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ABSTRACT Recent studies suggest that the hypo-
digms representing the two earliest Australopithecus
(Au. anamensis and Au. afarensis) form an ancestor-de-
scendant lineage. Understanding the details of this pos-
sible transition is important comparative evidence for
assessing the likelihood of other examples of ancestor-de-
scendant lineages within the hominin clade. To this end
we have analyzed crown and cusp base areas of high re-
solution replicas of the mandibular molars of Au. ana-
mensis (Allia Bay and Kanapoi sites) and those of Au.
afarensis (Hadar, Laetoli, and Maka). We found no stat-
istically significant differences in crown areas between
these hypodigms although the mean of M; crowns was
smaller in Au. anamensis, being the smallest of any Aus-
tralopithecus species sampled to date. Intraspecies com-
parison of the areas of mesial cusps for each molar type

The two earliest Australopithecus species, Au.
anamensis and Au. afarensis, are widely regarded as
examples of anagenetic change within a single evolving
lineage (Kimbel et al., 2006; Leakey et al., 1995; Ward
et al.,, 2001, 2010; White et al., 2006; Haile-Selassie,
2010; Haile-Selassie et al.,, 2010). Indeed, recent
reports of Australopithecus from Woranso-Mille, Ethio-
pia suggest that any distinctions between the Au. ana-
mensis and Au. afarensis hypodigms are so trivial that
there are few morphological grounds for their being
separate taxa (Haile-Selassie, 2010; Haile-Selassie et
al., 2010), but if the present specific distinction is
maintained then the Woranso-Mille fossils would be
best ascribed to Au. anamensis (Haile-Selassie, 2010).
Comparisons of dental characters between these hypo-
digms have not yet included details of molar crown
and cusp base areas and only limited information is
available concerning molar development (Wood et al.,
1983; Beynon and Wood, 1987; Suwa et al., 1994,
Dean et al., 2001; Lacruz et al.,, 2008; Wood, 2010).
The aims of this study are to: (1) present a compara-
tive analysis of measured crown and cusp base areas
in the molars of Au. anamensis and Au. Afarensis, and
(2) present data on molar development based on
exposed microstructural features. These data are used
to analyze aspects of molar evolution between these
two hypodigms.
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using Wilcoxon signed rank test showed no differences
for Au. anamensis. Significant differences were found
between the protoconid and metaconid of Au. afarensis
M,s and Mgss. Furthermore, the area formed by the pos-
terior cusps as a whole relative to the anterior cusps
showed significant differences in Au. afarensis Mis and
in Au. anamensis Mss but no differences were noted for
Mss of either taxon. Developmental information derived
from microstructural details in enamel shows that M;
crown formation in Au. anamensis is similar to Pan and
shorter than in H. sapiens. Taken together, these data
suggests that the overall trend in the Au. anamensis-Au.
afarensis transition may have involved a moderate
increase in M; crown areas with relative expansion of
distal cusps. Am J Phys Anthropol 000:000-000, 2012.
©2012 Wiley Periodicals, Inc.

THE EARLIEST AUSTRALOPITHECUS

The chronologically oldest species of the genus Aus-
tralopithecus is Au. anamensis (Leakey et al., 1995;
Ward et al.,, 2001) (but see below). Until recently, evi-
dence of the dentition of Au. anamensis was known from
sediments dated to 4.2 to 3.9 Ma at Kanapoi, Allia Bay,
and Asa Issie (Leakey et al., 1995; White et al., 2006).
The hypodigm of the younger taxon Au. afarensis is
largely made up of material recovered from Hadar, Lae-
toli, and Maka (White, 1977; Johanson et al., 1982;
White et al.,, 2000), plus specimens recovered more
recently from Dikika (Alemseged et al., 2005). Fragmen-
tary remains have been recovered from a number of
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other Kenyan and Ethiopian sites, and that taxon may
also have been found in Chad (e.g. Kimbel and Delezene,
2009). The temporal span of the hypodigm is between
about 3.7 and 3.0 Ma (Kimbel and Delezene, 2009).
There has been strong support for the proposal that Au.
anamensis and Au. afarensis are related by anagenesis
as an ancestral-descendant lineage (Leakey et al., 1995;
Ward et al., 2001; White et al., 2006, 2009; Haile-Selas-
sie, 2010; Haile-Selassie et al. 2010). This hypothesis has
been supported by the results of numerical cladistic
analysis (Strait and Grine, 2004), and analysis of dentog-
nathic characters (Kimbel et al., 2006). More recently,
this hypothesis has been bolstered by the discovery of
hominin fossils at Woranso-Mille in Ethiopia that date to
between 3.57 and 3.8 Ma i.e., to the temporal interval
between the hypodigms of Au. anamensis and Au. afar-
ensis (Haile-Selassie, 2010; Haile-Selassie et al., 2010).
These remains preserve a suite of morphological charac-
ters some of which are intermediate between Au. ana-
mensis and Au. afarensis and some of which are shared
by one or both of those taxa (Haile-Selassie, 2010; Haile-
Selassie et al., 2010). Based on the Woranso-Mille evi-
dence, distinctions between Au. anamensis and Au. afar-
ensis were deemed “confusing and unwarranted” (Haile-
Selassie, 2010). However, for the purpose of this study,
we have maintained the taxonomic separation of these
two hypodigms.

Crown areas and enamel development

The overall crown areas and the areas of the individ-
ual cusp boundaries of mandibular molars have been
used to assess patterns of morphological variation within
Plio-Pleistocene hominin species (e.g., Wood et al., 1983;
Suwa et al., 1994). The methods used in these studies
have been adapted for the analysis of the crown mor-
phology of premolars (Wood et. al., 1983; Suwa, 1988)
and maxillary molars (Bailey, 2004; Moggi-Cecchi and
Boccone, 2007; Grine et al., 2009; Quam et al., 2009). In
addition to the crown base area data, this study also
includes evidence about enamel microstructure. The
enamel microstructure of primates and that of many
other mammalian taxa preserves daily (or short period)
growth markings called cross-striations, which represent
a day’s worth of matrix secretion by the enamel forming
cells, or ameloblasts. Besides cross-striations, enamel
preserves approximately circaseptan long period growth
markings called striae of Retzius, which may form peri-
kymata where they reach the lateral enamel surface
(Boyde, 1989). The number of cross striations between
adjacent striae is known as the periodicity, or as the
striae repeat interval and the distance between the
cross-striations corresponds to the amount of enamel
added to the thickness of the crown in a day, also known
as the daily secretion rate. Further details on these
markings can be found in Boyde (1989).

MATERIALS

Data were collected from the originals of the teeth of
Au. anamensis reported in Leakey et al. (1995) and
Ward et al. (2001). The Au. anamensis samples from Asa
Issie and Woranso-Mille were not included in this analy-
sis. A total of 17 molars of Au. anamensis teeth were an-
alyzed (Appendix). The sample consists of M1 (n = 7);
M2 (n = 6) and M3 (n = 4). Because our cast collection
of Au. afarensis molars was incomplete, we obtained a
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more complete data set kindly provided by Dr. Gen
Suwa (referred to hereafter as the GS data set) which
was originally reported in Suwa et al., (1994) (Appen-
dix). In addition to these data, the Maka sample (White
et al., 2000) was included, and for consistency, we used
values for the Maka sample measured by GS. A total of
48 teeth of Au. afarensis were analyzed, which excludes
the Dikika sample that was not examined for this study.

METHODS

There are subtle differences in the methods used to
measure cusp and cusp boundaries in molars (Wood et
al.,, 1983; Suwa et al., 1994; Bailey et al., 2004). The
main differences are in the orientation or placing of the
specimen so as to maximize the occlusal crown area.
Whereas Wood et al. (1983) used the cervical line as a
plane of reference; others have used the occlusal fovea to
maximize the occlusal crown area (Suwa et al., 1994,
1996). Despite these differences in the method, studies
suggest that it has no significant impact on the resulting
measurements (Suwa et al., 1994; Bailey et al., 2004;
Grine et al., 2009). In our study we followed the protocol
described in Suwa et al., (1994).

For Au. afarensis we used the GS data set on cusp
and crown areas. For Au. anamensis, cusp areas were
measured from images taken on high resolution casts of
the specimens made by us using Colténe President in its
“light and putty” variant. Casts were photographed
using a Zeiss stereo microscope coupled with Nikon Cool-
pix 4500 at 6X magnification. Total crown base areas
(CBA) as well as individual cusp areas were measured
using Imaged software. Individual cusp base areas were
measured following Wood et al. (1983) in which surface
areas of accessory cusps were divided equally and added
to the adjacent principal cusps. Crowns in which wear
had removed substantial lengths of the primary or sec-
ondary fissures or specimens that required extensive
reconstruction of the crown outline were not included in
this analysis. Each specimen was measured twice and
the mean of the two measurements was taken to be the
value for that specimen. If antimeres were available, the
mean of both areas was used. To assess potential differ-
ences between Au. anamensis and Au. afarensis molars
using the GS data set for Au. afarensis, we analyzed
interobserver error differences by comparing the same
Au. afarensis molars measured by us with measure-
ments of the same specimens made by GS. Two tailed
Student’s t-test was used to assess these differences.

Univariate analysis of cusp and crown areas includes
basic descriptive statistics as well as the nonparametric
Mann-Whitney U test for comparing the cusp and crown
base areas between Au. anamensis and Au. afarensis.
We compared not only the total crown base area (CBA) of
the molars but also the absolute sizes of the individual
cusps and their relative contribution to the composition
of the occlusal surface of the whole crown. To compare
differences in cusp size within the molar series of each
taxon (i.e., to compare the protoconid and metaconid of
each tooth type in each species), or to compare the
combined areas of the distal cusps relative to anterior
cusps, we employed the nonparametric Wilcoxon signed
rank test.

Molar development

Materials. Two naturally fractured Au. anamensis
molars, the M; KNM-KP 31712j and a possible M;
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Fig. 1. A: The occlusal view of KNM-ER 30749, an incomplete left M; (?) crown showing a fracture on the metaconid cusp tip
(arrowed). B: Lateral view of the metaconid indicating by a white line the approximate area where we measured the cuspal enamel
thickness. Note the concave shape of the Hunter Schreger bands (HSB) in (B) in this specimen from the younger Au. anamensis
site of Allia Bay, which contrasts with the shape of HSB described in some Au. afarensis molars (Lacruz and Ramirez Rozzi, 2010).

Fig. 2. Occlusal view of KNM-KP 31712j, an M; of Au. ana-
mensis. The protoconid cusp (arrowed) is perfectly fractured
naturally almost at the tip as seen in the image. We were able
to unglue this specimen to study its microstructure.

(KNM-ER 30749; Ward et al., 2001) were used to esti-
mate cusp and crown formation time. These specimens
were selected because they showed natural fractures
that passed near the dentine horn broadly oriented in
the buccolingual plane (Figs. 1A,B and 2). For detailed
descriptions of each specimen see Ward et al., (2001; p.
293 [KNM-KP 31712j] and p. 325 [KNM-ER 30749]).
This latter specimen had been previously sectioned and
cusp formation time for the hypoconid reported in Ward
et al. (2001). Here we report on the metaconid cusp for-
mation of this molar and on the protoconid of KNM-
KP31712j.

Methods. We have previously described in detail the
protocol for estimating crown formation time in hominin
molars (Lacruz et al., 2006; Lacruz and Ramirez Rozzi,
2010). Following the method of Reid et al., (1998) the lat-
eral perikymata or striae of Retzius are counted and the
total number is multiplied by the periodicity, which pro-
vides the lateral formation time of the crown. For the oc-
clusal or cuspal enamel we used the method originally
described in Beynon et al. (1991). The linear enamel
thickness is measured from a point just below the
gnarled enamel at the EDJ and the region in the outer
enamel where the last lateral stria is identified. This
measurement is then divided by the average value of the
cross striation length, providing the cuspal or occlusal
formation time. The average values of cuspal cross stria-
tions for Au. anamensis and Au. afarensis were reported
in Lacruz et al. (2008). Crown formation time is the sum
of lateral and cuspal enamel.

RESULTS
Interobserver error

Table 1 shows descriptive statistics for the Au. afaren-
sis molars measured by GS and by us comparing both
data sets. Two-tailed Student’s ¢-test reveals no signifi-
cant differences between measurements of the same sam-
ples made by different observers using a similar method.
In fact, our results and those obtained by GS are strik-
ingly similar when the overall mean values are consid-
ered. However, differences in individual cusp measure-
ments differed by as much as 25% in some cases, although
most commonly the differences were around 10-15%.

Crown and cusp base areas

Table 2 shows descriptive statistics of individual cusps
and crown base areas of lower molars of Au. anamensis
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TABLE 1. Interobserver error measurements were assessed using t-test comparison of the means of the cusp and crown areas for Au.
afarensis molars measured by us and those measured in Suwa et al. (1994)

Protoconid Metaconid Hypoconid Entoconid Hypoconulid Total area
M1 this study 34.3(.8)n=6 3027059 n=6 3213B7n=6 214441)n=6 216M41n=6 139.12(158)n =38
M1 GS 3243 7n=6 303447)n=6 298125 n=6 2484555 n=6 22128 n=6 13825(14.T)n =28
P value P=051;n=6 P=099n=6 P=023,n=6 P=025n=6 P=07%n=6 P=091;n =28
M2 this study 44.96 (7.4) n = 36.79(82)n =6 3296(5.7)n=6 223129 n=6 2713(6.1)n =6 163.34(20.2)n =38
M2 GS 4534 (7.1) n = 38.18(79)n =6 32.14(4.0)n =6 24.64(1.8)n = 25.75 (6.5)n = 6 166.10(19.85) n = 8
P value P=092;,n=6 P=07,n=6 P=09,n=6 P=013;n=6 P=071;n=6 P=0.78n=38
M3 this study 44.76 (4.00n =5 4257(24)n =5 27904.3)n =5 21.75(58)n=5 3355(6.6)n =5 168.51(16.1)n =717
M3 GS 4571 (65)n =5 41.014.3)n=5 27.15B36)n=5 2897(5.1)n=5 3056(7.2)n =5 169.66(17.1)n =17
P value P=079n=5 P=050;n=5 P=07T,n=5 P=007;n=5 P=051;n=5 P=099n="7

and Au. afarensis. Au. anamensis M; crown base areas
are somewhat smaller than those of Au. afarensis show-
ing smaller individual cusp means, which in the case of
entoconid and hypoconulid, were significantly different
(P < 0.05). Averages for Mys crowns were slightly higher
in Au. anamensis whereas Mss were moderately smaller.
Significant differences were observed for M, hypoconul-
ids and for M3 entoconids (Table 2). A graphical repre-
sentation (box plots) of the total crown base areas of
molars is shown in Figure 3. The Wilcoxon signed rank
test was used to compare the absolute size of the princi-
pal mesial cusps of each molar type between the hypo-
digms (Table 3). For Au. anamensis, no statistical differ-
ences between the protoconid and metaconid were identi-
fied for any of the molar types. For Au. afarensis, no
differences were identified in M;s, whereas Mys and Mss
showed statistical differences between the main cusps.
Despite absolute differences between the areas of the
protoconid and metaconid in Au. afarensis Mss and Mss,
Table 4 shows that there were no major changes in the
contribution of individual cusp base areas to the total
CBA between the two Australopithecus hypodigms. Ta-
ble 3 also shows results of Wilcoxon signed rank test
comparing the area formed by the combined measure-
ments of the posterior cusps relative to the areas formed
by the anterior cusps. For M;s, the increase in the areas
formed by the posterior cusps was significant in Auw.
afarensis, but for Msys, an increase in the areas formed
by the posterior cusps was significant in Au. anamensis.
No differences were identified in Mss in either

hypodigm.

Molar development

Using the method described in Lacruz et al. (2008) we
were able to obtain a periodicity of 7 days for the Auw.
anamensis specimen KNM-KP 31712j, which together
with the periodicities for two other Au. anamensis
reported in Ward et al. (2001), brings to a total of three
the number of Au. anamensis teeth with a known perio-
dicity; in all three cases it is 7 days. Thus, we use the 7
day periodicity to estimate the cuspal and crown forma-
tion times of Au. anamensis M;s (Table 5); the former
were calculated for the metaconid (KNM-ER 30749) and
protoconid (KNM-KP 31712j). We used the average of
the daily secretion rates from Lacruz et al. (2008) (i.e., a
mean occlusal DSR of 4.7 um). KNM-ER 30749 was
slightly worn and we estimated 200 ym of missing cuspal
enamel should be added to our estimations of linear
enamel thickness. KNM-KP 31712j is described as an
unworn M; crown (Ward et al., 2001, p. 293), but in this
case we added 100 um as the fracture plane appears to
have missed the very tip of the cusp (Fig. 2) (Table 5).
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Cusp formation times for each cusp are 2.2 years for the
metaconid of KNM-ER 30749 and 2.1 years for the proto-
conid of KNM-KP 31712;.

DISCUSSION

Prior to this study, only qualitative descriptions of
cusp areas of Au. anamensis were available (Ward et al.,
2001). For Au. afarensis, cusp and crown base areas
were quantified and reported in Suwa et al., (1994) and
Bromage et al., (1995). Our analysis of Au. afarensis
molars presented here differs from previous studies in
that we have included the Maka dental sample that was
reported after the publication of Suwa et al.’s and Brom-
age et al’s analyses.

Interobserver differences between our analysis and
that reported by Suwa et al., (1994) using the same
specimens reveal very minor differences in results.
Although minor differences were noted between the
means largely ranging from 10 to 15%, no statistically
significant differences were identified (Table 1). This
suggests that we can confidently use the GS data on Auw.
afarensis to compare it with our data on Au. anamensis
molars.

Differences in crown base areas between Au. anamen-
sis and Au. afarensis largely concern the smaller M;s of
Au. anamensis (P = 0.073) (Table 2). One of the Au. ana-
mensis M; specimens (KNM-KP 30500) was markedly
larger than the remaining M; of this group available for
study and was larger than all the known Au. afarensis
M;s. It is also noticeable that the crown of the My of
KNM-KP 30500 is also larger than all of the Au. afaren-
sis Mys. Box plots of crown areas are shown in Figure 3.

Comparing the average values of the Au. anamensis
crown base areas with the mean values for Au. africanus
in Suwa et al., (1994) and Bromage et al., (1995), Auw.
anamensis crown areas are smaller than the Au. africa-
nus mean for each molar type (Fig. 4). Compared with
the East and southern African Paranthropus samples,
Au. anamensis crown base area values are smaller for
all tooth types. When compared with the mean of the
values of the early Homo group reported by Suwa et al.,
(1994), Au. anamensis has moderately larger M, and
similar M3 mean crown base areas, whereas the M;s are
smaller in the Au. anamensis hypodigm. The picture
that emerges from these comparisons is that the Auw.
anamensis hypodigm has the smallest M; crown areas
among the early Australopithecus samples analyzed to
date, a finding consistent with metrical data on standard
MD-BL measurements (Suwa et al., 2009; Kimbel and
Delezene, 2009). Although some variation on a specimen
by specimen basis is noted, Figure 4 also indicates that
the overall trend in crown base area size is M;< My>



TABLE 2. Mean, range, and standard deviation for cusp and total crown areas of lower molars of Au. anamensis and Au. afarensis

Total crown
124.5 (99.8-166.2) (24.5)

Hypoconulid
17.1 (11.9-21.5) (3.8)

Entoconid

19.1 (15.5-21.4) (2.4)

Hypoconid
23.5 (18.5-32.3) (5.9)

Metaconid
27.2 (23.9-33.2) (3.6)
N

Protoconid
27.5 (22.1-35.9) (5.8)

7
141.1 (111.9-160.7) (15.4)

5
22.1 (18.6-26.9) (2.8)

5
24.6 (19.6-33.2) (4.9)

5

30.2 (25.4-33.1) (2.4)

5
30.9 (22.6-35.6) (4.4)

5
32.5 (25.7-36.1) (3.6)

M1

Au. anamensis

M1

Au. afarensis

=13
0.073*
170.7 (145.7-202.3) (18.7)

N

=8
0.028

=8
0.040

=8
0.079

=17
0.167

=17
0.123

P =

P =

29.0 (27.6-31.0) (1.4)
N

P
25.0 (18.1-29.8) (4.2)

P =

34.4 (28.4-42.5) (5.2)
N

P
39.8 (35.8-47.2) (4.3)

P =

P values

M2

Au. anamensis

43.2 (34.6-51.4) (7.6)
N
42.48 (32.0-57.2) (7.4)
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162.4 (129.6-197.6) (20.9)

31.8 (25.5-39.0) (4.4) 25.8 (21.2-35.3) (4.0) 24.8 (19.2-36.5) (4.9)

36.3 (25.5-44.7) (7.5)

M2

Au. afarensis

N =10
0.806

P
42.7 (40.7-44.5) (1.9)

P values

161.1 (147.8-177.1) (12.8)

26.5 (22.0-30.3) (4.2) 19.2 (16.4-22.2) (2.9) 33.7 (24.6-39.0) (7.7)

33.9 (32.3-36.2) (2.1)

M3

Au. anamensis

163.6 (140.8-202.9) (15.9)

3

27.3 (22.0—3_6.3) (4.1)

3

36.4 (26.7-43.5) (5.4)

3

42.5 (34.0—5_6.2) (6.5)

28.6 (21.5-38.7) (5.4)

28.0 (21.5-34.3) (4.1)

M3

Au. afarensis

N =10
=0.398

p

N =10
= 0.996

P

P values

P values indicate results of Mann-Whitney U test comparing values of each cusp between hypodigms.

M; in Au. anamensis and Au. africanus. This is a simi-
lar trend to that described for early Homo (Suwa et al.,
1994). For the Au. afarensis hypodigm, My crown base
area is moderately smaller than M3 (Fig. 4), as was
also observed in P. boisei (Wood et al., 1983; Suwa et
al., 1994).

Molar crown development

Information on the timing of the development of Au.
anamensis molars was provided in Ward et al. (2001).
The cusp formation times published in Ward et al.
(2001) are as follows: KNM-KP 30748 protocone = 2.28
years and KNM-ER 30749 hypoconid = 2.72 years.
Ward et al. (2001) indicated that "the greater time for
cusp formation in the KNM-ER 30749 hypoconid than
the KNM-KP 30748 protocone suggests that this speci-
men belongs more distal in the tooth row than does
KNM-KP 30748.” Indeed M;s have shorter crown for-
mation than Mss and Mss in humans and in chimpan-
zees (Reid and Dean, 2006; Smith et al., 2007). How-
ever, in Ward et al., (2001; p. 325) it is indicated that
KNM-ER 30749 is a left M;. Given the uncertainty con-
cerning KNM-ER 30749 and because of a method
recently reported to assess crown formation time based
on cusp formation time (see below), it is perhaps more
informative to focus our attention on the protoconid of
KNM-KP 31712j (M;) to assess crown formation. The
cusp formation time obtained was 2.1 years, which is in
line with the values reported by Ward et al., (2001) for
a maxillary protocone.

We have previously estimated molar crown formation
times in molars of Au. afarensis, Au. Africanus, and P.
robustus from cusp formation times using a method
originally described by Ramirez Rozzi (1993) in an
analysis of Ethiopian specimens from the Omo Forma-
tion (Lacruz et al.,, 2006; Lacruz and Ramirez Rozzi,
2010). In this study we use a different method. The
reason to do so is the difficulty in following the last cer-
vical stria to its corresponding perikyma and following
this to the distal moiety of the molar, as we had previ-
ously done (Ramirez Rozzi, 1993; Lacruz et al., 2006).
Thus we relied on the results of a recent study of mod-
ern human M; crown development that showed that
the time taken to develop the protoconid approximates
(with a small, ¢. 7%, margin of error) to the time taken
to form the whole crown (Mahoney, 2008). Using this
relationship and the estimate of the time to form the
protoconid of KNM-KP 31712j (2.1 years or 759 days),
we can obtain an estimate of 2.2 years (759 days + 7%
or 53 days = 812 days) for the formation time of the
entire crown. We did not use the same method to assess
crown formation time in KNM-ER 30749 because infer-
ring total crown formation time based on metaconid
formation times had a noticeably greater error
(Mahoney, 2008). However, the crown formation time
for this molar based on our results and those reported
in Ward et al. (2001) can be estimated to be between
2.2 and 2.7 years. The estimated crown formation time
of 2.2 years for KNM-KP 31712j (M) is similar to the
reported average value of chimpanzee (Pan troglodytes)
M, crown formation (Smith et al.,, 2007) suggesting
that this may be the symplesiomorpic condition for
early hominins. The crown formation time is also
shorter than the corresponding values for Homo sapi-
ens (Reid and Dean, 2006). A cautionary note should be
included here. We had originally reported on the meta-
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Fig. 3. Box plots of total crown areas for each molar type in
lower molars of Au. anamensis and Au. afarensis.

conid cusp formation time of A.L. 333-52 which was
described by Johanson et al. (1982) as an M;. However,
it has come to our attention that this tooth may be best
classified as an My and that the cusp analyzed by us
was not a metaconid but an entoconid (Gen Suwa pers.
comm.). Therefore, data obtained here for Au. anamensis
M;s may not be directly compared with like-tooth type
in Au. afarensis.

It is well known that the timing of M; eruption is
highly correlated with life history-related variables (i.e.,
cranial capacity) (Smith, 1991). For hominins, however,
data on molar eruption times are scarce (e.g., Dean,
2010) but in the absence of such information, M; crown
formation time could possibly be used as a broad indica-
tor of hominin life history, although this issue remains a
subject of study (Macho, 2001; Kelley and Smith, 2003;
Schwartz et al., 2005). In hominins, this approach is

TABLE 3. Top: Intraspecies comparison of the areas of the main
anterior cusps (protoconid vs. metaconid) for each molar type in
Au. anamensis and Au. afarensis lower molars using Wilcoxon
signed rank test; Bottom: Comparison of the relative areas of the
individual posterior cusps combined with the combined areas of
the anterior cusps for each molar type using Wilcoxon signed
rank test

Protoconid vs. metaconid

Hypodigm M1 M2 M3
Au. anamensis P = 0.502 P =0.225 P =0.109
Au. afarensis P =0.176 P = 0.005 P = 0.022
Anterior vs. posterior cusps
M1 M2 M3
Au. anamensis P = 0.08 P = 0.043 P =0.109
Au. afarensis P =0.018 P = 0.169 P =0.114

hampered because of the few data that are available on
M; crown formation time (Lacruz and Ramirez Rozzi,
2010). Despite these uncertainties, M; crown formation
time can be used to predict the age at death of certain
individuals (e.g. Lacruz et al., 2005). Using our reported
M; crown formation for Au. anamensis (2.2 years, Table
5), together with the average rate of root growth in Auw.
anamensis, apes or in modern humans of between 1 and
2 mm of the first root formed (c. 6.0 microns/day) (Dean,
2010), this information may be used to estimate age at
death of juvenile Au. anamensis fossils in the future.
Furthermore, because the time invested by each species
in forming a tooth depends on the schedule of growth
and development of that species and the time available
to do this (e.g. Bromage, 1987; Dean, 2006; Lacruz et al.,
2008) the data on crown formation time presented here
and the reported data on Au. anamensis root formation
(Dean, 2010) suggests potentially similar developmental
schedules for Au. anamensis and Pan. This matches
what has been proposed some time ago for Au. afarensis
(Bromage and Dean, 1985; Anemone, 2002).

Morphological changes in Australopithecus molars

Among the differences identified between the Au. ana-
mensis and Au. afarensis fossils, including the Woranso-
Mille material, the mandibular molars of Au. anamensis
are described as being lower crowned than those of Auw.
afarensis and possessing "sloping buccal sides" (Leakey
et al., 1995). The maxillary molars possess "trigons
much wider than talons" (Leakey et al., 1995). However,
the size of the permanent postcanine teeth was consid-
ered to be similar in the two species (Haile-Selassie et
al., 2010; Ward et al., 2001). The occlusal morphology of
mandibular molars (i.e., as judged by the observed size
of main cusps) was also described as being similar in
these taxa although no quantitative data was reported
(Ward et al., 2001). Descriptions of the occlusal areas of
lower molars indicated that the largest cusps in Au. ana-
mensis were the protoconid and metaconid (Ward et al.,
2001, p.350). It was also noted that the fissure patterns
of the Au. anamensis molars exhibited enough variation
to suggest caution about the use of such features for tax-
onomic purposes (Ward et al., 2001, p. 350).

The results of the quantitative analyses presented
here, which do not include the Woranso-Mille or Asa
Issie Au. anamensis, show that the crown base area val-
ues of Au. anamensis M;s are smaller than those for Au.
afarensis, whereas M, are slightly bigger and have simi-
lar M3 crown. Few statistically significant differences
were identified for any of the crowns of the molar types
although differences were identified in some of the distal
cusps (entoconid and hypoconulid) of all molar positions.
These differences may be related to the complexities of
the distal moiety of lower molars which makes difficult
to clearly identify the boundaries of the distal cusps

TABLE 4. Percentage that each individual cusp area contributes to the total crown area in lower molars of Au. anamensis and Au.

afarensis
Hypodigm Molar Protoconid Metaconid Hypoconid Entoconid Hypoconulid
Au. anamensis M1 23.6% (sd 2.3) 23.3% (sd 1.9) 20.6% (sd 2.1) 16.7% (sd 3.0) 15.7% (sd 2.4)
Au. afarensis M1 23.4 % (sd 1.4) 22.0% (sd 0.9) 21.5% (sd 0.9) 17.4% (sd 1.9) 15.7% (sd 1.1)
Au. anamensis M2 24.9% (sd 2.7) 23.1% (sd 0.9) 19.5% (sd 1.1) 15.6% (sd 1.5) 16.7% (sd 1.6)
Au. afarensis M2 26.1% (sd 1.9) 22.9% (sd .18) 19.7% (sd 1.5) 16.1% (sd 2.1) 15.2% (sd 1.9)
Au. anamensis M3 26.2% (sd 2.4) 22.5% (sd 2.0) 16.4% (sd 2.0) 13.4% (sd 4.1) 21.4% (sd 3.8)
Au. afarensis M3 26.1% (sd 1.6) 22.8% (sd 2.7) 17.0% (sd 1.7) 17.1% (sd 1.6) 17.0% (sd 2.6)
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TABLE 5. Crown formation time in Au. anamensis molars

Locality Allia Bay Kanapoi

Specimen KNM-ER 30749 KNM-KP 31712j

Cusp Metaconid Protoconid

LET 1,147 ym 1,100 ym

C/LET 1,347 yum 1,200 ym

Lateral/SR 73 72

Periodicity 7 7

AV Oc¢/DSR (4.7 ym) (4.7 ym)

LFT/d 511 504

OFT/d 286 255

Cusp FT/years 2.2 2.1

Total CFT/years ? 2.2

200 -

180 -

160 -

140 - =i-Au. anamensis

555 -@-Au. afarensis
-B-Au. africanus

100 T T |
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Fig. 4. Comparison of the averages of crown areas in Aus-
tralopithecus molars. The molars of Au. anamensis are smaller
than other Australopithecus. These values are, however similar,
to those reported for early Homo (Suwa et al., 1994). It is also
noticeable that there has been an increase in M; crown areas
from the oldest Australopithecus (Au. anamensis) to the young-
est species of the genus (Au. africanus). Au. africanus data
were obtained from Suwa et al. (1994).

(Suwa et al. 1994, 1996; Ward et al., 2001; Bailey et al.,
2004). Although Wilcoxon signed rank test showed no
statistically significant differences between the protoco-
nid and metaconid in the Au. anamensis molar series,
we identified significant differences for Auw. afarensis
Mss and Mj3s (Table 3). Furthermore, when the contribu-
tion of the individual cusps areas is considered in rela-
tion to the whole crown for all molar types the results
for the two taxa were similar (Table 4). Table 2 also indi-
cates that for the Mys and Mss of Au. anamensis and
Au. afarensis, the protoconid>metaconid>hypoconid,
whereas in the Mjs the mesial cusps are sub-equal in
size. Finally, the expansion of the distal moiety of Au.
afarensis Mis was significant relative to the area formed
by the anterior cusps. For Mss this is noted in the Auw.
anamensis hypodigm only, whereas no differences were
noted in Mss for either hypodigm. These data indicate
that for the lower molars, the transition from Au. ana-
mensis to Au. afarensis may have included a moderate
increase in M; crown area with expansion of the distal
moiety of this tooth.

CONCLUSION

Our analysis suggests that there may have been a
moderate increase in M; crown base area from Au. ana-
mensis to Au. afarensis. Previous commentators have
suggested that changes in tooth crown size, which we
here extend to include changes in overall crown and

individual cusp areas, are indicative of changes in the
properties of foods consumed (Lucas et al., 1986). In
keeping with this notion and with previous studies (Tea-
ford and Ungar, 2000; Ward et al., 2001, 2010; White et
al., 2006), a modest increase in M; crown base area from
Au. anamensis to Au. afarensis is consistent with a mod-
est shift in dietary adaptations between these two
groups (but see Grine et al., 2006; Ungar et al., 2010).
This adaptive shift appears to be supported by additional
material of Au. anamensis that is not yet fully described
(Ward et al., 2010).

This study contributes to a better understanding of
the evolution of mandibular molars within Australopi-
thecus and provides additional evidence about the nature
of the relationships between Au. anamensis and to Au.
afarensis.
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APPENDIX: LIST OF SPECIMENS USED IN THIS STUDY

Au. anamensis Au. afarensis

Specimen Locality Specimen Locality
M1 KNM-KP 29286 Kanapoi AL128-23 Hadar
KNM-KP 29281 Kanapoi AL145-35 Hadar
KNM-KP 34725 Kanapoi AL200-1b Hadar
KNM-KP 31712 Kanapoi AL266-1 Hadar
KNM-KP 30500 Kanapoi AL288-1 Hadar
KNM-ER 30201 Allia Bay AL333-74 Hadar
KNM-ER 20422 Allia Bay AL333w-12 Hadar
AL333w-1 Hadar

AL333w-60 Hadar

LH.2 Laetoli

LH.3 Laetoli

LH. 4 Laetoli

LH.16 Laetoli

M2 KNM-KP 29286 Kanapoi AL128-23 Hadar
KNM-KP 34725 Kanapoi AL145-35 Hadar
KNM-KP 29287 Kanapoi AL188-1 Hadar
KNM-KP 30500 Kanapoi AL198-1 Hadar
KNM-KP 29281 Kanapoi AL207-13 Hadar
KNM-ER 35233 Allia Bay AL266-1 Hadar
AL277-1 Hadar

AL288-1 Hadar

AL333w-1 Hadar

AL333w-27 Hadar

AL333w-57 Hadar

AL333w-59 Hadar

AL333w-60 Hadar

AL400 Hadar

LH4 Laetoli

LH.19 Laetoli

LH.23 Laetoli

MAK1-2 Maka

MAK1-3 Maka

MAK1-12 Maka

M3 KNM-KP 29286 Kanapoi AL188-1 Hadar
KNM-KP 30500 Kanapoi AL198-1 Hadar
KNM-KP 29281 Kanapoi AL266-1 Hadar
KNM-ER 20428 Allia Bay AL288-1 Hadar
AL333-59 Hadar

AL333-74 Hadar

AL333w-57 Hadar

AL333w-59 Hadar

AL333w-32/60 Hadar

AL400-1 Hadar

AL366-1 Hadar

LH4 Laetoli

LH.15 Laetoli

MAK1-2 Maka

MAK1-12 Maka
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