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INTRODUCTION

The first three papers in this series surveyed and documented the morphology of
hominid mandibular postcanine tooth crowns (Wood & Abbott, 1983; Wood, Abbott
& Graham, 1983; Wood & Uytterschaut, 1987). These studies have demonstrated
consistent patterns of morphological variation both within and between fossil
taxonomic categories, and these patterns have been used to assess the affinities of
specimens whose taxonomic designation is unknown and/or problematic. However, a
tooth includes its root, or roots, as well as the crown. Indeed, the root form of hominid
teeth assumes a particular importance because although a significant number of early
hominid mandibles from East African sites have lost the crowns of the postcanine
teeth, such specimens often preserve a relatively complete record of the root
morphology. It is in an attempt to utilise these data, for both taxonomic and
functional analysis, that the subocclusal morphology of early hominid mandibular
premolar and molar teeth will be considered in this the fourth paper in the series.
The subocclusal morphology of the mandibular molars and premolars has been

considered together for two main reasons. Firstly, whereas molar roots are generally
monomorphic in primates, following the generalised eutherian pattern (Butler, 1941),
mandibular premolar roots show considerable variation in extant higher primates,
both within and between taxa (Goh, 1957; Abbott, 1984). Variation in fossil hominid
mandibular premolar root form has also been noted for more than half a century (e.g.
Dubois, 1924; Weidenreich, 1937), and its particular importance among aus-
tralopithecines has been recognised for at least three decades (Robinson, 1952).
However, an important part of this variation tends towards so-called 'molarisation'
of the premolar roots, and the consideration of molar and premolar root form
together provides a useful context for the variations in the form of the latter teeth.
Secondly, it avoids repeating detailed and extensive information about radiographic
and measurement techniques, which are similar for both multi-rooted premolar and
mandibular molar teeth.

It is a compelling hypothesis, if not an axiom, that the sequence of morphological
manifestations of a structure which go to make up a phylogenetic series is the result
of sequential modifications of that structure's ontogeny. The digital morphology of
amphibians has provided a particularly good theoretical and experimental model to
demonstrate the mechanisms and effects of such changes (Oster & Alberch, 1982;
Alberch, 1983; Alberch & Gale, 1983, 1985). However, evidence has also been
provided to suggest that dental ontogeny may also be a fruitful area in which the
relationship between ontogeny and evolution might usefully be explored (Butler,
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1956, 1982, 1986). The dental studies referred to have particularly emphasised changes
in tooth crown morphology but it is evident that any informed analysis of the
evolution of the form of tooth roots must also be set in a sound ontogenetic
context.
Mammalian tooth development is most probably the result of an interaction

between mesenchymal cells of neural crest origin and the ectoderm overlying the jaws
(Gaunt & Miles, 1967) and there is evidence that the form of a tooth (i.e. incisor or
molar) is determined by the mesenchyme (Kollar & Baird, 1969). Whereas the form
of the crown of a tooth is determined by the contact between the covering ectodermal
enamel organ and the mesenchymal dental papilla (and more specifically by the shape
of the basement membrane of the inner enamel epithelium), it is the behaviour of the
encircling edge of the enamel organ, the cervical loop, which determines the form of
the roots (Schour & Massler, 1940; Diamond & Applebaum, 1942; Kovacs, 1963,
1967). The edge of the enamel organ is a double-layered structure, Hertwig's epithelial
sheath, the two layers corresponding to the external and internal enamel epithelium of
the enamel organ. The inturned edge of the sheath is called the epithelial diaphragm
and it is the existence and nature of any differential cellular proliferation around the
margin of the epithelial diaphragm (see below) that determines whether the tooth has
a single, or multiple roots. This proliferation and 'mapping' of the root apparently
precedes the formation of the root dentine from the inner of the two layers of the root
sheath (Grant & Bernick, 1971; Bhaskar, 1980).

In single-rooted teeth Hertwig's epithelial sheath maintains a single basal opening,
the primary apical foramen. Multiple tooth roots are produced when the primary
foramen is subdivided into two or more secondary apical foramina (Jorgensen, 1950;
Gaunt, 1960). The number and site of secondary apical foramina are apparently
anticipated by the location of pulpal blood vessels (Butler, 1956; Gaunt, 1960). The
first sign of such a subdivision is the definition, in the margin of the primary foramen,
of the areas that will give rise to the inter-radicular processes (tongues or projections)
(Orban & Mueller, 1929). The processes grow inwards towards the centre and it is
the fusion of such processes that eventually forms the subpulpal, or bifurcal, wall of a
multiple root system (Alexandersen 1962, 1963; Bhaskar, 1980). The site of fusion of
inter-radicular processes is represented by a ridge, known as either the intermediate
bifurcational (Everett, Jump, Holder & Williams, 1958), or the inter-radicular
(Kovacs, 1971) ridge; it is a combination of dentine and cementum (Everett et al.
1958; Carlsen, 1967). While it is the site (or sites) of proliferation on the edge of the
primary apical foramen that determines the location of any additional roots
(Jorgensen, 1950; Bhaskar, 1980), the final form of the root system also depends on
the degree of development or penetration of the inter-radicular processes (Alex-
andersen, 1962; Carlsen, 1967). If the processes only minimally penetrate the
papilla, a superficial root groove is the result. Progressive degrees of penetration result
in a deepening groove and fusion of the processes leads to complete separation of the
root moieties.
As well as being dependent on the site, number and degree of development of the

inter-radicular processes, the eventual form of the roots, and in particular the height
of bifurcation, depends on the timing of fusion of the inter-radicular processes
(Carlsen, 1967). If fusion occurs early in relation to growth in root length, then the
roots are separated close to the crown; if they fuse much later during root
development the only sign of multiple roots may be apical bifurcation. The direction
of growth of the inter-radicular processes is the final influence on the form of the roots,
for it determines the contours of the subpulpal wall (Alexandersen, 1962, 1963;
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Carlsen 1967; Kovacs, 1971). When they grow more or less horizontally, then the wall
will be similarly orientated and the inter-radicular recess more rounded (viz.
Gregory & Hellman, 1939, p. 359).

In this study the root morphology of early hominids from sites in Kenya and
Tanzania has been assessed both radiographically and by direct observation of the
exposed root form. These new data will be integrated with existing published
information about the root morphology of hominids from sites in southern Africa, as
well as remains recovered from Pliocene East African sites. A small sample of modern
human postcanine mandibular teeth has been included in the study to provide a
reference for the variations seen within the fossil hominid material. These data on
fossil hominids will then be set in comparative context by reviewing previous studies
of the root form of modern humans and extant higher primates. The final part of the
paper will attempt to interpret the variations in root form in the light of what is known
about the ontogeny of root formation. Evidence will be presented for two sequences
of root evolution, one of root reduction and the other of root elaboration. These
morphological trends will then be examined to see to what extent, if any, they can be
related to phylogenetic hypotheses based on other evidence.

This analysis uses the same informal taxonomic categories that were adopted for the
previous analyses of mandibular postcanine crown morphology. Details of the fossil
hypodigms subsumed within each category are given in an earlier paper (Wood &
Abbott, 1983) and extra information is included in the current paper only if the
allocations deviate from the principles and practice set out in the earlier publication.

MATERIALS AND METHODS

Fossil and extant samples
This study was based on a sample of 168 hominid mandibular permanent

postcanine teeth (33 P3s; 44 P4s; 35 Mls; 33 M2s; and 23 M3s), from at least 46
individuals (Table 1). Twenty nine specimens were allocated to one of three informal
taxonomic categories, designated EAFROB, EAFHOM and EAFHER. The category
EAFROB includes specimens allocated to Australopithecus boisei, EAFHOM
subsumes material allocated to Homo habilis (Leakey, Tobias & Napier, 1964), Homo
cf. habilis (e.g. Leakey, 1974) and Homo ergaster (Groves & Masak, 1975) and the two
specimens included in EAFHER were attributed to Homo cf. erectus (Tobias, 1969;
Rightmire, 1980). Specimens were only placed in one of these three categories if there
was sufficient non-dental evidence from the form of the mandible, or an associated
cranium, to suggest a relatively reliable taxonomic allocation. Fragmentary specimens
and specimens whose taxonomic affinity is problematic or contentious, were classed as
'unknown', and 17 of the specimens used in this analysis were placed in this category.
Specimens common to this analysis, and the earlier studies in this series, retain their
original taxonomic allocations. When specimens have the same tooth preserved on the
right and left sides, both sets of measurements have been recorded.
The modern human sample consists of 34 adult specimens (16 males and 18 females)

comprising 20 Romano-British and 14 Australian Aboriginal mandibles from the
collection at the British Museum (Natural History), London.

Root form
Although the molar roots of modern human mandibular molar teeth may show

considerable variability, especially of the M3 (e.g. Drennan, 1929; Pedersen, 1949;
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Table 1. List of Plio-Pleistocene hominid premolar and molar teeth from East
African sites, together with their taxonomic category

Taxonomic
Specimen no. P3 P4 Ml M2 M3 category

Site: Koobi Fora
KMN-ER 403
KMN-ER 404
KMN-ER 725
KMN-ER 726
KMN-ER 728
KMN-ER 729 R
KMN-ER 729 L
KMN-ER 730
KMN-ER 733
KMN-ER 801
KMN-ER 810
KMN-ER 818
KMN-ER 819
KMN-ER 820 R
KMN-ER 820 L
KMN-ER 992 R
KMN-ER 992 L
KMN-ER 1468
KMN-ER 1482
KMN-ER 1483
KMN-ER 1501
KMN-ER 1502
KMN-ER 1506
KMN-ER 1507
KMN-ER 1508
KMN-ER 1801
KMN-ER 1802 R
KMN-ER 1802 L
KMN-ER 1803
KMN-ER 1805
KMN-ER 1806
KMN-ER 1808
KMN-ER 1811
KMN-ER 1812
KMN-ER 2597
KMN-ER 3229
KMN-ER 3230 R
KMN-ER 3230 L
KMN-ER 3729
KMN-ER 3731
KMN-ER 3734
KMN-ER 3889
KMN-ER 3954

Site: Olduvai Gorge
O.H. 7 R
O.H. 7 L
O.H. 13
O.H. 16 R
O.H. 16 L
O.H. 22
O.H. 23
O.H. 37
O.H. 51

Site: Peninj
Peninj R
Peninj L

1 1 1

1* 1 1

1* 1

1 1

1

1* 1* 1

1* 1* 1

1* 1 1

1* 1*

1* 1

1 1

1 1

1 1 1

1 1 1

1 1

1 1 1

1 1

1 1 1

~~~~~~1
~~~~~~1

~~~~~~1

1 1 1

1 1 1

1 1

1 1 1

1*

1 1 1

1 1 -

1*

1 1 1

- 1 1

1 1 1

1* 1*

1 1*

1 1 1

1* 1*

1* 1

1 1 1

1 1 1

1 1 1

1 1 1

1

1 1 1

1 1

1 1

1 1

1 1 1

1 1

* Only root form recorded.

1 - EAFROB
1 1 EAFROB
1 1 EAFROB
1 1 EAFROB
1 1 Unknown
1 1 EAFROB
1 1 EAFROB
1 1 EAFHOM
1 1 EAFROB
1 1 EAFROB
1 1 EAFROB

EAFROB
Unknown
EAFHOM
EAFHOM

1 EAFHOM
1 1 EAFHOM
1 1 EAFROB
1 - Unknown

Unknown
1 1 EAFHOM
1 - EAFHOM
1 - Unknown

EAFHOM
1 - Unknown

1 Unknown
1 - Unknown
1 - Unknown

EAFROB
Unknown

1 EAFROB
1 EAFHER

Unknown
Unknown

1 - Unknown
EAFROB

1 1 EAFROB
1 1 EAFROB

Unknown
- - Unknown
1 - EAFHOM

Unknown
-- Unknown

EAFHOM
1 - EAFHOM
1 1 EAFHOM
1 - EAFHOM

EAFHOM
1 1 EAFHER
1 - EAFHOM
1 - EAFHER
- - Unknown

1 1 EAFROB
1 1 EAFROB
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Lateral
view

A. Slngle root 1 R

B. Two roots: Tomes' root 2T

Root cross-section
Cervical to Apical to
bifurcation bifurcation

C. Two roots: mesiobuccal and distal 2R: MB + D

D. Two roots: mesial and distal 2R: M + D

,f~
Distal * * Mesial

Mesial

Lingual + Buccal

Distal

Fig. 1. Categories of mandibular premolar root form.

Kraus, Jordan & Abrams, 1969), they are relatively monomorphic in extant non-
human primates (Abbott, 1984; Abbott & Wood, in preparation). Preliminary
observations made in the course of the present analysis, together with evidence
included in other detailed studies of early hominid tooth morphology (e.g. Robinson,
1956), suggest that variation in early hominid mandibular molar root form can be
adequately expressed by root measurements without recourse to shape categories.
However, for the mandibular premolar roots, the situation is more complex. There are
considerable differences between the root form of modem humans and those of the
extent non-human higher primates (e.g. Tomes, 1923; Peyer, 1968; Scott & Symons,
1974; Abbott, 1984; Abbott & Wood, in preparation), and the premolar root
morphology of A. boisei is distinctive, if not unique, among higher primates (Wood,
1981; Abbott, 1984). Thus, information about the number and the form of the roots
of the premolars from both radiographs (see below) and direct observation were

III
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Table 2. Definitions of the four categories of hominid mandibular premolar root form

(1) Single root (I R) (Fig. 1A)
The radiographic image shows a single, tapering root with a single (main) canal. Single roots of Tomes'
root form are also included in this category, i.e. a groove or cleft on the mesiolingual root surface;
additionally there may also be one on the distobuccal root surface. Such roots were considered to be single
where the grooves did not lead to bifurcation, or if they did, where the bifurcation was restricted to the
periapical region. The cross section of a single root is more or less circular with a centrally placed root
canal. If one or both of Tomes' grooves/clefts are present, these indent the mesiolingual and distobuccal
margins of the section (the appearance is the same as the section cervical to the bifurcation shown in Fig.
1 B).

(2) Two roots: Tomes' root (2 T) (Fig. 1 B)
These are teeth with Tomes' root form in which the characteristic grooves/clefts led to bifurcation. The
roots are mesiobuccal and distolingual, and appear superimposed on the radiographic image - the mesial
area of the distolingual root overlaps the distal area of the mesiobuccal root. Each root has a separate
pulp canal. Cervical to the level of bifurcation, the root cross section shows mesiolingual and distobuccal
clefts, of which the mesiolingual is typically the more developed. Apical to the bifurcation, the oblique
bifurcation cleft separates the triangular-shaped cross sections of both roots.

(3) Two roots: mesiobuccal and distal (2R: MB and D) (Fig. 1 C)
Although the radiographic image is similar to that for two roots the cross section of the root is distinctive.
Cervical to the bifurcation, the section is triangular, showing greater mesiodistal development buccally.
Apical to it there is a plate-like distal root and a buccolingually constricted mesiobuccal root.

(4) Two roots: mesial and distal (2R: M and D) (Fig. 1 D)
The radiographic image shows clear bifurcation into mesial and distal roots, each of which possesses its
own pulp canal(s). The buccal and lingual clefts apparent on the root cross section cervical to the bifur-
cation lead to the separation of parallel, plate-like mesial and distal roots. Each root commonly possesses
two pulp canals.

integrated to produce the simple four-category scheme which is illustrated in Figure
1; details of each category are given in Table 2. Morphometric data about the roots
of the hominid mandibular premolar and molar teeth take the form of a series of linear
and angular measurements taken from radiographs.

Radiographic technique
All the specimens were radiographed by S. A. and B. W. at the National Museum of

Kenya, Nairobi. The power and voltage were fixed at 25 MA and 90 kV, the only
variable being the exposure time. All radiographs were taken at a focus-film distance
of 150 cm.

Radiography was arranged so as to follow, as far as possible, the parallel-film
technique (McCormack, 1937; Barr & Gron, 1959; Gron, 1960). Mandibles that could
be aligned so that the plane of the film was parallel to the longitudinal axis of the
root(s) were set up for radiography as in Figure 2(A). Specimens in which the
symphysis was intact could not be so orientated and in these cases the mandible was
angled so that the X-ray beam passed through both mandibular bodies without
superimposing the images of the two sets of premolars (Fig. 2 B). In this arrangement
the plane of the film was no longer parallel to the long axis of the roots and a means
of correcting the resulting image for distortion had to be devised. Several methods are
used in dental radiography (Bregman, 1950; Benkow, 1957; Hamernik, 1957; Best et al.
1960; Bramante & Berbert, 1974), but a two dimensional correction was needed for
this study. We adapted a method used by Cave (1929), who devised a grid of fine wires
embedded in cellophane. Everett & Fixott (1963) used a grid made of enamelled
copper wire and Plexiglas but in this study the grid was made by sandwiching fine

112
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X-rays
Longitudinal

axis of
premo lars
or molars - - -- -- -

Film

Perspex

A

X-rays

( f 1 -. | Longitudinal
axis of

l a premolars
--- Grid

B ~~~~~~~~~~~Film
Complete'
premolar

image

Fig. 2. Distal view of the orientation arrangements for radiography of the right mandibular
premolars, or molars using (A) the parallel-film technique, and (B) angled radiography.

copper wire between two layers of perspex. The basic grid consisted of 1 mm squares,
but a slightly thicker gauge was used for every fifth wire so that 5 mm squares were
easily distinguishable. The grid was placed between the specimen and the film, as close
to the former as possible, and orientated parallel to the long axis of the tooth root(s).
Depending on the size of the film required, either 'Kodirex', Kodak NS-2T non-
screen, or Kodak Dental Occlusal film, was used for the radiographs.
Measurements were not taken directly on the radiographs because of the risk of

damaging the emulsion. Instead, the root outlines were traced onto clear acetate paper
with a fine pen; the best definition was obtained by viewing the radiographs in a
darkened room with the light box masked except for the pertinent area of the
radiograph. The mesial and distal cemento-enamel junctions were identified on each
tracing. The tracings were used to construct root diagrams similar to those used by
Kovacs (1966, 1971) except that in this study the tracings were in relation to the
'cervical axis' rather than to the occlusal plane, as suggested by Kovacs. The 'cervical
axis' was defined as a straight line joining the most mesial and distal locations of the
cemento-enamel junction.
A maximum of eighteen reference points was marked on each root diagram; these

are illustrated in Figure 3, and defined in Table 3. Up to nine linear measurements and
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Mesial Distal

a e b a b a b Cervical

1 Rpremolar 2T premolar 2R premolar/molar

Fig. 3. Lateral root diagrams of the mandibular postcanine teeth, illustrating the locations of the
reference points used to define the measurements.

Table 3. Definitions of the reference points on mandibular premolar and molar root
diagrams

(a) The most mesial point on the cemento-enamel junction.
(b) The most distal point on the cemento-enamel junction.
(c) The point of bifurcation between the mesial and distal roots or, for premolars with a Tomes' root

form (see below), the most cervical point on the mesial border of the distolingual root.
(c') The most cervical point on the distal border of the mesiobuccal root (premolars with Tomes' root

form only).
(d) Projection of point c onto the cervical axis.
(dt) Projection of point c' onto the cervical axis.
(e) The midpoint between a and b on the cervical axis (single-rooted premolars) or, the midpoint

between a and d' (Tomes' root form) or, the midpoint between a and d (remaining teeth).
(e') The midpoint between d and b.
(I) A point on the longitudinal axis of the root which passes through point e and which is approxi-

mately two-thirds of the way from the cervical axis to the root apex.
(f') As forf, but related to point e'.
(g) The point of intersection between the longitudinal root axis through point e and the root apex.
(g') As for g, but related to point e'.
(h) The midpoint on the longitudinal root axis between points e and g.
(h') The midpoint on the longitudinal root axis between points e' and g'.
(09 The point of intersection between the mesial root border and the line through point h which is

perpendicular to the longitudinal root axis.
(i') As for i, but related to point h'.
(D) The point of intersection between the distal root border and the line through point h which is

perpendicular to the longitudinal root axis.
(j') As for]j, but related to point h'.

one (or more) angular measurements were taken directly off each root diagram and
these are defined in Table 4, which also includes details of a compound variable and
three indices. One of the latter reflects root robusticity, and two relate the site of root
bifurcation to the whole root system. Where root measurements were taken from
angled radiographs, the raw measurements were corrected using the wire grid. At a
focus-film distance of 150 cm the X-rays may be assumed, for practical purposes, to
be parallel. Thus, no correction for mesiodistal measurements was- necessary.
However, measurements in the direction of the axis of the roots, i.e. root heights and
height of bifurcation, did require correction. This was done by measuring the size of

114



Hominid mandibular postcanine roots

Table 4. Definitions of the hominid mandibular premolar and molar root
measurements, compound variable and indices

Measurements
(1) Neck mesiodistal diameter (NMD): the distance along the cervical axis between points a and b.

(2 and 3) Root mesiodistal diameter (RMD - mesial and distal): the distance perpendicular to the root
axis between points i and j, or i' and fj.

(4 and 5) Actual root height (ARH - mesial and distal): the distance along the longitudinal root axis be-
tween points e to g, or e' to g'.

(6 and 7) Projected root height (PRH - mesial and distal): the perpendicular distance between the
cervical axis and the root apex.

(8) Location of bifurcation (LB): the distance between points a and d (not applicable to premolars
with Tomes' root form).

(9) Height of bifurcation (HB): the distance between points c and d.
(10 and 11) Root angulation (RA - mesial and distal): the angle in degrees between the longitudinal root

axis (of the mesial root, or both mesial and distal root) and the cervical axis.

Compound variables and indices
(12) Root divergence (RD): RAm-RAd.

(13 and 14) Root robusticity (RRI - mesial and distal): RMD/ARH x 100.
(15) Location of bifurcation (LBI): LB/NMD x 100.
(16) Height of bifurcation (HBI): HB/PRHm x 100.

the image of 20 mm of grid in the occluso-apical direction and correcting the
measurement as follows:

lMeasured root measurement\
Corrected root measurement =

Measured root measurement
x 20.Measured size of grid image

The corrections required ranged up to 35% of the measured value.
The precision of the root measurements of the hominid teeth was assessed by taking

root tracings and preparing root diagrams on three separate occasions. The average
error of all root measurements was 4%, with the largest error, 8 %, being for the
height of bifurcation. This larger error was due to two factors, the smallness of the di-
mension being measured and the error resulting from estimating the location of the
cervical axis in specimens in which the crown was missing or damaged.
The mean value, standard deviation, and range were computed for each of the

relevant measurements and indices for the two main taxonomic categories, EAFROB
and EAFHOM. The difference between the mean values of the two categories was
compared using the two-tailed Student's t test. Univariate comparisons using the raw
data were supplemented by multivariate methods, specifically by Principal Com-
ponents Analysis (PCA). The principal components were derived from a covariance
matrix based on the untransformed data. The affinities of the 'unknown' specimens
were assessed using posterior probabilities calculated using Canonical Variates
Analysis (CVA). The result is expressed as a percentage, which is the likelihood that
the specimen belongs to a particular reference category. All multivariate computations
were based on SPSS programs.

RESULTS

The specimens in which it was possible to determine the category of premolar form
are listed in Table 5, and the results for the two main taxonomic groups are
summarised in Table 6. The specimen numbers are too small to merit detailed
statistical treatment, but the root morphology is evidently different in the two
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Table 5. List of mandibular premolar specimens and their root form as determined in
the present study

Taxonomic
Specimen no. category P3 p4

Site: Koobi Fora
KMN-ER 403
KMN-ER 725
KMN-ER 726
KMN-ER 729
KMN-ER 730
KMN-ER 733
KMN-ER 810
KMN-ER 818
KMN-ER 819
KMN-ER 992
KMN-ER 1468
KMN-ER 1482
KMN-ER 1483
KMN-ER 1501
KMN-ER 1801
KMN-ER 1802
KMN-ER 1803
KMN-ER 1805
KMN-ER 1806
KMN-ER 1811
KMN-ER 1812
KMN-ER 3229
KMN-ER 3230
KMN-ER 3729
KMN-ER 3731
KMN-ER 3734
KMN-ER 3889
KMN-ER 3954

Site: Olduvai Gorge
O.H. 7
O.H. 13
O.H. 16
O.H. 22
O.H. 23
O.H. 37
O.H. 51

Site: Peninj

EAFROB
EAFROB
EAFROB
EAFROB
EAFHOM
EAFROB
EAFROB
EAFROB
Unknown
EAFHOM
EAFROB
Unknown
Unknown
EAFHOM
Unknown
Unknown
EAFROB
Unknown
EAFROB
Unknown
Unknown
EAFROB
EAFROB
Unknown
Unknown
EAFHOM
Unknown
Unknown

EAFHOM
EAFHOM
EAFHOM
EAFHER
EAFHOM
EAFHER
Unknown
EAFROB

2R: MB+D
?2R: MB+D
?2R: M+D

2R: MB+D
?2R: MB+D
?2R: M+D
?2R: M+D
2T
2T

2T
I R
I R
2T
?2R: M+D

?2R: MB+D(DL)
2R: M+D
?2 T
?1 R
2R: M+D

?2R: MB+D
2R: M+D
2T
?1 R
2R: M+D

2T
I R
I R
I R
I R
I R

2R: M+D

Table 6. Incidence of mandibular premolar root form in the two major taxonomic
categories of East African hominids

Categories

A B C D
(I R) (2 T) (2R: MB+ D) (2R: M + D)

P3
EAFROB 0 0 3 6
EAFHOM 4 4 1 0

P4
EAFROB 0 0 0 15
EAFHOM 7 0 0 2

2R: M+D
2R: M+D
2R: M+D
2R: M+D
?2R: M+D
?2R: M+D
2R: M+D
?2R: M+D
2R: M+D
I R
2R: M+D
2R: M+D
2T
I R
2R: M+D
?2R: M + D

2R: M+D
2R: M+D

2R: M+D
2R: M+D
2R: M+D
?2R: M+D
2R: M+D
?I R
2R: M+D

I R
I R
?1 R
I R
?1 R?1 R?I R

2R: M+D
2R: M+D
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taxonomic categories for both premolar types. The parameters of the eleven original
variables, root divergence and the three indices for the two major taxonomic
categories are listed in Table 7, and the subsequent table (Table 8) records the results
of using Student's t test to examine the significance of the differences in univariate root
metrics between the samples of two main taxonomic categories.

All eleven original variables (for M1) and subsets of seven (M2 and M3) and five
variables (P3 and P4) were used to construct covariance matrices for each tooth type
from which two principal components have been computed. The percentage variance
accounted for by the two components and their eigenvector scores are given in Table
9. For the small sample of P3s for which five variables are available, root height and
neck mesiodistal diameter (NMD) account for most of the discrimination contained
in the first principal component, which itself accounts for approximately 90 % of the
variance. Root height similarly dominates the PCI for the P4 data, with NMD
dominating the second, and orthogonal, component (Fig. 4).
The arrangements of specimens along the first principal components of the M1 and

M2 root variables are also dominated by the effect of variables which reflect root
height. In the M1 plot (Fig. 5), the height of bifurcation also influences their
disposition. For the M2s (Fig. 6) root heights are the major influence on PCI, but
NMD is the dominating effect on the distribution along the axis of the second
principal component in both M1 and M2. The sample size for EAFHOM for M3 is
too small to make any useful deductions about the discriminative value of multivariate
analysis, but it is noteworthy that the pattern of eigenvector scores for M3 is unlike
those for M1 and M2, with the distribution along PCI in the former being dominated
by neck mesiodistal diameter, the location of bifurcation and the mesiodistal diameter
of the mesial root. These differences in variable effect between the molar tooth types
may presage the greater within-species variability in M3 morphology which is noted in
extant modern human populations (Kraus, Jordan & Abrams, 1969).
The same data were analysed by Canonical Variate Analysis (CVA) to provide an

assessment of the affinities of the 'unknown' specimens. The posterior probability
values are given in Table 10, which also lists the affinities of the 'unknown' premolar
teeth as assessed from the multivariate analysis of root form. The results of all the
methods used to classify the 'unknown' teeth are summarised in Table 11.

DISCUSSION

Comparative context

The form of the roots of primate mandibular molars corresponds with the
generalised eutherian pattern, i.e. they have two roots, mesial and distal (Gregory,
1920-1; Butler, 1941; Clark, 1971). However, variation in root form does occur, and
this is most easily comprehended in its developmental context. In modern human
mandibular molars, for example, suppression of one or more of the inter-radicular
processes, particularly in the second and third molars, results in root reduction
(Kovacs, 1963, 1967). Reduced penetration of a process results in a root groove or
cleft, and when normal development occurs in only one process it leads to 'fusion'
with a semilunar root form (Kovacs, 1963). When there is no development of inter-
radicular processes, the resulting single molar root is referred to as pyramidal. When
both processes develop, but there is a delay in their fusion, this leads to varying degrees
of apical bifurcation. This is the basis of taurodontism, as defined by Keith (1913), an
anomaly which Shaw (1928) was to divide into three categories, though there is little
agreement about the most suitable nomenclature to describe the essential continuum
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Hominid mandibular postcanine roots

Table 8. Between-group comparisons (EAFROB and EAFHOM) of root
measurements. Significance values are based on Student's t test, using pooled variances
and two-tailed model

P3 P4 M1 2 M3

NMD N.S. < 0-001 < 0-001 < 0-001 <0001
RMD(m) N.S. N.S. N.S. < 0-001 < 0-05
RMD(d) N.S. < 0-001 < 0-001 < 0-001 < 0-05
ARH(m) N.S. N.S. N.S. N.S. N.S.
ARH (d) N.S. N.S. N.S. < 0-05 N.S.
PRH (m) N.S. N.S. N.S. N.S. N.S.
PRH (d) N.S. N.S. N.S. < 0-05 N.S.
LB N.S. < 0001 < 0-001 < 0001
HB N.S. N.S. N.S. N.S.
RA(m) N.S. N.S. < 0-05 < 0-01 N.S.
RA (d) N.S. N.S. < 0-05 < 0-01 N.S.
RD N.S. < 0-01 N.S. N.S. N.S.
RRI (m) N.S. N.S. N.S. < 0-05 N.S.
RRI (d) N.S. < 0-05 < 0-05 < 0-05 N.S.
LBI N.S. < 0-01 < 0-01 N.S.
HBI < 0 01 N.S. < 0-05 N.S.

between mild degrees of taurodontism and the pyramidal root form (e.g. Pedersen,
1949; Tratman, 1950; Brabant & Kovacs, 1961). Conversely, the development of
additional inter-radicular processes results in the three-rooted molars reported in
some series (Tratman, 1938; Pedersen, 1949; Turner, 1967).

Previous comparative studies of mandibular premolar root form suggest that, with
the notable exception of Homo sapiens, such teeth in non-human primates are usually
two-rooted (Owen, 1840-5; Duckworth, 1923; Tomes, 1923; Colyer, 1936; Senyurek,
1953; James, 1960; Peyer, 1968). However, variations have been noted. In some
prosimians and New World monkeys the lower premolars may be single-rooted, with
root reduction being concentrated anteriorly, so that P2 has one root, and P3 and P4
two roots (Senyurek, 1953). A similar trend is observed in some fossil prosimian
genera (Quinet, 1966). Degrees of root fusion have also been reported in the
mandibular premolars of Pan (Duckworth, 1923; Tomes, 1923; Colyer, 1936; James,
1960), and buccolingual rotation of the roots may result in such roots appearing to be
single on a radiograph (Gregory & Hellman, 1926). In contrast, the P3 of Hylobates lar
was reported to have an additional distolingual root (i.e. a total of three roots) in 44%
of a sample of 96 dentitions (Frisch, 1963, 1973). A more recent survey of both the size
and form of the premolar roots of higher primates confirmed that mandibular
premolars are typically two-rooted, the P3 having mesiobuccal and distal roots
(2R: MB and D) and the P4 mesial and distal roots (2R: M and D) (Abbott, 1984;
Abbott & Wood, in preparation). Intraspecific variation was recorded for P3 only.
Occasionally in Pongo (3 %), and more frequently in Pan (29 %), the P3 appeared (at
least radiographically) to be single-rooted, but such a variation was not seen in the
Gorilla sample. The little evidence that has been published about fossil hominoids
suggests that their root form was similar to that of the majority of extant higher
primates, i.e. P3= 2R: MB and D, and P4= 2R: M and D (Gregory & Hellman,
1926; Woo, 1962; Leakey, 1968, 1970; Tekkaya, 1974).

In modern human populations mandibular premolars are usually described as
single-rooted (Duckworth, 1923; Sprinz, 1953; Barker, Parsons, Mills & Williams,
1973; Scott & Symons, 1974), but published evidence suggests that modern human
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* KNM-ER 3954
*KNM-ER 1483

0 KNM-ER 819
*KNM-ER 1801

* KNM-ER 1802 L
A * KNM-ER 1802 R

* KNM-ER 1482
* OH 51

A EAFROB
* EAFHOM
* Unknown specimens

.

I

-1 0
PC

2
RH

Fig. 4. Plot of the first (PCI) and second (PC II) principal components generated from the
covariance matrix of five root variables for early hominid P4s from East Africa.

AL A

* KNM-E R 1802 L
* KNM-ER 1801 * KNM-ER 1802 RA

. *OH 51

A EAFROB
* EAFHOM
* Unknown specimens

-2 -1 0 2
PC RH

HB

Fig. 5. Plot of the first (PCI) and second (PCII) principal components generated from the
covariance matrix of five root variables for early hominid M1s from East Africa.

samples show several consistent variants. The root of a human mandibular premolar
may be marked by longitudinal root grooves which may be associated with apical, or

more extensive, bifurcation (Goh, 1957). The most common site for a groove is the
mesiolingual aspect. This is usually located on the mesial root surface, some one third
of the distance from the lingual to the buccal border. The groove may be superficial,
or it may penetrate to varying degrees into the root along the mesiolingual-distobuccal
axis, when it is better described as a cleft (De Jonge-Cohen, 1919; Goh, 1957; De
Jonge, 1961; Gher & Vernino, 1980). When such a cleft is present it defines a Tomes'
root and when the cleft becomes more pronounced apically it leads to bifurcation into
mesiobuccal and distolingual apices (De Jonge-Cohen, 1919; Tomes, 1923; Diamond,
1952; Goh, 1957; Scott & Symons, 1974), although De Jonge (1961) has described
them as mesiobuccal and distal. In some specimens, a second longitudinal groove is
found on the distal or buccal root surface (Goh, 1957; Kraus, Jordan & Abrams,
1969). In cross section, Tomes' root is C-shaped with the open part of the 'C'
corresponding to the mesiolingual cleft. The pulp usually divides at some level within
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Fig. 6. Plot of the first (PCI) and second (PC II) principal components generated from the
covariance matrix of five root variables for early hominid M2s from East Africa.

Table 10. Taxonomic affinities of teeth in the unknown category as suggested from
posterior probabilities derived by canonical analysis. Design group: EAFROB/
EAFHOM (both left and right side included)

Specimen Type

Design group

Site: Koobi Fora
KMN-ER 728
KMN-ER 819
KMN-ER 1482

KMN-ER 1483

KMN-ER 1506
KMN-ER 1801

KMN-ER 1802 (R)

KMN-ER 1802 (L)

KMN-ER 3954

Site: Olduvai Gorge
O.H. 51

P3: 63 % correctly classified (EAFROB, n = 2; EAFHOM, n = 6)
P4: 62% correctly classified (EAFROB, n = 6; EAFHOM, n = 7)
M1: 62% correctly classified (EAFROB, n = 6; EAFHOM, n = 7)
M2: 69% correctly classified (EAFROB, n = 8; EAFHOM, n = 8)
M3: 80% correctly classified (EAFROB, n = 8; EAFHOM, n = 2)

M. EAFROB 98
P4 EAFHOM 79
P. EAFHOM 58
P4 EAFHOM 55
M2 EAFHOM 62
P. EAFHOM 62
P4 EAFHOM 70
M2 EAFHOM 74
P3 EAFHOM 76
P4 EAFHOM 75
M1 EAFHOM 84
P. EAFROB 50
P4 EAFROB 52
M1EAFHOM 67
M2 EAFHOM 75
P4 EAFROB 52
M1 EAFHOM 62
M2 EAFHOM 75
P4 EAFHOM 73

P4 EAFHOM 55
M1 EAFROB 64
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the root to form two canals in mesiobuccal and distolingual positions (Fig. 1 B).
Rarely, Tomes' root may lead to bifurcation in the middle, or even cervical, thirds of
the root so that two well-formed roots are present; examples of two-rooted human
mandibular premolars have been reported (De la Parra, 1952; Brabant et al. 1953;
Pearlman, 1972; Barker, 1973; Shapira & Delivanis, 1982). Three-rooted modern
human mandibular premolars are extremely rare, but examples have been documented
(De Jonge-Cohen, 1919; De la Parra, 1953; Brabant, Sahly & Bouyssou, 1961; De
Jonge, 1961; Armitage, 1971; Barker, 1973; Shapira & Delivanis, 1982).
The root form of the modern human P3 is more variable than that of P4 (Brabant

et al. 1953; Sprinz, 1953) and there is some doubt about the assertion that two roots
are more common in P4s than in P3s (Tratman, 1950; Goh, 1957). However, in all the
series investigated the incidence of Tomes' root form has been greater for P3 than
P4 (Taylor, 1899; Campbell, 1925; Shaw, 1931; Nelson, 1938; Abrahams, 1946-7;
Pedersen, 1949; Selmer-Olsen, 1949).

Root form of early hominid taxa
The subocclusal morphology of the mandibular postcanine teeth of hominids from

Hadar attributed to Australopithecus afarensis has been summarised and described
elsewhere (Ward, 1979; Ward, Johanson & Coppens, 1982). The form of 15 P3s is
assessed in the latter publication, and approximately 25 % (from three individuals) are
classified as single-rooted, but it is noted that even in such teeth two root canals are
found, the buccal one being subcircular and the lingual one triangular in cross section.
The majority of Hadar P3s are two-rooted with a larger buccal and a smaller
distolingual root component.
The sample of A. afarensis P4s from Hadar numbers 15 teeth from 13 individuals.

Three teeth show evidence of root fusion, with two doing so to the extent that their
roots are described as 'pyramidal'. The remaining teeth have distinct mesial and distal
roots. Each is mesiodistally compressed with root canals at the buccal and lingual
edges of the root. The mesial root is 2-3 mm longer than the distal, and the bifurcation
is described as " high, occurring immediately below the cervix ", and " arch-like, rather
narrow or cleft-like" (Ward, Johanson & Coppens, 1982, p. 610).

Details are provided of the root morphology of 45 mandibular molars from Hadar
attributed to A. afarensis (M1 = 13; M2 = 19; M3 = 13). All teeth have mesial and
distal roots. The roots are subequal in length, with the mesial root being more
mesiodistally compressed, with a dumb-bell-shaped cross section and a charac-
teristically bifid apex. The distal roots of M1 and M2 are inclined buccally and possess
either one or two root canals; in the latter case the distobuccal pillar is dominant. The
distal root of M3 contains a single root canal and is strongly inclined buccally and
distally. The root angles are commented on and illustrated (Ward, Johanson &
Coppens, 1982, Figs. 8 and 16), but no measurements are given. While it is evident
from the tracings of the lateral radiographs that root inclination is variable in the
mandibular postcanine teeth, there is a clear trend for the degree of distal inclination
of the roots to be greater in M2 andM3, with the distal root ofM3 showing the greatest
degree of distal inclination. No root length measurements are given but " M2 appears
to be the dominant tooth in terms of root length and robusticity" (Ward, 1979, p. 490).
The relatively few specimens from Laetoli for which root data are available suggest
that the root forms of these teeth are similar to those of the Hadar material (White,
1977, 1980). However, the description of the P3 roots of LH4 and LH24 suggest that
they may be of the 2R: MB and D variety. Specific mention is made of the mesiodistal
compression of the molar roots and buccolingual width measurements suggest that the
mesial root is the larger of the two.
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Evidence about the root form of Australopithecus robustus (including Australo-

pithecus crassidens) and Australopithecus africanus comes from the studies of
Gregory & Hellman (1939), Broom & Schepers (1946), Robinson (1956) and Sperber
(1974). Of these, Robinson (1956) provides the most comprehensive morphological
information. The collections from Swartkrans and Kromdraai provide a total of 14
P3s belonging to A. robustus from which some information can be gleaned. None was
single-rooted, four had separate mesial and distal roots and in the remainder the roots
were partly separated with a "well-developed" cleft on the mesiolingual face of the
root system (Robinson, 1956, p. 71). Thus, the majority of the P3s of A. robustus
showed the Tomes' root form (Broom & Robinson, 1952; Robinson, 1952). Sperber
(1974) does not give a breakdown of root types, but does provide data on root lengths
for nine teeth, with site sample means of 17-2 mm for Swartkrans, and 17-5 mm for
Kromdraai. Gregory & Hellman (1939) commented that the form of P3s of
Paranthropus (i.e. A. robustus) corresponds to that of the P4s of Plesianthropus (i.e. A.
africanus) (see below).

Fifteen specimens of the P4s of A. robustus are available, but information about root
form is only available for nine teeth (Broom & Schepers, 1946; Robinson, 1956). All
are described as having a mesial and distal root. At least three are described as
being wide and "flattened mesiodistally" (Robinson, 1956, p. 75). Sperber (1974) cites
the average length of the mesial and distal roots of six P4s from Swartkrans as 16-2
mm.
The sample of molar teeth of A. robustus comprises 31 M,s, 13 M2s and 21 M3s, but,

of these, details of the root system are only available for a much smaller number of
isolated teeth, (4-M1s, 3 M2s-and 2 M3s) (Robinson 1956). All mandibular molars-have
two roots, mesial and distal. The mesial root is larger than the distal in M,s, but the
situation is apparently reversed in M2, with the distal root of M3 being peg-like and
variable in size. Sperber (1974) comments on the form of the roots of six M1s from
Swartkrans. The teeth all have mesial and distal roots which are noted to be broad
buccolingually. The mesial root is, on average, slightly longer than the distal (N = 5),
with more tendency to apical bifurcation. For M2, Sperber reports that the roots of A.
robustus are subequal in length, and longer in the mesiodistal direction than those of
A. africanus. The M3 root form is two-rooted for the majority of teeth, with one having
three roots. Average root lengths are M1: 17-5 mm (N = 5); M2: 17-0 (N = 5) and
M3: 16-4(N=6).
Few premolar teeth attributed to A. africanus, and able to provide information

about root structure, were availabole to Robinson (1956). Of the three P3s available,
Robinson's descriptions suggest that three possessed Tomes' root form, with two
additionally having a distobuccal cleft (Robinson, 1952, 1956). There is no unequivocal
evidence that these teeth had two separate roots. The single P4 specimen (TM 1523) is
two-rooted, with a mesiobuccally situated mesial root; Gregory & Hellman (1939)
comment on the similarity of such roots to those of primitive apes. Sperber (1974)
makes no specific comment about the root form of A. africanus P3s, but infers that the
P4s were two-rooted. The root lengths given for the single Sterkfontein P4 are at the
lower end of the range for the six Swartkrans teeth. There are also a few mandibular
molars from which root evidence can be gleaned (Robinson, 1956). All seven are two-
rooted, and Robinson does not suggest that they depart significantly from the root
form of A. robustus. Sperber (1974) records root length for M3 only; the sample of 4
has an average length of 15 1 mm.
Root form in the early representatives of Homo, e.g. Homo habilis, has received little

or no attention. Single-rooted P3s and P4s are reported in material usually attributed
to H. erectus from Swartkrans, Sangiran, Zhoukoudian, Rabat and Sidi Abderrahman
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(Weidenreich, 1937; Arambourg & Biberson, 1956; Howell, 1960; Arambourg &
Hofstetter, 1963; von Koenigswald, 1968, 1969; Jacob, 1973). Anterior premolars
with Tomes' root form have been described in H. erectus specimens from Olduvai,
Kedung Brubus, Trinil, Sangiran, Zhoukoudian and Ternifine (Dubois, 1924;
Weidenreich, 1937, 1945; Arambourg & Hofstetter, 1963; von Koenigswald, 1968,
1969; Jacob, 1973; Rightmire, 1980).

Comparison of root form and size in early hominids
Although this study and review have illustrated that relatively few early hominid

teeth have their root system either preserved or available for assessment, nonetheless
sufficient data are now available to attempt to establish whether there are significant
morphological differences between the relative taxonomic categories considered in this
study and in the review. The distribution of the four sub-classes of mandibular
premolar root form is evidently different in EAFHOM and EAFROB (Table 6). When
compared to what is proposed as the primitive condition for the ape/hominid clade,
i.e. P3= 2R: MB and D and P4 =2R: M and D (Abbott & Wood, 1985, in
preparation), EAFHOM and EAFROB appear to show divergent trends. In
EAFHOM root separation in the P3s is mostly incomplete, (2 T), or absent (1 R),
whereas in EAFROB the majority of the nine P3s show evidence of 'molarisation' of
root form, i.e. the possession of two mesiodistally flattened root plates. In the sample
of P4s, the polarisation is more exaggerated for EAFROB, but in EAFHOM, although
the majority are single-rooted, two specimens have the ' molarised' condition.
However, in one of the two specimens (KNM-ER 730), the P4 root images on the
radiographs suggest apical displacement of the root bifurcation (see below). The
combination in EAFROB of 'molarisation' of both the anterior and posterior
premolars is apparently unique among higher primates. The specialisation of
EAFROB is also evident when details of root form are considered, for the plate-like
mesial and distal root plates are differentially thickened, at the buccal sides on the
mesial root, and at the lingual side of the distal root. Two other taxa, A. afarensis and
A. robustus, also have a high incidence of 2R: M and D P4s, but their P3 root form
differs from A. boisei. In A. robustus, a Tomes' root form (not seen in A. boisei) is more
than twice as common as 2R: M and D, and in A. afarensis the P3 root form is
relatively unchanged from the primitive condition for the ape/hominid clade, i.e.
2R: MB and D. Premolar root form in EAFHOM is most closely matched by that in
H. erectus among the fossil taxa, and H. sapiens among the extant taxa. Like H.
sapiens, the EAFHOM sample shows a greater tendency for Tomes' root form in P3
than in P4. The A. africanus sample shows an unusual combination of premolar root
form, with root reduction in both P3 and P4 relative to the hypothetical ancestral
condition, with Tomes' root form predominating in P3 and apparently 2R: MB and
D in P4, but the sample is a small one.

Despite these differences in root form, the metrical evidence (admittedly available
on fewer specimens) shows no significant differences between EAFHOM and
EAFROB P3s, and few differences for P4 (Tables 7, 8). The differences that do exist
corroborate the morphological classification for they concentrate on the greater
mesiodistal diameter and robusticity of the distal root (Table 8). It is noteworthy that
there are no significant differences in root height between EAFHOM and
EAFROB.
When the root heights of the two fossil samples are related to values obtained from

20 samples of modern human teeth (Abbott, 1984), the greater height of the hominid
roots is emphasised. However, this difference in root height is accompanied by
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proportional increases in root thickness so that root robusticity indices in the two
fossil hominid samples, extant apes and modem humans, are similar (Abbott, 1984;
Abbott & Wood, in preparation). The limited data for root height available for A.
robustus and A. africanus (Sperber, 1974, Tables 24 and 27) suggest that the roots are
not only longer in both the East African taxa, but that the differential between root
heights in P3 and P4 may differ between A. boisei and A. robustus. In the former P4
roots are longer than, or subequal with, those of P3, whereas in A. robustus it is P3
roots which have the greater average height. Individual values for the latter are not
given, so the significance of the differences in sample means cannot be examined
statistically. The relatively few significant univariate differences between the premolar
measurements of the two taxonomic categories clearly influence the degree to which
multivariate statistical methods can discriminate between the two samples. The
percentage of correct classification for the premolars in the design groups (Table 10)
is poor by other standards (Wood & Uytterschaut, 1987).
The usual primate mandibular molar root form, with mesial and distal moieties, is

apparently ubiquitous across the two hominid categories considered in this study. The
morphology of the M3 roots of hominids has been noted to be different, and more
variable, than those of M1 and M2 (Robinson, 1956), but there is no consistent
interspecific variation. For M1, the major differences between EAFHOM and
EAFROB are the more distal inclination and more robust distal roots of the
EAFROB M1s, whereas for M3 it is the greater mesiodistal thickness of both the
mesial and distal roots of the EAFROB sample. The greatest contrast between the two
samples is seen in M2s. All but four variables are significantly different (Table 8), with
the roots of EAFROB being both larger overall and more robust. The differences in
root heights are greater (and significant) for the distal roots. Only Gorilla and H.
sapiens among extant samples approach the root robusticity index values for
EAFROB (Abbott & Wood, in preparation). A relatively short M3 root system is the
usual pattern in extant higher primates, but what is unusual about the root
characteristics of EAFROB mandibular molar teeth is the relative shortness of both
the M2 roots as well (Abbott & Wood, in preparation). Sperber (1974) provides root
height data for site samples of 'robust' and 'gracile' australopithecines from southern
African sites, and it is noteworthy that despite their crowns being smaller the average
root length of EAFHOM exceeds that for A. robustus from Swartkrans. When all the
available variables are considered together in the multivariate analyses, M2, and
particularly M3 can be more effectively discriminated than P3-M1.

Functional interpretation of root morphology
An important function of tooth roots is to support the tooth crown in the jaw.

Analyses of chewing and biting suggest that tooth crowns are subject to oblique
shearing, as well as vertical compressive forces, and it is evident that changes in the size
and shape of the crown have to proceed paripassu with modification to the root form.
Comparative studies of mandibular molar and premolar crown morphology of
EAFHOM and EAFROB (Wood, Abbott & Graham, 1983; Wood & Uytterschaut,
1987) have suggested that the greater crown area of teeth attributed to 'robust'
australopithecine taxa is mainly related to selective expansion of the talonid, or distal,
component of the premolar and molar crowns. However, an allometric analysis by
Jungers & Grine (1986), using many of the same data as the studies cited above, has
suggested that the pattern of M1 crown expansion may differ between A. robustus and
A. boisei, with the latter showing distal expansion and the former more buccolingual
expansion of the crown area. In the light of these conclusions, it is worthwhile
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Table 12. Comparison between the size and shape of the mesial and distal root
moieties of EAFROB and EAFHOM

EAFROB EAFROB EAFHOM EAFHOM
(one-tailed) (two-tailed) (one-tailed) (two-tailed)

RMD
P N.S. N.S. N.S. N.S.3

P4 S N.S. N.S. N.S.

Ml N.S. N.S. N.S. N.S.
M2 s N.S. N.S. N.S.
M3 s N.S. S N.S.

RA
Pa N.S. N.S. N.S. N.S.
P4 S S N.S. N.S.

ml s s s s
m2 s N.S. S S
M3 s s N.S. N.S.

RRI
P3 N.S. N.S. N.S. N.S.
P4 S N.S. N.S. N.S.

ml N.S. N.S. N.S. N.S.

M2 s s s s
M3 s s s s

s = P < 0-05

examining whether there is evidence of any differential enlargement of the distal
moiety of the root systems of the A. boisei sample in order to support the distally
expanded crown.

Reference to Table 7 suggests that such differences may be evident in both the
premolars and molars. Root mesiodistal diameter and robusticity follow very different
patterns in the premolars of the two taxonomic categories. Whereas in EAFHOM the
distal root is narrower and more gracile than the mesial, in EAFROB the reverse is the
case (Figs. 7, 8). The significance of the mesial/distal difference has been examined for
two root variables (RMD and RA) and the root robusticity index (RRI). Values for
both one and two-tailed tests are given in Table 12, and these suggest that significant
mesial/distal root dimorphism is more common in EAFROB then in EAFHOM, with
the P4 being the tooth where the sharpest distinctions lie. Thus, the root morphology
ofEAFHOM P4s, with its larger and more robust distal root element, seems to mirror
the distinctive talonid enlargement seen in its crown morphology (Wood &
Uytterschaut, 1987).

Classification of unknown specimens
The morphological and metrical evidence collected in other papers in this series

have demonstrated the utility of such comparative data for assessing the affinities of
problematical or isolated specimens. In this study, 17 specimens were classed as
'unknown'. The affinities of premolars are based on their root form and on root
morphometric data; for the molars only the latter are available. The detailed
information contributing to the assessments is given in Tables 5 and 10, and the
affinities are summarised in Table 11.

Relatively unequivocal evidence of taxonomic affinity based on premolar root form
is provided for only five specimens (KNM-ER 819, 1482, 1483, 1801 and 3731). For
all except one of these specimens, KMN-ER 3731, the allocation is corroborated by
the morphometric data. The affinities suggested by the postcanine root form ofKMN-
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ER 1482 fit with those suggested on the basis of the molar and premolar crown
morphology and enamel thickness. These all suggest that this specimen has few, if any,
of the derived traits associated with A. boisei. The allocations of KMN-ER 1483 and
1801 also seem clear, but that of the latter conflicts with the evidence of M3 crown
area, which suggests that this tooth is too large to belong to a Homo taxon (Wood,
Abbott & Graham, 1983). The root form of the P3 of KMN-ER 1805 (2R: MB and
D/2R: MB and DL) is indicative of a change from the proposed primitive condition
for P3 root morphology towards eventual root reduction, but the vital evidence on
P4 root form cannot be properly discerned on the specimen. However, the small molar
crown area is strong evidence against its inclusion in EAFROB. The mandible KMN-
ER 1802 shows a mixture of traits associated with both EAFROB and EAFHOM.
This conclusion is similar to that reached after the analyses of the characters which
relate to detailed molar and premolar morphology (Wood, Abbott & Graham,
1983; Wood & Uytterschaut, 1987), and the implications of these results will be
explored in a separate paper (Dean & Wood, in preparation). Suffice it to say that the
mixture of traits shown by such specimens may either be interpreted as evidence for
a close phyletic association between early Homo and A. boisei, or as examples of
homoplasies in dental morphology between A. boisei and early Homo.

Evolutionary trends in hominid premolar root morphology
The relative homogeneity of the root form of the great apes (Abbott, 1984; Abbott

& Wood, in preparation) suggests that the primitive root form for the African ape/
hominid clade is P3= 2R: MB and D, and P4 =2R: M and D. In such a pattern the
mesiobuccal component of the P3 root is oblique and contains a single pulp canal,
whereas the distal root is transversely orientated, and contains two pulp canals. The
P4 has mesial and distal roots which are not noticeably displaced buccolingually with
respect to each other. Each is transversely orientated, symmetric and contains two
pulp canals. In both P3 and P4 the level of bifurcation is high, usually being within the
cervical third of the root height, with the roots showing slight to moderate divergence.
The appearance of the two root forms in cross section, above (left) and below (right)
their bifurcation, are given in Figure 9(A).
The results of this study, together with the evidence derived from the review, suggest

that a similar premolar root form to that described above is commonly seen in teeth
attributed to A. afarensis from Hadar and Laetoli (Ward, 1979; Ward et al. 1982;
White, 1977, 1980). Four specimens from Koobi Fora also appear to have a similar
morphology, but the quality of the evidence is good enough in only one of these
(KMN-ER 403) to be confident of its premolar root form. The root morphology of the
other three specimens (KMN-ER 725, 733 and 3729) can only be regarded as
suggestive of the apparently primitive root form. The P3s ofMLD 29 and TM 1518 are
reported to have the same root form (Broom & Schepers, 1946).
The range of premolar morphology observed in the hominids considered in the

present study, together with a knowledge of the variations and ontogeny of root form
in modern humans, and extant higher primates suggest that there were at least two
trends in root morphology leading, respectively, to the apparent derived conditions of
root reduction, seen in modern man and Homo erectus on the one hand, and root
elaboration in A. boisei on the other. The trend towards root reduction will be
described first.
The first stage for P3 is the alteration from 2R: MB and D to 2R: MB and DL. This

requires both a change in the shape of the primary apical foramen and migration of
the inter-radicular processes. Teeth with this root form are known from Hadar (Ward
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Fig. 9. Proposed evolutionary trends in mandibular premolar root form in fossil hominids.

et al. 1982), Laetoli (White, 1977), Kromdraai (TM 1600) (Sperber, 1974), Sterkfontein
(Sts 7 and Sts 5) (Robinson, 1956) and Koobi Fora (e.g. KMN-ER 819, 1482, 1801
and 3734). The next transition, from 2R: MB and DL to Tomes' root form requires
the suppression of the distobuccal inter-radicular process (Fig. 1 B), to produce
continuity distobuccally between the mesiobuccal and distolingual root components,
yet normal development of the mesiolingual inter-radicular process, so that the
mesiolingual cleft remains (Fig. 9 B). Periapical bifurcation combined with a
mesiolingual cleft also produces the appearance of Tomes' root form. Such a root
morphology is found in a minority of Hadar P3s as well as in P3s from Swartkrans and
Sterkfontein (Robinson, 1956), Laetoli (LH 14), Olduvai (OH 16 and 23), Koobi Fora
(e.g. KMN-ER 1483 and 1501), Trinil (Dubois, 1924) and Sangiran (Weidenreich,
1945; Jacob, 1973). Reduction of the mesiolingual cleft and the progressive apical
migration of the bifurcation site, so that the root tip is bifid only, are the final stages
in the pathway towards single-rooted P3s (Fig. 9C). KMN-ER 992 and OH 13, are
examples of specimens which lie on the continuum between P3s with Tomes' root and
those which have a simple, single root.
The trend towards root reduction in P4s is less complex, apparently just involving

the progressive apical displacement of the bifurcation, with a concomitant reduction
in the size of the roots and a shift from a mesiodistally flattened to a more rounded
root form and finally to a single root (Fig. 9 B, C). Such progressive apical migration
is seen in the series KMN-ER 3734, 1483, 1501; OH 16, 23 and 37 and L 75i-1255
from the Omo (Coppens, 1973). Single-rooted P4s are found, for example, in KMN-
ER 992 from Koobi Fora, OH 13 from Olduvai and mandible B from Sangiran (von
Koenigswald, 1968). Robinson (1952) long ago suggested a scheme for P3 root
reduction in hominids and his scheme corresponds to the basic alterations required to
pass from 2R: MB and DL, to 1 R. However, he did not attempt to relate his scheme
to any presumed ancestral hominid root morphology.

In addition to one (or more) trends in premolar root reduction, there is good
evidence for a separate trend in premolar root elaboration, or 'molarisation'. In its
most developed expression P3 and P4 are both supported by mesial and distal roots (i.e.
2R: M and D) which resemble those of mandibular molars (Fig. 9D). The distal root
is displaced and better developed lingually, where it provides support for the talonid
of the asymmetric premolar crown. The opposite applies to the mesial root; its buccal
portion is better developed than the lingual. These features are more accentuated in
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P4 than P3, but in both tooth types the level of bifurcation is high, i.e. within the
cervical third of the root height. The morphology described is best seen in KMN-
ER 729, 1468, 1806, 3229 and 3230 from Koobi Fora, and in the Peninj mandible. All
these mandibles are attributed to A. boisei. The greatest shape change from the
apparent primitive condition is the transformation and reorientation of the P3
mesiobuccal root, presumably by a simple enlargement of the primary apical foramen
combined with the migration of the mesiolingual inter-radicular process. The P3 root
form of KMN-ER 3731 probably represents the transition from 2R: MB and D to
2R: M and D, and the P4 roots of KMN-ER 726 are only moderately asymmetric,
thus lacking the fully 'molarised' specialisation of the P4. Full molarisation of the
mandibular premolar roots is seen in specimens from other sites, such as the P3 (L 18
-33) from Member D of the Omo (Coppens, 1970) and lingual displacement of the
flattened distal root of both P3s and P4s has been described from Swartkrans (e.g.
P4s SK 7, 88 and 876), as well as in a P4 from Sterkfontein (TM 1523) (Robinson,
1956; Sperber, 1974).
As has been suggested above, the special root morphology of the mandibular

premolars of A. boisei can be linked with the preferential enlargement of the talonid
component of the crown, especially of the P4 (Wood & Uytterschaut, 1987). The
dominance of the P4 in A. boisei is also seen in differences in root length between the
two mandibular premolars, where the condition P4 > P3 is apparently derived with
respect to the hypothetical ancestral condition.
The nature of the relationship between A. afarensis, A. africanus, A. robustus and A.

boisei has been the subject of considerable interest and recent debate. Leaving aside the
discussions about whether A. afarensis and A. africanus are distinct taxa (Tobias,
1980; Johanson, 1985), much of the debate has centred on the relationship between A.
africanus and the 'robust' australopithecines. Do A. africanus, A. robustus and A.
boisei represent successively derived specialisations along a trend towards hypertrophy
of the postcanine masticatory apparatus (Johanson & White, 1979; White, Johanson
& Kimbel, 1981; Rak, 1983; Kimbel, White & Johanson, 1984), or is A. africanus best
regarded as a potential common ancestor of all known hominids (Tobias, 1980) or of
just Homo and the 'robust' australopithecines (Skelton, McHenry & Drawhornl
1984)? If A. afarensis is accepted as the most primitive known hominid, and A.
africanus placed at the base of a 'robust' australopithecine clade, A. africanus and A.
robustus would be expected to lie along the trend of root elaboration for A. boisei.
What is the evidence that this is the case? Although the data for A. africanus are
particularly sparse, the evidence from the two taxa does not support such a
placement.
The majority of the P3s of A. robustus (9 out of 13), and the P3s of A. africanus,

apparently have Tomes' root form which, with respect to the hypothetical ancestral
condition, is part of a trend towards the reduction, not the elaboration, of the P3 root
form. Likewise, the evidence from the P4 roots suggests that A. africanus P4s, with
2R: MB and D, may be derived not in the direction of root elaboration but of root
reduction.

Clearly, mandibular premolar root morphology carries a priori no more, or less,
weight than other variables in any phylogenetic analysis. However, the fact that
variations in mandibular premolar root form can be set in such a firm ontogenetic
context makes them particularly relevant for assessing the likelihoods of different
phylogenetic schemes. Suffice it to say that the most parsimonious interpretation of the
distribution of premolar morphology presented in this paper does not support the
concept of an australopithecine clade containing both A. africanus and the 'robust'
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australopithecines, nor do details of premolar root morphology support the concept
of a simple hypermasticatory 'trend' extending from A. afarensis, through A. africanus
and A. robustus, to A. boisei (Hunt & Vitzthum, 1986).

SUMMARY

The subocclusal morphology of 168 permanent mandibular premolars (N = 77) and
molars (N = 91) of Plio-Pleistocene hominids has been investigated. The taxonomic
allocation of the teeth, which represent at least 46 individuals, was based on non-
dental evidence. Specimens were allocated to one of two major taxonomic categories,
(EAFROB or EAFHOM), East African Homo erectus (EAFHER), or their taxonomic
affinity was regarded as 'unknown' (N = 17). Information about the root system was
derived from radiography and direct observation. Morphometric data were in the
form of nine linear and two angular measurements based on eighteen reference points.
Root form was also assessed using a scheme which recognised four classes of root
morphology. Data were compared using both univariate and multivariate techniques,
including Principal Component and Canonical Variate analysis. Posterior prob-
abilities derived from the latter were used (in a two-taxon design model) to assess the
affinities of the 'unknown' specimens.
The variation in hominid mandibular premolar root form was interpreted as two

morphoclines, based on the presumed primitive condition of the P3 (with mesiobuccal
and distal roots, 2R: MB and D) and P4 (with mesial and distal root, 2R: M and D)
root systems. One trend apparently leads towards root reduction (i.e. P3= 1 R;
P4 = 1 R), and the other to root elaboration (i.e. P3 and P4 = 2R: M and D). The
extreme form of the latter is the 'molarisation' of the premolar roots seen in
EAFROB. Despite major differences in root form there was relatively little taxonomic
variation in root metrics, except for a more robust distal root system in EAFROB.
Molar root form showed little interspecific variation except for M2 in which the roots
in EAFROB were larger and more robust, with differences in root height being greater
for the distal than for the mesial roots.
Root form and metrics enable four of the 'unknown' specimens (KMN-ER 819,

1482, 1483 and 1801) to be tentatively allocated to EAFHOM, and a single specimen,
KMN-ER 3731, to EAFROB. Published assessments of the root morphology of the
'robust' australopithecines from Swartkrans suggest that the premolar root form of
Australopithecus (Paranthropus) robustus is not obviously intermediate between the
presumed ancestral condition, and the 'molarised' mandibular premolar root systems
of Australopithecus (Paranthropus) boisei.
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