebellar nuclei neurons increased with the num-
ber of granule cells with the shallowest slope (0.534 ± 0.041; 
Fig. 6c; PGLS, p < 0.01; Table S2). As shown in Fig. 6c, 
Galliformes had significantly more cerebellar nuclei neurons 
relative to granule cells than other birds (+ 41%; Fig. 6c; 
pANCOVA, p = 0.01) and this also drove significant differ-
ences between Galloanserae and other birds (+ 28%; Fig. 6c; 
pANCOVA, p < 0.01; no slope differences).

Allometric relationships among the sizes of the three neu-
ronal populations also varied in strength and slope. The size 
of granule cells increased with the size of Purkinje cells with 
the shallowest slope (0.280 ± 0.073; Fig. 6d; PGLS, p < 0.01; 
Table S2). The size of cerebellar nuclei neurons increased 
with the size of Purkinje cells with a much steeper slope 
(0.452 ± 0.065; Fig. 6e; PGLS, p < 0.01; Table S2). Lastly, 
the size of cerebellar nuclei neurons increased significantly 
with the size of granule cells with a slope similar to that of 
the Purkinje cells (0.408 ± 0.116; Fig. 6f; PGLS, p < 0.01; 
Table S2). The only difference detected among clades is 
that the Psittacopasserae had a higher slope (+ 64%) for the 
relationship between cerebellar nuclei and granule cell sizes 
(Fig. 6f; pANCOVA, p = 0.04). This difference remains sig-
nificant (pANCOVA, p < 0.05) when excluding an outlier 
(the brown thornbill (Acanthiza pusilla); Fig. 6f).

When plotting the numbers of each neuronal popula-
tion against neuron size, no significant differences were 

detected across clades (Fig. 7). The number of Purkinje cells 
increased with the size of Purkinje cells with a slope close to 
isometry (1.105 ± 0.246; Fig. 7a; PGLS, p < 0.01; Table S2). 
Similarly, the number of cerebellar nuclei neurons increased 
with the size of cerebellar nuclei neurons with a slope close 
to 1 (0.983 ± 0.311; Fig. 7b; PGLS, p < 0.01; Table S2). 
However, for both of these relationships, the coefficients of 
correlation were no higher than 0.265 (see Table S2). For 
granule cells, the relationship between neuron number and 
neuron size was not significant (PGLS, p > 0.05; Fig. 7c; 
Table S2).

Allometry of cerebellar foliation and surface area

As demonstrated in previous studies (Cunha et al. 2020; 
Iwaniuk et al. 2005), the avian cerebellum increased in 
volume relative to the rest of the brain with isometry 
(slope = 0.934 ± 0.046, PGLS, p < 0.01; Table S2; Fig. 8a), 
although parrots and songbirds (Psittacopasserae) had 
relatively smaller cerebella (− 18%; Fig. 8a; pANCOVA, 
p = 0.01; no differences in slopes). However, Iwaniuk et al. 
(2006) noted that the cerebellum is more foliated in these 
groups, as measured by the CFI, and suggested that the sur-
face area of the cerebellum and the number of Purkinje cells 
would be higher in relation to cerebellar volume. When we 
plotted the surface area of the Purkinje cell layer against the 
rest of brain size (0.752 ± 0.044; Fig. 8b; PGLS, p < 0.01), 
and number of Purkinje cells against the rest of brain size 
(0.656 ± 0.048; Fig. 8c; PGLS, p < 0.01; Table S2), parrots 
and songbirds did not differ from other clades (Fig. 8b, c). 
These data support the inferences of Iwaniuk et al. (2006): 
despite having a relatively smaller cerebellum, parrots and 
songbirds do not have a smaller surface area or number of 
Purkinje cells relative to the rest of the brain.

Fig. 7  Scatterplots of the log-transformed of: a Purkinje cell number 
against Purkinje cell size (μm2), b granule cell number against gran-
ule cell size (μm2), and c cerebellar nuclei neuron number against cer-

ebellar nuclei neuron size (μm2). See allometric equations and statis-
tical data in Table S2
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However, the same data plotted relative to cerebellar 
volume yielded contradictory evidence. First, as shown 
above in Fig. 5a, the number of Purkinje cells relative to 
cerebellar volume is not higher for parrots and songbirds. 
Second, when the surface area of the Purkinje cell layer is 
plotted against cerebellar volume (Fig. 9a, Table S2) most of 
the parrots and songbirds lie above the regression line, but 
there were no significant differences across clades detected. 
Nonetheless, when we ran multiple allometric models to 
determine whether cerebellar volume or surface area of the 
Purkinje cell layer best explained the number of Purkinje 
cells (Figs. 5a, 9b; Table S3), Purkinje cell layer surface 
area was the best predictor of the number of Purkinje cells 
(dAIC > 2; Table S3).

We then plotted CFI against cerebellar volume (Fig. 9c), 
Purkinje cell layer surface area (Fig. 9d) and number of 
Purkinje cells (Fig. 9e). In all three plots, parrots and song-
birds are shifted to the left, indicating significantly higher 
CFI values relative to all three scaling variables. This grade 
shift indicates that the CFI is a poor proxy, specifically an 
overestimate, for both measures of cerebellar surface area 
and Purkinje cell numbers in parrots and songbirds.

Discussion

As found previously within galliform birds (Cunha et al. 
2020), the expansion of the cerebellum across bird species 
is due to coordinated changes in volume across cerebellar 
layers such that no one layer increases in size more than 
another. Despite conservation of the proportional volumes 
of the layers, the numbers and sizes of different neuronal 
populations have different allometric relationships with cer-
ebellar volume, and several differences among clades were 
detected (see Table 4).

Despite these overall patterns, a few caveats should be 
considered in interpreting our data and analyses. First, 
some avian/clades are represented by more species than 
others. We, therefore, cannot negate the possibility that 
there are other differences among clades that we were una-
ble to detect due to small sample sizes. Second, we sam-
pled only one individual of most species. The morphology 
of the cerebellum can vary significantly within species 
(El-Andari et al. 2020; Escalona et al. 1991; Inouye and 
Oda 1980; Puzdrowski and Leonard 1992), but variation 
in brain or brain region size is usually higher across spe-
cies than within species (Herculano-Houzel et al. 2014, 
2015a, b) and the intraspecific coefficients of variation for 
the measurements on galliform species are typically lower 
than 15% (see Cunha et al. 2020; El-Andari et al. 2020). 
Although the specific slopes and intercepts of the various 
allometric relationships described herein might shift with 
the addition of more individuals per species and/or more 
species overall, the general patterns are unlikely to change. 
We also stress that it remains unclear to what extent fixa-
tion affects cell density or cell size. Given that our speci-
mens were processed following the same procedure, this 
potential artifact is unlikely to affect our main findings, 
but could still affect direct comparisons between our data 
and future studies using different histological procedures. 
Last, our granule cell counts likely include non-neuronal 
cells (e.g., glia) and, therefore, represent an overestima-
tion of total granule cell numbers. Because of that, our 
data cannot be compared directly with that of isotropic 
fractionation studies (Olkowicz et al. 2016) and the allo-
metric equations that include granule cell numbers should 
be interpreted with caution. For example, when comparing 
the number of cerebellar neurons in the six species (Caca-
tua galerita, Columba livia, Dromaius novaehollandiae, 

Fig. 8  Scatterplots of the log-transformed of: a cerebellum vol-
ume  (mm3) against rest of the brain volume  (mm3), b surface area 
of Purkinje cell layer  (mm2) against rest of the brain volume, and c 

Purkinje cell number against rest of the brain volume. Clades with 
significant differences from other birds are indicated in the graph. See 
allometric equations and statistical data in Table S2
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Melopsittacus undulatus, Nymphicus hollandicus, Tyto 
alba) examined in this study and Olkowicz et al (2016), 
our study reports on average two times more cerebellar 
neurons than Olkowicz et al (2016). We also note that 
the brain sizes for the six species mentioned above were 
on average 1.2 times larger in our study than in Olkowicz 
et al. (2016). Nevertheless, our data are the most compre-
hensive to date for a comparative study and provides some 
novel insights into cerebellar evolution.

Allometric scaling within the cerebellum

The cerebellum has an anatomical organization that is highly 
conserved across most species, including the connectivity 
patterns across neuronal populations (Voogd and Glickstein 
1998; Yopak et al. 2017). This pattern of connectivity is 
not only preserved across vertebrate species, but also across 
different functional units within the cerebellum itself (Apps 
et al. 2018; Voogd and Glickstein 1998; Yopak et al. 2017). 
It is, therefore, unsurprising that all three cerebellar layers 

Fig. 9  Scatterplots of the log-
transformed of: a surface area 
of the Purkinje cell layer  (mm2) 
against cerebellum volume 
 (mm3), b Purkinje cell number 
against surface area of the 
Purkinje cell layer, c cerebellar 
foliation index (CFI) against 
cerebellum volume, d cerebellar 
foliation index against surface 
area of the Purkinje cell layer, 
and e cerebellar foliation index 
against Purkinje cell number. 
Clades with significant dif-
ferences from other birds are 
indicated in the graph. See allo-
metric equations and statistical 
data in Table S2
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change in volume in a concerted fashion, with little devia-
tion across clades. As shown in Fig. 4, there is little scatter 
around the allometric lines and the correlation coefficients 
(r2 s in Table S2) are all above 0.95, indicating that interspe-
cific variation in the absolute and relative size of the whole 
cerebellum largely arises from coordinated, volumetric 
increases across cell layers.

In contrast to the strong, nearly isometric relationships 
among layer volumes, larger cerebella have lower neuronal 
densities, a pattern that is typical of most brain regions and 
clades, regardless of whether the data are acquired through 
stereology (Cunha et al. 2020; Haug 1987; Lange 1975; 
Sherwood et al. 2020) or isotropic fractionation (Olkowicz 
et al. 2016; Herculano-Houzel et al. 2014, 2015a). There are, 
however, differences in the slope and strength of the neuron 
number-cerebellum volume relationship (i.e., r2) among the 
three neuronal populations (see Table S2). Relative to cer-
ebellar volume, the number of granule cells increases faster 
than the number of Purkinje cells, which increases faster 
than the number of cerebellar nuclei neurons (Fig. 5; Cunha 
et al. 2020). Thus, different types of neurons vary in their 
scaling relationship with brain region size and, by extension, 
a constant scaling pattern (or neuronal scaling “rule” sensu 
Herculano-Houzel et al. 2014) does not apply uniformly to 
cerebellar neurons and is unlikely to apply to other brain 
regions. In much the same way that volumetric measure-
ments have moved away from large, multifunctional brain 
regions to functionally specific regions and/or circuits (Cor-
field et al. 2015; Gutiérrez-Ibáñez et al. 2011, 2013; Moore 
and DeVoogd 2017; Smaers and Vanier 2019; Vanier et al. 
2019), the quantification of neuron numbers should extend 

to different neuronal populations and the role they have in 
neural circuits, to better understand how the brain evolves.

In addition to neuron numbers, we also estimated neu-
ron sizes by measuring soma areas. Relative to cerebellum 
volume, neuron sizes increase at a significantly slower rate 
(see Fig. 5), and with much lower correlation coefficients (r2 
s = 0.08–0.37) than neuron numbers (r2 s = 0.87–0.90). Thus, 
our results suggest that neuron size, relative to cerebellum 
volume, is more likely to vary across species than relative 
neuron numbers. The fact that neuron sizes are highly vari-
able within a single neuronal population (see Fig. 3) might 
also explain why neuron size is much more variable than 
neuron number across species. As shown with neuron num-
bers (see above), each neuron type also scaled at a different 
rate with cerebellar volume. Neuron size is not discussed as 
frequently as neuron numbers in comparative studies, but it 
is an important contributor to brain region volume and infor-
mation processing capacity (Chang et al. 2020; de Sousa 
and Proulx 2014; Smith et al. 1997). Although soma size is 
only one metric of neuron size, it is often associated with 
the physiological properties of a neuron (Chang et al. 2020; 
Cooper and Stanford 2000; Meitzen and Thompson 2008). 
For example, variation in soma size of Purkinje cells can 
reflect firing type and input resistance (Chang et al. 2020), 
and larger cells tend to have larger or more organelles, such 
as the endoplasmic reticulum and mitochondria (Reber and 
Goehring 2015), which would potentially enable higher 
energetic capacity (Marshall 2015; Reber and Goehring 
2015). Relatively larger (or smaller) neurons within a clade, 
therefore, might reflect physiological differences that are 
relevant to behaviour. However, what those differences 
might be is entirely speculative as little is known about 
differences in motor control and coordination across bird 
species. Regardless of the functional correlates and implica-
tions of neuron size, our data indicate neuron size cannot be 
inferred accurately from neuron numbers due to differences 
in the allometric scaling of neuron size and numbers across 
neuronal populations (see Figs. 6, 7). Moreover, as shown in 
Fig. 3, neuron size is highly variable within a single neuronal 
population, and for that reason estimations of neuron size 
from neuronal density (see Herculano-Houzel et al. 2014) 
are likely inaccurate.

One of the few exceptions to the general patterns observed 
across species is the order Galliformes. Galliforms have 
smaller granule cell and white matter layer-cerebellar nuclei 
(“wm + cn”) layers relative to the size of the rest of the cere-
bellum compared to other birds (Fig. 4), even though they do 
not have relatively small cerebella (Fig. 8a). The molecular 
layer in galliforms is not proportionally expanded (Fig. 4a), 
indicating that the relative decrease in the other layers is 
due to a change in Purkinje cells. Accurately measuring 
the volume of the Purkinje cell layer is not possible due to 
frequent gaps between Purkinje cells (see “Methods”), but 

Table 4  Summary of the clade differences for the measurements 
examined relative to brain volume (vol.) or cerebellum volume

Down arrow indicates relative reduction, up arrow indicates relative 
increase, and hyphen indicates no difference between a given clade 
and other birds

Measurements/order Anseri-
formes

Galliformes Passeri-
formes

Psit-
taci-
formes

Cerebellum vol – – ↓ ↓
Molecular layer vol – – – –
Granule layer vol – ↓ – –
WM + Cb vol – ↓ – ↑
#Purkinje cells – ↑ – –
Purkinje cell size – ↑ – –
#Granule cells – ↓ ↑ –
Granule cell size – – ↓ –
#CbN neurons – – – –
#CbN neuron size – – – –
Purkinje surface area – – – –
CFI – – ↑ ↑
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galliforms do have more and larger Purkinje cells relative 
to the size of the cerebellum (Fig. 5), which would result 
in a larger Purkinje cell layer. Why galliforms differ from 
other clades in these scaling relationships is unclear, but 
some insights might be gleaned by examining the cerebella 
of behaviorally and ecologically similar clades, such as tina-
mous (Tinamiformes), bustards (Otidiformes), and/or but-
tonquail (Turnicidae).

Cerebellar volume, surface area of the Purkinje cell 
layer, and foliation

Parrots and songbirds have relatively smaller cerebellar vol-
umes (Fig. 8a; Iwaniuk et al. 2006), but a greater degree 
of foliation, as measured by a higher midsagittal CFI 
(Fig. 9c–e). In previous studies, this measure was considered 
a proxy for surface area and Purkinje cell number (Hall et al. 
2013; Iwaniuk et al. 2009). That is, parrots and songbirds 
may have a smaller cerebellum by volume, but an increase in 
the foliation provides a larger surface area and thus a greater 
processing capacity for the cerebellum. In the present study, 
we actually measured the surface area of the cerebellum and 
the number of Purkinje cells. On the one hand, we found 
that relative to the rest of the brain, the surface area of the 
cerebellum and the number of Purkinje cells is not reduced 
in parrots and songbirds despite smaller cerebellar volumes 
(see Fig. 8). This is further supported by the cerebellar sur-
face area being a better predictor of Purkinje cell number 
than cerebellar volume (see Figs. 5a, 9b). Thus, the increase 
in cerebellar foliation in parrots and songbirds maintains the 
processing capacity of a smaller cerebellum, a functional-
ity that might be required for their expanded telencephala 
(Boire and Baron 1994; Iwaniuk et al. 2005). On the other 
hand, parrots and songbirds did not significantly increase 
surface area or Purkinje cell number relative to cerebellar 
volume (see Figs. 5a, 9a). We must, therefore, conclude 
that any effects of foliation are weak and that the midsagit-
tal CFI is not a good proxy for surface area or number of 
Purkinje cells. This is very apparent in Figs. 9d–e, where 
the CFI grossly overestimates the surface area and number 
of Purkinje cells in parrots and songbirds. Intuitively, this 
should not come as a surprise. In birds the cerebellum is 
folded only in the anterior–posterior dimension, which is not 
the case in sharks (Yopak et al. 2007, 2017), the cerebellar 
hemispheres in mammals (Smaers et al. 2018; Voogd and 
Glickstein 1998) or the cerebral cortex in mammals (Pil-
lay and Manger 2007; Zilles et al. 1989). Thus, in birds the 
CFI is maximal in the midsagittal section, and progressively 
approaches 1.0 as one moves laterally to the flocculus and 
lateral unfoliated cortex. The result is that the midsagittal 
CFI overestimates total foliation, and by extension also over-
estimates surface area and Purkinje cell number.

Conclusions

Our results show that cerebellar layers increase in size pro-
portionally and the numbers of cerebellar neurons explain 
more variation in cerebellar volume than the sizes of cer-
ebellar neurons. Thus, despite all the species differences in 
cerebellar size and shape (Cunha et al. 2020; Macrì et al. 
2019; Smaers et al. 2018), the conserved pattern of cerebel-
lar connectivity across species is reflected in proportional 
increases in size of the cerebellar layers. Within this general 
framework, we also found that different neuronal popula-
tions have different allometric scaling rules relative to the 
size of the cerebellum, thus indicating that measuring total 
neuron numbers within larger brain regions (Herculano-
Houzel et al. 2014; Olkowicz et al. 2016) might not provide 
a complete picture of the relationship between neuron num-
bers and brain region sizes. Given that patterns of cerebellar 
connectivity are relatively uniform across vertebrate species 
(Yopak et al. 2017), we expect to find similar changes across 
the volumes of cerebellar layers in other vertebrate clades, 
but also varying allometric scaling patterns across neuronal 
populations in the cerebellum. Testing the extent to which 
these patterns are conserved in the cerebellum across all ver-
tebrates would provide insights into the putative mechanisms 
responsible for clade differences in relative cerebellum size 
and morphology.
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