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X-ray micro-computed tomography (uCT) experiments

X-ray UCT scanning of mammal skulls was performed at the Helmholtz Zentrum Berlin
with a micro-focus 150 keV Hamamatsu X-ray source with a tungsten target and a flat panel
detector C7942 (120x120 mm, 2240x2368 pixels, pixel size 50 um). All specimens were
scanned with an acceleration voltage of 100 keV and a beam current of 95 pA, with an
exposure time of 0.5 seconds since these parameters provided the best results. Image noise
was reduced by using a 3-fold frame integration. The source-object distance varied between
150-220 mm and the source-detector distance was 300 mm and thus pixel size varied between
24.55-36 um. The number of acquired projections varied between 800 and 1000. In the X-ray
cabinet the sample was rotated on a precision rotation stage from Huber, Germany. We used
Octupus V8.6 software to implement the back-projection algorithm with convolution and
correction for cone beam, thus reconstructing the bone structure. The reconstructed 3D
datasets were later down-sampled by 2x2x2 average binning using the FlJI software’ to allow

faster processing and handling.

Additional data sources

Fifteen skull CT scans were downloaded from the Kyoto University Primate Research

Institute’s (KUPRI) online collection (http://dmm.pri.kyoto-u.ac.jp/) see table in supplementary

materials Ill). Although the voxel size of these scans was larger (by one order of magnitude), it
did not compromise our analysis because the resolution allowed detection and a detailed
segmentation of the FF.

Braincase cavity and FF volumes for Monodelphis domestica, Didelphis virginiana,
Phascolarctos cinereus, Dasyurus hallucatus and Dromiciops gliroides were obtained from
Macrini et al.”. We used Castanhinha et al.? values for Niassodon mfumukasi and Macrini et al.*

for Ornithorhynchus anatinus.



Body mass for mammals and birds were taken from Smith et al.> and Dunning®,
respectively. The majority of the museum specimens that were scanned had no information
about gender. During specimen selection, we only used adults, however, precise body mass of

the museum specimens was also not possible to retrieve.

3D data processing and measuring

Processing consisted of five steps: 1) reorientation of the scan to obtain digital
endocasts in orthogonal anatomical orientation by using the Transform Editor of Amira V5.3
and applying the transformation using a standard interpolation in extended mode while
preserving voxel size; 2) semi-automatic segmentation of skull bone by using the 3D Display
and Masking tool of the Segmentation Editor; 3) semi-automatic segmentation of the
braincase cavity with Magic Wand tool (Brush tool was also used for slices containing
foramina); 4) selection of both FF volumes by cutting using the 3D “lasso” tool - this process
consisted of three further steps: a) make a sagittal cut-off of the skull to expose the periotic
region; b) select the volume inside fossae adjoining the remaining endocast volume; c) cut the
volume exceeding the limit (corresponding to the anterior semicircular canal) that results from
the change of angle between the braincase lateral wall (periotic) and the fossa itself (see
Figures 3 & 4 of the manuscript); 5) measurement of brain cavity and FF volumes (combined

volume of left and right structures).

Phylogenetic trees

Divergence data were collected from the following publications: Spoor et al.”, mainly
for higher taxonomic levels; Meredith et al.® for Marsupialia, Arnason et al.? and Poux et al.™®

for Afrotheria, Nyakatura & Bininda-Emonds®* for Carnivora, Agnarsson et al.** for Chiroptera,



Steppan et al.”* and Blanga-Kanfi et al."* for Rodentia, and Perelman et al." for Primates, to
adjust branch lengths at a family taxonomic level. Niassodon mfumukasi® was added as
outgroup to all the other clades and the divergence time between Anomodontia and
Theriodontia (the clade in which class Mammalia is included) was fixed at 261 million years.
The most primitive anomodonts were found in Dashankou locality in China®®. There are no
theriodonts in Dashankou and, therefore, we assume that divergence happened before the
Lower Pristerognathus zone. Given that no dating is available, we consider Rubidge et al."’ U-
Pb dating of 261 million years as a minimum age for divergence. We used Hackett et al.*®
phylogenetic tree for the avian data set. Different tree topologies or branch lengths might
retrieve different results. In both mammals and birds, two different tree branch
transformations were applied (OU alpha and Grafen rho). Additional analyses were run using
phylogenetic trees with equal branch lengths (=1). We also run analyses with trees based on
Hedges et al'® and we retrieved similar results. A discussion concerning the effects of
phylogenetic uncertainty can be found elsewhere®’. Nevertheless, we rerun our analysis with

branch lengths = 1 and the results are consistent.

Ecological traits

1. Feeding strategy - (0) gatherer. (1) occasional predator. (2) predator - in which

gatherers do not engage in any kind of predation. Occasional predators predate but are

predominantly omnivores and predators that obtain most of their resources by hunting;

2. Activity pattern — (0) nocturnal. (1) nocturnal/diurnal. (2) diurnal - nocturnal/diurnal

being the category for those animals that do not fit a strictly nocturnal or diurnal pattern.
Additionally, we created three more divisions for our mammalian data set:

1. Dimension of locomotion — (0) 2D, (1) 3D - in which groups include animals that move

mainly on a horizontal plane and which consistently move both horizontally and vertically;



2. Locomotor type — (0) fossorial, (1) semiaquatic, (2) terrestrial, (3) scansorial, (4)
arboreal, (5) flyer — adapted and modified from Van Valkenburgh?, fossorials forage and
shelter underground, semiaquatics forage on water but shelter on dry land or built platforms,
terrestrials forage and shelter on the ground and rarely or never climb, scansorials move on
the ground but regularly climb, arboreals forage and shelter on trees;

3. Agility — (0) slow, (1) medium slow, (2) medium, (3) medium fast, fast (4) — adapted
from Spoor et al.”.

The behavioral categories of the extinct Niassodon mfumukasi were attributed according to

what have been inferred previously>*.

Statistical analysis

We checked for multicollinearity issues between predictors using VIF (Variance
Inflation Factor)®. We used three R packages, namely: car, MASS and nnet. In the case of
mammals, a large VIF was detected for locomotion dimension and locomotor type (see table
1). Therefore, as an internal control we ran multiple regressions, with and without these
predictors, to test if they were influencing our model results. Significance was not altered.

All calculations were performed in R software, using the following packages: ape,
nlme, MASS and car. A non-phylogenetic model and 4 models of trait evolution (Brownian
Motion, OU and Grafen) were used to test the hypotheses (see tables 2 & 4). We performed
stepwise regressions with bidirectional variable elimination to obtain the most parsimonious

model. Stepwise regressions have advantages compared to a typical GLS because the choice of



predictive variables is automatically made taking into account the AIC (Akaike Information

Criterion). AIC values were used to determine the best fitting model (table 3 & 5).

Table 1 - Generalized Variance Inflation Factors (GVIF) table showing large values (>>10) of
Locomotor type and 2D/3D predictors. Values were normal when Locomotor type was

removed.

GVIF (all variables)

GVIF (-1 variable)

Body mass 2.82 2.23
Agility 7.94 3.01
Locomotor type 156.14 Removed
2D/3D Locomotion 14.06 1.40
Feeding strategy 4,56 2.75
Activity pattern 4.64 2.39




Table 2 - Results of the ANOVA (Type Il) of the mammal data set. Statistics of the effect of each predictor on FF relative size variation (Chi-square value,
number of degrees of freedom and p value; a = 0.05). Four models of trait evolution (non-phylogenetic, Brownian Motion, Ornstein-Uhlenbeck and Grafen)
were tested. Statistics of analysis with equal branch lengths (BL=1) is shown for the best fitting model. The highlighted columns contain the statistics for the
most parsimonious models (stepwise regression). These results show no significant effects of the predictive variables on FF size for the best fitting models
(Brownian Motion and Grafen). OU alpha = 0.99; Grafen rho = 0.49.

GLS GLS Bro?nll-:ian Bro?nll-:ian
GLS - GLS Brownian GLS Ornstein GLS Grafen Motion — Motion —
GLS stepwise Brownian Motion - Ornstein Uhlenbeck GLS Grafen - stepwise BL=1 BL=1-
regression Motion stepwi.se Uhlenbeck - stepwise regression Stepwise
regression regression .
regression
Chisq = Chisq = Chisq = Chisq = Chisq = Chisq =
Body mass 0.19; df = Removed 0.78; df = Removed 0.42; df = 3.97; df = 0.87; df = Removed 1.57; df = Removed
1; p=0.66 1;,p=0.38 1;,p=0.52 | 1;,p=0.05 | 1;p=0.35 1;p=0.21
Chisqg = Chisqg = Chisqg = Chisqg = Chisqg =
Agility 2.91;df = Removed 2.28; df = Removed 2.28; df = Removed 5.45; df = Removed 6.28; df = Removed
4;p=0.57 4;p=0.68 4;p=0.68 4;p=0.24 4;p=0.17
Locomotor Chisq = Chisq = Chisq = Chisq = Chisq = Chisq =
type 9.35; df = 10.63; df = 3.63; df = Removed 7.98; df = Removed 8.64; df = Removed 9.52; df = Removed
5,p=0.10 | 5,p=0.06 | 5;,p=0.60 5,p=0.16 5,p=0.12 5; p=0.09
2D/3D Chisq = Chisq = Chisq = Chisq = Chisq = Chisq = Chisq = Chisq = Chisq =
Locomotion 3.91; df = 5.60; df = 1.44; df = Removed 3.52; df = 5.02; df = 0.28; df = 3.06; df = 0.28; df = 2.44; df =
1;p=0.05 | 1;p=002 | 1;p=0.23 1;,p=006 | 1;p=002 | 1;p=060 ] 1;p=0.08 | 1;p=060 | 1;p=0.12
Feeding Chisq = Chisq = Chisq = Chisq = zcé)h;: ;f Chisq = Chisq =
strategy 2.64; df = 4.44; df = 1.85; df = Removed 6.19; df = 2. 2.19; df = Removed 2.02; df = Removed
2;p=028 | 2;,p=0.11 § 2;p=0.40 2; p=0.05 0<0.001 2;p=0.33 2; p=0.36
Activity Chisqg = Chisqg = Chisqg = Chisqg = Chisqg = Chisqg =
5.27;df = 5.87; df = 2.68; df = Removed 2.06; df = Removed 2.57;df = Removed 4.18; df = Removed
pattern | 5. -007 | 22p=005 | 2,p=0.26 2:p=0.36 2:p=0.24 2:p=0.12




Table 3 — Comparison between models, for mammal data set, using the Akaike Information Criterion (the best fitting model is shaded). In the fourth column
there is a formula (heading) by which is possible to compare AIC values between models. All models are less than 0.01 times as probable as the best fitting
model to minimize the information loss, except for GLS Grafen and BL=1 stepwise regression. This clearly shows that the Brownian Motion and Grafen
models are, by far, the best models for our data.

Model AIC e(AICmin—AICi)/2
GLS All variables included 47.86 <0.01
Stepwise regression 43.43 <0.01
GLS Brownian Motion All varlébles |ncIUf:Ied 42.83 <0.01
Stepwise regression 27.98 -
All iables i . .
GLS Ornstein-Uhlenbeck varlfab es mcluFIed 52.42 <0.01
Stepwise regression 43.67 <0.01
All iables incl . .
GLS Grafen varlf':lb esinc Uf:led 42.03 <0.01
Stepwise regression 30.33 0.38
All variables included 41.34 <0.01
GLSB ian MotionBL=1
rownian iiotion Stepwise regression 32.21 0.12




Table 4 - Results of the ANOVA (Type Il) of the bird data set. Statistics of the effect of each predictor on FF relative size variation (Chi-square value, degrees
of freedom and p value; a = 0.05). 4 models of trait evolution (non-phylogenetic, Brownian Motion, Ornstein-Uhlenbeck and Grafen) were tested. Statistics
of analysis with equal branch lengths (BL=1) is shown for the best fitting model. Highlighted columns contain the statistics for the most parsimonious model

(stepwise regression). These results indicate a consistent significant effect of activity pattern on FF size variation. OU alpha = 0.01; Grafen rho = 0.03.

GLS GLS
L i L B i
GLS - GLS Brownian R GLS Ornstein GLS Grafen - G S. ro-wnlan
. . . GLS Ornstein  Uhlenbeck - . Brownian Motion — BL
GLS stepwise Brownian Motion — . GLS Grafen stepwise .
. . . Uhlenbeck stepwise . Motion — BL =1-
regression Motion stepwise ) regression .
. regression =1 Stepwise
regression .
regression
Chisq = Chisq =
i Chisq =2.20; | Chisq=2.27; | Chisq=2.33; Chisq = 2.28; Chisq = 2.55; 2.25; Chisq = 1.64;
29: df=1: R R
Bodymass | 229,d=3; | e 1. =014 | af=1;p=0.13 | df=1;p=0.13 | df=1;p=0.13 | df=1;p=011 | df=1;p= emoved ¥ 4 1. =020 emoved
p=0.13
0.13
Chisq . .
. Chisq = Chisq <0.01; .
.01; hisq = 0.01; hisq = 0.01;
2D/3D. <0.01; Removed Chisq = 0.01; Removed 0.00(0); Removed df=1; p= Removed Chisq = 0.0 Removed
Locomotion df=1; p= df=1; p=0.93 df=1; p=0.92
df=1; p=0.99 0.98
0.98
Chisqg = Chisq = Chisqg =
Feedin 2.91; Removed 10 ng_ Chisq =11.59; | Chisq =6.57; Chisq =7.47; 2.88; Removed Chisq = 8.83; Chisq = 8.79;
8 df=2; p= 4= 2: ’ <C; o1 df= 2; p<0.01 j df=2; p=0.04 | df=2; p=0.02 df=2; p= df=2; p=0.01 § df=2; p=0.01
0.23 B 0.24
P hisq =
.. Chisq . Chisq = . . . Chisq . Chisq = .
Activity 7.10; Chisq = 7.96; 10.99: Chisq =11.31; | Chisq=28.77; Chisq =9.10; 7.09; Chisq =7.10; 10.64- Chisq =10.49;
pattern df=1; p= | df=1;p<0.01 B df=1; p<0.01 | df=1; p<0.01 | df=1; p<0.01 df=1;p= | df=1;p=0.01 o df=1; p< 0.01
0.01 df=1; p<0.01 0.01 df=1; p< 0.01




Table 5 — Comparison between models, for bird data set using the Akaike Information Criterion (AIC). The best fitting model is shaded. In the 4™ column
there is a formula (heading) by which is possible to compare AIC values between models. Brownian Motion trait evolution models are the best fitting, with
Ornstein-Uhlenbeck and BL=1 being those with the least fit, which means a stepwise regression Brownian Motion GLS is the best model to explain FF size

variation.
Model AIC e(AlCmin—AICi)/Z
GLS All variable included -22.56 0.04
Stepwise regression -24.69 0.13
i i -26. .37
GLS Brownian Motion All varlébles |ncIUf:Ied 26.79 0.3
Stepwise regression -28.78 -
All variables included -20.56 0.02
L in-Uhl k
GLS Ornstein-Uhlenbec Stepwise regression -22.69 0.05
All variables included -20.56 0.02
GLS Graf
raten Stepwise regression -23.09 0.06
All variables included -13.34 <0.01
LS B ian MotionBL=1
GLS Brownian Motion Stepwise regression -15.53 <0.01
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