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Cladistic analysis of continuous modularized traits
provides phylogenetic signals in Homo evolution

Rolando Gonzalez-José', Ignacio Escapa?, Walter A. Neves®, Rubén Ciineo? & Héctor M. Pucciarelli*

Evolutionary novelties in the skeleton are usually expressed as
changes in the timing of growth of features intrinsically integrated
at different hierarchical levels of development'. As a consequence,
most of the shape-traits observed across species do vary quantita-
tively rather than qualitatively?, in a multivariate space’ and in a
modularized way*’. Because most phylogenetic analyses normally
use discrete, hypothetically independent characters®, previous
attempts have disregarded the phylogenetic signals potentially
enclosed in the shape of morphological structures. When analys-
ing low taxonomic levels, where most variation is quantitative in
nature, solving basic requirements like the choice of characters
and the capacity of using continuous, integrated traits is of crucial
importance in recovering wider phylogenetic information. This is
particularly relevant when analysing extinct lineages, where avail-
able data are limited to fossilized structures. Here we show that
when continuous, multivariant and modularized characters are
treated as such, cladistic analysis successfully solves relationships
among main Homo taxa. Our attempt is based on a combination of
cladistics, evolutionary-development-derived selection of charac-
ters, and geometric morphometrics methods. In contrast with
previous cladistic analyses of hominid phylogeny, our method
accounts for the quantitative nature of the traits, and respects their
morphological integration patterns. Because complex phenotypes
are observable across different taxonomic groups and are poten-
tially informative about phylogenetic relationships, future ana-
lyses should point strongly to the incorporation of these types of
trait.

Cladistic analysis provides a solid framework to reconstruct phylo-
genetic relationships among taxa, because it identifies monophyletic
groups by looking for shared derived characters. Theoretically, most
cladistic methods need these characters to be discrete and indepen-
dent, among other requirements. However, completion of cladistic
analysis becomes problematic because, at lower taxonomic levels,
most of observable variation is expressed as continuous changes of
size and shape™ rather than in discrete identifiable structures.
Although some traits can be reasonably treated as discrete, it is also
true that modern morphometrics provide a rich source of quantita-
tive characters, which raises the question of how to use them in
inferring phylogenies. This problem has some important implica-
tions. First, apart from the fact that discretization methods are still
the subject of intense debate®”’, these procedures disregard the con-
tinuous nature of many complex morphological traits. Note that
discretization can be either explicit, through a broad spectrum of
gap-weighting methods applied on an admittedly continuous trait,
or implicit through arbitrary definition of discrete character states
upon a complex trait. In this case, the morphological features can be

described quantitatively, but are presented qualitatively (for
example, low position of the infraorbital foramen). Second, discre-
tization procedures force the multivariant nature of many complex
phenotypes to be artificially treated as a collection of univariant
measurements, disregarding the multivariant and geometric nature
of form®. This is of crucial importance in cladistic practice, because
homoplasy could be less likely in multivariate, complex phenotypes
than in univariate traits®. Finally, at these low taxonomic levels,
quantitative and developmental genetics can provide powerful addi-
tional tools to estimate degrees of character independence®”. In this
context, functional and developmental integration leads to the co-
inheritance of character complexes, often called modules, which are
then constrained to evolve in a coordinated, rather than indepen-
dent, fashion’. In human palaeontology, for instance, this principle is
routinely violated as functionally and developmentally linked traits
are subdivided for analytical purposes'®. A logical approach to this
fact in phylogenetic systematics is to treat integrated features as a
single phylogenetic complex, and to treat the complex as if it were an
independent character™'".

Here we present a cladistic analysis of the most complete fossil
specimens pertaining to the hominid lineage, which explicitly takes
into account the above implications. Our analysis considers the
genus Homo as the ingroup, and the remaining specimens assigned
to the genera Gorilla, Pan, Australopithecus and Paranthropus as out-
groups (Table 1). The choice of characters is based on the most
conservative approach in terms of modularity. The classical bulk of
characters used previously'” is reduced to just four modular charac-
ters that condense the main craniofacial shape changes observed in
the analysed taxa. Geometric morphometrics’® methods are used
to capture shape changes on these characters respecting both the
geometric and the multivariate concept of shape. Finally, these
geometric-morphometrics-derived, continuous, multivariant and
modular characters are treated as such in a cladistic analysis.

Characters selected for analysis are flexure of the cranial base, facial
retraction, neurocranial globularity, and shape and relative position
of the masticatory apparatus. These characters reflect principal
trends of variation on structures behaving as modules by varying
somewhat independently'"'*. Even when further localized modules
can be detected or hypothesized, our attempt here is to evaluate the
phylogenetic signal contained in this restricted modularity hypo-
thesis. Furthermore, these traits reflect the major evolutionary trends
that acted to differentiate the hominid lineage. Even though multiple
characters reflecting aspects of these traits have been cladistically
analysed in previous studies, they have not been used in a modular
way in a phylogenetic—systematic framework. Three-dimensional
landmarks reflecting the shape of the modular characters were
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digitized on casts of the specimens listed in Table 1 (see Methods and
Supplementary Information). Raw landmark coordinates were con-
verted to shape coordinates by generalized Procrustes analysis.
Generalized Procrustes analysis was performed for each module
separately, and the aligned specimens were submitted to a principal
component analysis". Principal components can enable the pattern
of variation between specimens described by many variables to be
summarized by relatively few, when the data (for example, relative
landmark locations) covary. The loading of each specimen on all the
principal components necessary to achieve the 75% of variance
explained was used as a continuous variable depicting the character
state. Phylogenetic analysis of the resulting matrix was performed
using the maximum parsimony algorithm® for additive characters
implemented in TNT", and the maximum likelihood algorithm for
quantitative traits developed by Felsenstein'® available in Phylip'’
(see Methods).

One tree of maximum parsimony was obtained using a heuristic
search, with 10,000 random addition sequences, saving 10 trees per
replicate (Fig. la). In addition, one tree of maximum likelihood was
also computed (Fig. 1b). The monophyletic status of the genus Hormo
is the most remarkable result in both analyses. Hypothetical ancestral
character states for the Homo clade (node 8) are presented in Fig. 2
and Supplementary Information. With respect to the outgroups, this
clade shows a more flexed cranial base, more retracted faces and an
increase in the neurocranial globularity. This particular morphology
is usually used to define the genus as well as to discuss the inclusion of
some taxa in it'®".

Moreover, the internal relationships of the Homo specimens show
a remarkable agreement with previews phylogenetic hypotheses™.
Maximum parsimony and maximum likelihood analyses only differ
in the relative position of H. sapiens in relation to the complex H.
erectus, H. ergaster, H. rhodesiensis. Whereas the maximum par-
simony cladogram places H. sapiens as a sister of a clade formed by
specimens assigned to H. erectus, H. ergaster and H. rhodesiensis,
maximum likelihood accommodates H. sapiens in a derived position
relative to it. What is coincident in both analyses is the association of
two controversial specimens (D2700 and Broken Hill) to a clade also
formed by H. erectus and H.ergaster, as previously suggested*'>*. H.
neanderthalensis and H. heidelbergensis are represented in our ana-

Table 1| Fossil (top) and recent (bottom) samples included in the ana-
lysis*

Specimen Species assigned Known age Code
range (Myr)
A.L. 444-2 (reconstruction) Australopithecus afarensis =3.7-3.0 Aafa
Sts 5 A. africanus ca.3.0-25  Aafr
KNMER-406 Paranthropus boisei =23-14 Pboi-406
OH 5 P. boisei =2.3-14 Pboi-OH5
SK 48 P. robustus ca. 1.5-2.0  Prob
WT 17000 P. aethiopicus ca.2.7-23  Paet
KNMER 1470 Homo rudolfensis 2.5-1.8 Hrud
KNMER 1813 H. habilis 2.1-15 Hhab
KNMER 3733 H. ergaster 2-1 Herg
Zhoukoudianf H. erectus 1.8-0.03 Here
D2700 H. erectus/H. ergaster 1.8 Here-Herg
Steinheim H. heidelbergensis 0.8-0.2 Hhei-S
Kabwe, Broken Hill 1 H. rhodesiensis 0.8-0.2 Hrho
Atapuerca 5 H. heidelbergensis 0.8-0.2 Hhei-A
Gibraltar 1, Forbes' Quarry H. neanderthalensis 0.2-0.03 Hnea-G
La Chappelle-aux-Saints 1 H. neanderthalensis 0.2-0.03 Hnea-LC
La Ferrassie 1 H. neanderthalensis 0.2-0.03 Hnea-LF
CTL-004 Gorilla gorilla 9-0% Ggor
CTL-006 Pan troglodytes 8-01 Ptro
Patagonian, Rio Negro #797 H. sapiens 0.2-0 Hsap

* All specimens are stored at the Laboratorio de Estudos Evolutivos Humanos, University of Sao
Paulo, Brazil, except Prob, Hgeo and Hhei-A, which are stored at the Unitat d'Antropologia,
Faculty of Biology, University of Barcelona, and Hsap, which is stored at the Museo de La Plata,

Argentina.

T First-generation casts were used for the fossil specimens. Sawyer and Tattersall's

reconstruction.

1 Estimated (molecular) time of disruption from the lineage of H. sapiens.
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lyses by several specimens, which form a single separate monophy-
letic group. Thus, our results are in agreement with previous
assertions™** recognizing H. heidelbergenis and H. neanderthalensis
as chronological variants inside a single biological lineage. The fact
that H. neanderthalensis sensu stricto does not form a monophyletic
clade with H. sapiensreinforces the idea that they are separate species.
Conceptually, this is a key support for the method presented here,
because this observation is also defended by studies based in evidence
other than skull shape, such as analyses of ancient DNA* and growth
patterns?®.

Finally, H. rudolfensis is the sister group of all the previous clades,
and H. habilisis at the base of the monophyletic Homo clade (Fig. 1a).
Based on our matrix, and as previously stated”’, there is no convin-
cing reason to remove H. habilis and H. rudolfensis from the genus'®,
and their position goes counter to their inclusion in the Austra-
lopithecus genus'®. In addition, our analysis supports the notion that
H. habilis and H. erectus indeed represent different lineages even
though they were recently reported as sympatric and contempo-
raneous forms™.

Even when the focus of this work is on the relationships within
Homo, the outgroup topology also shows some relevant points. For
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Figure 1| Phylogenetic relationships among Homo species and other
hominid taxa. a, Single tree obtained by equal weighted maximum-
parsimony analysis based on morphological data of four cranial
morphological modules. Bremer support values are displayed, as well as a
numeric label for each node. The Bremer support values were determined by
examination of the strict consensus of trees 0.01-0.12 steps longer than the
shortest tree found for the data set (Supplementary Information). b, Single
tree obtained by maximum likelihood. The ingroup (Homo specimens) and
outgroups are displayed in purple and black respectively.
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Figure 2 | Reconstruction of ancestral states corresponding to the root and
the main nodes of the maximum parsimony cladogram. Ancestral states
corresponding to the first principal component of each trait, estimated as
values across the principal component of each character, and visualized as

instance, Australopithecus afarensis and Paranthropus aethiopicus are
in a basal branch of the hominid clade, in a derived position respect-
ing Pan, which is placed at the base of the tree, over the root (Gorilla).
Neither maximum parsimony nor maximum likelihood cladograms
support the genus status of Paranthropus or Australopithecus, because
the fossils classically included in each of these genera fail to form
monophyletic clades. Note that the paraphyletism of Paranthropus
has been previously reported'. Interestingly, our analyses place
Australopithecus africanus as the sister group of the genus Homo.

In summary, our approach shows how classically disregarded
information recovers significant evolutionary signals, using a new
and promising methodology. Certainly, our tree recovered the mono-
phyletic status of Homo as well as some of the most undisputed
internal relationships (see a review in refs 20 and 22). However, our
analysis is based on only four traits selected for previous knowledge
about the relative independence of modules, and which treats the
multivariant, geometric and continuous nature of skull shape as such.

The theoretical implications of the approach presented here are
broad, but point in three main directions. First, reconstruction of
phylogenetic relationships can be done by taking into account the
modular development and evolution of complex phenotypes. In fact,
this type of critical study on character independence should be the
first phase of any cladistic analysis when no previous information is
available®. Second, there is no reason to discard or force discretization
of continuous multivariant traits. Conversely, our analysis shows that
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deformation grids from the reference (the origin of the first principal
component) towards the estimated principal component score of each node.
Variation and ancestral states corresponding to further principal
components can be explored using Supplementary Information.

it is possible to recover relevant phylogenetic signals in characters
previously ignored or arbitrarily discretized. Note, however, that
even though there are relatively few truly discrete traits, many of
them exhibit qualitatively different states that are very distinct in
different groups of taxa, and thus are reasonably discrete. In this
context, future work should emphasize the combined use of quan-
titative and qualitative traits. Finally, when geometric morpho-
metrics methods are used to depict shape changes across a
multivariate space, reconstruction of ancestral states in combination
with the visualization of shape changes across phyletic lineages
should be considered as a straightforward and common-sense pro-
cedure. In summary, valuable phylogenetic information is recovered
from data sets that consider independence on a developmentally and
functionally basis, and which preserve the multivariant and continu-
ous nature of complex phenotypes.

METHODS SUMMARY

Three-dimensional craniofacial landmark coordinates were digitized on 17 fossil
hominid specimens and Pan paniscus, Gorilla gorilla and Homo sapiens skulls
(Table 1). Landmarks were divided into four different subsets describing flexure
of the cranial base, facial retraction, neurocranial globularity and the masticatory
apparatus. Each subset was superimposed using generalized Procrustes analysis
to remove the effects of translation, rotation and scaling, and then submitted to a
principal component analysis. Projection of each specimen on the principal
components was used as the shape descriptor and considered as a continuous
trait in the cladistic analysis. Trees were obtained using Gorilla gorilla as the root,
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and using maximum parsimony as well as maximum likelihood criteria.
Ancestral states obtained from the maximum parsimony algorithm were used
to visualize the shape changes corresponding to each node on the tree.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Data acquisition and geometric morphometrics. Data were collected as three-
dimensional coordinates of anatomical landmarks on the casts of specimens
listed in Table 1. The landmark used in each character is provided in the
Supplementary Information. All crania were measured by one observer
(R.G.J.) using a Microscribe G2X digitizer. Because many of the fossil specimens
were incomplete, some landmarks were reconstructed using anatomical
information from the preserved surrounding areas. Missing bilateral landmarks
on one side only were estimated by reflection. Scores were standardized to a
mean of zero and a variance equal to the proportion of the variance explained by
the corresponding principal component®. Principal components have a bio-
logical meaning, as orthogonal dimensions of variance, even though that is
not equivalent to the meaning of a character'. They are not likely to be characters
in their own right because they are directions of variation that are constrained to
be orthogonal (by definition), not directions of evolutionary change. However,
data matrices submitted to cladistic analysis are not formed by characters
represented by consecutive principal components of a single morphological
structure, but by a collection of the first principal components representing
the main trends of morphological change on four independent modules.
Thus, overlapping of two or more specimens in a given-character principal
component score does not mean that they are similar for a principal component
on the remaining characters.

Cladistic analysis. The matrix is composed of 20 cranial specimens (Table 1) and
18 characters, which correspond to the firsts principal components of each
module necessary to account for the 75% of explained variance. Maximum
parsimony cladistic analysis used equal weighted maximum parsimony imple-
mented in TNT"*, which allowed the use of continuous characters as such by
optimizing them following the classical algorithm® for additive characters®.
When using continuous characters, a synapomorphy could be just a subtle
change in one character. Thus, using continuous characters implies that there
are an infinite number of character states. The most parsimonious tree was
obtained using a heuristic search with 10,000 random addition sequences fol-
lowed by tree-branching-regrafting. Characters were polarized, using G. gorilla
to root the tree. Branch support was estimated using the Bremer method, using
the suboptimal trees from 0.1 to 1 additional steps. Ancestral shapes are the
optimizations of the maximum parsimony tree using the Wagner algorithm®.
When using continuous traits, the usual output of this algorithm is a range of
ancestral states, according to the maximum parsimony principle. Thus, to visu-
alize the ancestral shape, we mapped back the transformations by taking the
central value of the range and back-standardizing the standardized scores to
recover the raw score values. These raw scores were used as the ‘target’ to obtain
the wireframe depicting shape changes from the reference. Alternatively, because
quantitative traits are expected to reverse direction in a Brownian-motion-like
manner, a maximum likelihood tree was computed following Felsenstein'®"”.
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