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Abstract: Modern phylogenetic comparative methods

allow us to estimate evolutionary rates of phenotypic change,

how these rates differ across clades, and to assess whether

the rates remained constant over time. Unfortunately, cur-

rently available phylogenetic comparative tools express the

rate in terms of a scalar dimension, and do not allow us to

determine rate variations among different parts of a single,

complex phenotype, or chart realized rate variation directly

onto the phenotype. We present a new method which allows

the mapping of evolutionary rate variation directly onto

three-dimensional phenotypes, informing on the direction

and magnitude of trait change automatically. Implemented

using the function rate.map embedded in the R package

RRphylo, this method is based on phylogenetic ridge regres-

sion rate estimates. Since the latter represent ridge regression

slopes, they possess sign and magnitude. In RRphylo,

different rates are calculated for different districts of the

phenotype, which can then be visualized directly onto the

phenotype itself. We present the application of rate.map to

the evolution of facial skeleton in Hominoidea, the primate

clade inclusive of Homo and the greater apes (including

living and fossil taxa). We found that the highly derived,

unique shape of the face in modern humans evolved

through rapid phenotypic changes affecting the nasal bones,

the brow ridge and the maxillary region. The canine fossa,

a facial feature unique to Homo sapiens, did not belong to a

region of rapid phenotypic change, and could be seen as

the by-product of midface evolution as suggested by previous

studies.

Key words: evolutionary rates, rate.map, Hominoidea,

RRphylo, digital model.

EST IMAT ING the tempo and mode of evolution is key to

understanding phenotypic change along lineages. A vari-

ety of phylogenetic comparative methods (PCMs) have

been developed to this purpose and different tools are

now available to estimate the rates of phenotypic trait

change and the testing of different evolutionary scenarios

(Butler & King 2004; O’Meara 2012). In the past few dec-

ades, it has also become possible to compute different

rates and fit diverse evolutionary scenarios to different

parts of the tree (O’Meara et al. 2006; Revell & Harmon

2008; Elliot & Mooers 2014; Smaers et al. 2016). How-

ever, most PCMs calculate the evolutionary rate as a

measure of trait variance accumulation over time repre-

senting the global rate of phenotypic change for the whole

trait or structure, which cannot be decomposed over any

specific part of the phenotype under investigation. This

hinders our understanding of whether different portions

of a complex phenotype evolve at different rates, and in

which direction. With univariate data, that change as sca-

lars, this is still perfectly feasible. Yet with shape data glo-

bal rates are uninformative regarding the direction of

change as they do not offer the opportunity to determine

how or whether different parts of the phenotype evolve

along different lines and at different paces.

© 2021 The Palaeontological Association doi: 10.1111/pala.12582 1 of 10

[Palaeontology, Vol. 65, Part 1, 2022, e12582]

https://orcid.org/0000-0002-6140-1495
https://orcid.org/0000-0002-6140-1495
https://orcid.org/0000-0002-6140-1495
https://orcid.org/0000-0001-7919-4431
https://orcid.org/0000-0001-7919-4431
https://orcid.org/0000-0001-7919-4431
https://orcid.org/0000-0003-2884-7118
https://orcid.org/0000-0003-2884-7118
https://orcid.org/0000-0003-2884-7118
https://orcid.org/0000-0003-3680-8418
https://orcid.org/0000-0003-3680-8418
https://orcid.org/0000-0003-3680-8418
https://orcid.org/0000-0003-0325-7066
https://orcid.org/0000-0003-0325-7066
https://orcid.org/0000-0003-0325-7066
https://orcid.org/0000-0002-6365-5915
https://orcid.org/0000-0002-6365-5915
https://orcid.org/0000-0002-6365-5915
https://orcid.org/0000-0001-9832-2742
https://orcid.org/0000-0001-9832-2742
https://orcid.org/0000-0001-9832-2742
https://orcid.org/0000-0002-4593-8006
https://orcid.org/0000-0002-4593-8006
https://orcid.org/0000-0002-4593-8006
mailto:silvia.castiglione@unina.it
mailto:marina.melchionna@unina.it


Here we use a novel PCM method, RRphylo, which

applies phylogenetic ridge regression to estimate the evolu-

tionary rate of phenotypic change for each branch of the

tree, and calculates ancestral states in the process (Casti-

glione et al. 2020). Under RRphylo, rates are represented by

phylogenetic ridge regression slopes estimated at the

branches. Since slopes have a sign and a magnitude, it is

possible to assess whether the phenotypic value increases or

decreases, and at what speed, along the branches by looking

at RRphylo rates alone (Price-Waldman et al. 2020). By per-

forming RRphylo on PC scores retrieved from geometric

morphometrics (GM) data analysis, which decomposes

shape variation into orthogonal axes related to different

portions of the phenotype, RRphylo rates can inform on

whether PC scores values are increasing or decreasing, and

how rapid these changes in value are. This is valuable

because PC axes represent deformations of the reference

mean shape which can be visualized. Consequently, com-

puting RRphylo rates on PC scores offers the unique oppor-

tunity to visualize the direction and rate of change at

specific locations of the phenotype, which cannot be

achieved with any other PCM.

Here, we propose a new R function, named rate.map,

embedded in the R package RRphylo v.2.5.7 (Castiglione

et al. 2018), which allows the user to graphically visualize

the tempo (rate) and direction (mode) of phenotypic

change on anatomical structures of interest. rate.map works

by identifying the PC axes linked to highest (and lowest)

evolutionary rate values and reconstructs the morphology

weighted on the selected PC axes. In this way, rather than

using the evolutionary rate to assess the magnitude of glo-

bal phenotypic change, users of rate.map can readily

observe where and how the phenotype changed the most

between any pair of taxa in the tree. Since RRphylo recon-

structs phenotypes at nodes, rate.map can be used to com-

pare either a species to a parental node, or pairs of species

tracing back to their most recent common ancestor. In the

present study we have applied the new rate.map function

to chart evolutionary rates on the facial skeleton in apes

including hominins. In the human lineage the face changed

dramatically evolving from typically ape-like to the orthog-

natic and small-toothed condition seen in Homo sapiens.

MATERIAL AND METHOD

Data preparation

We worked on 42 triangular surface meshes of crania belong-

ing to 12 extant and extinct species of ape (Hominoidea)

(Castiglione et al. 2021). The living species include Gorilla

gorilla (n = 4), Homo sapiens (n = 8), Hylobates lar (n = 6),

Pan troglodytes (n = 5), Pongo abelii (n = 5), Symphalangus

syndactylus (n = 5). The fossil species included were:

Australopithecus africanus (Sts5; n = 1), Homo habilis (KNM-

ER 1813; n = 1), H. erectus (Sangiran-17; n = 1), H. heidel-

bergensis (Kabwe I; Petralona; n = 2), H. neanderthalensis

(Amud 1; Gibraltar 1; n = 2), H. sapiens (Skhul-V; n = 1)

and Paranthropus boisei (KNM-ER 406; OH 5; n = 2). A

full description of the fossil specimens is provided in

Appendix S1. The digital meshes of the extant species other

than Homo sapiens were taken from the Smithsonian Insti-

tute digital collection (https://humanorigins.si.edu/contact)

and the Digital Morphology Museum (Kupri; http://dmm.

pri.kyoto-u.ac.jp). Specimens of modern H. sapiens were

downloaded from the NESPOS online database (https://

www.nespos.org). Israel Hershkovitz and Julia Abramov

kindly provided Amud 1 skull surfaces. Gibraltar 1,

Sangiran-17, KNM-ER 1813, KNM-ER 406, Kabwe I and

Petralona were kindly provided by Giorgio Manzi. The 3D

model of Sts-5 was acquired from the virtual anthropology

archive of the University of Vienna (https://www.virtual-

anthropology.com/virtual-anthropology/share/digital-

archive-of-fossil-hominoids/).

Some fossil specimens present distortions or missing parts

due to taphonomic disturbance. The Neanderthal Gibraltar

1 skull lacks the left margin on the brow ridge and the zygo-

matic arch (Appendix S1: Fig. S1A). KNM-ER 1813 lacks

the left maxillary and zygomatic bones, and the left orbit is

markedly deformed (Appendix S1: Fig. S1B). The left zygo-

matic and maxillary bones of KNM-ER 406 are incomplete

and covered by matrix (Appendix S1: Fig. S1C). We

restored the missing parts by mirroring their undamaged

counterparts. We first retrodeformed the cranium (retroDe-

formMesh function, Morpho R package v.2.8; Schlager 2017;

Schlager et al. 2018, 2020). Then, we created a mirrored ver-

sion of the symmetrized surface and then aligned them.

Using Geomagic Studio software (2014), we selected the

areas that needed to be restored and then merged these areas

with the original model (for further information see

Appendix S1: Fig. S1; Castiglione et al. 2021).

On each cranium we manually sampled 29 anatomical

landmarks (Fig. 1, Table 1) by using Amira software

(v.5.4.5; Visualization Sciences Group, ©2013). We

defined 1000 surface semilandmarks (500 per side) which

were slid by using the slider3d function included in the

Morpho R package (Schlager 2017). As we were not

interested in testing any sort of asymmetry, the bilateral

semilandmark sets were symmetrized by using the sym-

metrize function in Morpho.

Procrustes superimposition and RRphylo

By applying rate.map, our goal was to chart evolutionary

rates in the facial skeleton evolution of hominoids, inclu-

sive of extinct human species. To filter out non-shape

differences (rotation, position and size), we translated,
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rotated and scaled the configurations via generalized Pro-

crustes analysis (GPA; Gower 1975). We then performed

a principal component analysis (PCA) on the aligned

landmark’s coordinates. We accomplished this procedure

with the Morpho function procSym (Schlager 2017). This

function returns both aligned coordinates and scores

from the PCA. Using PC scores as shape information

and a phylogeny inclusive of all species, we computed

evolutionary rates by using the function RRphylo embed-

ded in the RRphylo R package (Castiglione et al. 2018).

The phylogeny of hominins is characterized by a stable

topological arrangement with H. sapiens and H. nean-

derthalensis placed as sister species. Moving from this

pair, from the least to the most inclusive clade, the tree

includes H. heidelbergensis, H. erectus, H. habilis, the aus-

tralopiths and eventually greater and lesser apes (Vill-

moare 2018; Diniz-Filho et al. 2019; Parins-Fukuchi et al.

2019; P€uschel et al. 2021). Extinction dates represent the

last appearance for each species: A. africanus, 2.03 Ma

(Pickering et al. 2019); H. habilis, 1.6 Ma (de la Torre

et al. 2021); H. erectus, 0.1 Ma (Rizal et al. 2020); P. boi-

sei, 1.34 Ma (Dominiguez-Rodrigo et al. 2013); H. heidel-

bergensis, 224 ka (Lu et al. 2011; Arnold et al. 2015);

H. neanderthalensis, 40 ka (Higham et al. 2014).

Mapping rates of shape evolution

The phenotype is summarized by the PC scores retrieved

from the Procrustes superimposition and the PCA. For

any two species in the tree, or for a species and any of its

parental nodes, the function retrieves multivariate rates of

phenotypic transformation (as many rates as the number

of PCs) from an RRphylo object (Fig. 2A–B, Table 2).

Given an ancestor–descendant pair within the tree, the

phenotypic difference between them is defined by the

sum of subsequent changes occurring along the path lead-

ing to the species. The amount of shape change is thus

described by the algebraic sum of the evolutionary rate

values computed along all the branches occurring in

between the ancestor and the descendant, separately for

each PC score, giving a vector r of rate sums of length n

(the number of PCs). For any pair of species, the result-

ing multivariate rate vectors (r1, r2) describing the shape

F IG . 1 . Landmark configuration used in this study. Landmark

abbreviations are explained in Table 1.

TABLE 1 . Landmark descriptions and abbreviations.

N° Landmark Definition

1 Prosthion (prs) Midline point at the most anterior

point on the alveolar process of

the maxillae

2 Nasospinale (nsp) Lowest point of the inferior margin

of the nasal aperture as projected

on the mid-sagittal plane

3 Nasion (nas) Midline point where the two nasal

bones and the frontal intersect

4 Glabella (gla) Midline bony prominence between

the superciliary arches of the

frontal bone, representing the most

anterior part of the forehead

looking straight ahead

5,6 Alare (al) Most lateral point on the margin of

the anterior nasal aperture

7,8 Zygoorbitale

(zyo)

Point at which the orbital rim

intersects the zygomaticomaxillary

suture

9,10 Frontomalare

orbitale (fmo)

Point at which the frontozygomatic

suture crosses the inner orbital rim

11,12 Frontomalare

temporale (fmt)

Point at which the frontozygomatic

suture crosses the temporal line

13,14 Dacryon (d) Point at which the maxillolacrimal

suture meets the frontal bone

15,16 Zygomaxillare

(zm)

Most inferior point on the

zygomaticomaxillary suture

17 Rhinion (rhi) Midline point at the inferior free

end of the internasal suture

18,19 Jugale (ju) Notch between the temporal and

frontal processes of the zygomatic

20,21 Infraorbital

foramen (inf)

Upper margin of the infraorbital

foramen

22,23 Canine (ca) External alveolar margin of the

canine

24,25 Premolar (pm) External alveolar margin of the

second premolar

26,27 Superior orbital

(sor)

Highest point on the orbital margin

28,29 Frontotemporal

constriction (ft)

Point of narrowing of the cranium

just behind the eye sockets

Landmark definition from White et al. (2011).
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change from each species in the pair to their common

ancestor, are separately inspected for inflection points to

identify those PC axes associated with the greatest pheno-

typic change (i.e. the largest summed rate values; Fig. 2B).

The inflection points are identified by using the function

ede in the R package inflection (Christopoulos 2019). ede

performs an extreme distance estimator (Christopoulos

2012, 2016) to efficiently locate the inflection points

along a curve. We used the identified PC axes along each

(r1 and r2) vector, and their associated loadings, to esti-

mate the landmark configurations for the analysed spe-

cies/nodes pair by using the showPC Morpho function

F IG . 2 . Graphical representation of the rate.map function workflow. A, the morphological information (obtained with procSym func-

tion in Morpho), and the evolutionary rates (computed with RRphylo function in RRphylo) are the initial data. B, for each indicated

species/node, rate.map (RRphylo) computes the rate vectors (i.e. the sum of all rates along the evolutionary path from the species/

nodes to the most recent common ancestor). C, the rate vectors are ordered; the highest and lowest vectors are selected in relation of

the inflection points; the associated PCs are selected and used to reconstruct the surfaces of the two species/nodes (sur1 and sur2), and

that of the most recent common ancestor (surmrca). D, rate.map displays the local area comparison in terms of expansion (blue trian-

gles) or contraction (red triangles) between each surface and the most recent common ancestor of the species pair (mrca).
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(v.2.8). In this way, the new configurations are weighted

based on the most significant amount of shape change,

discarding minor shape variation. Starting from the new

configurations, the function automatically reconstructs

the new 3D surfaces (sur1, sur2) associated with the

selected PC axes, using the ball-pivoting algorithm

(Bernardini et al. 1999) implemented in the function

vcgBallPivoting in the R package Rvcg (Schlager 2017).

The same procedure is used to reconstruct the landmark

configuration and the 3D surfaces of the most recent

common ancestor (surmrca) between the analysed spe-

cies/nodes without selecting any PCs (Fig. 2C). sur1 and

sur2 are both compared with surmrca using the algorithm

embedded in the localmeshdiff function of the Arothron

R package (Profico et al. 2021). localmeshdiff compares

the area differences between corresponding triangles of

each 3D surfaces and surmrca. As a final product, rate.

map automatically returns a 3D plot showing the two

comparisons (sur1 against surmrca, and sur2 against

surmrca) displayed on surmrca (Table 3). This procedure

effectively illustrates the direction and magnitude of

phenotypic change for any pair of species in reference to

their most recent common ancestor. The colour gradient

goes from blue to red, where blue areas represent expan-

sion of the mesh (compared to surmrca) and red areas

represent contractions of the mesh triangles (Fig. 2D).

rate.map further allows us to investigate the pure

morphological comparison of shapes by excluding the

evolutionary rate component. By setting the argument

show.diff = TRUE, sur1 and sur2 will be reconstructed

without selecting any PC axes and compared one against

the other. In this case, a second 3D plot will be displayed

highlighting area differences in terms of expansion

(green) and contraction (yellow) (Appendix S1, Fig. S2).

RESULTS

We show rate.map results for three different com-

parisons: H. sapiens – H. neanderthalensis (Fig. 3A),

H. sapiens – H. erectus (Fig. 3B) and H. sapiens –
A. africanus (Fig. 3C). In all cases the reference surface is

their respective surmrca. The first comparison is between

sister species, the two others between different lineages

with progressively deeper common ancestry.

From the comparison between H. sapiens and H. nean-

derthalensis it is clear that the brow ridges, and nasal

regions changed very rapidly from those of their most

recent common ancestor (mrca; Fig. 3A). Homo sapiens

(left side) exhibits a restriction in the nasal area with a

strong contraction of the brow ridge, and a narrow

piriform aperture. Conversely, H. neanderthalensis (right

side) developed an enlarged nasal cavity. Opposing pat-

terns of evolution are also highlighted for the zygomatic

bone. The midface of H. neanderthalensis is slightly more

prognathic, a feature which is often reported in literature

(Stelzer et al. 2018).

Figure 3B shows the comparison between H. sapiens and

H. erectus. Relative to their most recent common ancestor,

the lineage leading to H. sapiens shows a great reduction

in the brow ridge and narrowing of the upper facial skele-

ton. Interestingly, brow ridge evolution in the lineage lead-

ing from the most recent common ancestor to H. erectus

does not show high evolutionary rates, in keeping with the

observation that this ancestor had a prominent brow.

Figure 3C shows the comparison of H. sapiens and

A. africanus to their mrca (on the left and right, respec-

tively). In H. sapiens a rapid forward expansion of the nasal

bones and a thinning of the brow ridge are evident, and

the dental arch appears reduced and laterally compressed.

DISCUSSION

In apes (Hominoidea), facial morphology plays a central

role in recognition, communication and expression of

emotions (Du et al. 2014; Lacruz et al. 2019). Craniofacial

bones appear to be highly integrated with the brain case

(Bastir & Rosas 2005; Marcucio et al. 2011) and to a les-

ser degree with the cranial base (Profico et al. 2017;

TABLE 2 . Explanation of rate.map arguments.

Argument

name

Explanation

x The species/nodes to be compared; it can be a

single species, or a vector containing two

species, or a species and a node to be compared

RR An object generated by using the RRphylo

function

PCscores PC scores

pcs PC vectors of all the samples

mshape The consensus configuration

out.rem Logical: if TRUE triangles with outlying area

difference are removed

shape.diff Logical: if TRUE, the mesh area differences are

displayed in a second 3D plot

show.names Logical: if TRUE, the names of the species are

displayed in the 3D plot

TABLE 3 . Explanation of rate.map returned values.

Value Explanation

Selected List of PC axes selected for higher evolutionary rates

for each species

Surfaces List of reconstructed coloured surfaces of the given

species and of the most recent common ancestor
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Neaux et al. 2019). The shape of neurocranium and cra-

nial base changed greatly in the course of human evolu-

tion. This is likely to be the consequence of long-term

trends toward increased brain size and the acquisition of

bipedalism (Masao et al. 2016). Yet, they are frequently

interpreted as adaptations to different diets as well. Early

representatives of the human lineage (i.e. Australopithecus

and Paranthropus) may show a range of derived cranio-

dental and osteological features conferring adaptation to

hard food consumption (Teaford & Ungar 2000; Strait

et al. 2009). However, this hypothesis has been challenged

in recent years, as both functional, morphological and

isotopic studies seem to point to less mechanically resis-

tant food items as typical of most hominins (Grine et al.

2010; Cerling et al. 2011; Ungar et al. 2011; Delezene

et al. 2013; Ledogar et al. 2016; Marc�e-Nogu�e et al.

2020).

In general terms, living greater apes are characterized

by marked prognathism, with long snouts and vertically

deep faces. Conversely, fossils belonging to the human

lineage present shorter midfaces with a vertical profile

and follow an overall trend toward gracilization, but they

still show a slightly prognathic premaxillary region common

to the basal hominin species (Stelzer et al. 2018; Lacruz

et al. 2019).

In the H. sapiens – A. africanus comparison, these pat-

terns are readily evident. Reduced prognathism as well as

thinning and outward expansion of the nasals have

F IG . 3 . Visualization of the pair-

wise comparison between Homo

sapiens and: A, H. neanderthalensis;

B, H. erectus; C, Australopithecus

africanus. In each case, the left

image shows the reconstructed sur-

faces of the last common ancestor

(mrca) of H. sapiens and the com-

parator taxon using the PC axes

related to the highest evolutionary

rates for H. sapiens. On the right,

we used the highest evolutionary

rates for the comparator taxon. The

colour gradient goes from blue (ex-

panded areas) to red (contracted

areas) and indicates the areas of the

surfaces that changed at higher evo-

lutionary rates during the evolution

from the common ancestor.

6 of 10 PALAEONTOLOGY , VOLUME 65



evolved faster than other regions of the facial skull in

H. sapiens. When compared to the inferred shape of their

most recent common ancestor, rates of shape change in

the H. sapiens – H. neanderthalensis pair are similarly evi-

dent. Modern humans rapidly developed a thinner brow

ridge and nasals relative to Neanderthals, although well-

developed brows are present in early representatives of

our species from Jebel Irhoud, Herto and Skhul (Stringer

2016; Hublin et al. 2017). A less macroscopic, yet poten-

tially more interesting pattern of phenotypic change

occurs in the area around the canine fossa. In Nean-

derthals, this region is inflated, whereas a depression

referred to as the canine fossa is present in H. sapiens.

This pattern of change was attributed to bone remod-

elling during ontogeny in Schuh et al. (2019), but consid-

ered to be a by-product of the formation of surrounding

structures, in keeping with Maddux & Franciscus (2009)

and Freidline et al. (2012).

However, the reconstruction performed by rate.map

indicates that the area of the canine fossa has been affected

by slower rates of change than have surrounding regions;

the nasal region in particular. This is consistent with the

‘spandrel-like’ hypothesis (sensu Gould & Lewontin 1979)

of evolution of the canine fossa within a broader context

of midface reorganization (Martinez-Maza et al. 2010).

CONCLUSION

Phenotypic evolutionary rates in RRphylo are estimated as

phylogenetic ridge regression slopes. With shape data, this

implies that each rate represents the magnitude and direc-

tion of shape change attached to specific PC axes, that is,

to specific regions of the morphology of interest. This offers

the unique opportunity to chart the rates on the phenotype,

illustrating how and to what degree the phenotype changed

over the course of evolution within an explicit phylogenetic

context. We developed the function rate.map to compute

and map such patterns of shape changes directly onto the

phenotype. Applying this methodology to the evolution of

the human lineage we find that the familiar morphology of

the modern human face, with thin brow ridge and out-

wardly oriented, narrow nasal bones was the product of

rapid evolution. Interestingly, the region of the canine fossa

evolved slowly, in keeping with previous findings pointing

to this feature as a by-product of adaptive changes in the

surrounding regions of the midface.
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