
communications biology Article

https://doi.org/10.1038/s42003-024-06710-8

RRmorph—a new R package to map
phenotypic evolutionary rates and
patterns on 3Dmeshes
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The study of evolutionary rates and patterns is the key to understand hownatural selection shaped the
current and past diversity of phenotypes. Phylogenetic comparative methods offer an array of
solutions to undertake this challenging task, and help understanding phenotypic variation in full in
most circumstances. However, complex, three-dimensional structures such as the skull and the brain
serve disparate goals, and different portions of these phenotypes often fulfil different functions,
making it hard to understand which parts truly were recruited by natural selection. In the recent past,
we developed tools apt to chart evolutionary rate and patterns directly on three-dimensional shapes,
according to their magnitude and direction. Here, we present further developments of these tools,
which nowallow to restitute themapping of rates and patternswith full biological realism. The tools are
condensed in a new R software package.

Changes in the rate of phenotypic evolution arise because of natural
selection1–3. Consequently, comparative studies address rate variation to test
specific evolutionary hypotheses such as adaptive radiation4–6, stasis7,
reduction in the strength of selection towards specific phenotypes8, or
density-dependent trait evolution9,10. Currently available statistical tools
compute rates in terms of the amount of trait variance added over the
evolutionary time11, for the phenotype as a whole (e.g. multivariate phe-
notypic disparity12,13), or for a scalar dimension (e.g. body size14,15).However,
the rate of trait changemay depend on—or affect only—a limited portion of
the phenotype, as with the appearance of key innovations16–18, selection for
larger appendages or weapons19,20, or for different limb lengths21. Still,
functional diversity may be unrelated to the portion of the phenotype
involved, as with morphologically diverse structures that perform similarly
(many-to-one mapping22–24) making it crucial to understand rate variation
of the structure of interest in the context of the whole phenotype25. Recently,
we demonstrated our own phylogenetic comparative method, RRphylo26

can be used to chart the phenotypic evolutionary ratesmagnitude of change
across the phenotype27,28. This is because RRphylo rates are represented by
phylogenetic ridge regression slopes describing the amount and direction of
phenotypic change from one node to the next across the tree, fitted
simultaneously for the entire tree by means of L2 regularization26,29, which
minimizes rate variation across the tree branches. As applied on Principal
Component (PC) scores derived from the decomposition of shape variation
for 3D data, the RRphylo rates describe changes in the PC scores, which in

turn can be translated into deformations of a reference shape, thus allowing
the PC rates to be charted across the 3D phenotype. In the original version,
this rate mapping procedure was embedded in the ‘RRphylo’ package
functions rate.map and conv.map, which by the same workflow can map
either rates (the former) or areas of the phenotype responsible for mor-
phological convergence (the latter28). One potential limitation of these
algorithms is that since rates (or pattern of convergence) aremapped on the
3D shapes reconstructed by rotating and translating PC scores back into
configuration space using selected PC axes only, they do not provide the
morphological details detectable from the original 3D mesh. Hence, the
portion of the phenotype affected by the most important shape changes
must be understood by their gross anatomy. Here, we present an updated
version of rate.map and conv.map, condensed in a new R package,
‘RRmorph’, which now allows transporting the rate variation directly on the
real phenotype, allowing to inspect how rates unfold over the phenotype
with the level of details provided with the original 3D meshes.

Here, we used the ‘RRmorph’ toolkit to study the evolution of brain
shape in primates, and morphological convergence in primate brains and
skulls. The rationale for the former study is to highlight which areas of the
brain enlarged the most during the evolution of the group. Primates are
known to perform particularly well in complex cognitive tasks including
tactical deception and understanding the mental states of conspecifics30,31.
These functions, which are acutely pronounced in catarrhines (and even
more in apes) are usually connected to the evolutionary enlargement of the
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prefrontal cortex32,33. Yet, the issue of whether apes and humans really have
expanded prefrontal areas is debated34,35. We predict that high rates of
cortical expansion must accrue to the prefrontal area in primates starting
from early forms towards the ape branch of the primate tree if prefrontal
area enlargement was provided by natural selection.

The second case study addresses patterns of convergence in primate
brains and skulls. Convergence betweendistant species’brains is expected to
occur if selection favored the enlargement of specific cortical areas over
other in response to species ecology and lifestyles36. Similarly, structures of
the skull linked to vision acuity, like forward facing orbits and enlarged
orbits in nocturnal euprimate species, can be either the result of morpho-
logical convergence or shared inheritance from stem primates37,38. We do
expect convergence in clades exhibiting similar ecological requirements to
be located in the brain and skull areas linked to the species ecology.

Results
Relative Warp Analysis (RWA)
We found that the distribution of endocast shapes on the Relative Warp 1
(RW1) to Relative Warp 2 plot (explaining 50.6% and 14.9% of the total
variance, respectively) indicates a clear distinction between adapids, prosi-
mians (Strepsirrhini plus tarsiers) andCatarrhini. Hominids detached from
the other primates on the positive values of both axes. Rooneyia viejaensis is
located next to the other prosimians (Fig. 1a). We developed a specific
function namedplotland (still embedded in ‘RRmorph’) to show the relative
importance of landmarks and semilandmarks displacement on each PC or
RW axis (PCA loadings). On the first RW axis (Fig. 1a) the major variation
pertains to the dorso-parietal and cerebellum areas. Strepsirrhine and
prosimians have flat endocasts, which is rounded in apes andmonkeys. The
shape variation on the temporo-parietal portion of the endocast dis-
criminates Primate clades on RW2, with Omomyidae and Adapidae and
hominids placing at opposite positions in themorphospace (i.e. the opposite
ends of the RW axes).

The representation of thefirst two axes of theRWAon the skull dataset
shows a marked separation between prosimians, monkeys plus apes, and
humans (Fig. 1b). The hominids position in the morphospace is unique
except forAustralopithecus africanus standing close to Pan troglodytes. The
areas which appear to be more important in the definition of the mor-
phospace along RW1 are the nasal bones and the cranial vault (positive
values) and the maxilla (negative values). On RW2 the greatest importance
is linked to the shape of the orbits and the tooth row (Fig. 1b).

rate.map case study
We find the highest rates of endocast shape evolution accrue to the human
clade (Fig. 2). To locate which areas evolved more rapidly through the
evolutionary history of primates andhow they changed,we charted the rates
effect on seven different 3Dmesh surfaces belonging toRooneyia viejaensis,
Eulemur mongoz, Adapis parisiensis, Macaca mulatta, Homo sapiens,
Alouatta guariba and Cebus albifrons (Fig. 2). The Primate cranial capacity
increased through the primate evolution, especially in Catharrini and Pla-
tyrrhini.Muchof this expansion is related to the frontal andprefrontal areas,
especially in Catharrhini. Among Platyrrhini, the endocast of Alouatta
presents a small degree of enlargement in the same areas, being almost
comparable with the prosimians. The occipital area enlargement, together
with the expansion of the cerebellum, is particularly notable in the genus
Homo.Adapis, a basal Primate from the Eocene, shows an opposite pattern,
with relatively small frontal and occipital areas.Rooneyia differs fromothers
Eocene primates, as only a slight enlargement of the frontal and temporal
area is visible.

Tovisualize the cortical areas affectedbyhigh rate of evolution,weused
a digital reproduction of MRI image of the same individual of H. sapiens
showed in Fig. 2. We sampled 18 landmarks directly on the MRI brain
surface.Then,we transferred the semilandmarkspatchof the corresponding
H. sapiens endocast specimen on the brain surface by using the thin plate
spline algorithm (tps3d function in ‘Morpho’ R package). Eventually, we
used Morpho’s slider3d algorithm on both endocast and MRI

semilandmarks sets tominimize the differences between them. The cortical
expansion/contraction patterns on theMRI were eventually interpolated as
for the endocasts by using the interpolMesh algorithm in ‘RRmorph’ (Fig. 3).

conv.map case study on skulls
search.conv revealed marginally significant convergence in skull shape
among Lemuroidea (i.e.Archaeolemur, Indri, Lemur, Eulemur,Hapalemur,
Propithecus) and the howler monkey Alouatta genus (mean angle = 0.662,
p-value = 0.04). conv.map showed the convergent areas between Lemur-
oidea and Alouatta are mostly related to the splanchnocranium and the
top of the skull, and to nasal, maxillary and frontal bones in parti-
cular (Fig. 4).

conv.map case study on endocast and skulls
The convergence investigation among the resized and comparable dataset of
endocast and skulls revealed significant convergence among the same
clades, which mean Alouatta and Lemuroidea (search.conv on skulls: mean
angle = 0.662, p-value = 0.05; search.conv on endocasts: mean angle = 0.738,
p-value = 0.04, Supplementary Figs. 1 and 2).

Discussion
Natural selection operates on phenotypes adapting their shape to the
functions they perform. However, the evidence for adaptation is masked by
the effects of phylogenetic inheritance, by convergence of function without
convergence of shape22,23, and by the limits imposed by genetic, develop-
mental, and morphological constraints39–42. With complex, multipurpose
structures such as the skull or the brain, disentangling the effects of selection
and constraints is further complicated by the fact that different parts of the
phenotype (i.e. the structure) may evolve under different selection regimes,
and that selection on one portion of the phenotype may affect indirectly
other portions to provide proper functioning and balance between different
selection pressures43. For example, it is well understood that the now extinct
sabertooth cats evolved long upper canines to deliver their bite44–46. Yet, also
the increased gape, low position of the skull to mandible articulation, and
protruding incisors, are all surmised to be part of this killingmethod toolkit,
meaning that high rate of evolution should extend to these areas as well28.
Patterns of selection can be inferred directly from phylogenetic and phe-
notypic data3,26,47. Yet, most phylogenetic comparative methods calculate
rates as a scalar, representing some form of trait variance accumulated over
time48 or some standardized measure of trait change over time (e.g. darwin,
haldane) which implies that although trait variation across the branches of
the phylogeny and over time can be readily assessed, charting rate variation
over the phenotype is impossible. Our RRphylo method derives the rates
from the phylogeny and data, as represented by the L2 regression slope
between the nodes in the tree. As applied to shape decomposition (PC axes)
data, thismeans rates can be translated back into localized shape changes27,28

allowing the rate variation to be visualized on the phenotype. In this study,
we extended our original rate charting method to transfer the map of rates
directly on the real phenotype. We applied the new techniques, condensed
in a new R package named ‘RRmorph’, to the evolution of brain and skull
shape in primates. We found that particularly high rates of cortical
expansion accrue to the prefrontal area in catarrhine, and especially so in the
human prefrontal cortex (Fig. 2). This finding agrees with several reports
emphasizing prefrontal expansion in our species and fellow apes32,33,49 and
with the decisive role that this area of the cortex performs in producing
exquisitely complex, higher-order cognitive functions including moral
judgment, social agency and decision making50–53. However, the notion of
greatly expanded prefrontal cortex in humans and apes (at least) was
strongly criticized34,35. We found that rapid expansion of the prefrontal
cortex characterized the evolution of primates, extending to species other
than apes (Fig. 2). In humans, rapid expansion pertains to the posterior
parietal cortex and the cerebellum as well (Fig. 3), pointing to the key role of
these areas in higher-order cognition in our species54,55. As a second case
study, we explored patterns of convergence in primate skulls. Although not
particularly strong, we found intriguing evidence that howlermonkey skulls
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converge on lemurs’ (Fig. 4). The peculiar skull shape of Alouatta has long
been noted. Howler monkeys present a peculiar retroflexion of the facial
skeleton on the cranial base (a condition known as airorynchy) and pos-
teriorly oriented foramen magnum56 which are not present in any other

New World monkey, but only occurs in a few apes (Pongo57) and
prosimians58,59, respectively. Interestingly, the only species to present both
conditions, to our knowledge, is the extinct lemurMegaladapis60, which has
been used as evidence that both genera converge on strictly folivorous

Fig. 1 | Morphospace analysis for endocast and skull datasets. a RW1 to RW2 plot
on the endocast dataset. To the right, the output of ‘RRmorph’ plotland function. The
endocast used for the image belongs to Presbytis potenzianiUSNM-121668. b Plot of

the first two Relative Warp axes of the RWA on the skull dataset. On the right, the
output of plotland function. The specimen used for the representation is Cerco-
pithecus ascanius USNM-452510.
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diet60,61. We repeated the same convergence test on both skull and brains,
retrieved from the same specimens. The results confirmed convergence
between lemurs and Alouatta for both structures. conv.map found con-
vergence between the two clades regard the top of the skull, the nasal and
maxillary bones, and the zygomatic arch (Supplementary Fig. 1), and the top
of the brain around the fronto-pariental juncture (Supplementary Fig. 2), in
keeping with the observation that Alouatta has vertically flattened and
relatively small brains due to the early cessation of brain growth and early
closure of the skull sutures56. It is hard to tell whether the patterns of
convergence we found have strong functional significance. Tree foliage
eating is not restricted to lemurs and howlermonkey, and it isMegaladapis,
rather than extant lemurs, to show airorynchy. Issues of convergence with
no functionalmeaning arenot rare23,62. In the casewedealtwith, it is possible
that developmental constraint acting on the braincase and skull and brain
growth make howler monkey to resemble lemurs, rather than the two
evolving towards a shared portion of the primate head morphospace.

This study highlights the potential utility of ‘RRmorph’ toolkit to study
how evolutionary change unfolds upon phenotypic structures. By charting
evolutionary rates and patterns directly on the phenotype, with unprece-
dented levels of details, these tools offer new and improved levels of
investigation to understand the diversity of shape and its functional

underpinning which we hope will stimulate future research on these fasci-
nating issues.

Materials and methods
Data collection
We built two different databases for different phenotypes. The endocasts
database includes 211 3D digital models representing 120 primate species.
The skulls database comprises 179 3D digital models belonging to 93 dif-
ferent primate species. For both databases we included both a male and a
female individual, where available. The digital models come from different
institutions. Details about the collections are reported in Supplementary
Data 1.Oneachdigitalmodel, 18 landmarksonendocasts and41 landmarks
on crania were manually sampled by using Amira software63. Collected
landmarks were of type I (homologous structure) and II (geometric
homologous structure, i.e. point of maximum curvature). The landmarks
are described in Supplementary Tables 1 and 2, and shown in Figs. 5 and 6.
Missing landmarks were estimated using the functions fixLMmirror and
fixLMtps in ‘Morpho’ R package64.

We performed a preliminary alignment of the landmark configura-
tions, for both endocasts and crania, to identify the specimen closest to the
consensus shape. Their respective 3D surfaces were chosen as reference. By

Fig. 2 | The Primate phylogenetic tree and representative endocasts of the major groups. Tips are colored based on the magnitude of multivariate rates of endocast shape
evolution. The color gradient of the surfaces indicates the difference of each species from the shape at the tree root in terms of cortical expansion (blue) and contraction (red).
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applying this procedure,we selectedPresbytis potenzianiUSNM-121668 for
the endocast data andCercopithecus ascaniusUSNM-452510 for the skulls.
Semilandmarks were automatically sampled on the right side of both
reference digital surfaces through the k-means clustering methods (kmeans
function, ‘stats’ R package). Points were mirrored on the left side and pro-
jected onto the surface to generate a bilateral set of semilandmarks. Thefinal
set of semilandmarks consists of 120 bilateral semilandmarks for endocasts
and 200 for skulls. The final configurations of both landmarks and semi-
landmarks were symmetrized by using the function symmetrize embedded
in the R package ‘Morpho’64. Within the function symmetrize, the land-
marks are reflected and relabeled according to the given indication of right
and left indices. The original and the reflected configurations are then
averaged to obtain a perfectly symmetric one.

To remove the size, orientation, and translation effect, we performed a
Procrustes superimposition of the coordinates of both endocasts and skulls
datasets.We computed the Principal Component Analysis (PCA) of partial
warp scores (Relative Warp Analysis, RWA) to reduce data dimensionality
and to explore themorphological endocasts and skulls shape variations. The
Procrustes superimposition and the RWA were performed through the
function relWarps in ‘Morpho’.

Phylogenetic tree and RRphylo
We built two different informal supertrees including all Primate species
related to the endocast and the skull dataset, using the function tree.merger65

in the package ‘RRphylo’. Our main reference for primate phylogenetic
positions and last appearance ages is ref. 66. Last appearance ages for

Fig. 4 | conv.map applied to the skulls of lemurs
and howler monkey, found to converge morpho-
logically on each other. The skull areas responsible
for the convergence pattern are colored in blue
shades. The grid reports pairwise convergence pat-
terns depicted on the original phenotypes. For all
pairwise comparisons, the same shape variables
found to explain convergence (RW axes) were used.

Fig. 3 | Patterns of evolutionary shape change in
Homo sapiens. On the left, the shape change is
mapped on the reconstructed endocast. On the
right, the same variation is mapped on the brain
cortex75. The shape change is described in terms of
expansion (blue) and contraction (red) compared to
the basal primate condition.
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missing species are indicated in SupplementaryData 2. The final tree for the
endocast dataset includes 120 species (112 extant and 8 extinct), whereas for
the skull dataset we included 93 species (88 extant, 5 extinct).

We estimated the rates of endocast evolution by applying the RRphylo
method26. Rates were used to (1) map the areas of the Primate endocasts
characterized by highest (and lowest) evolutionary rate values (rate.map
case study); (2) compute possible instances of morphological convergence
among Primate skulls with the function search.conv67 in ‘RRphylo’ and
visualize the strength of convergence on digital surfaces (conv.map case
study on skulls); and (3) compare the pattern of convergence of endocast
and skulls (conv.map case study).

RRmorph
‘RRmorph’ is a brand-new R package providing tools to map phenotypic
evolutionary changes and patterns over 3D digital models in a phylogenetic
framework. The main functions embedded in the package are meant to
interpolate rate values, translated into changes in the triangles of a three-
dimensional mesh in a given species or node in the tree as compared to the
referencemesh’s corresponding triangles. Themain functions of 'RRmorph'
are conv.map and rate.map. Theywere presented separately in two different
papers by Melchionna et al.28 and Castiglione et al.27 and now updated to
provide mapping on the original 3D mesh. In brief, conv.map charts pat-
terns of convergence between pair-species on three-dimensional models by
selecting the Principal Component (or Relative Warp) axes implied in
convergence. After the PC selection, conv.map restores the shapes and
surfaces of the paired species starting from the selected PCs or RWs, that is
the portion of themorphological variance responsible for convergence. The
triangle-by-triangle area differences between the restored surfaces and the
consensus shape are computed. The resulting area differences are then
compared between each other. Convergent areas will therefore present the
smallest shape variation (plotted in color shades), whereas non-convergent
regions will be plotted in white.

The rate.map algorithm is based on the same principle, but the selected
PCs or RWs of compared species pairs are the ones associated with the
highest (and lowest) evolutionary rates relatively to their common ancestors
(for most applications the tree root).

In both conv.map and rate.map the surface reconstruction is auto-
matically performed with the Ball-Pivoting algorithm68 implemented in the
vcgBallPivoting function (‘Rcvg’ R package69). The resulting triangular
surfaces highly depend on the original pattern of landmarks and semi-
landmarks, and the area differences (species-species for convergence, or
species to ancestor for the evolutionary rates) are associated to the mesh
triangles.Herewe implement both algorithms, to chart the convergence and
thephenotypic change attached to the evolutionary rateson real surfaces.To
this aim, we introduce an interpolation method which transfers the infor-
mation associated to individual triangles of the reconstructed surfaces onto
the corresponding triangles of the real digital models. The same interpola-
tion can be performed if the value to be interpolated refers to the landmarks,
rather than to the triangles. The interpolation is by a new algorithm named
interpoolMesh, whose functioning is illustrated in Fig. 6. The first step of
interpoolMesh is to compute the barycenter of each triangle of the recon-
structed surfaces. Through the location of landmarks and semilandmarks
on the real mesh, which corresponds to the vertices of the reconstructed
surface, the position of the barycenter onto the real mesh is retrieved. After
that, for eachpoint of the realmesh (i.e. reddot in Fig. 6b) k barycenter (here
to for nearest neighbor points, NNPs) are identified, and the Euclidean
mean of the associated values is computed. The default value of k is equal to
4, as shown in Fig. 6. Subsequently, the real mesh is colored based on the
interpolated values with the ‘RRmorph’ function col2mesh.

rate.map case study on endocasts
We computed evolutionary rates on the endocast Primate dataset with
RRphylo. Then we ran rate.map by comparing each tip of the phylogenetic
tree with the common ancestor (the root of the tree).

Fig. 5 | Endocast (n= 18) and cranium (n= 41) landmark configurations. Manually placed landmarks are numbered. The anatomical descriptions are reported in
Supplementary Tables 1 and 2. Surface semilandmarks on endocast and cranium are respectively fuchsia and green.
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conv.map case study on skulls
We computed evolutionary rates on the skulls dataset with RRphylo. We
assessed the presence of the morphological convergence among Primate
cranial shape with search.conv, an algorithm embedded in the R package
‘RRphylo’26, which tests whether unrelated clades aremorphologicallymore
similar to each other than expected by their phylogenetic distance.We used
conv.map to compare species pairs that result to be convergent bymapping
the convergence on three-dimensional surfaces.

conv.map case study on endocast and skulls
We decided to search for convergence by using a reduced dataset of both
endocast and skulls, retrieved from the same individuals. Our aim is to see if
the convergence regards the same clades and if a similar pattern of con-
vergence is recognizable through conv.map.

Statistics and reproducibility
Statistical analysis was done with R Studio Software version 2023.06.0 based
onR4.4.0.Anewpackage, ‘RRmorph’,was specifically created toperformthe
analysespresentedhere.RRmorph ismainlybaseson the functionspresent in
the R packages ‘RRphylo26, ‘Morpho’ and ‘Rcvg’69. Digitalmodels of the skull
were either downloaded from public repositories or provided by colleagues.
The full list of specimen provenances is available as Supplementary Data 1.
Specimens were processed to extract the endocasts via the R software
endomaker70 available within the R package ‘Arothron’71. CT and laser scans

were processed in Amira63 and the resulting models landmarked with this
same software. Rate analysis was performed with the function RRphylo26.
Convergence was assessed using the theta statistics67 which internally per-
formsa randomizationprocedure to assesswhether the angle between thePC
score vectors (of any pair of species) weighted by their patristic distance is
larger than expected by chance. TheR codes to performall of the analyses are
available as online attachments to this manuscript. Figures and plots were
prepared using the R package ggplot272 and the Photoshop suite.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The source information for the primate specimens included in the analyses
is specified in the Supplementary Data 1. Age of extinction and source
information for the phylogenetic positioning of species is reported in the
Supplementary Data 2.

Code availability
The R scripts to perform the analyses along with datafiles to reproduce the
examples presented in themanuscript are available viaDryad73 repository at
https://doi.org/10.5061/dryad.ksn02v7d0. The RRmorph74 R package is
available from Zenodo at https://doi.org/10.5281/zenodo.11658855.

Fig. 6 | The interpolationmachinery implemented
in rate.map and conv.map embedded in
‘RRmorph’. The steps (a, b) are performed by the
‘RRmorph’ function interpoolMesh. The step
described in the orange box (c) is implemented by
the ‘RRmorph’ function col2mesh.
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