University of New Mexico

UNM Digital Repository

Anthropology ETDs Electronic Theses and Dissertations

5-1-2010

Taxonomic implications of basicranial variation in
Australopithecus africanus

Timothy R. Petersen

Follow this and additional works at: https://digitalrepository.unm.edu/anth_etds

Cf Part of the Anthropology Commons

Recommended Citation
Petersen, Timothy R.. "Taxonomic implications of basicranial variation in Australopithecus africanus."
(2010). https://digitalrepository.unm.edu/anth_etds/51

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at UNM
Digital Repository. It has been accepted for inclusion in Anthropology ETDs by an authorized administrator of UNM
Digital Repository. For more information, please contact disc@unm.edu.


https://digitalrepository.unm.edu/
https://digitalrepository.unm.edu/anth_etds
https://digitalrepository.unm.edu/etds
https://digitalrepository.unm.edu/anth_etds?utm_source=digitalrepository.unm.edu%2Fanth_etds%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/318?utm_source=digitalrepository.unm.edu%2Fanth_etds%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/anth_etds/51?utm_source=digitalrepository.unm.edu%2Fanth_etds%2F51&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

Timothy R. Petersen

Candidate

Anthropology
Department

This dissertation is approved, and it is acceptable in quality
and form for publication:

Approved by the Dissertation Committee:
7
/7

Awlid

, Chairperson




TAXONOMIC IMPLICATIONS OF
BASICRANIAL VARIATION IN
AUSTRALOPITHECUS AFRICANUS

BY

TIMOTHY R. PETERSEN

Bachelor of Arts, Psychology, Rice University, 1994
Master of Arts, Anthropology, University of Houstd2000

DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Anthropology
The University of New Mexico

Albugquerque, New Mexico

May, 2010




To my family



Acknowledgements

| owe thanks to many people. Were it not forrtipaitience, support, and
encouragement, this work probably would not exast] definitely would not have seen
the light of day. Here are some of the more netahlno particular order.

This work was funded by a Doctoral Dissertatioptavement Grant from the
National Science Foundation, grant no. BCS-0451969.

The staff of the museums | visited were alwayscamling and helpful: the
Transvaal Museum (Northern Flagship Institutioh Anatomy Department at the
University of the Witwatersrand, the Powell-Cottdnseum, le Musée Royal de
I'Afrique Centrale, the Peabody Museum at Harvarihversity, and the Cleveland
Museum of Natural History. Stephany Potze at tten3vaal deserves special
commendation for her hospitality.

Thanks to Susan Mclntosh for showing me how irstiéng osteology could be,
and for the best introduction to a Human Evolutonrse I've ever seen; and to Rebecca
Storey and the other UH faculty for showing me towlo social sciences research.

Thanks to Ozzie Pearson for welcoming me to UNNhefirst place, and then
once again when | decided that his line of reseaaimuch more interesting than |
would originally admit. He taught me more than \dofit in some mere book, and the
simple fact that | was his student meant that | wak-received on three continents.
More people should be as lucky as | was with myisaay

Thanks to Brian Richmond for being a part of #fi®rt, and for taking the first
step toward disseminating the work herein to adeoaudience. His help has already

started to pay off.



Sherry Nelson provided insight into some intergsispects of the data | have
accumulated. She showed me avenues that | hadiized were there, and because of
her, I'll try never to forget that there are alwagsseral productive angles.

To the extent that this work is clear, says whaehnt it to say, and makes
arguments that are halfway cogent, | have to th&ith Hunley for his editing efforts.
The benefit of having a good editor cannot be deieed.

Jane Buikstra provided invaluable guidance anghstigo me as a young
graduate student, and as | undertook this projeetould not have been what it is now,
much less funded and underway, without her assistan

The late Charles Lockwood also provided early gna and encouragement. He
will be missed.

Thanks to my friends for making graduate scholeréable.

Thanks to my family (including the in-laws!) fdreir unwavering support and
patience. They have put up with a lot, and needd it against me.

And thanks most of all to my wife. Words fail there, so | will just take one

more opportunity to say that she means everytlungd.



TAXONOMIC IMPLICATIONS OF
BASICRANIAL VARIATION IN
AUSTRALOPITHECUS AFRICANUS

BY

TIMOTHY R. PETERSEN

ABSTRACT OF DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Anthropology

The University of New Mexico
Albugquerque, New Mexico

May 2010




vii

TAXONOMIC IMPLICATIONS OF
BASICRANIAL VARIATION IN
AUSTRALOPITHECUS AFRICANUS

by

Timothy R. Petersen

Bachelor of Arts, Rice University, 1994
Master of Arts, University of Houston, 2000

Doctor of Philosophy, Anthropology
University of New Mexico, 2010

ABSTRACT

Although it was discovered 85 years agastralopithecus africanugmains a
source of contention among paleoanthropologistscettainty about the fossils’
taxonomic unity has resulted in controversy abbairtplace in hominin phylogeny.
This work addresses their taxonomy through appdinatf three-dimensional
morphometrics followed by analysis of their patseof variation in traditional
morphological characters. This sequential apprdeatis more support to the
conclusions than would either technique alone. drhaial base was selected as the
focus of the analyses because it preserves welisditebly to capture taxonomically-
important variation. This inference is supportgdhe finding herein that the cranial
bases oPan troglodyteandPan paniscusire morphometrically distinct.

Morphometrically, the sample of basicranial specisgypically assigned tA. africanus



viii
is shown here to be slightly more variable thaa isoad pooled-species sampld®ah
crania. The fossils’ pairwise Procrustes distamee® compared to the distribution of
similar distances within th&an sample, and their percentile scores in its distiam
were ordinated to reveal underlying patterns ifr th&riation. This indirect approach to
the comparisons permitted more fossils to be aedlyagether than would otherwise
have been possible. In these comparisons, seAesaditicanusspecimens are shown to
have distinct morphometric shapes in their basiara®f these, Sts 19, Sts 25, and Stw
580 also have distinct patterns of traditional nmaipgical characteristics. The
consistency with which these three specimens atenduished indicates that they are
likely to belong to a taxon other thén africanus but the fragmentary nature of Stw 580
renders this conclusion more tentative for thatipaar specimen. These findings do not
support the hypothesis that the Sterkfontein anlld@ansgat fossil assemblages
represent different taxa, nor the hypothesis tmatSterkfontein sample contains

approximately equal numbers of specimens from tisbndt species.
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Chapter 1. Introduction

Raymond Dart’s (1925) announcement that the spee@resented by a small-
brained juvenile South African fossil was not oalpipedal ape but probably ancestral to
humans was not universally accepted, and once wa&ly called “preposterous”

(Keith, 1925b:11; 1925a). His colleague RobertdBnts use of the Taung specimen and
later ones from Sterkfontein and Makapansgat tateetlaims that the Piltdown material
represented direct human ancestors helped to petpdahe controversy (Strkalj et al.,
2005). One of Broom’s students, Phillip TobiasQ201985), has reviewed the history
of scientific views ofAustralopithecusand notes that general acceptance did not occur
until the 1950s. He argues that a major stimuduhis acceptance was the “conversion”
(2001:17) of two of Dart and Broom'’s erstwhile oppats, Sirs Arthur Keith (1947) and
Wilfrid le Gros Clark (1946), upon reading the langostwar monograph detailing the
fossils’ morphology (Broom and Schepers, 1946nc&ithat time, many more African
fossil hominin taxa have been identified, and theeator/descendant relationships
among many of them remain matters of contentiobhofgh it is now accepted as a
hominin,A. africanusremains a periodic focus of taxonomic disagreemé&his project

is designed to address the question of whethaa#wnAustralopithecus africanus
provides a useful way to describe the assignedrsees, or alternatively whether
variation among the Sterkfontein and Makapansgatimia fossils would be better

conceptualized if the taxon were split.



The status of Australopithecus africanus

The most commonly accepted taxonomyAolfricanusfossils is Robinson’s
(1954). As it gained ascendancy, two other pniguments fell into broad, but not
unanimous, disfavor. One was that specimens fridlereint sites (then Sterkfontein,
Makapansgat, and Taung) constituted different sigemi even different genera. Clarke
(1994; 2008) has briefly described the initial brgtof the taxonomy of these fossils
following Taung. Broom (1936) first referred th#1TL511 Sterkfontein specimen to
Australopithecus transvaalengise. the same genus but a different speciestti@an
Taung specimen). Two years later (1938), howevben a large-toothed juvenile
specimen (mandible fragment TM 1516 and caniné&®}fsvas found, he transferred the
entirety of the Sterkfontein material to a new ge(lesianthropus The discovery of a
third site, Makapansgat, resulted in a third spewiben Dart assigned its fossilsAo
prometheugDart, 1948a, b). The other hypothesis was thedd fossils and the
consistently large-toothed and large-fadedobustu$ represented two sexes as opposed
to two species, but the later discovery that Swan& postdated Sterkfontein and
Makapansgat rendered this proposal much less efaliewed in White et al., 1981,
and Wood and Richmond, 2000). Robinson’s (1954isidin of the South African
australopithecines into gracilé.(africanu$ and robustA. robustu¥ species remains the

most common interpretation.

! The generic nomeAustralopithecuss retained here fok. afarensisand the “robust” group of hominin
taxa, but is not intended to imply support or regecof any particular phylogenetic hypothesis.isTh
retention is provisional, in the expectation tAastralopithecusvill eventually be split because it is
paraphyletic (Footnote 1 of Grine et al., 2006aib&nd Grine, 2004; Wood and Richmond, 2000; bat s
Leakey et al., 2001). The details of a new taxopdmwever, have yet to be agreed upon, despite
identification of this problem over twenty yearod@elson, 1987). Any changes to the acceptedaalph
taxonomy ofA. africanusdue to this and/or other work would likely stimigla revision of these species’
phylogeny and therefore genus-level taxonomy.



Despite the general agreement following Robind®%4), the taxonomy of
specimens assigned Ao africanushas again become controversial. Particular spEtsm
such as Stw 53, Sts 19, Stw 505, Sts 71, Stw 2BRewen Taung itsélhave come
under periodic scrutiny as possibly belongingdtomq the robust australopithecine
clade, or another novel taxon. Numerous authogs (&darke, 2008; Plavcan, 2003;
Lockwood and Tobias, 2002; Strait et al., 1997;Kwaod, 1997; Calcagno et al., 1997;
Clarke, 1994; Falk, 1990; Picq, 1990) have expkss@acern about the taxonomic
implications of cranial and/or dental variation amgdhe specimens assignedXo
africanus but others remain confident that they represesmgle taxon (e.g. McNulty et
al., 2006; McCollum, 2000; Ahern, 1998; Wood, 19%9dbias, 1989; White et al., 1981).
Few, however, continue to argue that specimensdeuBouth Africa belong té.
africanus i.e. that it contains too little variation (eRobinson, 1954; Wolpoff, 1971;
Howell, 1978; Tobias, 1980; Holloway, 1981). Asdissed below, new discoveries

have lent more urgency to this question.

Dating controversies

This project contributes to resolution of the tasumic controversy through
analysis of basicranial variation among specimeasgyaed tAustralopithecus
africanus which existed between approximately 3.0 and 2lkom years ago (Ma)
(Vrba, 1982; Partridge, 1986; Delson, 1988; McKE¥93; Schwarcz et al., 1994, also

summarized in Klein, 2009). These dates, whiclhcargral to taxonomic and other

2 Taung is the type specimen/Afafricanus so that binomen automatically adheres to it.tHEoextent
that any other specimens have been incorrectlgmadito its species, any and all reassignmentsdwoul
apply to the others (Kimbel, 1990).



evolutionary interpretations &. africanus are contentious. Fossils attributedito
africanushave been recovered from four sites, all in Sédtlta: Taung (Dart, 1925),
Sterkfontein (Broom, 1936), Makapansgat (Dart, 1)48nd Gladysvale (Berger et al.,
1993). All four are cave remnants, and have béextad by erosion, collapse, and
flooding. As a result, the stratigraphy is quitenplex, and standard radiometric dating
techniques are inapplicable due to the absencelcdnic deposits. This lack, combined
with the notorious difficulty of dating speleothenénder efforts to achieve consensus
dates for the deposits and therefore the foskilgieneral, the dates are estimated by
comparison of faunal material with that from moeewely dated East African sites (e.g.
Vrba, 1982), although paleomagnetism is also app@atEpbecause at least some of the
relevant sediments formed under water (Rayner.e1993). The Sterkfontein
depositional bed known as Member 4 is the sourceast of theA. africanusmaterial,
and exemplifies the dating controversy. This memfdens the bulk of the area formerly
known as its Type Site (Lockwood and Tobias, 2002may be as young as 2.5 - 1.5
Ma (Berger et al., 2002), or have a minimum agevei 2 Ma (Clarke and Partridge,
2002; Thackeray and Dupont, 2006).

Further complicating the dating, the electron spsonance (ESR) dates obtained
from a collection of bovid teeth scattered throughsediments believed to be part of
Sterkfontein Member 4 have a bimodal distributidiine peaks of this distribution are at
1.7 Ma and 2.4 Ma (Schwarcz et al., 1994). Thagkas note that the deposits had
been affected by decalcification, so there may beénign between Member 4 and the later
Member 5, accounting for the recent date of ther |peak. They also point out that the

geological age distribution for subsamples of indinal teeth cannot be explained by



experimental error alone, indicating that variatiomadiological dose-rate within the site
may be a factor. Deeper in the Sterkfontein deposiember 2 contains the “Little
Foot” Stw 573 skeleton that has not yet been feXgavated (Clarke, 2008). It is either
definitely older than 3 Ma (Clarke and Partridg@02), or definitely younger (Berger et
al., 2002), and much of this disagreement centetb® interpretation of paleomagnetic
data. Similarly, the Makapansgat fossils seem il to date to about 3.0 — 2.6 Ma,
but also might span the entire period from 4.00-\2a (reviewed in Schwartz and
Tattersall, 2005). They are, however, generalbepted as older than most or all of the
Sterkfontein specimens (possibly barring Membef 3terkfontein as discussed above).
These controversies are far from settled. Onepoduesearchers (van der Merwe et al.,
2003), for example, simply note the uncertainty aettle on a middle estimate of 2.5 —

2.0 Ma for the entird. africanussample.

Phylogeny, the history of discovery, and a taxonomic reappraisal

One of the more prominent considerations of thglqgeny of the fossils
attributed toA. africanusis the one published by White and colleagues (L1984 that
time, their taxonomic unity was generally considete be settled (following Robinson,
1954), and those authors gave only passing referemwariation among them. They
argued thaA. africanuswas ancestral to the entire “robust” clade of hons (then only
A. robustusand A. boise), and were met with some degree of agreementit(®stral.,
1997) despite the persistence of contrary arguméntbias, 1980, 1989). The
announcements of approximately contemporary texaethiopicugWalker et al., 1986)

and A. garhi (Asfaw et al., 1999), however, have complicated thterpretation, and



those authors abandoned it shortly after the desgowf A. aethiopicugKimbel et al.,
1988). EvenrA. afarensis once thought to be the only hominin then extappears to
have at least one contemporaryKenyanthropus platyopf_eakey et al., 2001), and
possibly another i\. bahrelghazal(Brunet et al., 1995), although their status a&Es
separate from\. afarensigs not without controversy (White, 2003; Whiteadt, 2000).
Those discoveries indicate that hominin phylogengynmave included at least two
lineages older thaA. africanus Either may be ancestral to many or most lateciss.
Therefore A. africanusmay not be ancestral to any later taxon. Anotfi¢he sources of
contention is likely the relative lack of autapomioies withinA. africanus some of the
traits taken as definitive include plesiomorphiésred withA. afarensis and derived
traits shared with some or all &f robustusA. boisej and earlyHomo (Lockwood and
Tobias, 1999). Many have therefore argued thaappraisal oA. africanusphylogeny
is required (Delson, 1987; Johanson, 1989; butSsedton and McHenry, 1992 for the
opposite view).

Perhaps partly as a result of this challenge, sautlsors have expressed interest
in reexamining these fossils’ taxonomy. A well-paped alpha taxonomy is necessary
for useful phylogenetic analyses (Uchida, 1992)] #ms phylogenetic difficulty may
indicate a taxonomic error, or simply the failurdfigiently to acknowledge a taxon’s
variability (Tobias, 1989). Clarke (e.g. 1988; 49%as long suggested splittirgy
africanus into multiple taxa, and has been joined by autlsush as Lockwood (e.g.
1999; 1997), Picg (1990), Moggi-Cecchi (e.g. 192001), and Plavcan (2003). They
argue that variation among these specimens doasatoh the patterns seen among other

hominoids. Similarly, others (Strait et al., 19%imbel and White, 1988; Kimbel et al.,



2004) have found unusual variation withf africanus and suggest that hominin
phylogeny may be clarified if it is shown to cong@itwo taxa. This possibility is
supported by the finding that phylogenies can gahebe more easily and accurately
constructed among large numbers of taxa (Polloek. e2002).

Clarke (1994; 1988) succinctly describes the iogtlons of A. africanuss
variation for our understanding of its phylogenyde points out that the particular
specimens and traits on which one chooses to foeasssarily influence the inferred
phylogenetic position of the species. Those whmdoon the individuals with small,
Homaolike teeth viewA. africanusas aHomo ancestor (e.g. Olson, 1985). Others place
greatest emphasis on the ones that share traiighetrobust group of australopithecines
and view it as an ancestor &aranthropus(e.g. White et al.,, 1981). Still others
emphasize the range of variation and are therdikely to seeA. africanusas a likely
ancestor of botitHomo and the robust australopithecines (e.g. Skeltomal.et1986;
Tobias, 1989). Clarke goes on to point out that high degree of variability may be due
to an unrecognized second taxon in the Sterkforsi@mple, with the implication that the
resulting addition of a new species and reductiontoaspecific variation would simplify
efforts to construct a reliable phylogeny. He hastrasted (1988) the large teeth, thin
supraorbitals, and flat face of Sts 71 and Stw ®&&R the opposite conditions in Sts 5,
Sts 17, and Sts 52, and argues that this patteuitis unlikely to be the result of sexual
dimorphism. He remains the most vocal proponenspditting A. africanusinto two
species with approximately equal numbers of speasnge.g. Clarke, 2008, 1994, 1988).
While his taxonomic hypothesis has not been adopteyl most other

paleoanthropologists, it should be pointed out tiw@ choice of Sts 5 vs. Sts 71 as



reference has a noticeable effect on reconstrigtioh Stw 505's overall cranial

morphology, while reconstructions of Sts 71 basadether Sts 5 or MLD 37/38 are
nearly identical (Gunz, 2005). This result implteat Sts 71 has substantially different
morphology from Sts 5 and MLD 37/38, but is not iself a test of taxonomic

hypotheses.

WhetherA. africanuscontains one or multiple species, the specimeasation is
complex. Both the toughness (Scott et al., 200f6) @arbon isotope content (van der
Merwe et al., 2003) of its diet were more variabban those of any other known
hominin, but the isotope variation does not comespto the variation in tooth size
(ibid.). Although some of its linear tooth measuents are bimodal, unlike every other
australopithecine species (Kimbel and White, 1988re does not appear to be strict
covariance between tooth size and cranial feat(iceskwood, 1997; Wood, 1994;
Kimbel and Rak, 1993; Clarke, 1988). This mostljkindicates that the observed
variation is not exclusively due to sexual dimogphi(Lockwood, 1997; Kimbel and
White, 1988; Clarke, 1988), but not all authorseagthat the variation is so substantial as
to warrant a taxon split (Ahern, 1998; Dean and Wa®82; Wood, 1994; McCollum,
2000). Further, even those who agree that thelesisgecies hypothesis is probably
untenable disagree about which specimens represénew” taxon (Lockwood and
Tobias, 2002, and others below).

In distinction to Clarke, most authors identify atH.ockwood (1997:299) calls
“exceptional specimens” that fail to fit well witthe Sterkfontein Member 4 and
Makapansgat Member 3 samples. In addition to thismissed above, for example, Picq

(1990) identifies MLD 37/38 as having robust-likeomphology. Kimbel, with White



(1988) and with Rak (1993) say that Sts 19 hasualumorphology when compared to
the rest of the sample, but Ahern (1998) strongbagiees. Kimbel appears to have
changed his mind about Sts 19 at some point in19®0s, as he earlier (in 1984)
accepted Tobias’s (1967) assignment of Sts 1A. tafricanuswithout comment. He is
not alone in this; at least one other researchsrapparently also had second thoughts
about it, but in the other direction. Grine inaddldSts 19 in &lomo habiliscomparative
sample in 2004, but omitted it from any speciea broad hominin sample in 2008 (Strait
and Grine, 2004; Smith and Grine, 2008). Evenféimous Sts 5 “Mrs. Ples” specimen
has a much longer cranial base than the otherrapesi which is the primitive condition
(Dean and Wood, 1982), although its stratigrapbisitppn indicates that it may be one of
the more recent Sterkfontein Member 4 fossils (Kaemy and Dupont, 2006). Others
have also examined the possibility of a temporahponent to morphological differences
among these fossils and argue against it. Morgyodd these specimens does not appear
to correspond to geological age as evidenced Werdiit sites (with different ages)
(Tobias, 1980; Kimbel and White, 1988), or by posis within a given talus cone
(Clarke, 1988). Other specimens identified as lerohtic include Stw 151 (Moggi-
Cecchi et al.,, 1998), Stw 183 (Lockwood and Tobi802; Moggi-Cecchi, 2001;
Lockwood, 1997), Stw 252 (Spoor, 1993; cited in kwood, 1997), and Stw 255
(Lockwood and Tobias, 2002).

Stw 53 has also received substantial attentionughds and Tobias (1977)
originally identified the Sterkfontein deposit irhieh it was found as Member 5 (which
contains stone tools that would tend to indicataigf or at least contemporaneity with

Homo, but Kuman and Clarke (2000) argue for the eristeof a specific “Stw 53 Infill”
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deposit, intermediate in age between Members 45a@ahd probably postdating 2.6 Ma.
They note that this deposit does not contain stonés, but Pickering and colleagues
(2000) argue for the presence of cutmarks on tksilfo If the Pickering group’s finding
is correct, then stone tools were in use at the tine Stw 53 individual lived, and their
absence from this particular deposit, or sectiothefdeposit, is merely another example
of the sampling problem endemic to paleontologywduld then appear to be the case
that Stw 53 was at least contemporary with a sttwwd-using population, if not
necessarily a member of one. Several researchgrsMcCollum, 2000; Lockwood and
Tobias, 2002; Curnoe and Tobias, 2006) have joirsediscoverers (Hughes and Tobias,
1977) in identifying Stw 53 adomaq but others place it withiA. africanus or at least
not Homo (Braga and Boesch, 1997a; Braga, 1998; Kuman dawke; 2000). Further
complicating the situation, Clarke (2008) argues thtw 53 has many similarities to the
KNM-ER 1813 group oH. habilis sensu latgKramer et al., 1995; Miller, 2000), but
more importantly that all of these specimens, Easl South African, belong té.
africanus Schwartz and Tattersall (2003) note Kuman aratk@ls (2000) dissent, but
nonetheless include this specimen with their treatmof Homo specimens from
Sterkfontein. Stw 53 is viewed here as an eardespen ofHomobecause of its affinity
to East AfricanHomq the presence of cutmarks, and the apparent cemsethat it
postdates all of the Member 4 specimens.

Interestingly, while many researchers supportypothesis thaf. aethiopicuss
ancestral to all later “robust” hominins (reviewedKlein, 2009), there are affinities
between somé. africanusspecimens ant#loma and between other specimens @nd

robustus(e.g. Lockwood and Moggi-Cecchi, 1998; Dean andbw/d 982; Tobias, 1989;
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Picq, 1990; Strait et al., 1997; Braga and Boe%898,7a; Falk and Gage, 1997; Moggi-
Cecchi et al., 1998; Sherwood et al., 2002; Kumad &larke, 2000; Clarke, 2008).
Therefore, Clarke’s (2008) argument described abonysies that dividingA. africanus
will modify the perceived phylogenetic relationshimmong Plio-Pleistocene taxa.
Although twenty years have passed since Johans(®89) call to clarify the
phylogenetic status oA. africanus the issue remains unresolved. Clarificationtef i
taxonomy, which is the goal of this project, shobklp to resolve the problem @

africanusphylogeny (Strait et al., 1997; Kimbel et al., 2D0

Hypothesis

The hypothesis under examination here is thasaineple of fossils traditionally
assigned t@\. africanuscontains members of a hidden second taxon. Mpiethesis is
tested with reference to whether particular spensner a group of them, exhibit
consistent morphometric and morphological distortdifrom the others. The
corresponding null hypothesis is monotaxy of thesecimeny following Robinson’s

(1954) taxonomy and the arguments of more recemgers” such as Ahern (1998).

3 Almost all researchers use the single-speciesthgpis as the null (e.g. Cameron, 2003; Ahern, 1998
Lockwood, 1997; Cope and Lacy, 1992). Aiello anleagues (2000), however, have suggested that sinc
some groups of extant species do not differ momiohlly while other species are polytypic, it sy
appropriate to test dual hypotheses: conspecifaoity multiple species. The former approach is tetbp
here.
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Differentiating fossil species

As it is impossible to observe the mating hahitd tertility of fossils, there is no
direct means to determine which groups of fosgilmrise single species according to
the Biological Species Concept (Mayr, 1970; Guglet2003). Rather, paleontologists
must assess the degree and type of variation alsaifossils exhibits and decide
whether it is consistent with the inference ofregte species. The process is complicated
by biological reality: fossils represent a very imample of evolving lineages. Aside
from the issue of phyletic gradualism versus puaietd equilibria (Eldredge and Gould,
1972), evolution is a process rather than an evéf@.should expect intermediate forms
(indeed, all life consists of intermediate forna)d nature does not retroactively conform
to our labels of convenience. Thackeray (2003etswbres this point with
morphometric data indicating that for some specsredrieast, the distinction between
HomoandAustralopithecuss not as clear as we might hope. If fossil taotog held
easy answers, paleoanthropologists would onlyydr@e taxonomic arguments.

No consensus methodology for paleotaxonomy hasgandsee Kimbel and
Martin (1993) for a sample of approaches applieprimates). At one extreme of the
spectrum of “splitters” versus “lumpers” are scistst like lan Tattersall, who has argued
(in 1986) that because there are separate extamiterspecies with nearly identical
skeletal morphology, any diagnosable distinctiotwieen fossils should result in the
identification of a new species. Since then, Ta#tkhas modified his terminology and
now identifies “morphs” in fossil assemblages, l&der synthesis into species-level taxa

that necessarily encompass some degree of vari@ignSchwartz and Tattersall, 2005).
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At the other extreme are those like Bjarne Wesisnd) (1989) who argue that the
degree of variation within fossil species is unkable, so species-level distinctions
should only be drawn when there is a clear abseho®rphological intermediates
between two forms. As with the “any diagnosabktidction” criterion, this extreme
position seems to defy consistent practical apgtioa There does not seem to be an
objective criterion by which one can decide whethemgle binary character is
sufficient, or a greater number of characterisbicenorphometric data would be required.

One approach may be to bring in other lines aflente, such as the ecological
argument inherent in Wolpoff's (1971) hypothesiadingle hominin lineage due to
competitive exclusion. Based on expectations édrivom the evolutionary species
concept that divergent species will have distinmctl@tionary tendencies and historical
fate, he argued that two related species cannsyr@atric without pursuing different
niches, because otherwise they would be lockedstnuggle for existence from which
only one could survive. One of the tests he prepdar assessing the presence of niche
separation is a requirement that the two putapeies’ distributions of total cheek tooth
crown area have no overlap, and that the differemest become more pronounced with
time. If one does not accept this criterion, feample arguing that separate lineages are
free to evolve separately from one another or mayken evolve in parallel (Dean and
Wood, 1981), then “the question of separate augtithlecine species would become
unanswerable, and hence phylogenetically meansigi@golpoff, 1971:609). Wolpoff
and his colleagues (1994) no longer make suchcthims even when arguing for a

single evolving lineage withiloma They argue instead for an explicit recognitién o
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polytypic species in the fossil record and an abangent of the use of chronospecies,
favoring species divisions only at cladogeneticnése

The most commonly held intermediate position & thultiple species should be
recognized among groups of fossils when their vianeexceeds that seen among similar
extant species (Uchida, 1992; Albrecht and Mill&¥93; Miller et al., 1997; Miller,
2000; Harvati, 2003; Miller et al., 2004). Suclhiiggion can be temporal and/or
geographical, and a reference to some variabildgeh such as an extant species or
genus, is required. This approach implicitly adappe morphological species concept
(Benton and Pearson, 2001). It has often beertgbout (Albrecht and Miller, 1997,
Trinkaus, 1990) that intragroup variation can fliate due to sampling effects, especially
with small fossil samples, and that the simple olag@n of high variability does not
logically require rejection of the null hypothesisa single species— hence the reference
to extant variation. This approach is reasonaitbpugh it is not without its own
problems (Wood and Lieberman, 2001; Ackermann, 200Rere is no particular reason,
especially given the modern situation of diminislapé speciosity (Dolhinow and
Fuentes, 1999), to assume that any modern taxoeseqs the limit of intraspecific
hominin variability. Kelley and Plavcan (1998; Ksl, 1993) underscore this point with
their argument that specimens previously attribgeguhrately to eitheSivapithecusr
Ramapithecusnay comprise one species with an unusually higjnegeof variation,
Lufengpithecus lufengensi$n addition to varying levels of actual intrasie variation,
taphonomic damage may inflate observed varialalitgt therefore bias taxonomic studies

(White, 2003; Silverman et al., 2001).
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Tooby and DeVore (1987) point out the practicatidctions betweereferential
andconceptuaimodels for understanding the past. In their usegferential models use
a real phenomenon that is easily studied, sucim@snothe present, as a model by which
to study another phenomenon for which data areaestable, such as one in the past. A
conceptual model represents a different approaatetdng inferences about
unobservable phenomena. A model like this is ardtecal framework with defined
concepts and variables, among which outside infaomandicates that the relationships
are tightly constrained, and for which all assumpdiare explicit and either
experimentally validated or at least realistic.eY¥lacknowledge that despite their
preference for conceptual models over referentiabgit is difficult to construct valid
conceptual models.

Those authors make a strong case for the applicaficonceptual models to
efforts to understand past hominin behavior, big tot clear that valid conceptual
models can yet be constructed for analyses sutffisasne, which test the taxonomic
integrity of a putative species in the fossil recoBefore a hypothetical second species is
identified withinA. africanus we can not know its phylogeny: whether it divergem a
population ofA. africanusas currently understood, or separately from adagaulation of
A. afarensis Further, we can not know the mode of speciatioalved: whether it
began to pursue a different niche frémafricanusin an instance of parapatric speciation
or diverged in a different environmental regimdo(aatric speciation) and species’
ranges alternated over the sites as the climateuitied (Strait et al., 2009). These are
but two examples of the incompleteness of our kedge, but the answers to those

issues would necessarily affect the parameteraytanceptual model for
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morphological variability at these sites. The taiibns of a referential model, on the
other hand, are more easily understood. If itlmashown that the selection@én
(described below) is likely to be invalid, or tHat some other reason a gorilla or
orangutan analog would be more appropriate, thestnmath be modified as soon as
relevant data are acquired.

Many researchers consider modern variation thedoést available benchmark
against which to compare fossil variation (e.g.kwaod, 1997; Miller, 2000; Kimbel
and White, 1988; Moggi-Cecchi, 2001; Harvati, 2083arvati et al., 2004; Guy et al.,
2003). Authors using this approach reject theiegpbn of an arbitrary limit on
variation (Plavcan and Cope, 2001), although a eptu@l model that is well-crafted
according to Tooby and DeVore’s (1987) criteria Wddae ill-described as arbitrary. The
interpretive power of the approach can be furthemgthened by using multiple lines of
evidence, such as both metric and qualitative (Ritevcan and Cope, 2001), and by
taking advantage of the objective comparisons naadédable under morphometric
methods (Guy et al., 2003). In this case, theofigereferential model is the best-

supported approach.

Pan as a model for species-level variation in the foss il record

As discussed above, the gemanis used here as the modern variability
reference. The thrde. troglodytessubspecies occupy geographically distinct areas,
demarcated by major rivers and/or great geograptiistance. Pan paniscuss

separated from them by the Congo River, and idedtds a separate species because of
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genetic, morphological, and behavioral distincti@fsuth et al., 1999; Braga, 1998; Hill,
1969; Coolidge, 1933). Geographic separation rsacidg results in some degree of
reproductive isolation in the wild, so the inclusiof all three subspecies of common
chimpanzees offers a reasonable proxy for the temhpariation contained in the fossil
sample (Richmond and Jungers, 1995). At a minimuraduces the risk of spurious
results produced by a sampling effect likely tauteBom the use of only one or two
subspecies.

Panwas chosen here over other great apes becausereduced level of sexual
dimorphism in the overall cranium relative to gasl and orangutans (Ahern et al.,
2005). The level of sexual dimorphismAn africanusand a hypothetical second species
within it probably cannot be determined prior taesteining whether that second species
existed. There is, however, circumstantial evigetat cranial sexual dimorphismAn
africanusis more like that in one of tHean species than that in gorillas or orangutans.
Lockwood (1997) has reviewed efforts to diagnosefseA. africanusspecimens, and
notes extensive disagreement. If sexual dimorphisminated variation within that
group, there should be more agreement. This ceatsy implies that sexual dimorphism
within A. africanuswas either reduced or at least did not resulinmodal craniometrics,
as with gorillas (Ahern et al., 2005)

The level of variation between the two specieRari (P. paniscusandP.
troglodyte$ offers an excellent model against which to evi@uwariation withinA.
africanus(Harvati, 2003; Miller et al., 2004). The tW&an species (reviewed in Braga,

1998) have generally similar morphology, but astidct with respect to cranial

* Although Kimbel and Rak (1993) noted a bimodatritistion for certainA. africanustooth size
measurements, they pointed out that this pattetrmali correspond to craniofacial variation.
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measurements (Shea et al., 1993; Lockwood etG02;d.ockwood et al., 2004; Hill,
1969). The same is true of the subspecies wiRhaim troglodytegP. t. troglodytesP. t.
verus P. t. schweinfurth)i(Shea et al., 1993; Hill, 1969). These are thregeneric pair
of species most closely related to hominins.

These thre®an troglodytesubspecies, on the other hand, offer variatican at
level below species, but which nonetheless cormdpto some degree of reproductive
isolation (Fruth et al., 1999). Data from eachiactuded here in order to characterize
variation within that species as thoroughly as {ssnd maintain the multiple-
subspecies approach suggested by Uchida (1992) repinoductive isolation between
the modern subspecies may serve as a proxy ford@pth in the modern reference
sample (Richmond and Jungers, 1995). This proiect follows Miller and colleagues’
(2004) suggestion of using a reference taxon #)as polytypic, with relatively well-
understood taxonomy, b) is genetically closelytedldo hominins, c) is sexually
dimorphic, d) is distributed across a wide rangdas well-studied morphology, f) is
known from large samples of sexed documented sgeapand g) has well-known and
characterized levels of intraspecific variatiohddes not, however, adhere to their
suggestion to compare fossil variation to that leetwlocalities, demes, etc., as it is
unclear how these particular levels of spatialatarn should correspond to fossil
assemblages’ variation across both space and fithis. suggestion is especially
problematic when one considers the fact that saspellptions do not interbreed despite
having overlapping skeletal morphologies. Wood Brehmond (2000) employed this
logic when they concluded that the fossil recorikisly to underestimate the number of

species (independently evolving lineages) present.
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Anatomical region investigated

There exists a tradeoff in the comparison of feseiorphology. In an ideal
world, all comparisons of biological specimens vebloé based on complete data in order
to avoid confounding caused by homoplasy of a @aer trait, such as that which
possibly occurred with the hominin masticatory cear{Skelton and McHenry, 1992).
For purposes of alpha taxonomy of fossils, howeinereasing the anatomical coverage
in a given study means reducing the number of spEts that can be directly compared,
because few are complete. The goal, then, isd@nsnatomical region that preserves
well, and is likely to exhibit reasonable amountsterspecific variation with relatively
reduced intraspecific variation. For the reascascdbed below, the basicranium offers
an ideal anatomical area for taxonomic assessmidns. approach dates to our earliest
knowledge of the South African fossil hominins. rDan his original (1925) article
announcing the discovery of australopithecinesg askbasicranial character (the location
of the foramen magnum, inferred from the endodast)ake arguments about the Taung
individual's locomotion and taxonomy.

This area of the skull is richly endowed with amaical features (Aiello and
Dean, 1990), facilitating the establishment of meeneasurement landmarks. The
orientation of the petrosal is independent of falc@pe and flexion of the cranial base, but
does have some relationship to growth of the cdtebeelative to other structures
(Dean, 1988). It has also been suggested (Liebeatal., 2000b; Wood and
Lieberman, 2001) that the cranial base may be céléent utility in paleoanthropological
analyses: it exhibits relatively little intraspeciVariation; it forms in cartilage rather than

membrane, implying more direct genetic influenteeaches adult dimensions before the
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rest of the skull; and it appears to have a sigaifi influence on face shape. The use of
an anatomical region with reduced intraspecifigatan, such as this one, may also help
to increase the apparent prominence of interspegtiiation, and also may help to
reduce confounding due to homoplasy (Seiffert aadg€lman, 2001), because increased
intraspecific variability is correlated with incied homoplasy (Wiens, 1995). In
contrast, traits with large amounts of intraspecifriation are likely to have reduced
usefulness in taxonomy (Lockwood and Tobias, 2002).

To the extent that the basicranium is independéatanial and dental
development, it may exhibit many selectively nelutats, which makes it an excellent
candidate for studies of taxonomy and phylogenyngaus, 1990). Overall cranial
morphology, however, does not appear to correlaewith hominin phylogeny
(Collard and Wood, 2000). On the other hand, whileptive convergences, drift, and
other confounding factors may affect the taxonouatility of certain datasets, Lockwood
and colleagues (2004) found that temporal bone hwogy carries a strong
phylogenetic signal among extant hominids. Theptpout that the phylogenetic tree
indicated by morphometric data derived from thepgeral is congruent with genetic
results among great apes and humans. The crasaldiso appears to be relatively
insulated against nongenetic stimuli, at leastomspared to features of the face,
masticatory apparatus, and postcranial skeletdris i$olation should in turn increase its
taxonomic valence (Wood and Lieberman, 2001).

Uchida (1992) recommends the use of features littigtnsexual dimorphism for
taxonomic analyses, and Kimbel and Rak (1993) fawed that the glenoid region of

the basicranium has little sexual dimorphism iraakhominoids. Kimbel and White
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(1988:189) describe the cranial base of primategeireral as “notably nondimorphic,”
but argue that variation in this anatomical reg®axcessive iA. africanus Veroni and
colleagues (2010), however, found weak sexual dimem in the foramen magnum and
occipital condyles of a juvenile modern human sa&nahd they review other work (e.g.
Holland, 1986; Gapert et al., 2009) indicating tiineg small portion of the basicranium is
dimorphic among adults. This research project lvesdifferent landmarks, but at least
some of the same anatomical regions consideredroipéd and Rak (1993), Holland
(1986), and by the groups led by Veroni (2010) epdapert (2009). It is therefore not
cleara priori whether this set of landmarks will capture sexelagariation. For this
reason, the assumption of reduced basicranial sdkuarphism is tested here; see the
“Sexual Dimorphism” section of Chapter 2 and thexX®istinctions in Basicranial
Shape” section of Chapter 3.

The strength of the temporal bone in phylogermta&lyses, the reductions in
overall variation as well as sexual dimorphismhie glenoid region, the formation of the
basicranium from cartilage, and its relative isolatfrom nongenetic stimuli together

argue strongly for the use of the basicranium ieg@anthropological taxonomic studies.

An overview of the analytical approach

For this project, shape variation among all avd@dasicranial specimens Af
africanuswas related to that between the thken species. The analysis was conducted
in a conservative two-stage process with featurenhded to address the problem of

missing data due to the fragmentary nature ofaksils. The first stage employed 3D
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geometric morphometric analysis (i.e. statisticedlgsis of shape variation). The mere
observation of metric variability is insufficieny litself to support an argument for
separating fossil taxa (Plavcan and Cope, 2001eiMil991), and even 3D landmark
data omit possibly useful information about theunatf the intervening spaces
(Richtsmeier et al., 2002). For these reasondjmtestage of the proposed research
served to indicate specimens of interest that nii&srdn taxonomically-important ways
from the remainder of the sample. Their pattefrisaglitional morphological
characteristics were then be used to confirm arteghe specimens’ distinctiveness.
This second stage employed basicranial morpholbgieaacters listed as variableAn
africanusby Picq (1990), Skelton and McHenry (1992), Kimaetl Rak (1993), and
Strait and colleagues (1997) as well as other charsidentified for this study. Steps
were taken in both stages to minimize the impachising data. The approach is
described in more detail in Chapter 2.

For the first analysis, the basicranial morphometariation betweeA. africanus
specimens was compared to that between specimansek, subspecies-, and species-
balanced sample #fan The comparison of fossil variation to that sbetween
appropriate congeneric species is an appropriayeovavaluate fossil taxonomy (Miller
et al., 2004; Harvati et al., 2004; Harvati, 20B8kermann, 2002; Moggi-Cecchi, 2001;
Ahern, 1998; Lockwood, 1997; Kimbel and White, 1p8Rejection of the null
hypothesis here indicates that basicranial morptoeeneriability amongA. africanus
specimens exceeds a nonarbitrary index of intrapéassil variation. This index,
however, is not the only one possible. There arynstrong arguments in favor of using

Panas the modern reference taxon (see above), baitgumment has yet been advanced
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that precludes the reasonable application of andéxen such as gorillas or orangutans.
Further, statistical inferences drawn from measer@sido not necessarily produce
results with clear biological significance (Albreéch979). For these reasons, results
obtained under this phase are accepted as contirggbar than final, and another stage
of analysis is used in confirmation.

This second stage involved traditional morpholabaharacters, in an effort to
determine whether specimens with unusaatphometricsalso exhibit an unusual
morphologicalpattern. As shown in Chapter 4, potentially disgpa specimens withiA.
africanuswere successfully identified and then examinedlfstinctive patterns of
nonmetric morphology. Failure to reject the nyjpbthesis in the first stage would have
indicated tha®\. africanus like Lufengpithecus lufengengiselley and Plavcan, 1998),
may simply be a single highly variable speciescolild then be seen as adapting with
time to its ecological situation as a generalistir in a variable and gradually drying
climate (Strait et al., 2009). This conclusion \wblbave supported Ahern’s (1998)
argument that intraspecific variation can accoontdl variation observed among these
fossils, and corroborated Robinson’s (1954) origiamonomy. The failure to reject that
null hypothesis tentatively supports several othghors’ conclusions that observed
cranial and/or facial variation exceeds that exga@br a single species (e.g. Lockwood
and Tobias, 2002; Clarke, 1994; Kimbel and Whi@88). Application of the second
stage is intended to lend support to the resulteigeed in the first, and demonstrate that
the identified specimens exhibit substantial ddferes from the main body Af
africanus The specific comparisons and techniques invoirdmbth stages are

described in greater detail in Chapter 2.
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The combination of metric and morphological agmies is intended to produce
rejection of the single-species null hypothesis/amth strong evidence to the contrary.
Tattersall (1986) argues that groups of fossilaukhbe split into multiple species
whenever a diagnosable distinction can be idedtifik is excessive, however, to require
that fossils be nearly identical to be consideraspecific (Kelley and Plavcan, 1998;
Ahern, 1998). The construction of a useful hompiylogeny therefore requires an
appreciation of species variability (Kimbel and Ra893; Albrecht, 2000; Miller and
Gelvin, 1993). The mere existence of some digtinas insufficient to differentiate
fossil species. To accommodate this problem,wlestage approach here is intended to
be somewhat conservative, but still identify grothzg may comprise separately
evolving populations. If the data indicate thatitiple species withirA. africanusare
likely, this conservative approach will enhance strength of the conclusion.

Chapter 5 compares the disparate specimens igehtifider both approaches to
those suggested by other researchers (e.g. CIE®Rd,; Lockwood and Tobias, 2002).
The extent to which these lists correspond wilMite a useful starting point for future

investigations.
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Chapter 2. Materials and Methods

This chapter describes the samples used in tbjeqtr as well as the basic
methods used for the analyses. The morphomettéciudzed in this project were
collected with a portable digitizeéMicroscribe G2X model, Immersion Corporation,
San Jose, CA) and analyzed with BRST(Hammer et al., 2001)ps-SmallRohlf,
2003b),JMP (SAS Institute, 2007)Morphologika2(O'Higgins and Jones, 2006), and
Stata(StataCorp, 2003) software packages. Morpholdgisservations for the second

stage of the project were recorded following visnapection of the fossils by the author.

The samples

The fossil sample

Morphometric landmark data and traditional morplgadal observations were
collected on all availab¥hominin basicranial fossils from the repositoiieSouth
Africa: the Department of Anatomy at the Universafythe Witwatersrand, and the
Palaeontology Department of the Transvaal Museuaontfiérn Flagship Institution). See
table 2.1. The main approach for reducing theamamfiing effects of taphonomic
distortion in the fossils was simply to omit théeated morphometric landmarks,

especially if they were few in number. This was tlase in several fossils. Stw 13, for

®As requested by the curators at the UniversithefWitwatersrand, a nonmetallic (Teflon) stylus was
used in the digitizer in order to minimize the réskd severity of damage to the fossils. The sdyhess
was used to collect all of the morphometric data.

® Per request from the curators at the UniversithefWitwatersrand, the juvenile Taung specimennais
digitized. The Drimoler. robustuanaterial (Keyser, 2000) was under embargo atitihe of data
collection, so those specimens were likewise nduded in this project.
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example, preserves landmarks on the sphenoid atlitedemporal bone. As a group,
however, the set on the sphenoid are translatedoaaid as a result of taphonomic
warping from their original location relative toetlones on the temporal bone. The larger
number of landmarks retaining their original configtion was on the temporal, so that
group was digitized and the group on the spheneiwmitted. Stw 266 is associated
with Stw 255 in a group that also includes at I&tst 254, Stw 256, Stw 259, Stw 260,
and Stw 263, and possibly Stw 252 (Lockwood andid@®2002), but none of the other
fragments preserve more than a few identifiabldraarks, so it is identified here as Stw

266 in order to minimize confusion as to the pattic fragment from which data were

collected.
Location Specimen Speci€s
MLD 37/38 A. africanus
Stw 13 A. africanus
Stw 504/505 A. africanus
Stw 53 EarlyHomo
University of the Stw 98 Gracile hominin
Witwatersrand Stw 187 Gracile hominin
Stw 580 Gracile hominin
MLD 31 Hominin, gen. et sp. indet.
Stw 266 Hominin, gen. et sp. indet.
Stw 329 Hominin, gen. et sp. indet.
Sts 5 A. africanus
Sts 25 A. africanus
Sts 26 A. africanus
Sts 71 A. africanus
Transvaal Museum T™ 1511 A. africanus
Sts 19 Gracile hominin
SK 47 A. robustus
TM 1517 A. robustus

Table 2.1.Fossil specimens included in this project, withogfory information and
typical species designation.

" The species designations listed here are simpbjcal” assignments, but some follow Lockwood and
Tobias (2002).
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The Pan sample

As discussed in the Introduction, the speciessadpecies within modefan
are used here as a model for similar levels ofrtara@c variation in the hominin fossil
record (Albrecht and Miller, 1993; Harvati, 2003)ata were collected frofan
troglodytesandPan paniscugrania from the following locations. The Powebt@n
Museum in Birchington, Kent, United Kingdom curatedlections ofP.t. troglodytes
the central subspecies of chimpanzees. The Musgal Re I'Afrique Centrale (MRAC)
in Tervuren, Belgium houses specimens of both dsteen subspecies of chimpanzees
(P.t. schweinfurth)iand bonobosRan paniscuk including the bonobo type specimen.
The Peabody Museum at Harvard University has thsteme subspecies of chimpanzees
(P.t. veru3. Finally, the Cleveland Museum of Natural Hit¢€CMNH) also has an
extensive collection of chimpanzee material, batdhbspecies assignments of these
specimens tend to be less reliable (L. Jellema. pemm.) Table 2.2 shows the sample
by number of included specimens and location. &llatpecimens were sufficiently
complete to allow digitization of all morphomettadmarks. Processing damage was
evident on many crania, especially on the occigitaddyles. Mostly-complete
specimens were digitized despite this problemhaddssils are incomplete as well, and
even an incompletBan specimen can still preserve all of the landmaikible on a
particular fossil. For this reason, the numbePai specimens used in the individual
analyses can vary substantially. The sample $irgsarticular analyses are reported

with the results of specific comparisons in Appertdi
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Collection Females Males Unl;ré())(wn Totals
Peabody Museum, Harvard 25 35 - 60
Cleveland Museum of Natural History 40 25 - 65
Powell-Cotton Museum 70 22 - 92
Musée Royal de I'Afrique Centrale

chimps 23 25 45 93
Musée Royal de I'Afrique Centrale

bonobos 26 22 10 58
Totals 184 129 55 368

Table 2.2.0verall sample oPanspecimens used for this project.

The MRAC curates a number of specimens of unkngaya While it is certainly
possible to diagnose sex with a reasonable dedm@eoracy on these dimorphic crania,

this diagnosis was not attempted because it wasdeuthe scope of the project.

Balancing the Pan samples

This project addresses the question of the taxanstatus of the set of fossils
currently assigned tA. africanus If it is the case that there are two speciesasgnted
in that fossil sample, it is unlikely that the dahie fossil sample contains equal numbers
of specimens by both species and sex. Al®bustusample, for example, appears to
contain a marked excess of males (Lockwood e2@07). At first glance, therefore, it
may seem unreasonable to establish referBaoesamples with a particular sex ratio.
The sex ratio of the reference sample will haveféect on the resulting variability
distribution, and ideally one would use refereramsles with demography similar to

that of the fossil sample to be tested.
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Given the current state of our knowledge, howetrer alternatives to balanced
samples are less appealing. It would be posdinesxample, to construct a great
number of samples with different sex ratios amdmPan specimens, and then settle on
the result provided by the majority of these scersarHowever, it is not clear how one
should distinguish appropriate from inapproprige atios. Stated another way, it is not
clear that a particular result obtained under evemjority of scenarios is the correct
one; the “true” sex ratio among the fossils may endosely resemble one of those in the
minority. This problem also affects recent resangpbased assessments of the sexual
dimorphism ofA. afarensi{Gordon et al., 2008).

One may also argue that we do not utterly lackidatinformation that can be
brought to bear here; namely, the sex of some harfossils is apparent based on our
knowledge of primate sexual dimorphism of size e Tdrge Stw 505 specimen, for
example, is most likely to be male (Lockwood andbi@ie, 1999), and the diminutive
afarensisspecimen “Lucy” (AL 288-1) is almost certainly fala (Tague and Lovejoy,
1998). The discussion in Chapter 1, however, shbatssex diagnoses fé. africanus
specimens are far from settled. Further, as shov@hapter 3, sexual dimorphism is not
strongly expressed in a genus-wide pattern in #scbania oPanspecimens. Ifa
second species is present in this fossil samplejonaot know the sex ratio of the
sample, nor the nature of the species’ morpholdégicenorphometric differences, nor
how the patterns of sexual dimorphism compare betviiee two. For example, at the
gross level, bonobd@n paniscuscrania exhibit somewhat less sexual dimorphisamth
do those of common chimpanze®saf troglodyte and also have an overall tendency

toward paedomorphy (adult retention of juvenilgdeas) as compared to chimpanzees
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(Coolidge, 1933; Schultz, 1969). In a hypothetmallection of incomplete fossil
specimens with two species following a pattern titis, it may be difficult to distinguish
females of the chimpanzee-like species from eglarof the bonobo-like species. This
is merely one possible situation, but it illustsaseme of the difficulties inherent to an
attempt to use the fossils to generate a modalaexfor the reference samplesRdn,
with the intention of applying results based omthgack to the fossil sample.

One solution would be to test for the presenceookistent basicranial shape
differences between male and female specimengiovérall sample d?ancrania. If
there are such differences, and if they are cagisty species, then it may be possible to
extrapolate that result to the fossil specimend,than to use that information as a
starting point for setting the demography of tHemence samples. This analysis has
been conducted, and the results are presentecaipt€@3. In brief, there is not a
consistent pattern of sexual dimorphisniPen crania that can be extrapolated to the
fossils.

For the reasons above, the podketh samples used for the analyses described
below contained equal numbers of specimens by eperid by sex, and the subspecies
within Panwere represented by equal numbers of specimeren\tata were available
on more specimens of a particular taxon or sex timanother, specimens were

randomly excluded until the desired sample cortgiiuvas achieved.
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Morphometric Analysis

Analysis of the morphometric data proceeded viegtdimensional (3D)
generalized Procrustes analysis (GP4§ing theMorphologika2(O'Higgins and Jones,
2006),Stata(StataCorp, 2003RAST(Hammer et al., 2001), amps-Small(Rohlf,
2003b) software packages. The GPA technique ofifégmgnal error among competing
methods (e.g. Euclidean distance matrix analysisBookstein shape coordinates) with
pattern-free bias, especially when there is subslamariability (Rohlf, 2003a). This
technique performs computational rescaling, rotatmirror-imaging, and
superimposition of the specimens in such a wayttteasum of the squared distances
between landmarks is minimized. While unique sohg exist for two-dimensional (2D)
applications, the 3D case requires an iterativerdlgn as mentioned above (reviewed in

Slice, 2005a; Bush et al., 2002; Lockwood et &02 O'Higgins and Jones, 1998).

Morphometric data

The relative three-dimensional locations of 3bewnial landmarks described in
Table 2.3 and illustrated in Figure 2.1 form theibaata for the first stage of the project.
These points were selected with the object of ifh@ng a substantial number of easily
defined and replicable landmarks. The temporakhstiavored here due to its strong
phylogenetic signal (Lockwood et al., 2004). Alhtimark coordinates were taken on the
best-preserved side, except as discussed belome Soints are adapted from Lockwood

and colleagues’ (2002) work on the temporal botieers are standard osteometric points

8 As this analysis uses landmark configurationsesttd the same size, it employs the “partial” aafse
generalized Procrustes analysis (Slice, 2005a).
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(White and Folkens, 2000), and the remainder wefmeld specifically for this project.
Some of the “new” landmarks are the anteromediahtarparts of landmarks observed at
the most posterolateral extent of foramina usethbyL.ockwood group (Lockwood et al.,
2002). While these paired landmarks are non-indeget to some degree, there is
evidence (Braga and Hublin, 1998) that at leastesohthem are likely to have
independence associated with varying foramen diamsiefThe cross-sectional area of the
carotid canal, for example, correlates very wethveindocranial volume in modern
humans, and along similar trajectories in early erachumans, Neanderthals, &homo
erectus sensu latoBraga and Hublin were unable to find any su@imagtric
relationship among chimpanzees. Interestinglynfembers of the genera
AustralopithecusindParanthropusincluding MLD 37/38 and Sts 5, the carotid
canal/brain size relationship follows a trajectdifferent from that of either thdomo
group or chimpanzees (Braga and Hublin, 1998).aBge this trajectory has changed
during the evolution of the hominin lineage, anddese hominin phylogeny is unsettled,
taxonomically- and phylogenetically-important infieation may be contained in the
diameter (and therefore these landmarks) at leashé carotid canal. The presence of
this effect has not been established for the dtvamina, but two landmarks each are
included here for the sake of completeness.

Several techniques were employed to minimize tteets of taphonomic
distortion and damage. Data were generally recbastethe left side of thean
specimens except where there was damage; in sgeh tize least-damaged side was

digitized. For the fossils, the best availableesis digitized; if both sides were
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Landmark Reference

1 Hormion White and Folkens, 2000
2 Basion White and Folkens, 2000
3 Opisthion White and Folkens, 2000
4  Apex of the petrous portion of the temporal bone Lockwood et al., 2002
5 Most medial extent of petrous portion of temporallhis project

bone
6 Most anteromedial point on margin of occipital This project

condyle

7  Most posterior point on margin of occipital cotely This project
8 Most lateral point on margin of occipital condyle This project

9 Most anteromedial point of foramen ovale Thigjget
10 Most anteromedial point of foramen spinosum Thhcgqet
11 Most inferior point of eustachian process Thisjgeb
12 Most anteromedial point of carotid canal This pobj
13 Most anteromedial point on jugular foramen Thisjgro
14 Most anteromedial point of styloid pit This project

15 Most anteromedial point of stylomastoid foramen isTgroject
16 Most anterolateral point on jugular process of  This project
occipital bone

17 Intersection of the infratemporal crest and Lockwood et al., 2002
sphenosquamosal suture

18 Most inferior point on the entoglenoid process kwaod et al., 2002

19 Center of articular eminence Lockwood et al., 2002

20 Deepest point in mandibular fossa Lockwood et28l02

21 Most inferior point on postglenoid process Lockwat al., 2002

22 Porion White and Folkens, 2000

23 Most inferolateral point on tympanic element of Lockwood et al., 2002
temporal bone

24 Center of inferior tip of mastoid process Lockwaaidl., 2002
25 Asterion White and Folkens, 2000
26 Most posterolateral point of foramen ovale Lockwab@l., 2002
27 Most posterolateral point of foramen spinosum Looc&d et al., 2002
28 Most posterolateral point of carotid canal Lockwabdl., 2002
29 Most posterolateral point of jugular foramen Locloacet al., 2002
30 Most posterolateral point of styloid pit Lockwooidad, 2002

31 Most posterolateral point of stylomastoid foramen ockwood et al., 2002

Table 2.3.Cranial landmarks employed in this project.

available and exhibited similar preservation, bodte separately recorded (see below for

more discussion on this point). A filling-in odmarks missing from a particular side
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with mirror-imaged landmarks from the other sideswat attempted, as such an effort

would involve the assumption of near perfect synmmnet

Figure 2.1.Landmarks used in this project (chimpanzee cranilustrated).

The Procrustes superimposition algorithms useBA$TandMorphologika2are
not sensitive to reflections: these packages auioafly (in the case dPAST) or by
default (in the case dflorphologika3 treat the right and left sides of a bilaterally
symmetrical object as identical. Ttps-Smallpackage, however, is sensitive to

reflections, so in situations where it was used,data were first superimposed in another
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package and then transferredpe-Small Procrustes fitting in three dimensions is
already an iterative procedure (Slice, 2005a),reply adding one or a few more
iterations does not affect the shape configurataribe following analyses. When
centroid size was important, such as for the altoyrenalysis, it was calculated as part

of the first superimposition.

Allometric adjustment to shape

The fossil specimens are not all the same size. 586, for example, is quite
large in comparison to the other specimens (Loclderad Tobias, 1999). Comparing
the shapes of biological specimens of differerg sequires consideration of the
nonindependence of size and shape referred tdoaseaty (Jolicoeur, 1963). THean
sample was examined for the presence of a consigliationship between size and
shape. If such a relationship exists, then sonteeo$hape differences between
specimens, especially those of substantially difiesizes, is attributable to allometric
effects and is therefore not necessarily taxonadlgicgeful. In that case, the shape data
for the fossils must be adjusted to remove the dgeendent shape changes and permit
comparison of variation that is likely to have méagonomic importance. The methods
by which this step was addressed, and the redulte @nalyses, are addressed in greater

detail in Chapter 3.
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Analytical approach, part 1: Procrustes distances

An a priori guide to interspecific variation within these taxas established with
reference to the pooled-species samplBarfcrania. The distributions and critical
values generated for the pooled-species sample sifeiaghtforward indices of species-
level variation in hominids, because it containe telated but genetically and
morphologically distinct species (Lockwood et 4D96).

The first method for generating benchmarks foraten involved the
distributions of all possible pairwise Procrustetahces (Dryden and Mardia, 1998)
between specimens. The data for these histograre abtained with thgps-Small
software (Rohlf, 2003b) after an initial superimpios with PAST(Hammer et al., 2001)

to reflect specimens to the same side as apprepriat

Tests comparing sets of specimens

The Procrustes distances between fossil specimeressompared to the
distribution of Procrustes distances between atkp a sample oPanspecimens in a
battery of 21 tests. Three more tests addressedettree of bilateral symmetry present
in three particular specimens, for a total of d4ble 2.4 shows the groups of specimens
included in each test, and Appendix 1 shows detéilee landmarks and comparative
Pansample included in each. Each set of fossilsMaich all specimens preserved six or
more landmarks in common was tested together, hasveelected groups with four or
five common landmarks in order to include as marsgils as possible, with the
recognition that comparisons involving relativedyf landmarks are less likely to be

taxonomically informative. Groups that shared ¢hoe fewer common landmarks were
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not tested. Each basicranial specimen commonipatitd toA. africanuson which four
or more landmarks were preserved was included leaat one test, as well as other
Sterkfontein and Makapansgat specimens of unknaveomtroversial affinity, and some
exemplar South African specimens from other taxhgeA. robustusor earlyHomg.
Note that tests 12 and 13 appear to involve theedassils; they use different sides of
the excellently preserved Sts 5 as well as sligiiffgrent landmark sets. Also note that
three tests (17-19) involve a single specimen ehease were used for the evaluation of
lateral asymmetry in the three most complete fessilhis procedure and its results are
described in the “Taphonomic Error” section belowhile numbered among the others,
these three tests are not counted among the 2hiaihwlifferent fossils’ shapes were
compared.

For each of these tests, the fossils considereskpre a particular set of
landmarks in common. A sampleRénspecimens that preserved the same landmarks
was then constituted, with balanced species, sekchimpanzee subspecies as described
above. Details of these samples are presentegpedix 1. NewPansamples were
constructed for each of the tests. Hasample and the fossil sample were then
separately subjected to preliminary Procrustesrgupesitions inPASTto remove
reflections, and then all pairwise Procrustes dista between specimens were obtained
with tps-Small Each fossil pair's Procrustes distance was tioenpared to the
distribution of pairwisd?an distances, and its percentile in that distributias recorded

as a datum for subsequent analyses.
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Table 2.4.Specimens included (¢) in each of the morphomésses.

Weighting tests and calculating interspecimen “distnces”

38

Some well-preserved specimens (e.g. MLD 37/38 @aadFare included in many

tests, as they preserve landmarks in common wittyroa most others. This results in a

situation where, for the sake of completenessyangpair of specimens are compared

against one another multiple times. For exampleDN7/38 was compared with Sts 5

in at least 16 tests involving different sets oidmarks. Test 2 has 24 landmarks

representing nearly all of the basicranium, fornegke, while Test 14 only has four from
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the lateral portion of the temporal bone. Testduiiing greater numbers of landmarks
should be more useful than those with fewer. Spawes of specimens, however, were
included in a variety of tests that involved thensanumber of landmarks, but different
sets of landmarks (for example, Sts 71 with MLD387/and Sts 5 with Sts25).

By the same token, some landmarks were not inclirdedrtain tests because
they were only present in a small number of fogsilgkh as landmarks 6-8), and some
tests included a small number of landmarks in otdeddress more fossils. In order to
take account of the variation expressed througbetfendmarks and in these fossils, the
percentile ranks derived in these smaller teste w0 included in the averages. As
argued above, however, tests involving fewer lan@tsiahould be given less weight than
those covering the basicranium in greater detalr this reason, when a pair of fossils
was included in more than one test, their resulp@gcentile scores were averaged, with
data weighted according to the number of landmarksch test. Weighted-average
Procrustes distance itself was not chosen as sitentie metric because distances
calculated on different landmark configurations aoé directly commensurable.
Because of this, the distance proxy chosen forpitagect was fossil variability,
expressed as the proportionReEn pairs separated by a smaller distance in shapeespa
than that between a given pair of fossils.

This approach, in which the results of severakte$tmorphometric variability
were combined for a given specimen pair, was iredrtd overcome the tradeoff between
including more landmarks and including more speasna the comparisons, and to
overcome at least partially the missing-data pmobl&ecause of the incomplete

preservation of the fossils, direct comparison®esils can involve either more fossils at
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the expense of landmarks, or more landmarks atpense of fossils. The benefits of

this approach are discussed in Chapter 4.

Ordination of interspecimen distances: PCO

With these weighted-percentile data taken as aunead shape dissimilarity,
ordination through principal-coordinates analy®i€Q) withPASTwas undertaken in an
effort to simplify the rather broad collection oter-specimen distances. Ordination is
the general term for a group of statistical appheado reducing the dimensionality of
multivariate data, often for purposes of simplifigdualization (Pielou, 1984). Another
approach to the depiction of similarities betwepecimens is cluster analysis. This
method was not chosen because the resulting denaginsgan “find” clusters in the data
regardless of whether meaningful clusters existkGlan et al., 1989), and in general
appear to be a reduced-dimensionality form of ciatom.

PCO is an eigenvalue-based approach to ordinatmgtex of similarities (or
distances) between objects. Like principal comptsanalysis (PCA), it produces a
series of uncorrelated components that, togetharbe used to ordinate a higher-
dimensional dataset. Indeed, applying PCO totantie matrix typically gives the same
ordination as a PCA (Manly, 1994). The advantageQoO is that it can be applied to
similarity matrices that contain some non-Euclideglationships, as may happen when
non-Euclidean distance measures are used.

The PCO algorithm used BASTinvolves a power transformation with user-
selected powet = 1, 2, 4, or 6 applied to the data matrix befogatering and

eigenanalysis (Hammer et al., 2001). The choieevaiue is not trivial, as it can either
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mitigate or exacerbate non-Euclidean relationshipsng the specimens (Podani and
Miklés, 2002). In general, higher valuesoatesult in higher eigenvalues of the first
coordinate, which may simplify visualization, buttlhe possible cost of the creation of
negative eigenvalues indicating departure fromitelidean condition. When the goal
of PCO ordination is the visualization of specinmelationships in either two or three
dimensions, a significant departure from Euclidgaoametry as evidenced by large
negative eigenvalues can seriously confound int¢apion (Cailliez and Pagés, 1976;
Manly, 1994), but a minor one can be absorbed withwajor problems (Manly, 1994;
Podani and Miklés, 2002). For this reason,dh@lue sought for the ordination was one
that yielded both large positive and small (if angpative eigenvalues, where a “small”
negative eigenvalue was defined as one whose dbsdalue is less than that of the
smallest positive eigenvalue (Digby and Kemptor87; Zited in Podani and Miklos,
2002). The results of this step are presentechapr 4 (see section “Principal
Coordinates Analysis”). After PCO, the resultimgesimen ordination was observed in
three dimensions in an effort to identify any speams that stood in distinction from the

rest.

Ordination of interspecimen distances: NMDS

The ordination was also repeated with nonmetrididialensional scaling
(NMDS) (refined by Kruskal, 1964a, b) PASTas a check on the stability of the results
seen in PCO. NMDS begins with an arbitrary progecof the original data points im-
dimensional space (whemeis selected by the user; usually 2 or 3), ancibezly

nudges the projected points about until the ramkkesr Euclidean distances in this
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created space correspond as closely as possitile tanks of their differences in the
original dataset. While PCO ordination is typigaimployed for data with a more linear
structure (collections of interspecimen “distancesressed as percentile ranks are
clearly not linear), PCO was selected as the pgirdata-visualization tool over the
nonmetric option of NMDS due to a quirk in the baba of the latter.

Since NMDS is an iterative optimization procedumnejvidual runs of the
procedure on a given dataset have a tendency torigettrapped” in local minima,
where anyslight modifications to a given configuration result meieased divergence
between original and projected distances (a “wocseifiguration) and therefore
premature termination of the run, busubstantiallydifferent configuration is better
(Kruskal, 1964b). As aresult, NMDS is best emplbyn a series of runs (Minchin,
1987), where its application is simply repeated yrtames until the researcher is satisfied
that the best result obtained is either the bestpmssible or a close approximation of it.

The foregoing leads one to ask, “but how can onsdiesfied’ of having arrived
at the best solution?” One of Kruskal's (1964bgva@rs was simply to accept a result
configuration if it made sense, could be interpifete gave the researcher some insight.
For a procedure that can provide apparent solutlmatsmay be significantly at odds with
the “best” {.e. optimal) one, and for which a unique solutiona$ guaranteed, this
criterion would seem to invite an unsatisfactomeleof subjectivity and error.
Fortunately, Kruskal offered another in the samielipation: the measurement stfess
which is an index of disagreement between the fseterspecimen distances as
projected in the reduced-dimensional space andhtbespecimen differences from the

original data (a “badness-of-fit” measure). Timdex is invariant to apparent differences
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in configuration caused by rotation, translatiomg aeflections as well as scale. This
invariance is necessary because the axes in NM®$8oanpletely arbitrary. It is this
metric that the algorithm attempts to minimize,jsabto the “local minima” traps
described above. THeASTapproach to NMDS selects the lowest-stress oridimat
resulting from application of the procedure to iffedent starting configurations (one of
which is the PCO result) in each run in an efforévade local minima traps resulting
from problematic starting configurations (Hammealket 2001), but is still vulnerable to
traps resulting from unfortunate iterative “nud§eNMDS runs were repeated 100 times
in order to minimize the likelihood of failure tm#l the lowest-stress ordination. To the
extent that they agree, the twin ordination techegjof PCO and NMDS should reliably

indicate patterns of shape clustering within thesflosample.

Analytical approach, part 2: index of variation

The second method of identifying specimens of egeinvolves Relethford and
Blangero’s (1990) univariate index of multivariatriability. Although it was originally
devised for genetic data, the authors suggestéd tt@uld be extrapolated to any
multivariate dataset. Their index is derived IKirig the trace of the variance/covariance
matrix, and dividing this value by the number @iits. This index can be applied to 3D
morphometric data when one considers that eactmarldis recorded in 3 dimensions,
yielding X variables wher& is the number of landmarks. In order to applyrthesthod
to these data, size-standardized Procrustes sypesinon was first performed on a

given group of fossils that shared a particularo$éandmarks irPAST A similar
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procedure was followed for the overBln sample, using a new superimposition for each
step.

As the variability scores for a given fossil sampte intended to be compared to
those of the corresponditan sample, ratios of the scores were recorded asil(fos
variability) / (Panvariability). The results were compiled with respto specimens by
taking the natural logarithm of each test’s raéing averaging the logged ratios for all
tests in which a given fossil was included, withgi# given to the number of landmarks
included in the tests. This approach provides&rinal measure of the variability of
the overall fossil set when a given fossil is indd. Comparing the results for particular
fossils should serve as an informal guide to wheding of them introduce excess
variation.

This method is neither as sensitive nor as speasithe Procrustes distance
method described above, because it is stronglgtaifieby sampling effects. For
example, it is possible that a test could includerge number of fossil specimens that
are similar and one that is very different. Intsaccase, the similarity of the majority of
specimens may swamp the variability resulting fiaotusion of the different one.
Alternatively, a specimen with purely typical africanusmorphology may exhibit
similar preservation to others with substantiallyedgent morphology, so it would be
tested with them quite often, resulting in variapiscores that are high despite the
specimen’s typical morphology. This variabilitydex approach is not specific to
specimens, so it would not be possible to determireztly whether such sampling
effects dominate the tests bearing on a given spati Its primary usefulness is in

relating the amount of morphological variatiorAnafricanusto that withinPan
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Finally, variance can be substantially affectegsagpling effects when samples are

small, as is often the case here. Therefore, mgpect to individual specimens, this

technique is used solely as a secondary, informidiegto identify those that may vary
from the typicalA. africanuscondition, to confirm that the results of the Rustes

techniques are not entirely an artifact of the el approach.

Interpreting the results of the morphometric analyses

The ordination techniques described above were tasieléntify whether any
clear, consistent morphometric distinctions exmbag the fossils. Such distinctions
would help to indicate fossils with morphology tinady be sufficiently disparate to
warrant a taxonomic split. Similarly, if the Réi&dard and Blangero index of variability
(1990) for the fossils exceeds the compar&leindex, the fossil sample may be
viewed as exceeding the amount of variation ines@aable modern analog. Conversely,
if the fossil sample variation were not to exceeat found withinPan, it would be
difficult to maintain the claim that the fossilsoshd be assigned to different species.
Although it is not a sensitive test, this index edso be used to identify specimens that
are often involved in groups of fossils that exctexlvariation irPan

Had no specimens been consistently identifiedthgrehaving disparate
morphology or contributing to an excess of varigpivithin the fossil sample, the null
hypothesis of monotaxy would not have been reje@ed the conclusion would have
been that the specimens currently assigneéd adricanusconstitute a single species. As

described in Chapter 4, this was not the case.
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Since potentially disparate specimens were idedtithe analysis moved to the
next stage, in which patterns of traditional moidpbaal characteristics were analyzed.
The removal of raw size as described above impiiasthese particular specimens may
or may not have been identified by other reseascasiillustrative of differences within

A. africanus

Morphological Analysis

Variable characters

Upon identification of specimens with unusual besnial shapes, the next step
involved comparison of the groupwise distributidrilee morphological characters listed
in Table 2.5 and described below. This step isisgary to the morphometric step
because of the subjectivity involved in selectindg acoring morphological traits (Falk et
al., 1995; Collard and Wood, 2000), but was necgdsecause morphometric data may
not be sensitive to morphological characters (Aiell al., 2000). The traits included here
are only those basicranial characters listed aalarinA. africanusby other researchers
(including Picq, 1990; Skelton and McHenry, 199#nkel and Rak, 1993; Strait et al.,
1997), or identified as varying among the overadisil sample during data collection.
This approach will not bias the results towardatga of the null hypothesis, because it
will only be rejected if the traits covary with oaaother among the groups identified
after the morphological analyses. Adding invariaaits to this analysis would neither
modify the level of bias nor affect the outcomer @aample, all specimens are expected

to have one foramen magnum and two occipital cagjydssuming relevant
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Description Reference

1 Distance between Mand temporomandibular joint Skelton and McHenr92.9

2 Depth of mandibular fossa Skelton and McHenry2199
Picq 1990

3 Position of postglenoid process relative to tympalate Skelton and McHenry 1992,
Picq 1990, Kimbel and Rak
1993

4 Orientation of tympanic plate Skelton and McHeh®92,
Kimbel and Rak 1993

5 Shape of tympanic canal Skelton and McHenry 1992

6 Angle of petrous bones relative to coronal plane Skelton and McHenry 1992,
Kimbel and Rak 1993

7 Inflection of mastoids beneath cranial base Bkedind McHenry 1992

8 Vaginal process presence Strait et al. 1997, Kirabd
Rak 1993

9 Expression of petrous crest Kimbel and Rak 1993

10  Presence of open mastoid fissure Kimbel and1Rai3

11  Relationship of foramen ovale to lateral ptergiguate Kimbel and Rak 1993

12  Shape of lateral pterygoid plate Kimbel and R883

13  Orientation of medial aspect of tympanic portiéiemporal  Kimbel and Rak 1993

14  Size of postglenoid process Picq 1990

15 Degree of expression of articular eminence 142300

16  Presence of equilateral triangle formed by pestyd Picq 1996

process, entoglenoid process, and anterior zygomati
tubercle (“tubercule zygomatique antérieur”)

17  Presence of third sulcus on occipital This toje

18  Width of hypoglossal canal gap This project

19  Rugosity of ectocranial margin of foramen magnum This project
posteromedial to occipital condyle

20  Angulation of glenoid fossa This project

21  Presence of blade-shaped process on squamaseld pa This project
temporal, near external auditory meatus

22 Presence of “arrowhead” appearance of basiktiopamf This project
occipital bone
23  Styloid process or styloid pit This project
24  Distance between sigmoid sulcus and foramen amagn This project
25  Presence of eustachian process Kimbel and Ratk 19
26  Location of sphenotemporal suture relative toglenoid This project
process
27  Shape of entoglenoid process This project

Table 2.5.Basicranial morphological traits.

preservation). The null hypothesis of monotaxy loamejected if the two groups exhibit

generally different morphological patterns, unltdgese is a corresponding clear

® The origin of this trait is in Picq’s work, but loaly identified the distance between the postghaad
entoglenoid processes as being equal to the postdlerocess — anterior zygomatic tubercle distaacd
only on MLD 37/38.



48

distinction in site or time horizon (Kimbel and Rdl©93). If the putative groups do not
exhibit different morphology, the null is not rejed and the conclusion is that the fossils
assigned t@\. africanusare likely to constitute a single species. Eddih@se characters
is variable inA. africanus If there are multiple taxa within this set o$#als, it is

possible that some of these traits may prove usefiglineating them.

Skelton and McHenry (1992) cite Kimbel and coligeg) (1984) as describing the
M3-temporomandibular joint distance as longhinafarensis This distance is variable in
A. africanusattributed specimens, and was recorded as Trait 1.

The mandibular fossa can be either deep, as iremddimans, or intermediate
between that depth and the substantially shalldes=za ofA. afarensigTrait 2). Both
Skelton and McHenry (1992) and Picq (1990) refehts variation.

For Trait 3, the postglenoid process is eithetigir merged with the tympanic
plate (typically superiorly), or clearly separafeam it.

The lateral portion of the tympanic plate can berdged nearly vertically, such as
in Homoand the robust group of australopithecines, @rimediate between that
orientation and the typically horizontal oneR#n (Skelton and McHenry, 1992). This is
Trait 4.

Trait 5 refers to the shape of the tympanic caiftaldiameter can expand
dramatically from the interior of the temporal bdodhe external auditory meatus, or the
change in diameter can be much reduced or evemtabse

Trait 6 concerns the angle of the petrosals redab the coronal plane. This
angle can be less than 45° as in Sts 19, or ibeadb® or greater as in the bulk of the

Sterkfontein specimens.
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For Trait 7, the inflection of the mastoid proasbelow the base of the cranium
was scored as strong or reduced.

A vaginal process associated with the styloid pssdqor pit) can be either present
or absent. This variation was scored as Trait 8.

Trait 9 refers to the expression of a petroustdimbel and Rak, 1993) as either
strong or weak.

Trait 10 concerns the condition of the mastoidure with respect to being either
open or closed laterally.

Variation in the relationship of the foramen ovedehe lateral pterygoid plate is
Trait 11; it is either completely posterior to thlate or located adjacent to it so that the
plate is indented.

Kimbel and Rak (Kimbel and Rak, 1993) describeranfof variation in the shape
of the lateral pterygoid plate. It can be eittr@ngular, with its long base superior, or
rectangular with its short base superior. This is Trait 12.

The surface of the tympanic twists to a varialdgrée, such that its lateral and
medial portions can be oriented differently. Wiaesr&rait 4 referred to the lateral
portion of the tympanic, Trait 13 refers to theeotation of the medial portion of the
tympanic. The medial portion of the tympanic céher face inferiorly or
anteroinferiorly.

The postglenoid process is variable in size. Tait 14, the postglenoid process
was scored as either small to moderate (such as 8M/BB), or large (such as Sts 5).

The articular eminence is also variable. Trait@bcerns its degree of expression

as either slight to moderate.g. Sts 25) or stronge(g.Sts 71)
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The relative locations of the postglenoid prod@SP), entoglenoid process
(EGP), and anterior zygomatic tubercle (AZT) caryvdn some specimens, they are
arranged as an approximately equilateral triangieothers, the three distances are
clearly unequal. This is Trait 16. As noted ifoatnote above, Picq (1990) only
identified two distances as being equal (PGP — BG&PPGP — AZT), and only in MLD
37/38. For purposes of this project, the traitem®rded here refers to the presence or
absence of rough equality of all three distanddED 37/38 does not have the equilateral
triangle, but some other specimens do.

Trait 17 refers to the presence or absence ofa shicus associated with the
jugular notch of the occipital, on the neurocrasidk of its lateral portion. It is
distinguished from the sigmoid sulcus (which wobddthe “first” groove) and another
shallow sulcus connecting the jugular notch toftihamen magnum, running just
posterior to the location of the hypoglossal caridiis third sulcus is the most
anteromedial of the three where it connects tqubelar notch. The key to identification
is that this sulcus travels medially from the aoteedial-most extent of the jugular notch.

Trait 18 refers to the distance from the latedagjesof the occipital condyle
articular surface to the nearest edge of the jugwdéch, across the opening for the
hypoglossal canal. In specimens from Sterkfontbiese edges are almost always
parallel. In some specimens, such as Stw 580 end@l% this space is quite narrow
(approximately 3-4 mm); on others it is very br@g@elO0 mm),e.g.Stw 187 and Sts 5. In
specimens traditionally attributed £o robustusthe edges of the jugular notch and

occipital condyle are not parallel, and the spas&ben them tapers substantially. This
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is not simply an age-related trait, as the juvesjlecimen Stw 580 and adult Sts 19 have
narrow spaces, while subadult Stw 187 and adulb &tsve wide ones.

Trait 19 scores the presence or absence of mangesity on the ectocranial
surface of the occipital, posteromedial to the pitai condyles.

Trait 20 refers to the presence or absence dfioataf the major axis of the
glenoid fossa relative to the coronal plane. Tleae@d fossa is not a hemispherical pit in
any specimens, but rather has a degree of rougbdijodateral elongation corresponding
to the shape of the mandibular condyle (Picq, 199)specimens exhibiting this
rotation, the major axis of this elongation is aagby approximately 15-20° relative to
the coronal plane to a more posteromedial — araten@ll orientation. Specimens without
it have glenoid fossae that are oriented medicddter This rotation is present in Sts 5,
but is not in Sts 19.

Trait 21 refers to the presence or absence ddebthaped bony process at the
superoposterior margin of the external auditory togaoriented anteroposteriorly. It is
most clearly seen on Stw 53 as a bladelike sp#&uten long and 2 mm high, with a
symmetrical low triangle profile. Stw 98 has tlaene process, though somewhat
smaller. It is also present on Sts 5.

Trait 22 refers to the presence or absence of edadkepressions on the basilar
portion of the occipital for insertion of the lorgyaapitis muscles. The depressions
surround the midline pharyngeal tubercle and atstled laterally by a raised margin.
Taken together, the pharyngeal tubercle and teedhinargins form an arrowhead shape.

MLD 37/38 offers a strong example. Alternativelye longus capitis muscles can leave
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no depressions, resulting in a much smoother appearof the basilar portion. The
arrowhead shape is absent on TM 1511.

Trait 23 refers to the presence or absence dtifie@id process. It is present on
MLD 37/38. When the process is absent as in MLDtBa stylohyoid and
stylomandibular ligaments and associated muscuatuginate from a pit.

In some specimens, the sigmoid sulcus travels e¢lese to the foramen magnum
(e.g Stw 580); in others it stays more distant (Stw)18This variation comprises Trait
24.

Trait 25 is the presence or absence of the euataphocess. This portion of the
temporal bone is quite variable. Some specimews ha raised structure at all in this
location. Others have only a slight convexity widrty low relief. These are the most
common expressions in modern humans. Among tlegl$eesxamined, some@.MLD
37/38) exhibit a truncated ridge, which is a nartaw well-defined ridge or crest
covering much of the length of the petrosal anéliarto its long axis. The ridge is
barely noticeable at its (postero-)lateral end,dvatiually and consistently projects
farther from the rest of the bone until it is trated at its (antero-)medial end. Stated
another way, there can be a sharp ridge of borteamitapex in approximately the same
location as the finger- or clublike eustachian pgses, but its lateral side tapers very
gradually toward the surface of the rest of thegsatl. In some specimere.@. Stw53),
this ridge is slightly less elevated and its apesriaps its “truncated” medial end,
creating a tonguelike extension that is also palrtdi the long axis of the petrosal.
Finally, there is the condition that was scoreg@@sentfor the purposes of this project; a

“true” eustachian process that clearly projectsriofly from the petrosal. Other
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expressions (truncated ridge and tonguelike exa@hsvere scored absentbecause
they appear to represent the results of a subsligrdifferent regime of soft tissue
attachments and resulting stresses. This prosgsssent on Sts 5.

Trait 26 refers to the location of the sphenoterapsuture relative to the
entoglenoid process. In some specimens such aS@iwt is clearly located near the
midline of the process; in others such as Stshé&lsuiture is more lateral so that the
entire process is located on the sphenoid.

Trait 27 refers to the shape of the entoglenoat@ss. In some specimens, it is
rounded in the sagittal plane and somewhat narrowitie coronal plane to produce a
blunt or discoid appearance. In others, the psorsesarrow in both the sagittal and
coronal planes to produce a fingerlike, projecshgpe. The degree of independence of

this trait from Trait 26 is unclear.

Analytical approach, part 3: morphological observations

All of these traits lend themselves to the reaaydif data in a binary format.
Although there are ordination techniques that allommixed data types (such as binary
with ordinal), data analysis can be most straightésd when all data are of a single type,
especially with substantial amounts of missing dataere are a number of similarity
coefficients available for binary data (Cheetham BHazel, 1969; Kenkel and Booth,
1987; Jackson et al., 1989). The similarity cagffit selected for this project is the
“Simple Matching” coefficient, also known as thek&band Michener coefficient
(Cheetham and Hazel, 1969). It represents theapility that two specimens have the

same score on a randomly chosen feature (KenkeBaath, 1987), and it is simply the
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number of traits on which two specimens have tineesexpression divided by the total
number of observable traits that they have in commdether similar or not. Because
this similarity index is a proportion, it automatily accommodates missing data, as long
as specimens share at least one observable TratNTSY Sstatistical package (Applied
Biostatistics Inc., 1998) was used to calculatesehaterspecimen similarities.

If data were available on all variables for aksjpnens, the Euclidean distance
metric could be employed. As a measure of disanity, it is robust to a wide variety of
applications (Gower and Legendre, 1986). Euclidstances, however, are dependent
on the number of binary variables considered. \With4 variables, for example, the
maximum distance between specimens would be 2h WAt 9, the maximum distance
would be 3. It is not clear that two specimenswitaximum divergence on all
observable traits shoultlitomaticallybe considered more distinct if they are complete
than if they are fragmentary, though the formasagion is more reliable. If one takes the
position that they should be viewed this way, ttlenconverse situation becomes
problematic: the minimum distance is zero, regasitef the number of observations on
which it is based. It would be inconsistent to asstance measure that is sensitive to
observation count for different specimens, butfaposimilar specimens. With the
Simple Matching coefficient, distance does not elate with the number of
observations, though one should expect samplirgtstivhen few observable traits are
shared between specimens.

After coding the morphological observations, théadinterspecimen similarities)
were ordinated with both the PCO and NMDS techrsqiescribed above. As described

in Chapter 4, however, the PCO ordinations weregantunsuccessful (all eigenvalues
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were approximately equal to zero or simply negatigad the data structure was
inconsistent with at least one of the eleven ihd@nfigurations in th&ASTalgorithms

for NMDS (Hammer et al., 2001), causing softwaiifa. For this reason, the
morphological data were ordinatedNiT SYSwith the NMDS approach only. As with the
morphometric data, the ordinations were repeat@dibies in order to minimize the
likelihood of failure to identify the lowest-stressdination.

The interspecimen similarities were used raw, euticonversion té®an-dataset
percentile scores like the morphometric data. fsies distances are not directly
comparable when they involve different numbersaotiimarks, but the Simple Matching
similarity coefficient is not so affected by var@at in number of observations. Referring
the morphometric data f@anvariability was required in order to permit compans of
morphometric data from specimens with differentrdeg of preservation. This step was

not necessary, however, for the similarity scores.

A phenetic approach to taxonomy

This method intentionally disregards charactessgprimitive/derived polarity,
because the phylogeny of any possible second taitbim this fossil sample is not
presently known. The situation is further comgiechby the variability of these
character states (indeed, they were chosen farwagability). Others have recognized
the difficulty posed by this situation and chosento pursue an explicitly phylogenetic
strategy for alpha taxonomy, instead preferringoaenphenetic approach (e.g. Sherwood
et al., 2002; Grine et al., 1996; Cope and Lac®21%Vood, 1991; Kimbel and White,

1988). If polarity were to be considered, the la€bhylogenetic information would
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present an unavoidable confoundl. afarensidhas traditionally been seen as the most
likely ancestor ofA. africanus(e.g. Strait et al., 1997), but with the discovefyhe
contemporaneous taxdétenyanthropuglLeakey et al., 2001), there are now two known
candidates for the ancestryAfafricanus and the possible second species subsumed
within it. Although they have not been assigne&émyanthropusthe teeth from the
same and nearby localities at Lomekwi exhibit semalarities toA. africanus such as
the frequency of having a protostylid, to the ex@n ofA. afarensigLeakey et al.,
2001). Even assuming that afarensicontinues to be viewed as the most likely
ancestor oA. africanusthere are reversals in at least some traits,doeg the structure
of the knee joint (Berger and Tobias, 1996). Tédyeappearance iKkenyanthropu®f
characteristics generally considered as deriveitanes that the polarity of many traits
used in hominin phylogenetic analyses is now mesh tlear (Leakey et al., 2001).
Depending on the phylogenetic relationships antbage taxa, and their
character states, shared traits could be synapdmastsymplesiomorphies, or
homoplasies. Further, variable characters suthese may be more prone to homoplasy
(Seiffert and Kappelman, 2001). As the purposthisfproject is to clarify the fossils’
taxonomy in order that their phylogeny can be bett@lerstood, it would be
inappropriate to give weight to characteristicsdobsn phylogenetic assumptions that

may be shortly rendered obsolete.

Case in point: the enlarged occipital/marginal sine complex

Substantial enlargement of the occipital/margswalis complex of veins draining

blood from the brain (O/M) was first noted in EAdtican robust australopithecines by
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Tobias (1967). It appears to play a role in theegalation of the brain as well as
maintaining adequate blood flow during upright post(Falk and Conroy, 1983; Falk,
1986, 1988, 1990; [but see Braga and Boesch, 1@8itbpeer commentaries in Falk,
1990]). This circulatory pattern is present in @aftnall known members &. afarensis
and the robust group of australopithecines, b aanong gracile australopithecines
(Falk and Conroy, 1983), although it is presenhodern humans (Kimbel, 1984). There
is debate about whether O/M is observable in padicspecimens such as East African
robust specimen Omo L388y-6 (Holloway, 1981; Whitel Falk, 1999), and it may not
be present in the juvenile, fragmentéryafarensispecimen LH 21 (Kimbel, 1984).
Conversely, O/M is present in the Taung specimeids and Falk, 1988). What was
once argued to be a situation of absolutes, watitsthaving gone to fixation in at least
the A. afarensigobust group (Falk and Conroy, 1983), now apptansvolve different
trait frequencies (Falk and Gage, 1998), becautelldd 21 and Taung violate
expectations.

No student of hominin evolution should be surptibg variation within a
population. The O/M example illustrates one ofphablems faced by researchers
working with small samples of fossils of variabkeatures. A particular relationship
between trait frequency and hominin lineage coundticiate that a given trait carries some
taxonomic and/or phylogenetic importance. Nathosyever, is an impartial judge of
even the most attractive hypotheses. The factridatiduals vary in their expression of
many traits, even within a lineage, makes strigtigeenetic strategies for studies of
alpha taxonomy problematic when samples are samtliscussed by Sherwood and

colleagues (2002). Given the small sample sizetlamdragmentary nature of many of
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the fossils considered here, it is likely that s@pecimen would preserve an anomalous
trait. This is why the present research takesea@iic approach to taxonomy. Here, a
specimen’s overall pattern of morphology is consadego be more informative than any

particular trait.

Relating results to other work

If the results generated support splitthgafricanus the next step would be to
compare the membership of the “new” group propdezd with those listed by other
authors, e.g. Clarke (1994), Lockwood and Tobi@922, Kimbel and Rak (1993), and
Picq (1990). As these lists are not themselvestici, there will be a measure of
disagreement with at least some of them. The ggatature of the disagreement will
provide rich opportunities to better describe thgability of these specimens, whether
based in specific, sexual, temporal, or geogragifierences. It will also allow a
comparison of the relative contributions of fac@éntal, and basicranial variation to any

overall taxonomic assessment of this sample oflfoss

Sexual Dimorphism

As discussed above, the exact nature of sexuarginsm in fossil species is
often difficult to assess (Hausler and Schmid, 1896od and Quinney, 1996; Tague
and Lovejoy, 1998; Reno et al., 2003; Plavcan.e2805; Gordon et al., 2008). One

group of researchers have even suggested thatdeetiare is little reason to assume that
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past patterns of sexual dimorphism mimic curremspit may not be possible to produce
reliable sex diagnoses for fossils (Ahern et &05).

The glenoid region of the basicranium shows Ilgdgual dimorphism in extant
hominoids (Kimbel and Rak, 1993), and it is samgledvily in the 3D morphometric
portion of data collection. Further, most of tbedils considered here lack the cranial
and facial anatomy often used in attempts at segndisis, so the sex of these fossils is
not obvious. Veroni et al. (2010), however, weske do discern weak sexual
dimorphism in the foramen magnum and occipital gteslin a juvenile sample from
Portugal, and review other work (e.g. Holland, 1986pert et al., 2009) indicating the
presence of dimorphism in this area among adittdland (1986) and the Veroni (2010)
and Gapert (2009) groups used different observaitiozn are considered here, so it is
not clear that their results should extrapolata thfferent set of basicranial data.

Because of the uncertainty of the fossils’ sex tliedpossibility of reliable sex
diagnoses raised by this work, it was necessaaytéonpt to devise a sex-diagnosis
technique for the fossils from tliRandata. To this end, the morphometrics of Plas
sample were evaluated for signs of a reliable ddage. Unfortunately, sex plays a small
role in basicranial shape among the chimpanzedandbo dataset. It is shown in the
“Sex Distinctions in Basicranial Shape” sectiorGhfapter 3 that none of the first ten
principal components of basicranial shape variatiathe pooledPan sample are capable
of distinguishing sex. The modern comparison sartipgrefore does not offer a means
to diagnose sex among the fossils, so the restttssoproject are necessarily contingent

on future discoveries of fossil sexual dimorphisinthe cranial base.
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Measurement error

In any type of quantitative research, it is advisao measure and report the rates
of measurement error: intraobserver, interobsdi’appropriate), and instrument error.
This reporting allows an assessment of the dedrpeeoision in the analyses, and
therefore offers a gauge of the reliability of twnclusions. One unavoidable and fixed
component of measurement error in this study isvtleeoscribe 3DX’s manufacturer-
reported accuracy of £0.23 mm (Immersion Corporatk®98). This instrument error is,
of course, included in all analyses.

The selection of algorithm for measuring and repgrintra- and interobserver
error, however, is typically affected by the tygedata being collected. When data
consist of collections of univariate distance measents, it could be appropriate to take
repeated observations on an individual or groupdifiduals. One would then report
correlations between corresponding measuremenssme other measure of divergence
within corresponding sets such as standard dewia¢@riance, or average deviation from
the mean, typically expressed as a percentageeohédan (e.g. White, 1991; Petersen,
2000). In order to maintain maximum comparabitth prior work, and because of the
type of data, an approach similar to that useddxkivood and colleagues (2002) was
chosen.

This project uses Procrustes superimposition topewenoverall shapes instead of
analyzing collections of Euclidean distances (Immaasurements) between landmdrks.
Because of this, it is more appropriate to usersor-eeporting strategy that deals with

landmark configurations (shapes) instead of limeasurements. Lockwood and

191t would also have been possible to use Euclidistance matrix analysis (EDMA) (Lele and
Richtsmeier, 1991) to analyze the shapes. Hacdbteat the approach adopted here, an error-reporting
strategy of directly comparing collections of unigée measurements would have been appropriate.
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colleagues (2002), for example, produced histogi@nadl possible multivariate
distances between pairs of specimens. They thepaed the shape variability among
iterations of repeated digitizations to that ohanple of available specimens. This
approach allows a comparison of the variation chliyemeasurement error alone to the
sum of biological variation and approximately tlaen® amount of measurement error.
They demonstrated that measurement error was & comatibutor in their case. To this
end, the maximum sample Ban specimens for which data were available on all 31
landmarks was used. This approximately sex-batheaeple comprised 98 individuals,

as detailed in Table 2.6 below.

Collection Females Males Unknown Total
sex

Peabody MuseunP@n troglodytes 2 5 - 7
verug

CMNH (P.t. troglodyte¥ 13 11 - 24

Powell-Cotton MuseunH.t. 15 10 - 25
troglodyte$

MRAC chimpanzeedH:t. 2 10 7 19
schweinfurthi)

MRAC bonobos Pan paniscus 10 9 4 23

Total 42 45 11 98

Table 2.6.Pansample used for intraobserver error analysis.

Pan dataset intraobserver error

To estimate intraobserver error within f@n sample, one complete specimen
from each collection was randomly selected andaksudy digitized, at least once per

day of data collection and never successively.sé&lierations totaled 15 for each of the
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exemplars from the Powell-Cotton, Peabody, and CMidgHhections, 10 for the MRAC
chimpanzee exemplar, and 11 for the MRAC bonobongar.

Thetps-Small 1.2&oftware package (Rohlf, 2003b) was used to catieuhe
Procrustes distances between all possible paspeadimens in thBansample, and the
same distances between all possible pairs of ibesafor each of the five exemplar
individuals separately (i.e. not between exemplafshistogram of these distances for
visual comparison was then generated with FA&Tpackage (Hammer et al., 2001).
There are 4753 pairs Ban specimens, and 415 pairs of exemplar iterattorishe
resulting figure (Figure 2.2) is presented below.

The maximum Procrustes distance between iteratibdgyitization for the five
exemplars is 0.0833, and the minimum distance Etwairs oPanspecimens is
0.0910. The mean distance betw®amspecimens is 0.1418. There being no overlap
between these distributions, it is reasonableterpmet reported Procrustes distances
between specimens as indicative of actual shaferelifces as opposed to measurement
error. The maximum possible Procrustes distangjsor 1.5708, so the maximum

inter-iteration distance here of 0.0833 is quit@akm

" The number of possible pairs is the number of doatons (without replacement) pfspecimens from

a sample of siza, or on _ N . Inthis case, singe= 2, the right side of the equation simplifies to
* p(n-p)
n(nz—l)_ Here, for the entirBandatasetn = 98. For the exemplar specimens; the number of

digitizing iterations (10, 11, or 15).
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Figure 2.2.Procrustes distances between all possible palPawspecimens, and
between all possible paired iterations of five eglmmspecimens (repeated iterations at
left; overall sample distances at right). See textiscussion.

Fossil dataset intraobserver error

As most of the fossils observed here were fragargnthere were few fossil
specimens with sufficient available landmarks arntthaut obvious distortion to make
informative descriptions of intraobserver erroheTeft side of the MLD 37/38
specimen, however, preserves 28 of the 31 landnflakdmarks 6-8 being absent). This
specimen was digitized 10 times. As with Banexemplars, iterations were recorded on
each day of data collection at the University @& Witwatersrand, and never
successively. The sarfandataset as used for tRan error analysis for this set of 28

landmarks was reconstituted and the analysis pdeceas above. It was necessary to
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present this part of the analysis separately becthesshapes being compared are not the
same when landmarks are omitted. Again, therd @58 pairs oPanspecimens, and 45
pairs of iterations on MLD 37/38. The resultingtbgram is presented below as Figure

2.3.
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Figure 2.3.Procrustes distances between all possible palPawspecimens, and
between all possible paired iterations of MLD 37(B&peated iterations on MLD 37/38
at left; pairwisePandistances at right). See text for discussion.

Here, the maximum Procrustes distance betweenzaigon iterations on MLD
37/38 is 0.0421. The minimum distance betweerspdiPan specimens is 0.0887, and
the mean is 0.1521. The distinction between repeaasures and actual specimen
differences is even larger here than inPlae dataset. It appears that intraobserver error,

at least on MLD 37/38, contributes only a minor amicto observed variation.
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It must be noted that intraobserver iterationsewet attempted on other fossil
specimens. The considerations behind this decwsere partly a desire to minimize
handling of fossils, and partly to include as mé&mdmarks in the error analysis as
possible. This result can be generalized to therdossils insofar as MLD 37/38 is
representative of the clarity (as opposed to ext#mreservation of the other fossils. As
stated above, if a landmark was not judged to &éarly visible on any fossil specimen, it
was not digitized. The data available reflect lgadentified landmarks, so their

visibility and clarity should not constitute a majactor in measurement error.

Measurement error conclusion

In no case does the Procrustes distance betwpeatesl digitizations of the same
specimen exceed the distance between any pRam$pecimens. Stated another way,
measurement error (comprising both instrument enokintraobserver error) does not
cause repeated observations of the same specinfi@lsdty appear to be more distinct
than any two individual specimens. It is theref@asonable to infer that measurement

error is not likely to be a major confounding factothe analyses to follow.

Taphonomic error

In addition to instrument and observer error,gbelogical processes to which the
fossils have been exposed create some error thtapbbnomic warping. Some of it

was alluded to above in the discussion of landrsaf&ction. One way to test the
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importance of taphonomic warping as a factor inaaept fossil shapes, at least for a
selection of specimens, is to characterize thediffce in shape between right and left
sides of the same fossil specimen, and to compatadifference to the distribution of
shape differences in a reference population. Wiolepecimen is likely to be perfectly
symmetrical in life, any taphonomic warping wouldyreduce the amount of symmetry.
Only in the very unlikely case of exactly symmaedtidistortion would taphonomic
warping be missed with this approach.

The listing below for each test includes the specimonsidered, the landmarks
present, and the membership of Ben comparative samples. Also listed are the values
of Relethford and Blangero’s (1990) univariate aé multivariate variability. In this
case, the fossil “sample” is the two sides of a&gifossil, with one mirror-imaged for
superimposition. Finally, the Procrustes distarmg/een specimens are shown,
together with the percentiles of these distancekaroverallPanand chimpanzee-only
distributions of pairwise Procrustes distancesis @pproach does not takevivo
asymmetry into account, but rather serves to hagphicases in which a given fossil
exhibits such a degree of asymmetry that the pisgibf taphonomic damage cannot be

ignored.

Specimen: MLD 37/38

Landmarks present on midline and both sides: 145,918-23, 26-31
Pansample: Chimps: 14 Western, 14 Central, 14 BEasBonobos: 42
Relethford and Blangero (1990) variability indelt:Ran .000161, fossil: .000081

Procrustes distance between sides and its peeangallPan distribution: 0.1077, 3
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The Procrustes distance between the right angiteds of MLD 37/38 is smaller
than the corresponding distance between all bulita®% ofPan pairs, and the
variability index likewise is about half of thatrfthe Pan sample. While all of the shape
comparisons involving MLD 37/38 used its left sidas reassuring to note that the
difference between the two sides is quite smafisstent with negligible taphonomic

warping of its landmark configuration.

Specimen: Sts 5

Landmarks present on midline and both sides: :4),612, 13, 15, 18, 20-23, 26-29, 31
Pansample: Chimps: 12 Western, 14 Central, 14 EasBonobos: 40
Relethford and Blangero (1990) variability indelt:Ran .000144, fossil: .000098
Procrustes distance between sides and its peeanallPan distribution: 0.1136, 16.5
In the case of Sts 5, the Procrustes distance beatw®right and left sides is
slightly increased relative to MLD 37/38, such ttias difference exceeds those of about
one in six pairs in thBansample. The Relethford/Blangero index for thesilps
however, is well below that for the overBthn sample, as was the case for MLD 37/38.
The fossil's left side was used for almost alllté shape comparisons, with a few
exceptions as noted in Appendix 1. Because o$mhall but non-negligible difference
between sides, any distinction between the regehgrated by the two sides must be
viewed critically. The most direct examinationtbé importance of this difference is
afforded by Tests 12 and 13 (see Appendix 1), irthvthe two sides of this fossil were
independently compared against the same groupeairapns: MLD 37/38, Sts 19, and

Sts 25. The landmarks employed in those testsrdifightly. Landmarks 4, 9, 10, 12,
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18, 20-22, and 26-28 were common to both testst T2also included landmark 19,
while Test 13 included landmark 11. These varyargimark sets resulted in almost no
change in any of the observed distances involvihddN37/38, but a slightly increased
distance between Sts 19 and Sts 25 (0.1649 v4@). ¥en landmark 19 was included
and #11 excluded, as in Test 12. The specificrteanét configuration of Test 12 also
increased the Sts 5 — Sts 19 and Sts 5 — Stst2ihicks. Taken as a whole with the fact
that the analyses were dominated by Sts 5’s lg#, shese results indicate that the
difference between the two sides was unlikely teel@ontributed substantial error to the

project.

Specimen: Sts 19

Landmarks present on midline and both sides: 1-45,6.8, 26-31
Pansample: Chimps: 14 Western, 14 Central, 12 EasBaonobos: 40
Relethford and Blangero (1990) variability indelt:Ran .000178, fossil: .000092
Procrustes distance between sides and its peeangallPandistribution: 0.1101, 3.5

As with MLD 37/38, the Procrustes distance betwientwo sides of Sts 19 is
relatively small, and all comparisons were basetherleft side. Here too, the symmetry
of the two sides is consistent with a relative latkaphonomic warping on this

specimen.
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Taphonomic error conclusion

For both MLD 37/38 and Sts 19, the presence ofmahasymmetry indicates
that for these two fossils at least, taphonomicpivey appears to be a minor issue. The
increased difference between the two sides of &taypbe problematic, but Sts 5 did not
appear to be a particularly unusual specimen, laadelationships of other fossils did not

appear to be overly dependent on the side of Bislibdded in the analysis (see above).
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Chapter 3. Allometry, Sexual Dimorphism, and Species

Differences in the Pan Sample

The overall goal of this dissertation is to chéeaze the extent of shape variation
among basicranial specimens assignef.tafricanus in an effort to shed light on the
problem of their taxonomy. Regardless of whetherd are one or multiple species
within A. africanus some proportion of the shape variation betwessil® may be
attributable to the common biological relationsbgiween size and shape that is known
as allometry. It is often the case that larger lmers of a species have a different shape
than smaller ones because not all anatomical sheggrow at the same rate, or for the
same period of time (Shea, 1983a). This chapti#reades the issue of whether it is
appropriate to perform the shape comparisons ceresichere with a straightforward
Generalized Procrustes Analysis (GPA) technique€¢S2005a; Dryden and Mardia,
1998). This approach would compare specimens’eshdpectly, without taking size-
based shape differences into account. The alteenabuld be that a size-dependent
“adjustment” should be made to the shapes of thsilfspecimens in order to account for
allometry and permit fossil comparison that is canfounded by the shape changes
expected to be brought on by differences in siag (dcNulty, 2004). An approach
such as McNulty’s may be thought of as analogowntdyzing the residuals after a
linear regression technique has been applied, effart to work with variation not
“explained” by the linear relationship. Here, t@al of “removing” size-dependent
shape variation would be to increase the propodiorariation attributable to species

differences.
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Unfortunately, the availabl&. africanusspecimens are few, fragmentary, and
sometimes taphonomically distorted, making it difft at best to detect and characterize
an allometric trajectory through shape-space fentliCobb and O'Higgins, 2004).
Further, if this taxon does comprise multiple specthe possibility of multiple
trajectories would render the characterization eawere difficult and likely impossible
with the currently available sample. Given thatitation, it becomes necessary to
examine shape variation in another taxon for winndne specimens are available. The
two species withilPan are generally allometrically scaled variants of @amother
(Corruccini and McHenry, 1979; Giles, 1956; McHeand Corruccini, 1981), but this
pattern does not extend to all anatomical reginasto overall body proportions (Shea,
1983b). The extent to which the basicranium isaot included in this general pattern
is not yet clear, so this chapter includes a teteextent to which allometry is
expressed in aduRan basicrania.

If a strong and consistent pattern of static alloyn®r chimpanzees and bonobos
can be identified in the relatively restricted amaical region of the cranial base, then it
is likely to be the case that allometry was alsgspnt in the cranial basesAfafricanus
Any efforts to characterize the variationAnafricanuscranial bases, then, should take
an allometric trajectory through shape-space intmant, and that of the twean species
should offer a reasonable estimate. If adult membéthe two species &fando not
display an allometric signal in the basicraniunt ikdoth strong and consistent, then it
could be argued that: a) basicranial allometryteeldo sexual dimorphism is likely to
have been reduced A africanusas well, and/or b) without a particular allometric

trajectory to take into consideration, it wouldibappropriate to force an arbitrary one
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onto the pattern of variation in the fossils. he tatter case, the results of any shape
comparisons should be examined carefully for ang sffects. This basic approach has

also been used by Bush and colleagues (2002).

Materials and methods

Sample construction and landmark selection

In order to characterize basicranial shape vanati adultPan sex-balanced
adult samples of 38 Eastefidan troglodytes schweinfurthii44 Central®. t.
troglodyte$, and 12 Westerr( t. veruy chimpanzees, and 40 bonob®saii paniscus
were selected. These are the maximal sex-balasaredles with reliable taxonomic
identifications for complete specimens in fen dataset. Basicranial shape was
characterized with 28 of the original 31 three-dusienal landmarks shown in Chapter 2.
Three landmarks were omitted for the reasons @dtlivelow.

Landmark 5, the most medial extent of the petragat among those omitted.
Since chimpanzee petrosals are relatively coromaignted, variation in the shape of the
posteromedial border of the petrosal resultedsituation where the “most medial
extent” was not homologous between specimens. prbislem rendered the landmark
seriously deficient for purposes of 3D morphomstras it embodies all of the problems
with Type 3 landmarks (Bookstein, 1991). Landm@amkas morphologically
problematic because it was sometimes at the tipeopetrosal, near the spheno-occipital

synchondrosis, and in other specimens was 1 cnoog posterior to that location, at a
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point of curvature along the medial edge of theqsatl>> As Bookstein (1991)
describes, such a landmark is mathematically deftcas well. A type 3 landmark
represents a local maximum in a particular directand therefore one dimension is a
mathematical function of the others. Differencesaieen specimens at type 3 landmarks
have substantial ambiguity in the dimension(s) eedgcular to the “ruler,” and thus are
reliably indicative only of variation in the length the defining segmentg., a single
dimension (Gunz et al., 2005). Other types of laaks contain useful information in
three dimensions. This situation is clearly inampiate for 3D morphometric analysis of
biological shapes, so the offending landmark wagtech

Landmarks 17 and 25 were omitted because they nagr@sible on many of the
specimens. They are defined partially or entitslysutures, but as the specimens
considered here were adults, the sutures were ofifgerated due to age-related

changes. Omitting these landmarks greatly incbtse available sample size.

Procrustes superimposition

For the analysis itself, the PAST software pack&tpanmer et al., 2001) was
used to perform Procrustes (Generalized Procréstalysis; GPA) superimposition of
the pooledPan sample, followed by subtraction of the mean landineanfiguration, to
obtain Procrustes residuals (Lockwood et al., 208@3cribed below, for all landmarks

on all specimens. See Slice (2005a) and Dryderivaardia (1998) for discussion of the

12 Cases in which particular landmarks are highlyalde between specimens or populations can
theoretically be handled with “resistant fittingyhich is a median-based approach to shape anahfsese
GPA is least-squares based. This approach, hownisvest as mathematically robust as Procrustes
analysis, and Procrustes methods are preferalite (2005a). In any event, the non-homologousreaiti
the recorded locations is fatal.
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history and mathematics of Procrustes analysisnyMaher works summarize the
application of Procrustes approaches to anthropabguestions (e.g. Slice, 2005b;
Lockwood et al., 2002). It should be noted, howetleat the Procrustes residuals are not
necessarily devoid of size information, as shagkssre may not be independent for
these landmarks (Lockwood et al., 2002; SingleB®®5). To the extent that size and
shape are related, the “removal” of size in a girsgép cannot be complete, as residual
size information would still be present in the st®pThe degree of size-shape
independence iRan basicrania is the focus of this chapter.

Procrustes residuals differ from raw 3D configurasi (the original coordinates in
which size, shape, orientation, and overall spegitloeation information are maintained)
and Procrustes configurations (in which shape méiron is maintained for all
specimens, but they are scaled to unit centrog& satated to the same orientation, and
translated to be superimposed) in that the landsnaokonger maintain their locations
relative to one another. After this transformatithe landmarks are recorded as
individual perturbation vectors from the mean cgufation (the average shape for the
sample). This procedure is analogous to one dfaciing the mean from a sample of
univariate data, which transforms observationshab they are expressed relative to the

mean.

Size proxy
In multivariate studies of allometry, there is ravdrand-fast rule for the way in

which size should be controlled for, and the chaitsize-standardization variable can

affect the resulting allometric equations (Smitd81). For a brief review of these issues,
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see Singleton (2005). Body mass is perhaps thé ecoagmon (e.g. Corruccini, 1983;
Gauld, 1996), but not the only, size proxy. Thed®n depends largely on data
availability and the anatomical region under inigegion. For studies of limb
robusticity, for example, it may be appropriatestale bone diameters against lengths,
whether directly or through a logarithmic relatibips(e.g. Carlson et al., 2007). Itis
also possible to use the geometric mean of alatéas (e.g. Jungers et al., 1995), but this
approach is probably not useful in Procrustes apgires. Often, allometric studies of
cranial shape use a measure of neurocranial lesgth, as glabella-opisthocranion
length (Wood and Stack, 1980), but see below fecudision of confounding that can
occur in this situation.

For 3D shapes, the useasntroid sizeoffers the opportunity to compare shape
with a univariate measure of size that directlyetakhe entire region into account.
Centroid size is the square root of the sum od@llared Euclidean distances from
landmarks to the centroid, or center of mass (Ne&wer, 2005). The use of centroid
Size increases the precision of size comparisemnsisauncorrelated with any particular
linear distance between included landmarks (Boaksi®91) or shape when landmark
error is random (Slice, 2005a), making it an ideadrall size proxy for a given set of
landmarks (Singleton, 2005, 2002). In particuiksrfailure to correlate with any linear
distance renders it immune to the confounding &dfdwat will accrue when a linear size
measurement includes an anatomical feature whpsesaries allometrically with body
size. This confound could obscure actual relatigpss(Gauld, 1996).

Body mass was rejected as a size measure for sesfatad reasons. It might be

possible to estimate body size from observationdentan these fossils (via regression),



76

but there would have to be many such estimatorsusecof the nonoverlapping
preservation of many of the fossils, and they anéely to have similar error magnitude
or bias. Further, if there are multiple speciethia fossil sample and the extent of
encephalization is different between them, a bodgsbased approach to specimen size
would be confounded by the absence of prior infaimnaabout fossils’ group
membership. Because postcranial adaptations suliimla size and proportions,
muscularity, gut size, and adiposity are likelyoindependent of basicranial shape,
body mass may or may not correlate well within ggewith overall bone growth in the
basicranium.

For these reasons, each specimen’s centroid sgeasarded (as part of the
initial Procrustes superimposition and before theversion to Procrustes residuals) for
use as the univariate size proxy. This approashres that any size-shape relationship
in the basicranium is kept as direct as possible.

It is common in statistical approaches to biologpmablems to log-transform the
major size variable against which other traitsa@nmpared €.g.Singleton, 2005;
McNulty, 2004; but see Corruccini, 1987). Thigleme primarily because the
distribution of biological measurements is often mormal (generally having a long
“right tail,” as it is more often the case that gospecimens are unusually large than
unusually small), and thus violates a major assiomif most frequency-based
statistical approaches. Without this transfornmtibe larger specimens become outliers
and bias the results, especially in regressionyaaal(Neter et al., 1996). TB¢ata 8.2
(StataCorp, 2003) software package was used torpethe Shapiro-Wilk test of

normality on the distributions of centroid sizescbfmpanzees and bonobos. In both
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tests, the null hypothesis of normality was no¢ced®, so for the purpose of comparing
shape against size, analysis proceeded with rdkerrthan log-transformed, centroid

sizes.

Variable reduction: Principal Components Analysis

Given that 28 landmarks in 3 dimensions yield 84asate variables (but only 77
degrees of freedom) (Slice, 2005a), it would beveorent to be able to deal with fewer
variables while still maintaining access to thepghaariation expressed in this dataset.
Principal Components Analysis (PCA) (Manly, 19%1lan ordination procedure that
reduces a set of original variables to uncorrelatdates known aprincipal
componentsconsisting of combinations of the original vatégbigenvectork scaled
such that the sum of the squared coefficients afigenvector is 1. With this approach,
one can generalize allometric relationships amoagerthan two variables (Jolicoeur,
1963). In cases such as this one, where themaang possible bivariate combinations of
variables, PCA is especially well suited for pramgia summary (Corruccini, 1983).

A component’'sigenvaluaepresents the variance of the dataset as “seen”
through that component’s particular combinationhef original variables. Components
with higher eigenvalues capture larger portionthefdataset’s overall variance. In this
way, the first few principal components may suiaté¢scribe most or all of the variance
in the dataset, and reduction in variables caovoilvithout serious loss of information.

When the original variables are highly correlaedmall number of PCA eigenvectors

13 For chimpanzees, the rgwalue on this test was 0.25; for bonobos, 0.44 dahnot reject the null
hypothesis of normality, with or without a Bonfami@r Sidak multiple-comparisons adjustment (Wrjght
1992).
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can capture most of the variance in the origingdsizt. If they are entirely uncorrelated,
the eigenvalues for all eigenvectors will be simito PCA will not be able to achieve
any reduction in variable number (Manly, 1994)aay distinctions in the relative
“importance” of the principal components.

When dealing with raw biological data (whether nfmmetric or a collection of
traditional length measurements), the individuaig@pal components can be interpreted
as characterizing particular aspects of shapeti@miaThe pattern of positive and
negative coefficients on the eigenvector is unifuesach principal component. Each of
these essentially represents a comparison of thmalvariables with positive
coefficients against those with negative coeffitser'Specimens with large values in
variables with positive coefficients and small of@sthose with negative coefficients
will have large scores for a given PC, and vicesaer

Typically, though, when analyzing raw biologicataane of the earlier
components (usually the first) will have coeffidiethat are all positive, while the others
involve a mix of positive and negative coefficients similar situation often occurs in
factor analysis and canonical correlation analf/B&g/lor and DiBennardo, 1980). This
component is generally taken as representing teeath\size of the specimens. As
discussed above, however, Procrustes analysewv@aaleffort at removing size
information, and further, the present analysis im&® Procrustes residuals. A specimen
with consistently “large” Procrustes residuals vebrmibt necessarily have a large size, but
rather indicate a data problem. In this case,@en@ector consisting entirely of positive
coefficients (or a pattern in which tRey, andz coordinates for each landmark had

consistently negative or positive coefficients) Wabimdicate some serious problems,



79

namely that the specimens had been arranged §igaolugh space rather than
superimposed, and/or that the scaling to “remoia® mformation was not successful.
As expected, this was not the case, indicatingrthatsize and faulty superimpositions
were not a factor in the observed variation.

As discussed above, this PCA run is based on Bt@msuesiduals for 28
landmarks on a sex-balanced sample of chimpanreelsanobos, for a total of 84 raw
variables (28 landmarks in 3 dimensions). Thereigkies for the principal components
(PCs) and the percentage of the overall variareethiey “explain” are listed in
Appendix 2.

The Scree plot offers this information graphically plotting eigenvalues against
principal component numbers (Figure 3.1). Wherliegiion of PCA has been
successful (i.e., there was a degree of correlatinong the original variables underlying
the PCA analysis), the plot takes on an L shapb¢aing that the first few principal
components capture the bulk of the original vamanin such cases, it is reasonable to
proceed with a reduced number of variables. “Uosssful®* PCA runs, as discussed
above, exhibit a nearly horizontal line with a moomsistent slope. As discussed above,
this would happen if the original variables weramgor entirely uncorrelated, so
combining them into principal components could catcentrate the variance into only a

few.

% The notion of “success” in PCA analyses, or aimgostatistical procedure, depends on the resag@sche
goals. If the goal is simply description of data,situation short of software crash and datadosstitutes
failure.
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Eigenvalue

Component

Figure 3.1.Scree plot of eigenvalues against principal comptme

It can be seen from Appendix 2 and Figure 3.1 ttafirst ten principal
components account for 60% of the variance in tloefastes residuals, and that the
higher-numbered components have low eigenvalués. Stree plot is decidedly L-
shaped, indicating a successful effort at variabtkiction. Given the success of the PCA
analysis, it is therefore reasonable to selecfitsieten PCs as a convenient way to
describe shape variation Han basicrania. The eleventh PC, for example, acsofont
about 2.5% of the overall variance, and subsega€stcover even less. To reach 90%
of the variance, 32 PCs must be considered, aratelfequired to reach 95%. When
eigenvalues are very small as with the ones natidered here, it can be taken as an
indication that the remaining variability is largediiosyncratic and carries little trend. If
allometry were strongly presemte( a major aspect of shape variation were size-
dependent), some aspect of it should be visibnaor a set of eigenvectors among

those that capture most of the shape informatibshould therefore be possible to
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construct a linear model of these ten PCs thateguiain” a large proportion of the
variance in centroid size. While it is possiblattan allometric signal could remain in

the eigenvectors not considered here, any failuagpear in these ten would constitute
reasonable evidence that any such allometric fagtemall and disorganized, and is not a

major factor in the shapes of adBtn basicrania.

Multiple Regression analysis for allometry

To test the possibility that chimpanzee and bormdsicrania exhibit a strong and
consistent pattern of allometry, centroid size vegessed against the first ten PCs with
Stata 8.2 (StataCorp, 2003). If allometry is ddam basicranial shape an, it should
be possible to construct linear models relatingR@s to centroid size. As noted above,
these ten PCs encompass most of the variance Prdoeustes residuals, and subsequent
PCs account for very small proportions of the vas@a The backward stepwise model
selection approach was chosen for this task, becawusultivariate approach to allometry
is highly preferable. This approach begins withadel based on all predictor variables.
It sequentially removes predictors that do notifiicemtly contribute to the overall
model’'s effectiveness, and can reinsert any thebine significant again after
confounding predictors are removed (Neter et 896). The default situation for this
approach is retention of predictor variables (is ttase, principal components) in the
model, corresponding to a rejection of the nulldtyyesis of no allometric relationship.
The simultaneous consideration of several shapablas allows shape to be

characterized more accurately, and makes it mkeé¢ylthat a relationship between size
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and shape can be found. The backward stepwisessgn approach is therefore the

most conservative way to check for a size-shagioakhip.

Results

The results of a series of regression analyse¢bese ten principal components

and centroid size, including the primary backwastepwise run, are presented below.

Species distinctions in basicranial shape

Figure 3.2 below shows the first principal compan&lues for thd. paniscus
sample and the three subspecies samplBs wbglodytes In this sample, the first
principal component has achieved a perfect separagtween species. Despite
considerable overlap in centroid sizes, all spensneith PC1 values over 0.5 (the dotted
line in the figure) are bonobos, and all otherschimmpanze€s. Importantly, this result
also indicates that 3D shape variation in the Ibasiam can be used to describe species-
level variation in at least some hominoids. WiHtils certainly possible that larger
samples would yield sufficient specimens with intediate values to induce an overlap,
it is clear that chimpanzees and bonobos havendidiasicranial shapes, and PC1 offers
a reasonable representation of that spectruns. elaisy to see, given this distinction in
shape, how anatomists such as Coolidge (1933) ceatthnize a species-level
distinction between bonobos and chimpanzees. ddtdtat a reliably species-separating

PC is the first indicates that species membersgiyds prominently in the pattern of

15 The largest chimpanzee PC1 value is 0.49861 rtiadlest bonobo value is 0.54153.
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basicranial variation iPan This finding offers strong support for the uséasicranial
morphometrics in taxonomic studies such as this ¢fiem Appendix 2, we can see that
this PC alone accounts for nearly 17% of overapghvariation. It would be possible to
construct a discriminant function that could pré@an species membership with

reasonable accuracy, though that is beyond thessabihis project.

2.5
2.0 o
Red
s
1.5 &8‘)0
?
0] &
®
0.5 o
- +
+
e 3
0.0 +
-0.5 ++ ++
+ ¥ X X
X
o
+
-1.541 X
+
<
20 2 E z g
o o E = 5
Z QS
o
2]

+
o

Figure 3.2.PC1 vs. centroid size for over&ansample.

It is possible to examine the “loadings” of thegamal variables on PC1 scores in

an effort to understand the basic differences betvalimpanzee and bonobo basicranial
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shape. For example, relative to chimpanzees, lms@End to have anteriorly placed
postglenoid processes, external auditory meatis#yidid pits, and laterally placed
stylomastoid foramina. Chimpanzees tend to haterianly placed carotid canals and
foramina ovale and spinosum, and their mastoidgs®e&s are placed much more
laterally. To illustrate this distinctiodMorphologika2(O'Higgins and Jones, 2006) was
used to create a wireframe diagram of the basictzasal anatomy (see Figure 3.3) and
then to generate hyper-chimpanzee and hyper-bostudgzes as shown in Figure 3.4

below.

Figure 3.3.Wireframe diagram used to evaluate species digimein morphometric
landmark configuration. See Figure 2.1 and Talef@ landmark definitions.

While there is a rougRanwide expression of a size-shape relationship
(chimpanzees tend to be larger than bonobos, artdsgeecies has a distinct shape, so

size and shape are not entirely independent igehes as a whole), it does not
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automatically follow that this relationship must for@sent within the species themselves.

This issue is examined below.

Figure 3.4.Hyper-chimpanzee (left) and hyper-bonobo (righgitranial shapes in the
transverse plane. The middle part of the figurthésthin-plate spline superimposition of
bonobo (target) on the chimpanzee (reference) shape

Existence of basicranial allometry within chimpanzees and bonobos

For bonobos, no combination of the first ten Pe&dg a significant centroid size
vs. PCs model. In other words, an allometric refethip with size is not visible in the
first 60% of their shape variance. For chimpanzB€s3 alone (6% of overall shape
variation) does provide a statistically significambdel, but this model's* value is only
0.07 (p = 0.01). The pattern of allometry in chanpee and bonobo basicrania is
therefore not consistent. It is absent in bonobod,present but weak in chimpanzees.

These results are in stark contrast with, for gldansSingleton’s (2002) results

indicating that a shape PC capturing 67% of tat@hial shape variation in adult
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papionins correlated very strongly € 0.92) with logged centroid siZ&. Singleton,
however, examined the entire cranium, which incdusleletal structures that support
dentition and surround the brain. The relative sizthe dentition depends largely on
sex, and both sex and brain size are strongly egedowvith body size differences. One
would therefore expect a much stronger size-shalpianship among that dataset. The
results here also contrast with McNulty’s (2004)wihich the first shape PC, comprising
almost 47% of the shape variance of extant homio@dia, correlated with centroid size
at anr? of 0.88. In those analyses, PCs which describedbsively large portion of
shape variation correlated very strongly with sa®g it was clearly appropriate to
perform a size-based shape correction before pdawgevith the analysis. Here, a shape
PC that describes only 6% of shape variation cateslweakly with size{ = 0.07). ltis
not clear that an attempt to perform a size-bakagescorrection is appropriate in this
case.

As the basicranium is subject to different deveieptal pressures from the
cranium as a whole (Lieberman et al., 2000a), nibisentirely surprising that the degree
to which allometry is expressed here may vary ftbat of the cranium overall. Other
researchers have also found reduced or absentedtipin relatively restricted
anatomical regions. Niewoehner (2005), for exaimiplend no significant correlation
between size and shape in a sample of Late Pleistdcuman first metacarpal bases, and
Lockwood (1997) found that infraorbital morphologgs not correlated with craniofacial

size inA. africanus

'8 While it is often the case that the first PC repres size, Singleton’s analysis also involved Géer
PC represents shape variation, as GPA involvestampt at the removal of raw size.
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Sex distinctions in basicranial shape

Given the success of PC1 at distinguishing spetistands to reason that there
could be one or several that distinguish specinbgrsex. This information could
hypothetically be used to diagnose sex among tb&l$p and then to set the demography
of the reference samples®éncrania. To test this possibility, specimens’ BGres
were compared by sex, using a series of t-testgi1edf the shape PCs distinguish
specimens by sex in the pooled sample. It wowddetlore appear that while this set of
landmarks can distinguish species, it cannot djsish sexes. To further confirm this
result, though, the sexes’ PC scores were compaiszparate-species samples.

While the pooled sample does not do so, the sepap&cies samples
independently have some PCs that tend to correqposek. When corrections for
multiple comparisons (Wright, 1992) are not consade bonobos are significantly
different by sex for PCs 1 (the species-separ&i@gmale bonobos appear to be more
chimp-like and females more bonobo-fiReand 7 p = 0.0145 and 0.0435, respectively),
but there is substantial overlap in the sexes’eanglrhe chimpanzee sample shows
distinctions by sex for PCs 3 andpl< 0.0358 and 0.0117, respectively), also with
substantial overlap.

This set of comparisons, however, involved a baté20 separate tests (two

species, ten PC8) The Bonferroni-adjusted criticplvalue to achieve an overall

7 This result is quite interesting, given the absenita statistically significant tendency for larggenobos
to be more chimp-like. It may be inferred thagkr females are not more chimp-like, and smalldesna
are not more bonobo-like.

18It could be argued that the tests for the poofsbies sample should also be considered, makioigla t
of 30 separate (but not entirely independent) coispas, but the criticgd values based on 20 tests
reported above are less conservative and therefore likely to show any support for an inference of
significance. In any event, none of these teste wignificant at Bonferroni- or Sidak-adjusted raeo. =
0.05 for 20 tests, and definitely would not be 36t
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experimentwise: of 0.05 in this situation is 0.0025, and the Siddusted value is
0.00256 (Wright, 1992). None of the abgvealues approach these critical values,
however, so one cannot say with 95% confidencethesie PCs accurately capture sex
distinctions within the two species.

The third principal component (PC3) has therefoaglenan appearance in the
analyses of allometry and of sexual dimorphism,dnly for common chimpanzees. It
seems to play some role in the slight expressigstatic allometry among them, as well
as in their sexual dimorphism. The third PC thasoenpasses some degree of sexual
dimorphism in both size and shape for chimpanZagsnot bonobos. The species have
independent patterns of basicranial size and stapation.

It may have been possible to use a consistentrpaifesexual dimorphism in the
Pansample to diagnose sex in the fossil specimertstiam to use this pattern in an
attempt to refine the demographics of the referétaesamples for the tests of fossil
variability that form the heart of this projecthdre is not, however, a PC within the first
ten (encompassing 60% of the total variation) tlaa distinguish sex in the pooled
sample, which is the situation that would havedapplied to the fossils. The few PCs
that seem to vary by sex in the separate-speamglea do not withstand multiple-
comparisons adjustments, and are not consistewebatspecies. Therefore, the shapes
of Panbasicrania as described by these landmarks dproaeide a means for diagnosing
sex in the fossil specimens, and we cannot lo@etmal dimorphism in modefan for
guidance in using the landmark configurations effthssils to help select the
demographics of the modean samples (let alone apply information gained friwose

fossil-informed model samples back to the fossilEhis inference is consistent with the
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findings of Cobb and O’Higgins (2004), who arguatttihese shape trajectories are not

necessarily different by sex.

Conclusions

Two species closely related to hominins have beaamaed here for the
possibility of providing a model by which fossilagte could be “corrected” for size, and
neither one offers such a model. Adult chimpanzeesbonobos do not share a genus-
wide pattern of size-shape covariation. Adult dmedo not exhibit an allometric
pattern that is visible within 60% of the shapeiataon that they share in common with
chimpanzees. Chimps do exhibit such a patterni ituite weak. Neither of these
species therefore offers a trajectory through stsmaee that could be extrapolated to
construct a size-based shape adjustment for tkdsothers have made this type of
adjustment to morphometric datasets, but alwaysises in which the size-shape
relationship was much stronger. Given the diffeemnbetween the allometric signals of
chimpanzees and bonobos, it would not be apprepigatorce an allometric correction
on the fossil data. It is reasonable to proceethemlata “as-is,” with the caveat that this
relationship was only tested for adult specimertssanis relevant to static allometry
only, as opposed to ontogenetic growth trajectorfesust be noted, however, that
allometry is not entirely absent in at least chingees’ basicrania. It should also be
noted that growth trajectories (as distinct froatistadult allometry) may be sufficiently

similar in modern hominines to allow the use ofagxtgrowth trajectories to estimate the
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adult shape of juvenile fossils (McNulty et al. 080, but the data considered here
involve only adult chimpanzee and bonobo specimens.

While there are within-species sex differenceshape at first glance, there is not
a shape difference between sexes that is commihe tovo species. Further, a multiple-
comparisons adjustment makes the within-speciesiffiexences statistically
nonsignificant. Thus, there is not a consistettepa of sexual dimorphism in the
basicranial landmark configurations in thansample. Had such a pattern existed, it
would have been useful in attempts to diagnosersthe fossil sample, and to use the
resulting sex ratios for guidance in constructtan reference samples with appropriate
demographics for the variability comparisons in ¢hapter(s) to follow. Without such
guidance, the most advisable (or alternativelystledjectionable) route is to use

reference samples with equal membership by botlaséspecies.
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Chapter 4. Results

As described in the Methods and Materials chajptéstal of 21 tests were
performed in which inter-fossil pairwise Procrustesances were compared to the
distribution of interPan pairwise Procrustes distances (see Appendix b résults of
these individual tests were used to generate aatmh of interspecimen distances
defined as the average percentile of the fossils¢iistes distances in the corresponding
distributions of allPan pairwise Procrustes distances, with that averagjgived by the
number of landmarks per test. This nonmetric dperalization of distancd.g. the
shape difference between thé"sthd 5% percentiles is likely to be much smaller than
that between the 80and 91, effectively captures the relative degree ofatifhce
between fossil specimens as compared to the distibofPan pairwise distances (see
“Advantages of using an indirect distance proxyctem below). The weighted averages
are presented in Figure 4.1.

This approach is intended to deal with the trafdleetiveen numbers of specimens
and numbers of landmarks. As one considers m@emspns, the number of landmarks
common to each decreases. Likewise, increasinguh®er of landmarks involved in a
comparison reduces the number of available fos&its. each of the ordinations
discussed below, the approach used here alloweihsges with numerous common
landmarks to be compared with the most thorougasgatavailable, while including
other less-complete specimens in the same ordmatio

It can be seen in Figure 4.1 that the specimended in the most pairs with
percentiles beyond 95 (the dashed line) is StsvitA,Stw 580, Stw 187, and Sts 5 close

behind. The large Procrustes distances involvisglS are unsurprising, as this
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specimen has already been shown to be morpholbgatgpical amondA. africanus
specimens, though the taxonomic importance of téBgences is controversial (Ahern,
1998; Kimbel and Rak, 1993). Unfortunately, altloése pairs involve tests with low
numbers of landmark& € 7), so it is possible that they are not partidyldragnostic. A
specimen involved in comparisons with larger nuralméitests and more landmarks is
Stw 505, and these comparisons also tend to beiat=w with high percentile scores.
While insufficient by themselves to warrant sphigtiA. africanus these results indicate
that some specimens have different shapes tharsdthaditionally attributed té.

africanus and merit further attention.

Ordination of morphometric distances

Ordination of morphometric distances provides & teavisualize patterns and
relationships, and is an ideal way in which to assedataset for the presence of
specimen groups that could correspond to taxondisigctions. The distance
observations described above are ordinated hehebeth principal coordinates analysis

and nonmetric multidimensional scaling.

Principal Coordinates Analysis

An overall ordination of all specimen pairs’ partke scores was not possible, as
many pairs of fossils had no landmarks in commog. @ts 71 with each of Stw 266, Stw
580, Stw 187, and Stw 329) or very few (e.g. St &th each of MLD 31, Stw 580,
and Stw 187). Ordinations involving smaller sdtfossils, however, are possible

because each pair of fossils in these smallenvgsts included in at least one test.
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Stw 98 - Stw 329 t=1 k=6
Stw 98 - Sts5 t=1 k=6

Stw 580 - Stw 187 t=1 k=6
Stw 580 - Sts5 t=1 k=6

Stw 580 - Sts19 t=1 k=6
Stw 53 - Sts5 t=1 k=8

Stw 53 - Sts19 t=1 k=8

Stw 53 - SK47 t=1 k=8

Stw 53 - MLD37/38 t=1 k=8
Stw 505 - TM1511 t=1 k=5
Stw 505 - Sts71 t=2 k=6
Stw 505 - Sts5 t=5 k=14
Stw 505 - Sts25 t=3 k=6
Stw 505 - Sts19 t=5 k=15
Stw 329 - Stw 505 t=1 k=6
Stw 329 - Sts5 t=6 k=11
Stw 329 - Sts25 t=1 k=6
Stw 329 - Sts19 t=3 k=10
Stw 266 - Sts5 t=1 k=5

Stw 266 - Sts19 t=1 k=5
Stw 187 - Sts5 t=1 k=6

Stw 187 - Sts19 t=1 k=6
Stw 13 - Stw 505 t=1 k=5
Stw 13 - Sts5 t=1 k=5

Stw 13 - Sts25 t=1 k=5

Stw 13 - Sts19 t=1 k=5
Sts71 - TM1511 t=2 k=6
Sts5 - TM1511 t=2 k=6
Sts5 - Sts71 t=3 k=6

Sts5 - Sts26 t=1 k=7

Sts5 - Sts25 t=7 k=12

Sts5 - Sts19 t=14 k=24
Sts25 - TM1511 t=2 k=6
Sts25 - Sts71 t=3 k=6
Sts19 - TM1511 t=2 k=6
Sts19 - Sts71 t=2 k=6
Sts19 - Sts26 t=1 k=7
Sts19 - Sts25t=7 k=13
SK47 - Sts5 t=1 k=8

SK47 - Sts19 t=1 k=8
SK47 - MLD37/38 t=1 k=8
MLD37/38 - TM1511 t=2 k=6
MLD37/38 - Stw 98 t=1 k=6
MLD37/38 - Stw 505 t=6 k=15
MLD37/38 - Stw 329 t=6 k=11
MLD37/38 - Stw 266 t=1 k=5
MLD37/38 - Stw 13 t=1 k=5
MLD37/38 - Sts71 t=3 k=6
MLD37/38 - Sts5 t=16 k=24
MLD37/38 - Sts25 t=8 k=13
MLD37/38 - Sts19 t=13 k=15
MLD31 - Stw 329 t=1 k=4
MLD31 - Sts5 t=1 k=4
MLD31 - MLD37/38 t=1 k=4

0 20 40 60 80 100
Percentile

Figure 4.1. Weighted average percentile rank of fossil pamerphometric Procrustes
distances in all-Pan distribution of pairwise Pustes distances. Dashed line = 95th
percentile, t = number of tests including a givair pf fossils, k = maximum number of
landmarks in a relevant test.
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A “core” group of specimens with tests in commaoaswLD 37/38, Sts 5, Sts 19,
Stw 505, and Sts 25. Some other specimens maiatradmarks in common with these
five, but not necessarily with one another. Inesritd overcome this difficulty, three sets
were constructed in which these other specimens weividually added to the core
group. The first set eligible for ordination inved the core group fossils as well as TM
1511 and Sts 71. The second set included thegtotg and Stw 329, and the third the
core group with Stw 13.

In the principal coordinates (PCO) analyses hbedata were power
transformed by power =1, 2, 4, or 6. This step can be viewed as gedding
operation, or as a means of modifying (hopefuljueang) the extent of non-Euclidean
relationships between specimens. Higher valued@fd to concentrate more variance
in the first coordinate axis. This concentratioaymsimplify visualization of the data, but
can also create negative eigenvalues for other, a#t@sh would make the projections
non-Euclidean (Cailliez and Pages, 1976; PodanMiktbs, 2002). If large enough,
these departures from the Euclidean condition condlle the 2D or 3D projections of
the ordinations difficult or impossible to interprélfo minimize this possibility, the
ordinations for all three sets of fossils weredneth all four available values of and
the value that minimized negative eigenvalues vga&siu This transformation would not
have an effect on the identification of diverggmtamens which is the goal of the
ordinations, because it cannot modify the relatiigtances between specimens. The

results are shown in Table 4.1.
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Fossil set Eigenvalue results for coordinate axes

Eigenvalues for all axes are negative

Four positive eigenvalues, one near zero, one sraghtivé’
Three positive eigenvalues, one near zero, twotiveg@ne large)
Three positive eigenvalues, one near zero, twelaagative

MLD 37/38, Sts 5,
Sts 19, Sts 25,
Stw 505,

TM 1511, Sts 71

One positive eigenvalue, one near zero, three laegative
Four positive eigenvalues, one near zero

Three positive eigenvalues, one near zero, ond segative
Two positive eigenvalues, one near zero, two srmeghtive

MLD 37/38, Sts 5,
Sts 19, Sts 25,
Stw 505, Stw 329

One positive eigenvalue, one near zero, three laegative
Three positive eigenvalues, one near zero, ond segative
Three positive eigenvalues, one near zero, one laegative
Two positive eigenvalues, one near zero, two srmeghtive

MLD 37/38, Sts 5,
Sts 19, Sts 25,
Stw 505, Stw 13

DA NROPAANEFEROPMANERO

Table 4.1. Effects of choice of values on ordination of fossil distances for
morphometric data. See footnote for discussiosndll vs. large negative eigenvectors.

Table 4.1 shows that the choicecofalue is not trivial, consistent with the
arguments of Podani and Miklos (2002). Usirg 1 would be inappropriate because it
returns mostly (or even all) negative eigenvaluglsis indicates that the transformed
distance matrix is completely non-Euclidean, arad #ny effort to visualize it as such
would be imperfect at best (Cailliez and Pagesp19The choices af = 4 or 6, while
providing large eigenvalues on the first axes (datashown) that would make for easy
visualization in either 2D or 3D plots, both regalat least one large negative eigenvalue
for one or more of the tests. Therefore, in otdanaintain the best approximation of
Euclidean-ness for the ordinated specimen relatipssthec value of 2 was applied to
all three ordinations. The presence of two snediative eigenvalues (one each for the
first and third fossil sets) should not present@bfem, as the absolute value of each is

less than half that of the smallest positive eigdune in the corresponding ordination, as

19 A negative eigenvalue is described hersraallif its absolute value is less than that of thelkraga
positive one, antarge if greater, as suggested by Digby and Kempton{168ed and discussed in Podani
and Miklés, 2002). The ones describedear zerchave absolute values smaller thaf*10
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shown in Table 4.2 (Cailliez and Pagés, 1976; Bighy and Kempton, 1987; cited in

Podani and Miklés, 2002). While substantial dewizg from a purely Euclidean

situation should be avoided, minor deviations aeeptable (Manly, 1994). The small

negative eigenvalues obtained here with2 should therefore present little obstacle to

visualization.

Thec = 2 power transformation in PCO as described alpovduced eigenvalue

results as shown in Table 4.2. The “Sum Percergkimn is an approximate index of

agreement between the ordinated relationshipstawtin the original data, similar to a

cophenetic correlation.

Sum

Fossil set Axis Eigenvalue Percent Percents

1 5013.2 40.5 %
MLD 37/38, Sts 5, 2 4036.2 32.6
Sts 19, Sts 25, 3 1160.1 9.4
Stw 505, 4 996.8 8.1 87.2 %
TM 1511, Sts 71 | 5 near O 0

6 -460.7 -3.4

1 6033.3 44.8 %
MLD 37/38, Sts 5, 2 3438.3 25.6
Sts 19, Sts 25, 3 2144.0 15.9 90.3
Stw 505, Stw 329| 4 536.6 4.0

5 near O 0

1 4922.0 45.9%
MLD 37/38, Sts 5, 2 2788.6 26.0
Sts 19, Sts 25, 3 1267.2 11.8 81.7
Stw 505, Stw 13 | 4 near O 0

5 -219.6 -2.0

Table 4.2. Eigenvalues and corresponding percentages fodowie axes following
application of PCO to morphometric data, with tfanmation coefficient = 2, on three
sets of fossils. Summed percentages include nvegaigenvalues.
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A three-dimensional approach was selected fotipgpthe PCO ordination
results. The first three coordinate axes for tssit sets encompass 82.5, 86.3, and
83.7% of the overall variance in the data for eafcie ordinations respectively (though
offset somewhat by the presence of small negatgengalues for the first and third
ordinations). Two-dimensional plotting€. disregarding the third axis) would result in

loss of 9-16% of the total variance relative to 3leoption.

PCO ordinations

These ordinations are plotted in Figures 4.2t{ferfirst set of specimens listed
above), 4.3 (second set), and 4.4 (third set). pltis show the specimens’ PCO scores
for the three ordinations. The marker size fothegmecimen corresponds to its maximum
number of landmarks included in relevant testse fationships of specimens indicated
by larger markers, therefore, are likely to be met@able. Relative placement of those
indicated by smaller markers is more contingerd, @may be affected by sampling bias
created by reduced preservation.

The three PCO ordinations yielded several congise=sults. First, Sts 5 and
MLD 37/38 appear to be quite similar in these asedy as they are consistently ordinated
near one another. As indicated by the large dizker markers, this result is based on a
large number of morphometric landmarks. For itd,ghe large Stw 505 specimen
ordinates in distinction from the others, and thiference is usually most pronounced on
the first axis, which encompasses 41 — 46% of tlegall variation in the three datasets

(Table 4.2). Another consistent result is thatl®snd Sts 25 ordinate at the margins of
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the specimen distribution, but always along minasathat capture 9 — 26% of the
overall variation.

Specimens that appear in only one ordination eaehnot members of the “core
group”) also show some separation from the oth&tss is most notable with Stw 329 in
Figure 4.3 and Stw 13 in Figure 4.4, but also \esibith Sts 71 in Figure 4.2. The

separation of Stw 13 and Stw 329 lies along trst &ixis, as with Stw 505. Sts 71, on the

other hand, appears to resemble Sts 19 to sometextbe importance of these patterns
is explored below.

Axis 3

Axis 1

Figure 4.2.PCO ordination of distances from morphometric datadhe first set of fossil

specimens. Marker size corresponds to maximum euwidandmarks used in a given
test.
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Figure 4.3.PCO ordination of distances from morphometric datahe second set of
specimens. Marker size as in Figure 4.2.
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Figure 4.4.PCO ordination of distances from morphometric datdhe third set of
specimens. Marker size as in Figure 4.2.
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Nonmetric Multidimensional Scaling

In order to further evaluate shape variation ingample, repeated nonmetric
multidimensional scaling (NMDS) runs were perfornegdthe same matrices of
interspecimen differences as used in the PCO asmlgee Chapter 2 for discussion).
For the first group (the core set of five specimavisD 37/38, Sts 5, Sts 19, Sts 25, and
Stw 505; plus TM 1511 and Sts 71) and second gftingpcore set plus Stw 329) the
NMDS analyses were repeated 100 times.

On the first set, a minimum stress value of 0.034@6 obtained in five of the
100 runs, and Procrustes superimposition of theitreg configurations of specimens in
PAST(to remove reflections) followed lips-Smallindicated that these five
configurations were essentially identical, allowiog rotations (Procrustes distances
between configurations ranged from 0.01 to 0.0R)r the second set, the minimum
stress value was 0.04016, obtained in ten runsen1®0. The same Procrustes
superimposition procedure indicated that theseoerfigurations were essentially
identical as well.

For the third group of specimens, the runs quickigiverged on an optimal 3-D
configuration with zero stress (this value was olgta in nine of the first ten runs) with
identical coordinates for each of the six specimeaghe analysis was repeated no
further. It must be emphasized that these strals®es danot represent a p-value for a
test of any hypothesis. They simply reflect thgrde to which the depicted
interspecimen ranked distances depart from thenaliglata ranked differences. For

6 or 7 specimens amd = 3 dimensions, ordination stresses meeting Kiliske964a)
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criteria of “good” (stress 0.05) or “excellent” (stress 0.025) are the rule, not the

exception (Klahr, 1969).

NMDS ordinations
The NMDS ordinations are presented in Figures4/Sbelow. As with the PCO

plots, the size of the dots corresponds to the maxi number of landmarks included in
a relevant test. Note that as the NMDS algoritbeks to match the sequence of ranked
distances in projection-space (what is shown her#)e ranks of differences in the

original data, the projected distance between asp&Ets matters less than their placement

within or at the margin of a distribution.

Dimension 1 Dimension 3

04 02 0 0.2 0406 04 .p2

Dimension 2

Dimension 2

Figure 4.5.NMDS ordination of distances from morphometricedfatr first set of

specimens; stress = 0.03476. Marker size correspimnmaximum number of landmarks
used in a given test.
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Figure 4.7.NMDS ordination of distances from morphometricedfatr third set of
specimens; stress = zero. Marker size as in Figsre
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In comparison of Figures 4.5-4.7 with Figures 4.2; it can be seen that the
primary results are generally consistent throughdespite the differences in approaches
to ordinating these data. The Sts 5 and MLD 37d38ils’ basicrania are similar,
although the similarity of Stw 329 to each of thasnsshown in Figure 4.6 tends to
separate them somewffat Stw 505 remains distinct from the others. Stsid Sts 25
consistently ordinate at the margins of the maitytaf A. africanusspecimens
(excluding Stw 505). Stw 329 again ordinates afsagn the others, and in a direction
opposite that of Stw 565 Stw 13 is midway between Stw 505 and the ottaed;Sts 71

also ordinates near the margin of the distribution.

Summary of morphometric data ordination results

In summary of the overall ordination results, SO &ppears to remain distinct
from the other specimens, with Stw 13 midway althegaxis separating it from the main
cluster. Sts 18nayalso be distinct, and Sts 71 may join it, but ohraction orthogonal
to the one separating Stw 505 from the otheralstt appears that Sts 25 is consistently
located at the margins of the distribution, butaes not have such a clear relationship
with either Stw 505 or Sts 19. It can thus be higpsized based on the ordination results
that Stw 505 is the most likely to belong to a taxiistinct fromA. africanus but Sts 19,
Sts 71, and Sts 25 also give some indication cdrsgjon. It does not appear to be likely,
based on these results, that Stw 505 and the po&t#19 / Sts 71 pair are both distinct

from A. africanus and also members of the same taxon. Becausgb$&anot a member

20 NMDS ordinations project ranked distances, so wleecimen A is even slightly more similar to
Specimens B and C than they are to one anotheB +h€ distance can appear to be inflated.

L Unlike the eigenvector-based approaches of PCAP&@, NMDS produces axes that are entirely
arbitrary.
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of such a consistent relationship, it is diffictdtmake such a pronouncement about it,
but it may still be distinct from the bulk of thpeximens. The disposition of Stw 13 is
also of interest, due to the consistency of itafimn midway between Stw 505 and the
main cluster. Its morphological traits will beagdvily on the question of whether it

aligns more closely with Stw 505 or with the malmster, or serves to connect them.

Advantages of using an indirect distance proxy

As described in Chapter 2, the pairwise distabedween fossils were expressed
indirectly for the ordinations. Rather than thgmal Procrustes distances, the metric
used here was the percentile rank of that Progukstance in the overdfian dataset,
averaged with weight given to the number of land®am a given test. For the first
ordination group, specimens had as many as 24 larkd$nm common (Sts 5 with both
MLD 37/38 and Sts 19) and as few as five (Stw 5@8 WM 1511). In this ordination
group, there is a set of five landmarks commonlitspecimens. Had Procrustes shape
distances been used as the difference metric maetlg, all pairwise distance
observations would have been either limited togHe® landmarks or subject to
problems arising from the incommensurability ofghalistances based on different
numbers of landmarks. The ordination would theveHaeen possible with direct
distance observations, but much less informatiMas is why the interspecimen
distances were first referred to the distributiéPaninterspecimen distances.

The situation for the second ordination group mash different. Here, the
lowest number of landmarks common to a fossil pais six, for each of the pairwise

comparisons among Stw 329, Stw 505, and Sts 28.c®hsistency of the number six
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among these three fossils is, however, a mere ideince. The three pairs do not involve
the same six landmarks. Only one common landmaskwsed in all three of the tests
comparing these pairs of specimens. This ordinatiould have been impossible
without the indirect distance observation descrilkdve and in Chapter 2.

The third ordination group was much more stramgfwbrd. The smallest number
of common landmarks in a test included in this waton was five, for all of Stw 13's
comparisons against the other specimens. Thisatidh would still have been possible
with a more direct distance proxy, but it would édeen limited to five landmarks for

all fossil pairs, as for the first ordination group

Specimen size and allometry

It was possible that an allometric signaPian basicrania could have been used to
generate a model for performing a size-based st@pection to the fossil data
(following McNulty, 2004). As shown in Chaptert&wever, the pattern ¢fan
basicranial shape variation did not lend itselft® construction of such a model for this
dataset. As a result, all of the morphometric shagpmparisons here are possibly
confounded by shape variation that is directly elsdéed with specimen size, as opposed
to taxonomic differences. The most obvious spegimith morphometric differences
from the remainder of the fossils is Stw 505 (seifes 4.2-4.7). Others have also noted
its large size (e.g. Lockwood and Tobias, 1999, iallometry played much role i.
africanusbasicranial shape (unlike bonobos and chimpanztes)specimen would be
the most strongly affected. It is also noted alibee Stw 329 ordinates in some

distinction from the other specimens, and alongstiree axis, but in the opposite
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direction. Stw 505 is already known to be quitgéa If this size is expressed in the
datasets used here, and if Stw 329 is shown to $raedl size, this would provide an
alternative explanation to explain the apparertirdisveness of Stw 505 and Stw 329.

Table 4.3 below includes the centroid sizes fov S95 and Stw 329 in all
morphometric comparison tests in which they wecdutshed. It also includes the
centroid sizes for other specimens which appeaxhibit distinction from the others in
these ordinations, as well as Sts 5 and MLD 37/88an be seen that Stw 505 is
substantially larger than all other specimens erlyeall cases. The only two exceptions
are shown in bold type, and they are limited testedich involved five landmarks each.
Test 15 was limited to landmarks around the forasm@nosum and glenoid region; test
24 used landmarks around the foramen ovale anaiglerstw 505's size is typical in
this limited anatomical region, but it is largeaththe others when more landmarks are
considered. This pattern is likely responsibleSow 505’s shape distinction from the
others.

Stw 329’s position along the axis that separatesS85 from the other specimens
becomes understandable when its centroid sizempared to those of the others. In all
of the tests in which it was considered, Stw 32 éssmallest. It therefore appears that
Axis 1 of Figure 4.3 and Dimension 1 of Figure 4ré associated with size variation,
implying that the orthogonal axes/dimensions areenassociated with shape variation.
The fact that Sts 19 tends to separate from therethlong these orthogonal axes, and its
typical size, indicate that Sts 19’s differencesrfrthe other specimens are not primarily

allometric in nature.
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5 6 35.95  37.68 30.45
6 15 | 59.97 59.79 68.28
7 14 | 57.40 59.44 57.91 66.08
14 4 27.37  27.37 20.03
15 5 19.94 2363 2198 19.88 23.68 22.95
20 6 37.38 4058 38.24 33.42  47.60
21 10 | 50.36 53.20  49.66 43.24
2 6 45.64  48.72 46.30  41.96 38.30
23 6 36.86  40.62 34.44  36.47 42.79
24 5 2411 2716 2539 21.79  21.80 25.65

Table 4.3. Centroid sizes of Stw 505 and for Stw 329 irsafperimposition tests in
which they were considered, as well as of selectbdr specimens (see text). Boldface
type indicates departure from overall pattern @f 505 being larger than all other
specimens and Stw 329 being smaller. See Appdnfiixk more details of these tests.

Index of variability

The other method employed to evaluate morphomedriation inA. africanus
was the index of variability (Relethford and Blangel990). As described in the
Methods chapter, the results are expressed in tefnagios of fossil variability té?an
variability, with each of the results including @en fossil averaged and weighted by the
number of landmarks considered in each test. @tesrwere logged for the averaging
step, and transformed back to raw space for tlastcihis approach gives an informal
measure of the variability &. africanuswhen a given fossil is included in it, subject to
the sampling effects described earlier. The reflthis procedure for each of the
specimens included in the morphometric analysepr@sented in Figure 4.8. The

overall weighted mean of the logged ratios forfalafricanustests was 0.035,
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corresponding to a fossiPanvariability ratio of 1.04. The fossil sample Ightly

more variable than thean sample.

Stw 580 2.61

Stw 187 2.61

Fossil

MLD 37/38
MLD 31

[
0.0

T | T T T
0.5 1.0 15 2.0 25
Unlogged w eighted mean ratio

Figure 4.8.Unlogged weighted mean fossiPan variability ratios for fossil samples
including listed specimens. Continuous dashed(line): ratio 1.0; staggered dashed
line (— - -): ratio 1.15. See text for discussion.

With this approach, one can see that variabilitipssil subsets including Sts 5,
MLD 37/38, and Sts 71 is approximately equalPtam variability (their ratios are
approximately 1). For sets including Sts 25 an&ty 13, fossil variability is somewhat
less. Data are also available for three specirtieatsare viewed here as representing
different species thaf. africanus Stw 53, which has been assigned to eddyno
(Curnoe and Tobias, 2006), and SK 47 (de Ruitat.e2006) and TM 1517 (Broom and

Schepers, 1946), which repres@ntrobustus The unlogged weighted mean ratio for
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both Stw 53 and SK 47 is 1.15 (fossil samples uiclg these specimens are 15% more
variable tharPan), and a staggered dashed line shows this lewaridbility in Figure

4.8. Curiously, the type specimenAfrobustusTM 1517, is associated with a ratio of
only 0.77. This specimen was compared against®thieh only five landmarks, mainly
from the glenoid region of the temporal bone. diwNd appear that these few landmarks
are insufficient to identify species in the fogsitord. SK 47 and Stw 53, on the other
hand, were tested on eight landmarks. These arghtnainly located on the petrosal, and

appear to be better situated for identifying speteel variation.

Effect of sample size on variability scores

The sets involving Stw 580, Stw 266, and Stw 1&7sabstantially more variable
than the correspondirigan samples, and the set involving Stw 13 substanti@dls so.
This is likely to represent some degree of sampdiffigct, as these extreme ratios are
associated with tests involving small numbers nflfaarks and/or specimens. See
Figure 4.9. This figure returns to the logged adility ratios for ease of visualization. It
can be seen that specimens with relatively fewlabks landmarks (maximuk[o
icons] less than 8) could only be included in 3ewver tests [ icons] each. This
category includes specimens at all points in thgeaof logged ratio values: roughly -0.5
to 1, indicating fossil Pan variability ratios of 0.61 to 2.7 (ratios highé&an 1 indicating
greater fossil variability). As the number of lamarks and therefore tests increases, the
range of logged ratios decreases: first to aba@tted0.25 (corresponding to raw
variability ratios of 0.82 to 1.28), and finally toughly O to 0.1 (raw ratios of 1 to 1.1).

While extreme values of this ratio are interestihgs possible that they reflect sampling
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Figure 4.9.Relationships between number of tests, maximumbeurof landmarkskj

in those tests, and weighted mean logged varmbdtios. Lines connect markers for
individual specimens. Vertical dotted line: loggediability ratio = 0, indicating equal
variability in fossil andPan samples.

effects due to low numbers of both landmarks aststeather than taxonomically-
important variatioff. The sample of well-preserved specimens is simatltends to
indicate that extreme departures from the scal@aoébility expressed by the two species
of Panare unlikely inA. africanusand any secondary species that may be subsumed
within it. Rather, it appears that this samplesmécimens is, overall, slightly more
variable tharPan This finding is interesting, but by itself istraispositive of the
guestion of whether multiple species are subsumgdnvA. africanus It serves, rather,

to support the finding that some specimens’ varats inconsistent with the hypothesis

of monotaxy. Had the fossils not shown more vemmithan a modern analog (see

22 Alternatively, it is possible that the small numbérelatively complete specimens could be cauging
own sampling effect and artificially deflating apgat variation.
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Chapters 1 and 5 for discussion of the appropresteinf the one chosen here), it would

be difficult to justify any conclusion that the fis contain more than one species.

Key specimens identified with morphometric techniqu es

The method of comparing variability scores maydss Ireliable than that of
comparing Procrustes distances. Neverthelesgettisique points to specimens Stw
505, Sts 26, Stw 266, Stw 580, Stw 187, Sts 19.Snd329 as being included in
samples with more variation than is seeRa&m and all but the latter two associated with
greater variation than the fossil sample includg@fricanusas well as a few specimens
of earlyHomoandA. robustus The ordinations described above suggest thab8bnis
morphometrically distinctive from othéY. africanusspecimens, and that Sts 19, Sts 25,
Sts 71, and Stw 13 are as well, although to alesgent. Finally, the raw un-ordinated
Procrustes distances shown in Figure 4.1 indicdiadSts 19, Sts 26, Stw 505, Stw 580,
and Stw 187 tended to be involved in distances above the 98 percentile of
corresponding pairwisBandistances. The specimens indicated by all thppecaches
as being at least somewhat distinct are Stw 505585d9. As noted above, however,
Stw 505 is unusually large on almost all landmarkfigurations considered here. It and
Stw 329, the smallest fossil considered here, atmated away from the other
specimens in opposite directions along the sange aterefore, Stw 505’s pattern of
morphological variation from the remainder of tbedil sample is viewed here as likely
to be allometric in nature. The analyses in tHiedang sections primarily focus on

these two specimens, with secondary attentions@St Sts 71, Stw 13, Stw 329, Sts 26,
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Stw 266, Stw 580, and Stw 187. Morphometric rastiarly can provide useful insights
into patterns of fossil variation. Because anra#itric shape correction could not be
derived from either species B&n however (Chapter 3), morphometric distinctiveness
by itself is not viewed here as indicating spede®! variation. The pattern of variation
in traditional morphological characters was therefesed to confirm or refute the

taxonomic implications of morphometric distinctiess.

Ordinations of morphological observations

Binary morphological observations were recordedessribed in the Materials
and Methods chapter, and the data are presengggpiendix 3. For analysis of the
morphological data, Simple Matching similaritieh@@tham and Hazel, 1969) between
specimens were obtained, and ordinations were ptéginn order to visualize their
relationships, as described in the Materials anthbtts chapter. The Simple Matching
similarities between pairs of specimens, numbersbsérvable characteristics on which
the scores are based, and total number of obsercahtacteristics on each specimen are
shown in Appendix 4. The baseline sets of fogsilsvhich the similarities were
ordinated were the same as for the morphologidal déhe core group of specimens was
MLD 37/38, Sts 5, Sts 19, Stw 505, and Sts 25.ir@tabn group 1 consisted of these
plus TM 1511 and Sts 71; group 2 included the gooeip and Stw 329, and group 3

added Stw 13.
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Ordinations of three main groups of specimens

Attempts to use the eigenvalue-based PCO techmguwedination of the binary
data, as for the distances derived from the morghoedata, were unsuccessful.
Almost all PCO runs returned a first eigenvalueatdqo zero, and subsequent
eigenvalues were negative. Only for one fossilgiog was any positive eigenvalue
obtained, and this single value encompassed oty gpercentage of the total variation
within the matrix, as shown in Table 4.4. The P€€Ehnique, therefore, was not suitable
for production of a visually meaningful ordinatiohthe interspecimen distances

(Cailliez and Pageés, 1976).

First eigenvalue, as

Fossil set percentage of total
Core group of 5 specimenslone 0
“ + TM 1511 and Sts 71 0.5% €=6)*to 4.6%
(Group 1) (c=1)

“ + Stw 329 (Group 2) 0

“ + Stw 13 (Group 3) 0

“ + TM 1511 0

“ + Sts 71 0

Table 4.4. Results of PCO analysis of Simple Matching distamatrices for
morphological data.

Similarly, all attempts to ordinate these matriséth NMDS inPASTwere
unsuccessful. This is likely due to the fact thia¢ ofPASTSs initial eleven
configurations for NMDS runs is the PCO result (Hhaen et al., 2001), which involved

many large negative eigenvalues. This particidault cannot be interpreted in three real

%3 See “Principal Coordinates Analysis” section abfmrediscussion of the coefficient.
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dimensions as would be necessary for the construofia 3D configuration; this
situation is likely responsible for the failuredadinate the specimens.
TheNTSYSackage (Applied Biostatistics Inc., 1998) cardlvected to begin the
NMDS iterations with a random configuration of datants, which eliminates the
problems caused by imaginary eigenvectors. As thighordinations of morphological
data, these ordinations were repeated 100 timeslgr to minimize the importance of
local-minima traps (discussed in Chapter 2). H®siits of these ordinations are
displayed in Figures 4.10-4.12 below. Note thatrttultiple-runs approach to NMDS is
critical, especially ilNTSYSthe lowest-stress configurations were obtainethén79',

26" and 48 runs for these three matrices respectively.

Dimension 1 Dimension 2

05 MM.\‘&.EgEE__'M
tmasial - (f T
Sts 19 [0

Dimension 3
Dimension 3

L [MLD 37/38

Figure 4.10. NMDS ordination of distances from morphologicatalfor first set of
specimens; stress = 0.2255.
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Dimension 1 Dimension 2
1 0.5 0 -0.5 -1 1 a5 Q 05 -1

Dimension 3
Dimension 3

Figure 4.11. NMDS ordination of distances from morphologicalal&dr second set of
specimens; stress = 0.0046.

Dimension 1 Dimension 2

05 0 05 1 1.5 1.5 1 05 0
I 4 4

Dimension 3

Dimension 3

1

Figure 4.12. NMDS ordination of distances from morphologicatalfor third set of
specimens; stress = 0.0149.
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As discussed in “Summary of Ordination Results3\ad) the specimens identified
with morphometric methods as most clearly distfrmin A. africanuswere Stw 505 and
Sts 19, and to a lesser extent Stw 13 and Stén/Eigures 4.10-4.12, we see that Stw
505 is consistently ordinated within the main grofigpecimens. As seen in Appendix
4, its similarities with the other specimens areegally moderate to high. This result is
at odds with the result from the ordinations of pfeymetric data (Figures 4.2-4.7), in
which Stw 505 was markedly distinct from the otbpecimens. This finding obviates
the question above about whether Stw 13 tendsstucage more closely with Stw 505 or
the main group of specimens. It is interestindg 8tav 13 is portrayed at the margin of
the distribution in Figure 4.12, but its small nueniof observable characteristics make it
difficult to draw firm conclusions about its taxang.

As noted above, ordinations of the morphometria ¢gidaced Stw 505 in
distinction from the other specimens, but ordinaiof the morphological observations
do not. Further, given its unusual size, it iseotpd to have a different shape than the
others. By the criteria described in Chapter B, itidicates that Stw 505 is not
considered likely to belong to a second specidse parsimonious inference is that Stw
505’s morphometrics differ from the others dueltoraetry.

In contrast, Sts 19, which was somewhat distirarnfthe other specimens in the
morphometric data ordinations along axes orthogtindie one separating Stw 505 from
the rest, remains distinct from the others hetg similarities with the other specimens
are generally moderate to low, despite sharinggelaumber of observable traits with

them (Appendix 4). It is therefore distinguishaftam the specimens traditionally
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attributed toA. africanusboth morphometrically and with respect to traditib
morphological observations.

It is noted above (“Key specimens identified witbrphometric techniques”) that
the ordinations of morphometric distance matrisoaiated Sts 71 with Sts 19. In the
ordination of morphological distances (Figure 4,11¥ 71 aligns more closely with the
main group of specimens, although the ordinatigriaied in that figure has a very high
stress value (0.2255). The high degree of stred®sthe ordination presented in Figure
4.10 difficult to interpret. In Appendix 4, it cdoe seen that Sts 71 and Sts 19 share a
moderately strong similarity over twelve commoneable characteristics, but Sts 71 is
typically more similar to the other specimens tisa8ts 19. Figure 4.1 also shows that
the Procrustes distance between these specimanhapproximately the $5percentile of
Pan pairwise distances. Sts 19 is included in masgifgairs with high Procrustes
distances, but Sts 71 generally has moderate detdrom the other specimens, and is
involved in no distances that meet thd' @&rcentile oPandistances.

Sts 25 also stands in distinction from the otlpercsmens in all three of these
ordinations, just as it did in the ordinations adnphometric data. As with Sts 19, the

consistency of this result calls its taxonomy igteestion.

Ordination of sets involving additional specimens

Finally, it was also noted in the section refeezhabove that several other
specimens seemed to merit additional attentionehgrits 26, Stw 187, Stw 266, Stw
329, and Stw 580. Two additional interspecimenpé@amatching similarity matrices

were constructed for their ordination. Group 4ssts of the “core group” referenced
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above as well as Stw 266, Stw 329, Sts 71, Stva®@MLD 31. The latter two
specimens, though not included in the list abowerewncluded here because they
happened to have observable characteristics in aanwith all of the others in this
group. These specimens are ordinated in Figu& 4=br Group 5, not all members of
the core group could be included because theyatidlhhave characteristics in common
with the remaining specimens (most notably, Sts Zxjoup 5 therefore consisted of
MLD 37/38, Sts 5, Sts 19, Sts 26, Stw 187, and58@& These specimens’ similarities
are ordinated in Figure 4.14. As with all othdods to ordinate matrices based on
Simple Matching similarities, PCO was not suitalale the first axes for these two sets
described less than 12% of the variation regardiésvalue, the second axes were
approximately zero, and the third axes were zenmegative. NMDS was therefore the
only ordination technique available.

The stress value associated with the ordinatidfigure 4.13, 0.3211 (obtained
on the 92° of 100 iterations), is quite high. Obtaining eess value this high with even
10 data points for 3 dimensions would be extremelysual with random data (Klahr,
1969), indicating the presence of some internatraglictions within the similarity
matrix. This is almost certainly the effect of mirgy data, and one must interpret this
result with caution. Nonetheless, both Sts 19%tsi25 remain at the margins of the
configuration, although less clearly so than inghevious figures. We have also already
seen that Sts 71 and Stw 329 have been ordinatedgatine main distribution of
specimens; that result is repeated here. MLD Rilagily takes an unremarkable location
in the configuration. The most noticeable resuitthie extent to which Stw 98 is

distinguished from the other specimens, and teseleextent, the same is true of Stw
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Dimension 1 Dimension 2

Dimension 3

Dimension 3

Figure 4.13. NMDS ordination of distances from morphologicatal of Group 4
specimens; stress = 0.3211.

266. These specimens unfortunately had too fewphmmetric landmarks in common

with other specimens to allow their consideratiothe morphometric ordinations above.
The problems with this ordination can be mitigabgdeferring to the original

data on which it was based. The data presentdgdpendix 4 show that Stw 98 shares

moderate to high similarities with the majoritytbé other specimens, excluding Stw 266

(with which it shares only 2 observable traitsyy S05, and Sts 19. The low similarity

with Stw 505 appears to be the primary factor rasfie for its apparent distinction.

The specimens with which it shares the most obbé\eharacteristics are MLD 37/38,

Sts 5, and Sts 19; with six, seven, and seven canubservable landmarks respectively.
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It is more similar to MLD 37/38 and Sts 5 tharsito Sts 19. Therefore, these results
indicate that it would likely be inappropriate &pgarate Stw 98 froA. africanus
Similarly, Stw 266 also appears to be somewhaindisin this ordination. This
result is likely due to its perfect dissimilarityttv MLD 31 and Stw 98 on one and two
observable characteristics, respectively; plupatdect similarity with Sts 71, also based
on one observable trait. As with Stw 98, this appadistinctiveness is difficult to
evaluate due to the small sample of observableacteristics, but the parsimonious

explanation is that it is mainly due to the infthiffect of a few similarity scores based

on little underlying data, and therefore not supipgerof a split.

Dimension 1 Dimension 2

Dimension 3
Dimension 3

Figure 4.14. NMDS ordination of distances from morphologicatal of Group 5
specimens; stress = 0.142.

In Figure 4.14, it can be seen that Sts 19 ren@stsict from Sts 5 and MLD

37/38. The stress in this figure is 0.142, whidswbtained on all 100 ordination
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iterations. Sts 26 and Stw 187 do not differ i fbur traits on which they could be
compared, and each of them also exhibits the séate @ two common traits with MLD
37/38, so their “pins” are coincident on this figurThe main finding of interest in this
ordination, however, is the extent to which Stw &80learly distinct from most of these
specimens, and somewhat allied with Sts 19. Tdnoborates the results shown in
Figures 4.1 and 4.8, which indicate that Stw 58@igsly dissimilar to the other
specimens, although it is based on a low numbebsérvable morphological traits (Stw
580 only has four).

Unlike the situation with Figure 4.13, the accéfastress level with this
ordination (0.142, obtained on all 100 NMDS run®&S7) indicates that the visual
representation does not differ substantially fréwentinderlying “true” interspecimen
distances. These comparisons are complicatedebfath that the similarity indices are
often based on very small numbers of comparableactexistics (see Appendix 4). Stw
580 is more similar to Sts 19 than it is to theeoshand Sts 19 in turn is also distinct
from the other specimens. The three tightly chestespecimens are all as similar to one
another as possible, given the characteristics hbgg in common. To the extent that the
fossils preserve informative morphology, these ltssareconsistentith the hypothesis
that Stw 580 is distinct from the remainder of thssils, but with so few preserved

characteristics, are ndispositive
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Specimens likely distinct from  A. africanus

The results of these analyses indicate that teeisign most likely to be distinct
from A. africanusis Sts 19 (contra Ahern, 1998). Both types ofration of the
morphometric data, the index of variability, and tirdination of the morphological
observations consistently show that Sts 19 doebelong in théA. africanustaxon. The
morphometric results had also indicated that St &fre substantial shape distinctions
from the other specimens, but this finding washbwrhe out by the morphological
observations, and appears to be the result of atigyn Since Stw 505 is the largest
specimen considered here, the parsimonious infersribat the shape distinction is due
to the effects of allometry.

Although its morphometric shape is only moderath$yinct from the others, the
morphological characteristics of Sts 25 are alssistent with it belonging to a taxon
other thamA. africanus Finally, Stw 580 preserves a relatively smalbfment of
occipital, and therefore only a few recordable rhorpetric landmarks or morphological
traits. The morphology that is preserved, howesensistently indicates that it is unlike
the other specimens considered here. The persnbles for its Procrustes distances
from other specimens are very high, as are theageeindex of variability for tests in
which it was included, and its particular pattefmorphological characters resulted in
its ordination far from the other specimens. Trhplications of these distinctions are

discussed further in the next chapter.
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Chapter 5. Conclusion

The variability within the fossils traditionallyssigned tdA. africanusis
inconsistent with the hypothesis of a single specihree specimens in particular stand
out in both morphometric and morphological analy&#ts 19, Sts 25, and Stw 580. As
discussed below, since the traditional appreciadioh. africanusfrom Sterkfontein is
that it is limited to Member 4 (Robinson, 1954) ausibly Member 2 (Clarke, 2068)
as opposed to Member 5 (Curnoe and Tobias, 20@6yricertainty over the provenience
of Sts 19 indicates that it alone cannot upendaxonomy ofA. africanus

Proponents of polytaxy withiA. africanustypically come to one of two
conclusions: identifying a small number of “exceptil specimens” (Lockwood,
1997:299), or separating the sample into two graufis approximately equal numbers
of specimens. Clarke (e.g. 1994; 1988) is the mosal proponent of the latter
approach. The results here are consistent withypethesis that a second taxon is
represented in th&. africanussample, but in small numbers. Clarke’s taxonosnyat
supported by these results. This can be seenapt€h4 in two ways. First, there are
not consistent divisions between large groups e€spens with approximately equal
numbers; rather, individual specimens ordinateideta single main group. Second, Sts
71, whose craniofacial differences from Sts 5 Hasen discussed in detail by Clarke, is
not consistently isolated in the ordinations as$tse19, Sts 25, and Stw 580.

Others have identified Stw 183 (Lockwood and Tep002; Moggi-Cecchi,
2001; Lockwood, 1997), Stw 252 (Spoor, 1993; citedockwood, 1997), MLD 37/38

(Picq, 1990), Stw 151 (Moggi-Cecchi et al., 1998)d Stw 255 (Lockwood and Tobias,

24 Clarke does not attribute the “Little Foot” skelettoA. africanus but rather to his proposed second
species within the sample of specimens that otit@nibute to that taxon.
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2002) as exceptional specimens. Because thisghfojgused on anatomy not preserved
by most of those fossils, the only one of them drichv these results shed light is MLD
37/38, which is discussed in the “Makapansgat texk®ntein” section below.

This project included several fragmentary specsrauncertain taxonomy, such
as Stw 98, Stw 187, Stw 266, Stw 329, Stw 580,MhD 31 (see especially Lockwood
and Tobias, 2002). Of these, only Stw 580 conglist@rdinates in a way that suggests
isolation fromA. africanus A slight distinction between Stw 329 and theeotfossils is
apparent in the morphometric ordinations, but @snsmall size appears to account for
this, given that the direction of its separatiasnirthe main group of specimens is
diametrically opposed to that of Stw 505, the latggecimen considered here. The
remaining fossils ordinate in association with i@n group ofA. africanus indicating
that they do not bear consistent differences frioah taxon in either morphometrics or
traditional morphological characters. Given tlésult and their provenience, the
parsimonious inference is that they are likely éhg toA. africanus The absence of
sufficiently diagnostic morphology, however, rergldris conclusion tentative.
Lockwood (1997) has noted that the likelihood gkaond taxon in Sterkfontein Member
4 contraindicates the automatic attribution o\déimber 4 specimens, especially when
fragmentary, tdA. africanus There is, however, no finding here that suppsgptating
them out of that species.

Lockwood and Tobias (2002) have argued againdadeg new species based on
cranial evidence alone (preferring that alpha taxoynincorporate evidence from
anatomical regions, such as the dentition, thatwetside the scope of their report based

on craniofacial anatomy). As this project involubd basicranium, this discussion will
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follow their lead, and identify specimens whichrattuce an excess of variation to the
africanussample, as inferred from consistent morphometetraorphological results

derived from the basicranium.

Effect of assumptions made in the analyses

As noted in Chapter 1, the gereanis viewed here as an appropriate modern
reference for species-level variation in theafricanussample. The results of the
variability index tests described in Chapter 4 dade that the fossil basicrania in this
sample are slightly more variable than are thogeaof If it could be shown th&anis
an inappropriate referent, that finding would hawvée reexamined. The identification
of exceptional specimens, however, probably wooldbe affected to a great extent.
The morphometric data were referred to the distiolouof pairwise Procrustes distances
within Panin order to generate proxy distance measuremeat<ould be generalized
between tests. If we assume that a more variablgpgsuch as gorillas or orangutans
would offer a better referent for that purpose,riative differences between fossil
specimens would be unchanged, even if thbgolutescores (percentile rank of
Procrustes distances) were reduced. This reduatiad be most pronounced for
specimens with very highly ranked Procrustes deganbut the amount of this reduction
could not be known without an appropriate datagetny event, the overall pattern of
relationships among the fossils would remain ungbednbecause their relative distances

would not be affected. The exceptional specimemgladvremain exceptional.
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Missing data and the approach adopted here

As described in the Results chapter, the appradopted here allows
simultaneous consideration of more specimens Wi im@rphometric and morphological
techniques than would otherwise be possible bedauses indirect distance proxies.
While this can introduce to the ordinations a degy€interpretive error associated with
specimens that have few available observations ptieiblem can be reduced by using
visualization software (such a@siP, SAS Institute, 2007) that allows the portrayahof
fourth variable to denote the number of observisidmarks or traits. This fourth
variable can serve as a proxy for the degree diad®mce in the specimen’s ordinated
position, and prevents the problem of missing ffata being fatal to interpretation. The
ordination figures in the Results chapter wereteckavith this in mind.

Most of the ordinations would have been eitherdsgible or limited to very
small numbers of landmarks or observations becatide fossils’ often non-
overlapping preservation. Others have noted thairomic studies are best pursued
with inclusion of intermediate specimens as oppaseazktremes (e.g. Lockwood et al.,
1996), and that observed variability is highly degent on sample size (Trinkaus, 1990).
This approach takes those considerations into atdmyumaximizing specimen counts.
Should the analyses have been limited to (for exa@mwo well-preserved specimens, it
would be difficult to evaluate the significanceasfy observed distinction without a
distribution of apparently related specimens. Asukssed in the Results chapter,
comparison of the second ordination group of fessbuld have been impossible without

this approach that accommodates missing data.
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The sequential use of morphometrics and traditiommaphological observations
strengthens the conclusions. Morphometrics otigpewerful and objective way to
characterize and analyze shape differences betsysimens (Slice, 2005b; Guy et al.,
2003; Bookstein, 1991), but landmark sets can biadsgically-relevant information in
the intervening spaces (Richtsmeier et al., 200&ljcAet al., 2000), and the treatment of
“size” remains somewhat controversial (Slice, 2Q@@okstein, 1991; Lele and
Richtsmeier, 1995). Traditional morphologicaltsabn the other hand, easily capture
information about the shapes of individual featuaed the relationships between those
features, surface orientations, and the expresdisaft-tissue contact markers on bone.
Unfortunately, as many traditional traits involeetconflation of continuous variation
into discrete categories, they are highly pronmterobserver error (Collard and Wood,
2000; Ahern, 1998), making these observationsadiffito replicate (e.g. Holloway,
1981; White and Falk, 1999) and therefore less Hadisfying from a scientific
standpoint.

Because these approaches are complementary, howesie sequential
application mitigates many of these problems. wkdric variation that may be difficult
to handle morphometrically for a small fossil saenisl not necessarily reflected in the
specimens’ morphological characteristics, espagcialthe basicranium. Further, the
objectivity offered by morphometrics reduces theosesness of the interobserver error
problem for morphological traits. Specimens thiahd in distinction under both
approaches thus merit extra attention as possédynging to different taxa. Conversely,

the parsimonious inference for specimens that skstimct morphometrically but not
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under traditional observations is that they provadamples of intraspecific variation. In

the case of Stw 505, that variation is likely da@liometry.

Comparison of results with others’ arguments

Sts 19

The Sts 19 fossil has been a perennial topicxairtamic disagreement, perhaps
partly because its Member provenience at Sterkiomeaincertain. Broom and
Robinson (1950:27) note that it (their “Skull 8" aw/recovered from a quarrying dump
that they estimated to have been in use 30 to dsyweviously. The location of this
dump near the site where Sts 5 (“Skull 5”) was veced seems to have been a
consideration in their conclusion that these speasrwere conspecific (ibid., p. 70),
especially given Dart’s habit of viewing specimémsn the same site as conspecific
(Tobias, 2001). Dean and Wood (1982) note thaflSis the mosHomalike of the
fossils traditionally assigned #. africanus but assert that this is most likely due to
intraspecific variation. Their finding echoed tlsBBroom and Robinson (1950:70), who
noted that its differences from Sts 5 amounted‘ieey considerable degree of variation
in Plesianthropus transvaalensisSchepers (1950), published in the same voluik,
not disagree with Broom and Robinson’s (op. c&xpinomic assessment but pointed out
several similarities between the brain of Sts 1®that of modern humans, as evidenced
by its endocast. As discussed in Chapter 1, batib&l (1984; Kimbel and Rak, 1993)
and Grine (Strait and Grine, 2004; Smith and Gr@8) have changed their minds

about the attribution of this fossil, and in oppeslirections.
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In its general appearance, Sts 19 differs fronréheainder of the sample
examined here in several ways. Its exhibits atgresegree of cranial flexion, a wider
glenoid fossa, a larger ectoglenoid process, an@ imronally-oriented petrosals
(especially when compared to Sts 5), for examfikeexternal auditory meatus is more
vertically elliptical than those of the other speens, and it has no eustachian process.
There is an unusually wide (as much as 4 mm) gapdam the inferior aspect of the
petrosal and the basilar part of the occipitale Tdssae for insertion of the longus capitis
muscle are anteromedially-posterolaterally orientedike the other specimens, where
these fossae are elongated in a more anteropaosi@gction.

Sherwood and colleagues (2002), for example, g&gd9 with Sts 5 and MLD
37/38 because they all exhibit petrous crestdyg¢aekclusion of Sts 25 and 71. The
ordinations presented in the Results chapter, heweave not consistent with this
proposal. Sts 25 and Sts 71 do not display camtisiffinity for one another to the
exclusion of the other specimens, and Sts 19 isdilp either at the margin of the
ordinations or well separated from the others. s€h#ata therefore do not support their
argument.

Braga and Boesch (1997a) place Sts 1®.iafricanus and Braga et al. (1998)
point out that Sts 19 shares with other speciméwns africanusand anatomically
modern humans the derived pattern of having thenfien ovale located on the sphenoid
bone instead of the sphenosquamosal suture. Tdhedyvever, note that others (Kimbel
and Rak, 1993) find substantial differences betwgtsnl9 and\. africanus Despite
their finding, the results here (based partiallyne@rphometric data involving the

foramen ovale) do not link Sts 19 wih africanusas a whole.
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Others (Curnoe and Tobias, 2006) also considet $%te represeriA. africanus
but point out some features that it has in commah $tw 53, which they assign to
Homa Given the consistent distinctions between Stari®the other fossils considered
here, that similarity bears further consideratidime Procrustes distance between these
specimens, however, is at the 8*3pﬁarcentile of the alRandistribution of distances
based on the same set of landmarks (Appendix Ajth& comparisons of these
specimens with other ealyomospecimens would help to support the inference that
they belong to that genus.

Ahern (1998), addressing work by Kimbel and R&¥9@), disputes both the
claim that Sts 19 is excessively different thanrémeainder of thé. africanus
specimen®, and some of the morphological observations #tto that conclusion.

This project, however, includes the observatiosputied by Ahern. Nonetheless, Sts 19
is consistently shown here to be distinct fromrémainder of the fossils. It is the
specimen involved in the largest number of pairvimserfossil Procrustes distances that
exceed the 95percentile of corresponding distances betwamspecimens, and
ordination of its morphological observations cotesitly places it at the periphery Af
africanus well away from an axis connecting Stw 505 tortan group. The
parsimonious inference is therefore that this fasslistinct from that species, and
possibly was deposited in Member 5 of Sterkfontermerhaps the “Stw 53 Infill”
(Kuman and Clarke, 2000), which then would be alas@ge to Member 5 than it is to

Member 4, as implied by the presence of cutmarkiherfossil (Pickering et al., 2000).

%5 Lockwood and Tobias (1999:678) note that the tast which Ahern’s (1998) data for Stw 505 were
gathered depicted some matrix that obscured cestearvations, and that further preparation offdissil
has indicated that at least one of his observati@ssin error. His data abot africanusvariability are
therefore incomplete.
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As pointed out by Lockwood (1997), however, theartanty over the provenience of
this fossil prevents its use in support of a clainsterkfontein Member 4 polytaxy. This
would matter because Member 5 is substantially geuthan Member 4, and has been
shown to contain stone tools while Member 4 doe¢gmPartridge, 1978). Hominins from
Member 5 are therefore unlikely to belong to theeapecies (or at least morphotype) as
those from Member 4.

Finally, Sarmiento (1993) also examined basiciarharacters in Sts 19 and
notes the extensive differences between Sts 1%&n8 (although, given the length of its
cranial base and the shortness of Sts 19's, Sy5offfer the most extreme distinctions
from Sts 19 of any Member 4 specimen). Interestjrge also pointed out that it shares
some features with the robust australopithecinébeoSwartkrans sample. The
Procrustes distance between an exemplar of thet&waas robust australopithecines (SK
47) and Sts 19 is in the Percentile of the correspondifgn distribution (Appendix
1). Sts 19 is therefore moderately distant fromneglars of botiHomoandA. robustus
This makes the difficulty in obtaining a secureyaeience and therefore a date for it

particularly unfortunate, as it may be an earlycapen from one of those taxa.

Sts 25

Sts 25 is a somewhat crushed cranial base. Asstied above, others have
identified it as possibly distinct from. africanus or at least pointed out that it retains
features different from the remainder of the samgdenbel, for example, has noted the
differences between this fossil and most of thesthraditionally associated with

africanus(Kimbel and White, 1988), but later revised hiswiand limited his list of
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possibly-distinct specimens to Sts 19 (Kimbel aad,R993). Using an approach based
on the standard error of the slope for linear regioss of homologous measurements
between specimens (following Thackeray et al., 20080e and Wolpoff (2005) also
generated results indicating that Sts 25 is subatirdistinct from both Sts 5 and Sts 71.
This distinction is much greater than that betwaey pairs of Swartkrans or habiline
specimens they studied, including KNM-ER 1813 alMKER 1470, which appear to
represent different taxa (e.g. Wood, 1999; Grinal.etl996; but see Miller, 2000).
Unfortunately, Schwartz and Tattersall (2003; 209t Sts 25 from their discussions of
the morphology and affinities of the Sterkfontgresimens.

Sherwood and colleagues (2002) noted that Stédsavith Sts 71 in lacking a
tympanic crest, while Sts 5, Sts 19, and MLD 3788etain this feature. The analyses
conducted here do not support this linkage, howedwarause Sts 25 and Sts 71 are not
consistently ordinated together. Similarly, theutes of Dean and Wood (1982) portray
Sts 25 as having more sagittally oriented petrdséadsSts 5, to the exclusion of Sts 19
and MLD 37/38, but a shortened sphenoid like MLIXB87and Sts 19, to the exclusion of
Sts 5. As with Sts 71, the results here do nosistently support any of these groupings.
This is not surprising, as Sts 25 has a morphotédgiattern unlike any of those
specimens. I[tRandistribution percentiles for Procrustes distanoégate that it is
morphometrically most like the juvenile specimew S8R9, but also similar to TM 1511,
Sts 71, and MLD 37/38. Its morphological similestare also highest with these
specimens.

Despite these similarities, the consistency witticl Sts 25 is ordinated at the

periphery of the samples examined here, both menghacally and morphologically,
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indicates that Sts 25 may well belong to a taxdweotharA. africanus This set of
similarities indicates two possibilities that a necessarily mutually exclusive. One of
these is that Sts 25 represents a precursor obbust australopithecines, as Sts 71 and
the Makapansgat specimens (including MLD 37/38)egelly bear a stronger
resemblance to that group than do the ofhefricanusspecimens, such as Sts 5
(Lockwood, 1997). Another possibility is that &is one of the older Member 4
specimens, as the Makapansgat specimens are dgaecapted as being older than the
Sterkfontein sample (Vrba, 1982). This second ipditg seems to be less likely
because the Makapansgat material does not cortgisbedinate in distinction of the
Sterkfontein material, which would be the caset# & appeared distinct only due to
geological age (see below). Its mixture of priwet(sagittally oriented petrosals, shallow
and tubular tympanic plate) and derived (shortespenoid) traits, combined with its
tiny eustachian process, make attribution to aispetifficult, so the suggestion here is

that its specific designation be dropped, so it i@apresenfAustralopithecus sp. indet.

Stw 580

Stw 580 is a fragment of the left side of an ottalp Because it preserves little
basicranial anatomy and no facial or dental strestat all, it has received very little
attention in the literature. The only discussidit appears to be in Lockwood and
Tobias’s (2002) treatment of specimens from Steridfm Member 4. Those authors
refer it to their Group B. This group designatescmens that have recognizable
differences from the robust australopithecines,dbogrwise cannot be assigned to a

species because they lack sufficiently diagnosticpimology. They note that its occipital
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condyles are shorter and broader than is oftenisesarlyHomq but generally similar
to those seen iA. africanus that its jugular process is superoinferiorly Keicthan those
of earlyHomoor robust australopithecines; and that it doehagé a marginal sinus,
unlike A. afarensis Taung does have an enlarged O/M sinus, how&adk,(1990),
demonstrating that the specimens assigneéd &dricanusare variable for this trait. Such
variability indicates that this trait is not usefnlisolation for identifying specimens Af
africanus

In the present results, Stw 580’s morphometridgcate that it is very different
from the other specimens, including both Sts 5%sd1l9. Very fewPan pairs approach
the Procrustes distance between Stw 580 and tpesasens. Its morphological
observations, meanwhile, are very similar to thefsgts 19, but the fragmentary nature
of Stw 580 left only two observable traits in conmwith Sts 19. Stw 580 therefore may
represent a new taxon at Sterkfontein, but itsratesef the anatomy typically used for
identification of new species indicates that thstl@ssignment for it at present is
Australopithecus sp. indetand like Sts 25, probably nat africanus Unfortunately, the

degree of preservation precludes direct comparibetween Sts 25 and Stw 580.

Makapansgat vs. Sterkfontein

The idea that the Makapansgat specimens diffemtaxically from those at
Sterkfontein is an old one, dating to the initimhauncement of finds there (Dart, 1948a,
b). Although this taxonomic approach largely talt of favor after Robinson (1954)
explicitly referred the Sterkfontein and Makapangsgaterial to the samsulspecies, the

possibility of a site-based distinction remains @mdonsideration. Lockwood (1997), for
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example, noted this distinction and argued thatendme could argue for a resurrection
of A. prometheushe simply supported the removal of a specifiggiedion for the
Makapansgat fossilf(stralopithecus sp. ind¢t These specimens are likely to be older
than the Sterkfontein sample (Vrba, 1982), butl@klsome features in common with
later robust australopithecines (e.g. Picq, 199Mis similarity has been noted by
Schwartz and Tattersall (2005), whose “morphs™Makapansgat fossils often include
TM 1517, the holotype dA. robustus Others, however, disagree, arguing that sitgspla
relatively little role inA. africanusvariability (Kimbel and White, 1988).

The results from this study can provide some Intsiig this question, but only two
Makapansgat specimens retain sufficient presenvatidoear on these analyses. The
well-preserved MLD 37/38 is consistently ordinatesér Sts 5 and the main group of
fossils on both morphometric and morphological obstgons. This finding echoes that
of Schwartz and Tattersall (2005:222-23), who asdigD 37/38 and Sts 5 to the same
“cranial morph” and later discuss their basicrasiatilarities. MLD 31 only preserves
five of the observed morphological traits, and niid have sufficient numbers of
morphometric landmarks in common to qualify for thdinations of morphometric
distances. Its morphological data are ordinatet thie Group 4 set of specimens (see
Figure 4.13). It is aligned between Sts 19 andotlik of the specimens in that figure,
but its low number of observable traits (indicabgdhe small size of the head for its
“pin”) and the high stress value for that ordinatr@nder interpretations based only on
that figure rather problematic. Instead, intergtiens of the results here with respect to
the question of Makapansgat and Sterkfontein canifspgy must rely on the overall

picture presented, and this in turn relies heamiyMLD 37/38. That specimen, as noted
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above, consistently ordinates near Sts 5. Toxtenethat MLD 31 is informative, it
fails to indicate affinity for MLD 37/38 to the elusion of the other fossils. These
results, then, do not support the hypothesis tltaMakapansgat and Sterkfontein

samples comprise different taxa.

Conclusions

The fossil known as Sts 19 displays morphometret morphological distinctions
from the remainder of th&. africanussample, and these are consistent enough to warrant
the inference that it belongs to a different taxés. its provenience is uncertain, the
parsimonious inference is that it was depositeSterkfontein Member 5, which dates to
well after the last appearanceAfafricanusotherwise. This specimen is thus not useful
with respect to the question of whetlerafricanus as widely understood, comprises
multiple species.

Other fossils of more secure provenience are melegant to this issue. It does
appear that a second taxon is represented amoi@je¢hdontein Member 4 fossils,
represented by Sts 25 and possibly by Stw 580 djih the latter specimen does not
preserve sufficient anatomy to permit fruitful diteomparisons between them. Given
its apparent rarity in the sample, it is possibit this second species was rare in terms of
its overall demography. Alternatively, the vari@piinherent in the Plio-Pleistocene
climate of South Africa (Strait et al., 2009) mahk resulted in fluctuating rangesAof
africanusand another species so that the Sterkfonteimsiteonly occasionally visited

by the second species.
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This project has shown that the problem of missiata in fossil taxonomic
studies can be overcome by using morphometric @&atameans of identifying
specimens that introduce excessive shape varigiora sample. The next step is to
examine the indicated fossils for morphologicatgais that distinguish them from the
remainder of the sample. A two-pronged approach 88 this helps to minimize the

effect of the drawbacks inherent in either methpgliad alone.
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Appendix 1. Morphometric tests on fossils

The following tables and text detail the resultshef fossil morphometric
variability measurements. Each set of specimetis six or more landmarks in common
was analyzed together, as well as selected groitpgaur or five common landmarks.
Groups with three or fewer common landmarks wetdesied. Each basicranial
specimen commonly attributed #o africanuson which four or more landmarks were
preserved was included in at least one test, dsawelther Sterkfontein specimens of
unknown or controversial affinity, and some exem@auth African specimens from
other taxa (eitheA. robustusor earlyHomag.

As described for the “Taphonomic Error” sectiortled Materials and Methods
chapter, the listing for each test includes thespens considered, the landmarks
present, and the membership of Ben comparative samples. Also listed are the values
of Relethford and Blangero’s (1990) index of vailigp As discussed in the Methods
chapter, this index involves dividing the tracdlad covariance matrix by the number of
variables. The resulting value can be viewed goay for “variability,” and compared
to that of another dataset. Finally, the Procsudistances between specimens are
shown, together with the percentiles of these desta in the overaPan distributions of
pairwise Procrustes distances. When a test inddlwee or more specimens, these
results are presented in a table; results for gr@fipwvo specimens are presented in text.

Some well-preserved specimens are included in pheleinalyses, so it was
unavoidable that a given pair may be included mumber of different analyses. The
interspecimen Procrustes distance result on théhasincludes the greatest number of
landmarks is highlighted below with boldface type.

Specimens Sts 5, MLD 37/38, and Sts 19 have appedgly equal bilateral
preservation of this region. Tests 17-19 (repomdte Taphonomic Error section of the
Materials and Methods chapter) addressed the eatdmiateral symmetry present in
each of them. Otherwise, only the left-side obaBowns were used, except for Sts 5 in
Tests 8, 12, 15, 23, and 24.
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Test 1.

Specimens considered: Sts 5, MLD 37/38, Stw 534%K

Landmarks: 4, 11, 12, 14, 15, 28, 30, 31

Pansamplé® Chimps: 14 Western, 16 Central, 14 Eastern; Boro44
Relethford and Blangero (1990) index valuesPalit .000622, fossils: .000714
Procrustes distances between specimens, and pEsehthese distances in &bn
distribution of pairwise distances:

Stw 53 | SK 47 MLD 37/38] Sts5
SK 47 1929
73.72728
MLD 37/38 | .1989 .2270
77.4 89.8
Sts 5 1757 .2020 1491
60.9 79.0 37.8
Sts 19 .2108 .1906 .1069 .1666
83.5 72.1 7.7 53.5

Test 2.

Specimens considered: Sts 5, Sts 19

Landmarks: 1-4, 6-16, 18, 20, 21, 26-31

Pansample: Chimps: 12 Western, 14 Central, 14 EgsBamobos: 40
Relethford and Blangero (1990) index: Rdn .000153, fossils: .000156
Procrustes distance between specimens, and péscaitnis distance in alkan
distribution of pairwise distances:497, 57.7

Test 3.

Specimens considered: Sts 5, MLD 37/38

Landmarks: 1-4, 9-16, 18, 20-24, 26-31

Pansample: Chimps: 14 Western, 14 Central, 14 EasBonobos: 42
Relethford and Blangero (1990) index: R#in .000179, fossils: .000111
Procrustes distance between specimens, and péscaitnis distance in alkan
distribution of pairwise distances:263, 12.3

% Unless otherwise specified, each species and salespsample includes equal numbers of specimens by
sex.

" Each cell reports the appropriate Procrustesriistaand the percentile rank of that distanceértéist's
all-Pandistribution, in that order.

%8 Boldface type for Procrustes distances and pdteeanks indicates a result based on the largasiber

of landmarks available for a given specimen pair.
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Specimens considered: MLD 37/38, Stw 329, Sts 5

Landmarks: 4, 11, 12, 14, 15, 21, 22, 24, 28, 30, 3

Pansample: Chimps: 14 Western, 14 Central, 16 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000570, fossils: .000567
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw 329
Stw 329 | .2272

79.7
Sts 5 1497 .1968

23.7 61.6
Test 5.

Specimens considered: MLD 37/38, Stw 98, Stw 3285S

Landmarks: 12, 14, 15, 22, 24, 28

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Riin .001154, fossils: .001072
Procrustes distances between specimens, and pEsefhthese distances in &kn

distribution of pairwise distances:

MLD 37/38 | Stw98 | Stw 329
Stw 98 1916
61.9
Stw 329 2799 1337
85.6 29.6
Sts 5 1219 .1663 .2388
21.9 49.2 76.5
Test 6.

Specimens considered: MLD 37/38, Stw 505, Sts 19

Landmarks: 9-11, 13, 14, 18-23, 26-28, 30

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000333, fossils: .000469
Procrustes distances between specimens, and plEsefhthese distances in &kn

distribution of pairwise distances:

MLD 37/38 | Stw 505
Stw 505 | .2147
91.5
Sts 19 | .1847 2162
70.7 92.2

141
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Test 7.

Specimens considered: MLD 37/38, Stw 505, Sts$19t

Landmarks: 9-11, 13, 14, 18, 20-23, 26-28, 30

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000346, fossils: .000490
Procrustes distances between specimens, and pEsefthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw505| Sts5
Stw 505 | .2138
92.3
Sts 5 .1630 .2364
46.2 97.4
Sts 19 1794 .2228 1942
67.4 95.2 81.6

Test 8.

Specimens considered: MLD 37/38, Sts 71, TM 1514 2S, Sts 19, Sts 5 (right side)
Landmarks: 9, 17, 18, 19, 20, 26

Pansample: Chimps: 4 female and 3 male Western,rér@le3 female and 4 male
Eastern; Bonobos: 22

Relethford and Blangero (1990) index: Rdn .001008, fossils: .000685

Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Sts 71 TM 1511 Sts23 Sts (19
Sts 71 1126
6.8
T™ 1511 .1687 .2043
41.5 68.6
Sts 25 1225 1678 1269
10.7 40.8 13.3
Sts 19 1378 .1389 .1666 .1780
19.1 20.0 39.9 48.7
Sts 5 right 1557 .2035 .1536 1697 | .1126
31.2 67.5 29.1 42.6 6.8
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Test 9.

Specimens considered: Stw 580, Stw 187, Sts §,95ts

Landmarks: 6-8, 13, 16, 29

Pansample: Chimps: 14 Western, 14 Central, 14 EasBonobos: 42
Relethford and Blangero (1990) index: Rdn .001091, fossils: .002837
Procrustes distances between specimens, and pEsehthese distances in &bn

distribution of pairwise distances:

Stw 580 | Stw 187 Sts5
Stw 187 | .2921
96.7
Sts 5 40772 | .2953
99.9+ 97
Sts 19 .3601 3329 .1980
99.8 99.2 58.7
Test 10.

Specimens considered: Sts 26, Sts 5, Sts 19

Landmarks: 2, 3, 6-8, 13, 29

Pansample: Chimps: 6 female and 7 male Western,elntr@l, 7 female and 6 male
Eastern; Bonobos: 40

Relethford and Blangero (1990) index: Rdn .000531, fossils: .000837
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

Sts 26 | Sts5
Sts 5 |.2032

93.6
Sts 19| .2248 | .1185

97.1 22.7
Test 11.

Specimens considered: MLD 37/38, Sts 19, Sts 25

Landmarks: 4, 9-12, 18-22, 26-28

Pansample: Chimps: 14 Western, 14 Central, 16 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000403, fossils: .000333
Procrustes distances between specimens, and plEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Sts 19
Sts 19 1742
51.3
Sts 25 | .1452 .1633
19.3 39.4




Test 12.

Specimens considered: MLD 37/38, Sts 5 (right sif&y 19, Sts 25

Landmarks: 4, 9, 10, 12, 18-22, 26-28

Pansample: Chimps: 14 Western, 16 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Riin .000403, fossils: .000417
Procrustes distances between specimens, and pEsefhthese distances in &kn

distribution of pairwise distances:

MLD 37/38 | Sts5right| Sts19
Sts 5right | .1404
22.1
Sts 19 .1696 2111
56.0 89.5
Sts 25 .1398 .2016 .1649
21.5 83.8 50.9
Test 13.

Specimens considered: MLD 37/38, Sts 5 (left si8&3,19, Sts 25

Landmarks: 4, 9-12, 18, 20-22, 26-28

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000453, fossils: .000345
Procrustes distances between specimens, and pEsefhthese distances in &kn

distribution of pairwise distances:

MLD 37/38 | Sts 5 left Sts 19
Sts 5 left 1391
14.6
Sts 19 .1662 .1706
41.6 46.3
Sts 25 .1493 .1651 .1540
22 40.2 26.6
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Test 14.

Specimens considered: MLD 31, MLD 37/38, Stw 328,55

Landmarks: 15, 22, 24, 31

Pansample: Chimps: 14 Western, 14 Central, 16 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .001976, fossils: .001873
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 31 | MLD 37/38 | Stw 329
MLD 37/38 | .2043
65.6
Stw 329 1170 2791
35.7 79.9
Sts 5 .2020 .0970 .2958
65.1 25.7 81.9

Test 15.

Specimens considered: Stw 13, Stw 505, Sts 5 (sigle), Sts 19, Sts 25, TM 1517,
MLD 37/38

Landmarks: 10, 18-20, 27

Pansample: Chimps: 14 Western, 16 Central, 14 EasBonobos: 44

Relethford and Blangero (1990) index: Riin .001147, fossils: .000747
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw 13| Stw505| Sts5(right) Sts25 Hig
Stw 13 .1465
35.2
Stw 505 | .1700 .0823
50.9 3.3
Sts 5 1379 1163 | .1564
right 29 16.5 42
Sts 25 1421 1868 |.2063 1785
32.2 61.7 72.4 56.7
Sts 19 .1481 .0558 |.1060 .1189 1967
36.6 0.2 10.9 17.5 67.2
TM 1517 | .1270 1476 | .1807 1341 1841 | .1258
21.7 35.8 57.8 26.9 60.6 21.2
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Test 16.

Specimens considered: MLD 37/38, Stw 266, Sts$19t

Landmarks: 11, 12, 21, 23, 28

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000773, fossils: .001396
Procrustes distances between specimens, and pEsefthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw 266 Sts 5
Stw 266 | .1885
82.8
Sts 5 .2003 .2796
87.6 99.0
Sts 19 .0814 .2339 1915
6.3 95.1 84.0
Tests 17-19.

These tests address the presence of bilateral sinmim some well-preserved
specimens, and are reported in the “TaphonomicrEsextion of the Materials and
Methods chapter.

Test 20.

Specimens considered: MLD 37/38, Stw 329, Stw J8 5, Sts 19

Landmarks: 11, 14, 21, 22, 28, 30

Pansample: Chimps: 16 Western, 14 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000611, fossils: .000968
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw329 | Stw505| Sts5
Stw 329 | .1450
56.3
Stw 505 | .1880 .2804
87.7 99.6
Sts 5 .1258 .1406 .2343
35.7 51.8 97.7
Sts 19 1185 .2165 .1356 .2062
28.8 95.3 46.5 93.4
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Test 21.

Specimens considered: MLD 37/38, Stw 329, Sts$19t

Landmarks: 4, 11, 12, 14, 15, 21, 22, 28, 30, 31

Pansample: Chimps: 14 Western, 16 Central, 14 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000417, fossils: .000453
Procrustes distances between specimens, and pEsehthese distances in &bn
distribution of pairwise distances:

MLD 37/38 | Stw 329| Stsb5
Stw 329 | .1598
57.7
Sts 5 1228 .1493
18.4 46.8
Sts 19 1442 2129 .18583
41.2 94.2 80.9

Test 22.

Specimens considered: MLD 37/38, Stw 329, Sts$19t Sts 25

Landmarks: 4, 11, 12, 21, 22, 28

Pansample: Chimps: 14 Western, 14 Central, 16 EasBonobos: 44
Relethford and Blangero (1990) index: Rdn .000496, fossils: .000492
Procrustes distances between specimens, and plEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw329| Sts5| Sts19
Stw 329 | .1383
63.5
Sts 5 .10968 1272
30.2 51.6
Sts 19 1155 1577 .1490
37.3 79.7 72.7
Sts 25 1314 1010 .1568 | .1328
55.9 22.0 79.0 |57.0
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Specimens considered: MLD 37/38, Stw 505, Stsgh{iside), Sts 71, Sts 25
Landmarks: 9, 18-20, 22, 26
Pansample: Chimps: 16 Western, 14 Central, 14 EgsBanobos: 44

Relethford and Blangero (1990) index: Rdn .000445, fossils: .000726
Procrustes distances between specimens, and pEsefhthese distances in &kn
distribution of pairwise distances:

MLD 37/38 | Stw505| Sts5| Sts71
Stw 505 | .1327
64.8
Sts 5 .1446 1619
77.3 89.4
Sts 71 |.1313 .1666 .2526
63.6 91.5 99.9
Sts 25 .1076 .1507 .2094 | .1019
32.5 82.6 99.1 | 25.6
Test 24.

Specimens considered: MLD 37/38, Stw 505, Stsgh(iside), Sts 19, Sts 25, Sts 71,

TM 1511, TM 1517

Landmarks: 9, 18-20, 26
Pansample: Chimps: 16 Western, 14 Central, 14 EgsBamobos: 44

Relethford and Blangero (1990) index: Rdn .000964, fossils: .000876
Procrustes distances between specimens, and plEsefthese distances in &kn
distribution of pairwise distances:

MLD Stw 505 | Sts5 Sts 19 Sts 25 Sts 71 ™
37/38 1511
Stw 505 | .1789
63.2
Sts 5 .1580 .1355
48.1 32.0
Sts 19 .1445 1274 1125
38.6 26.5 16.7
Sts 25 1174 1912 1967 1724
19.8 71.4 74.8 58.5
Sts 71 .0887 .2249 2177 .1630 1235
5.2 88.2 85.4 52.0 24.0
T™ .1599 1799 1714 .1387 .1506 1720
1511 49.6 63.6 57.8 33.9 43.4 57.8
™ 1710 .1885 .1076 .1069 .1833 .1946 1617
1517 57.8 70.0 13.4 13.0 66.1 73.6 51.2
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This table shows the eigenvalues and associatéhea percentages for the
principal components analysis (PCA) performed @Phn dataset.

PC| Eigenvalue Percent of Cumulative
variance percentage
1 | 25.7118 16.695 16.695
2 | 13.1628 8.5469 25.2419
3 |9.32881 6.0574 31.2993
4 | 8.30637 5.3935 36.6928
5 | 7.66487 4.977 41.6698
6 | 7.0132 4.5538 46.2236
7 | 5.93791 3.8556 50.0792
8 | 5.5617 3.6113 53.6905
9 | 4.94593 3.2115 56.902
10 | 4.40779 2.8621 59.7641
11 | 3.96958 2.5775 62.3416
12 | 3.73475 2.4251 64.7667
13 | 3.69012 2.3961 67.1628
14 | 3.3314 2.1632 69.326
15 | 3.12494 2.0291 71.3551
16 | 2.70278 1.755 73.1101
17 | 2.562 1.6636 74.7737
18 | 2.41857 1.5704 76.3441
19 | 2.12509 1.3799 77.724
20 | 2.05327 1.3332 79.0572
21 | 1.96235 1.2742 80.3314
22 | 1.90134 1.2346 81.566
23 | 1.77333 1.1515 82.7175
24 | 1.68808 1.0961 83.8136
25| 1.6217 1.053 84.8666
26 | 1.41808 0.92079 85.78739
27 | 1.36987 0.88949 86.67688
28 | 1.32368 0.85949 87.53637
29 | 1.29254 0.83927 88.37564
30 | 1.17601 0.76361 89.13925
31 | 1.15826 0.75209 89.89134
32 | 1.05637 0.68592 90.57726
33 | 1.03102 0.66946 91.24672
34 | 0.87124 0.56571 91.81243
35 | 0.845948 0.54929 92.36172
36 | 0.798537 0.51851 92.88023
37 | 0.739937 0.48046 93.36069
38 | 0.699597 0.45426 93.81495

Continued next page



PC| Eigenvalue Percent of Cumulative
variance percentage
39 | 0.657881 0.42718 94.24213
40 | 0.656884 0.42653 94.66866
41 | 0.622161 0.40398 95.07264
42 | 0.570852 0.37067 95.44331
43 | 0.532031 0.34546 95.78877
44 | 0.492241 0.31962 96.10839
45| 0.461432 0.29962 96.40801
46 | 0.451964 0.29347 96.70148
47 | 0.420273 0.27289 96.97437
48 | 0.381621 0.24779 97.22216
49 | 0.334141 0.21696 97.43912
50 | 0.314549 0.20424 97.64336
51 | 0.304891 0.19797 97.84133
52 | 0.295723 0.19202 98.03335
53 | 0.273662 0.17769 98.21104
54 | 0.25151 0.16331 98.37435
55 | 0.242557 0.1575 98.53185
56 | 0.216792 0.14077 98.67262
57 | 0.210821 0.13689 98.80951
58 | 0.194589 0.12635 98.93586
59 | 0.174039 0.11301 99.04887
60 | 0.148891 0.096678 99.14555
61 | 0.140884 0.091479 99.23703
62 | 0.13298 0.086347 99.32337
63 | 0.121552 0.078926 99.4023
64 | 0.114238 0.074177 99.47648
65 | 0.105549 0.068535 99.54501
66 | 0.0905791 0.058815 99.60383
67 | 0.0859972 0.05584 99.65967
68 | 0.076628 0.049756 99.70942
69 | 0.0673459 0.043729 99.75315
70 | 0.0640585 0.041595 99.79475
71 | 0.0546763 0.035502 99.83025
72 | 0.0499297 0.03242 99.86267
73 | 0.045309 0.02942 99.89209
74 | 0.04238 0.027518 99.91961
75 | 0.0365305 0.02372 99.94333
76 | 0.0341086 0.022147 99.96547
77 | 0.0315136 0.020462 99.98594
78 | 0.0217012 0.014091 ~100
79 | 2.32177E-12 1.5076E-12 ~100
80 | 1.69924E-12 1.1034E-12 ~100
81 | 1.38793E-12 9.0122E-13 ~100
82 | 7.09852E-13 4.6092E-13 ~100

Continued next page
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PC| Eigenvalue Percent of Cumulative
variance percentage
83 | 1.15744E-13 7.5155E-14 ~100

84

7.98328E-14

5.1837E-14 100
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Appendix 3. Morphological observations

Binary morphological data. See Chapter 2 for wtafinitions. Blank cells indicate that a
given trait is unobservable on a particular speaime

(e 0]

S - 9 N © O W O
L2 28 5, 2|8 € 23| Q& 5 3 B
S|l2 2 = ¢ @2|lg ¢ @ B 2|32 2 2 2 2
[ = = - 0 0 0 0 0 0 V)] V)] V)] n V)] V)]
1 |1 1] 0 0 0
2 |1 1] 1] 1| 1 1] 0 1
3 |1 1] 1] 0 0 1] o

4 | o 0] o] 1 0 o 1] 1

5 1 1] 1] 0 1 0 1

6 | 1 1] o] 1 1 1

7 |1 1] 1 1 1 0

8 |0 1 0] 1 0 1

9 |1 0] 1] o 0 o 1

10 1] 1 1] 1] 1 1 0 o 1

11| 0 0 1] 1 0] 0

120 0] 0] © 0 0

13 | 1 1] 1] 0 0 1 1] 1

14 | 0 1] 1] 0 1] 0/ o0

15 | 0 1] 1] 1] 0 1 1 1

16 | 0 0] 0 1 0

17 1] 1 0 0 1
18 1] 0 1 1 0
19 | 0 0 0 0 1
20 | 1 0 1] o| o 0 1

21| 0 | O 1] 0 1 0 0

22 [ 1 0 1] 1 1 1

23 1] 0 1

24 1 0
25 | 0 1] 0] 0 1] 0 0

26 | O 1 1 0

27| 0 0 0] 1| 0 0 0




MLD Stw Stw Stw Stw Sts Stw Stw Sts ™ Sts Stw Sts Sts 5 MLD
31 98 187 580 266 26 13 329 71 1511 25 505 19 37/38
05 05 | 10 | 00 | 05 | 10 | 0333 06 | 0583 05 | 0615 0722 0571 | 0714 21 | N2
0.5 0.714 | 0.75 | 0.333 | 0.571 | 0.75 | 0.333 0.4 0.636 0.5 0.429 | 0.529 | 0.609 24 21 Sts 5
1.0 0.286 | 0.333 1.0 0.571 | 0.333 | 0.333 0.5 0.75 0.5 0.357 | 0.611 24 23 21 Sts 19
0.75 0.2 na na 0.429 na 0.5 0.625 | 0.546 | 0.75 | 0.615 19 18 18 18 Stw 505
0.5 0.5 na na 0.286 na 0.0 0.625 | 0.714 | 0.75 14 13 14 13 13 Sts 25
na na 0.0 na na 0.0 0.667 na 1.0 6 4 4 6 6 6 T™M 1511
1.0 0.5 na na 1.0 na 0.667 0.0 12 5 7 11 12 11 12 Sts 71
0.667 0.4 na na 0.167 na na 10 2 0 8 8 10 10 10 Stw 329
na na na na na na 3 0 3 3 2 2 3 3 3 Stw 13
na na 1.0 0.0 na 4 0 0 0 1 0 0 3 4 2 Sts 26
0.0 0.0 na na 7 0 0 6 1 0 7 7 7 7 6 Stw 266
na na 0.0 4 0 3 0 0 0 0 0 0 2 3 1 Stw 580
na na 5 4 0 4 0 0 0 1 0 0 3 4 2 Stw 187
0.25 7 0 0 2 0 0 5 2 0 4 5 7 7 6 Stw 98
5 4 0 0 1 0 0 3 1 0 2 4 4 4 4 MLD 31
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Appendix 4. Compilation of data from morphological observatioMain diagonal (bold type): number of observatilaracteristics on a given specimen. At

left: Simple Matching similarity scores (Cheethand &azel, 1969) between pairs. Right: Number seotable characteristics held in common by pagggirdiess

of similarity). Undefined similarities (due to hiag zero common observable characteristics) arieated by “na”.
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