A geometric morphometric analysis of hominin upper first molar shape
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Abstract

Recent studies have revealed interesting differences in upper first molar morphology across the hominin fossil record, particularly significant
between H. sapiens and H. neanderthalensis. Usually these analyses have been performed by means of classic morphometric methods, including
the measurement of relative cusp areas or the angles defined between cusps. Although these studies have provided valuable information for the
morphological characterization of some hominin species, we believe that the analysis of this particular tooth could be more conclusive for tax-
onomic assignment. In this study, we have applied geometric morphometric methods to explore the morphological variability of the upper first
molar (M') across the human fossil record. Our emphasis focuses on the study of the phenetic relationships among the European middle Pleis-
tocene populations (designated as H. heidelbergensis) with H. neanderthalensis and H. sapiens, but the inclusion of Australopithecus and early
Homo specimens has helped us to assess the polarity of the observed traits. H. neanderthalensis presents a unique morphology characterized by
a relatively distal displacement of the lingual cusps and protrusion in the external outline of a large and bulging hypocone. This morphology can
be found in a less pronounced degree in the European early and middle Pleistocene populations, and reaches its maximum expression with the
H. neanderthalensis lineage. In contrast, modern humans retain the primitive morphology with a square occlusal polygon associated with a round
external outline.
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Introduction

Teeth are a valuable and durable source of information for
anthropological research based, on the one hand, on their
abundance and excellent preservation in the fossil record
(e.g., Butler, 1963; Larsen and Kelley, 1991). The scope of den-
tal anthropology ranges from ecological studies (e.g., Molnar,
1971; Hillson, 1986; Lalueza and Pérez-Pérez, 1993; Pérez-
Pérez et al., 2003; Lozano et al., 2004) to the characterization

of species (e.g., Weidenreich, 1937; Le Gros Clark, 1950;
Tobias, 1991) and the reconstruction of their relationships
(e.g., Irish, 1997, 1998; Bailey, 2000, 2002; Irish and Gua-
telli-Steinberg, 2003). Moreover, teeth do not suffer remodella-
tion in response to environmental stresses as other skeletal parts
do (Dahlberg, 1971; Larsen and Kelley, 1991; Thomason,
1997), so once they are formed, their morphology is only af-
fected by attrition or decay. Therefore, teeth are excellent and
stable markers for affinity studies within and among popula-
tions (Turner, 1969) and, thus, for the study of human ancestors
(Irish, 1993). Among other things, dental anthropology investi-
gates the taxonomic utility of teeth, searching for morphometric
traits that may be useful in characterizing hominin groups.



The erigin of H. sapiens, eur relatienship with H. neander-
thalensis, and the identificatien of eur last cemmen ancester is
still an epen debate (e.g., Bermudez de Castre et al., 1997; Fe-
ley and Lahr, 1997; Lahr and Feley, 1998; Rightmire, 1998;
Stringer and Hublin, 1999; Stringer, 2002). Thus, it is neces-
sary te search fer merphelegical traits that establish the simi-
larities and differences ameng the greups under discussien.
We centribute te this debate by cemparing medern humans
and Neandertals with the crucial inclusien ef the large dental
sample frem Atapuerca-Sima de les Hueses site that are rep-
resentative of H. heidelbergensis and censidered direct ances-
ters of H. neanderthalensis (Arsuaga et al., 1997), and frem
the Atapuerca-TD6 sample, the enly dental remains recevered,
se far, frem the Eurepean early Pleistecene (Bermudez de
Caswe et al., 1997). In additien, we alse include a large sample
of teeth assigned te several species of the genera Australopi-
thecus and Homo in erder te explere the pelarity ef the eb-
served merphelegies.

In dental anthrepelegical studies, upper first melars (M') are
petentially useful fer taxenemic assignment of iselated human
remains (e.g., Weed and Engleman, 1988; Tattersall and
Schwartz, 1999; Bailey, 2004) and are even distinct ameng dif-
ferent medern human pepulatiens (Merris, 1986). Mercever,
M' merphelegy has been shewn te be distinctive in H. nean-
derthalensis (Bailey, 2004). These cenclusiens usually ceme
frem persenal ebservatien and classic metric studies using
linear measurements of the crewn (Merris, 1986; Weed and
Engleman, 1988), cusps angles (Merris, 1986; Bailey, 2004),
relative cusp areas (Weed and Engleman, 1988; Bailey,
2004), and ecclusal pelygen areas (defined by lines cennecting
cusp apices; Merris, 1986; Bailey, 2004). In additien, M dis-
plays the mest stable merphelegy within the melar series (Scett
and Tumner, 1997), which undeubtedly makes it easier te iden-
tify hemelegeus landmarks despite variatien ameng species.

The Arizena State University Dental Anthrepelegy System
(ASUDAS; Turner et al., 1991) is ene of the standards devel-
epecd te assess medern human dental variability and it has been
alse applied te ether fossil heminin species with mederate suc-
cess (e.g., Irish, 1997, 1998; Bailey, 2000, 2002; Irish and
Guatelli-Steinberg, 2003). Hewever, this system fails te cever
the cemplete range of dental variatien in the heminin fessil re-
cerd (Bailey, 2002, 2004; Hluske, 2004; Martinén-Terres,
2000), particularly in the case of the upper first melar. Further-
mere, classic merphemetic studies have alse revealed certain
limitatiens fer characterizing the dental variability ef seme
pepulatiens (e.g., Geese, 1963; Hillsen et al., 2005; Stejanew-
ski, 2006), metivating the search fer alternative metheds with
different degrees of success (Biggerstaff, 1969; Merris, 1986;
Mayhall, 2000; Bailey, 2004; Hillsen et al., 2005; Stejanew-
ski, 2006).

In relatien te this matter, geemetric merphemetric tech-
niques have been preven te be effective teels fer measuring
shape variatien, allewing pewerful statistical cemparisens
(Rehlf and Marcus, 1993). Therefere, their applicatien te dental
studies might advance eur knewledge of dental merphelegical
variability and its evelutienary significance. The pessibility ef
finding apemerphic traits fer characterizing paleespecies

(Welpeff, 1971; Bytnar et al., 1994; Bailey, 2000, 2002, 2004,
Bailey and Lynch, 2005) makes it werthwhile te explere alter-
native methedelegies. In the dental field, geemetric merphe-
metics evercemes seme methedelegical difficulties related te
abselute teeth erientatien within the jaw and helps us te under-
stand eutline shape variatien with respect te bielegically mean-
ingful structures, such as the spatial cenfiguratien ef cusps, and
their relatienship te everall size (Martinen-Terres et al., 2006).

The aim ef eur study is te evaluate the phenetic relatien-
ships ameng Eurepean middle Pleistecene pepulatiens, H. ne-
anderthalensis and H. sapiens, explering the differences in M*
merphelegy and ameng these species by means of geemetric
merphemetrics. Previeus studies lacked samples large eneugh
te ascertain primitive versus derived nature of the M' shape
variatien (Bailey, 2002, 2004). The inclusien ef a sample eof
early Homo and Australopithecus in the cemparisen will
help te determinate the pelarity ef the merphelegical variants
and whether these differences have any utility in the taxe-
nemic assignment ef specimens.

Materials and methods
Materials and photographic methods

We perfermed a geemetric merphemetric analysis en a sam-
ple of 105 M's frem several heminin species with special
emphasis en H. heidelbergensis, H. neanderthalensis and H. sa-
piens. The sample included (Table 1): Australopithecus ana-
mensis (n=2), A. afarensis (n=06), A. africanus (n=10),
Homo habilis sensu lato (n =10), H. ergaster (n =4), H. erec-
tus (n =95), H. georgicus (n =2), H. antecessor (n =3), H. hei-
delbergensis (n=16), H. neanderthalensis (n=14), and H.
sapiens (n=32).

The inclusien ef Australopithecus and ether Pliecene and
Pleistecene Homo specimens in the cemparisen helped us te
assess the phylegenetic significance of the ebserved differ-
ences. Australopithecus species were analyzed separately.
Fer cemparative purpeses, specimens usually ascribed te H.
habilis and H. rudolfensis, as well as seme African Pliecene
specimens witheut censensus in their taxenemical assignment,
were greuped as H. habilis s.I. The African specimens attrib-
uted by seme authers te H. erectus sensu lato (Walker and
Leakey, 1993) were analyzed as H. ergaster (Greves and Ma-
zak, 1975), leaving the deneminatien H. erectus (Dubeis,
1894) fer the Asian specimens (Andrews, 1984; Stringer,
1984; Weed, 1984). A Nerth African early middle Pleistecene
specimen assigned te H. mauritanicus by Hublin (2001) was
included in H. ergaster. We used the deneminatien /. georgi-
cus feor the Dmanisi heminins (Gabunia et al., 2002) and H.
antecessor (Bermidez de Castre et al., 1997) fer the Eurepean
early Pleistecene specimens frem Atapuerca-TD6. Heminins
frem the Eurepean middle Pleistecene were greuped as H. hei-
delbergensis, and the H. neanderthalensis taxen cemprised
classic late Pleistecene Eurepean Neandertals. Finally, the
H. sapiens sample included a medieval cellection frem the
San Nicelas site (Murcia, Spain; Genzilez, 1990) and speci-
mens frem several Eurepean Upper Paleelithic sites.



Table 1

List of the specimens included in this analysis

Australopithecus anamensis (n=2)
Australopithecus afarensis (n=0)
Australopithecus africanus (n=18)
Homo habilis s.l. (n=16)

Homo georgicus (n=2)

Homo ergaster (n=4)

Homo erectus (n=79)

Homo antecessor (n=3)

Homo heidelbergensis (n=16)

ER30200; ER31408 (casts)
AL206; AL486; LH3H; LH6; LH17; LH21 (casts)

MLP6; TM1511; STS1; STSS; STS21; STS52; STSS56; STS57; STW151; STW183 (casts)
SE255; ER868; ER159¢; ER1813; OH6; OH13; OH21; OH39, OH41; OH44 (casts)

D2282; D278 (originals)

SK27; SKX268; WT15008; Rabat (casts)
Sangiran 7-3; 7-9; 7-1@; 7-37; 7-4@ (casts)
ATD6-18; ATP6-69; ATP6-183 (originals)

Arago 9; 54 (casts)
Sima de los Huesos: AT-1100; AT-16;

AT-196; AT-28; AT-2071; AT-26; AT-3177;
AT-587; AT-767; AT-772; AT-812 (originals)
Pontmewydd: 4; 12 (casts)

Steinheim (cast)

Homo neandertalensis (n=14)

Krapina: MxA; MxB; 108; 134; 136; 166; 171; (casts)

Pinilla del Valle: PIN1@ (original)
Kulna: Kulna 1 (cast)

Le Moustier: Le Moustier 1 (cast)
Saint Cesaire: SC; SC1 (casts)
Sidrén: SBRO12 (cast)

Tabun: TB1 (C1) (cast)

Homo sapiens (n=32)

Mladec: Mladec 1 (cast)

Jebel Iroud (cast)

Almonda (cast)

Trou Magritte (cast)

Abri Pataud: Pataud 1 (cast)

Polni Vestonice 13; 14; 15 (originals)

Medieval modern human collection from Universidad Auténoma de Madrid (originals)

Envirenmental stresses may influence the develepment of
the genetic pattern in beth antimeres resulting in fluctuating
asymmewy (Waddingten, 1957). Hewever, asymmetry in den-
tal merphelegy tends te be miner and dees net imply hetere-
zygesity (Trinkaus, 1978; Scett and Turner, 1997). We
randemly chese the left antimere fer these analyses. In erder
te maximize sample sizes, when the left teeth was absent er
when the landmarks were less clear, the right teeth was
mirrer-imaged with Adebe Pheteshep®. Teeth with severe at-
tritienal wear were net included.

We used standardized ecclusal surface pictures of the M'.
Images were taken with a Niken® DI1H digital camera fitted
with an AF Micre-Niken 105 mm, {f/2.8D. The camera was at-
tached te a Kaiser Cepy Stand Kit RS-1® with grid basebeard,
celumn, and adjustable camera arm, ensuring that the lens was
parallel te the basebeard and the cementeenamel junctien
(CEJ). Fer maximum depth ef field, we used an aperture ef
f/32. The magnificatien ratie was adjusted te 1:1, and a scale
was included and placed parallel te, and at the same distance
frem the lens as, the ecclusal plane.

Seme authers have peinted te seme preblems that may de-
rive frem werking en 2D prejectiens of 3D ebjects, such as the
pessible distertien of the eriginal size and shape ef the struc-
tures (Frie3, 2003) and the erientatien ef the phetegraphed
elements (Gharaibeh, 2005). Altheugh, ideally, this type eof
study sheuld be perfermed directly en 3D structures, there

are an impertant number eof dental merphelegical studies
that have been successfully perfermed en 2D images of the
teeth (Bailey, 2004; Bailey and Lynch, 2005; Martinen-Terres
et al., 2006; Pérez et al., 2006, ameng the mest recent).

Geometric morphometric methods

Geemetric merphemetrics capture the spatial aspects eof
merphelegical variatien ef bielegical structures. Shape varia-
tien in merphelegical structures is captured by cenfiguratiens
of landmarks, which are peints ef cerrespendence between
different ebjects that match between and within pepulatiens
(Beekstein, 1991; @’Higgins, 2000; Zelditch et al., 2004).
Landmarks have beth ceerdinates and a bielegical signifi-
cance (Beekstein, 1991). Generalized Precrustes superimpe-
sitien (GPA; Sneath, 1967; Rehlf and Slice, 1990; Dryden
and Mardia, 1998) preduces a cemmen consensus or mean
cenfiguratien ef the studied sample by iteratively minimizing
the distances between cerrespending landmarks using least-
squares metheds, after translatien, retatien, and scaling ef
the cenfiguratiens. The results of the generalized Precrustes
superimpesitien are scatters of cerrespending landmarks
(Precrustes shape ceerdinates) areund their means. The shape
of a Precrustes registered landmark cenfiguratien is defined
by the entirety of its residual ceerdinates (Zelditch et al.,
2004).



Thin-plate spline (TPS) prevides anether representatien ef
the shape differences between twe ebjects by a defermatien
of the first specimen inte the secend ene. The tetal deferma-
tien between twe particular specimens er between a specimen
and the consensus cenfiguratien can be partitiened inte a uni-
ferm and a nen-umiferm cempenent. The uniferm cempenent
affects the whele cenfiguratien ef landmarks in the same
manner such as is the case with shearing. The nen-uniferm
cempenent requires bending energy and centributes te the de-
fermatien ef specific regiens eof the structure (Beekstein,
1991). The preperties of this bending energy can be used te
derive a set of pewerful shape descripters, the partial warps
plus the uniferm cempenent (Beekstein, 1989, 1991, 1996a;
Rehlf, 1996).

Finally, relative warps analysis (Beekstein, 1991) cerre-
spends te a principal cempenents analysis ef the partial
warp sceres and illustrates the main patterns of merphelegical
variatien. Given its similarity te principal cempenents analy-
sis, relative warps are a useful teel fer explering variatien,
and they serve te reduce the tetal variatien te a smaller number
of independent dimensiens (Frief3, 2003). Typically, the first
few cempenents (er relative warps) summarize mest of the
variatien ef a sample (Frief3, 2003). The relative warps analy-
sis was perfermed using TpsRelw seftware (Rehlf, 1998a).

Mere detailed infermatien abeut this methed and its appli-
catiens can be feund in ether texts (e.g., Beekstein, 1989,
1991, 1996a; Rehlf and Slice, 1990; Rehlf, 1996; Beekstein
et al., 1999, 2003: Bastir et al., 2004, 2005).

Canonical variates analysis

Te better understand the variability ef eur sample we per-
fermed a canenical variates analysis (CVA), apprepriate te
ebtain an eptical discriminatien ameng greups relative te var-
iatien within greups, in as much as the individuals can be er-
ganized in mutually exclusive greups (Zelditch et al., 2004).
This type of analysis is highly recommended in studies where
the variatien ameng individuals is high, since it maximizes in-
tergreup variability relative te intragreup variability (Albrecht,
1980).

In erder te have a significant representatien ef the intragreup
variability, the CVA was enly perfermed for these greups with
a sample size greater than ten (i.e., A. afvicanus, H. habilis s.1.,
H. heidelbergensis, H. neanderthalensis, and H. sapiens). The
CVA was perfermed empleying a generalizatien ef Fisher’s lin-
ear discriminant functien, te determinate a linear cembinatien
frem the eriginal variables which maximizes intergreup vari-
ability (Mardia et al., 1979). Since the CVA describes differ-
ences ameng greups, its results and interpretatiens may differ
frem these ebtained with the PCA. In additien, CVA implies
arescaling and reerientatien ef the axis maximizing intergreup
variance relative te intragreup variance (Zelditch et al., 2004).
We empleyed the TpsRegr seftware (Rehlf, 1998b) fer multi-
variate regressien of shape data en CV sceres te visualize the
shape asseciated te a given canenical axis.

Frem the CVA, an assignment test was perfermed. With
this test, each individual is assigned te enc ef the pre-

established greups, calculating the prebability ef the Mahala-
nebis distance between each individual and its greup mean be-
ing lewer than the expected distance under the null hypethesis
of randem variatien (Zelditch et al., 2004). This type of test is
empleyed te evaluate the utility ef the axis derived frem the
CVA, te discriminate and determine the affinity of the greups
established & priori (Nelte and Sheets, 2005).

Landinarks and semilandmarks

As we mentiened abeve, landmarks are peints ef bielegical
and geemetric cerrespendence ameng specimens (Zelditch
etal., 2004). In 2D space they have twe clear ceerdinates. Land-
marks sheuld be chesen accerding te their utility in assessing
merphelegical variability and their ease of identificatien fer le-
catien and relecatien witheut errer (Zelditch et al., 2004). In this
study, feur landmarks were chesen en the ecclusal surface of M!
(Biggerstaff, 1969), cerrespending te the tips of the feur main
cusps (Fig. 1): landmark 1: tip ef the mesielingual cusp er pre-
tecene; landmark 2: tip ef the mesiebuccal cusp er paracene;
landmark 3: tip ef the distebuccal cusp er metacene; and land-
mark 4: tip ef the distelingual cusp er hypecene.

The digitizatien of the landmarks was perfermed by A. G.-R.
using the TpsDig seftware (Rehlf, 1998c). When using a cast,
the tips of the main cusps were marked with seft pencil prier
te phetegraphing. When using an eriginal er when permissien
te mark was denied, the tips of the main cusps were visually le-
cated in the images while simultanesusly examining the fessil.
When the teeth shewed little wear, the cusp tip was marked in
the center of the wear facet. When mesial and/er distal berders
of the teeth were affected by light interpreximal wear, eriginal
berders were estimated by reference te everall crewn shape and

Fig. 1. TpsWig digitized image of a left upper first molar of H. heidelbergensis
(SH) showing the four landmarks: (1) protocone #ip; (2) paracone #p; (3) meta-
cone #p; (4) hypocone #ip; and the 3¢ semilandmarks (5 to 34) located at the
intersecion of the external outline and the fan lines. M = mesial, B = distal,
B = buccal, L = lingual.
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Fig. 2. Sima de los Huesos right upper fuirst molar corrected for interproximal
wear. M = mesial, B = distal, B = buccal, L = lingual.

the buccelingual extent of the wear facets (Fig. 2), fellewing
Weed and Engleman (1988) and Bailey (2004).

The use of sliding semilandmarks was inweduced by Beek-
stein with the aim te use “landmarks fer descriptien ef struc-
tures that lack frue landmarks” (Beekstein, 1997; Beekstein
et al., 1999). Recently, they have been increasingly used in
merphelegical studies (Mittereecker et al., 2004, 2005; Sheets
et al., 2004; Gunz et al., 2005; Bastir et al., 2006; Martinen-
Terres et al., 2006; Pérez et al., 2006). Semilandmarks are par-
ticularly useful in dental studies, where relevant infermatien
such as asymmetry er centeur shape (Weed ct al., 1983;
Weed and Uytterschaut, 1987; Bailey and Lynch, 2005;
Martinen-Terres et al., 2006) cannet be defined by landmarks.

Fer the assessment of the external eutline ef the Mls, we
empleyed a set of 30 semilandmarks. Semilandmarks are char-
acterized by ene well-defined ceerdinate en the curve and ene
arbitrary ene. Therefere, they have been defined as “mathe-
matically deficient” te seme degree (Beekstein, 1991,
1997), but still useful te explere shape difference in structures
which are net bielegically significant (Adams et al., 2004).
“Sliding techniques” are empleyed te minimize the effects
of the arbitrary lecatien ef the semilandmarks aleng the curve
(Beekstein, 1996b, 1997; Beekstein et al., 2002; Gunz et al.,
2005). This technique extends the standard Precrustes super-
impesitien methed, sliding the peints aleng the external curve
until they cerrespend eptimally te their equivalents in the con-
sensus cenfiguratien (Beekstein, 1997). The semilandmarks
can be slid aleng tangents defined by neighbering semiland-
marks, either te minimize bending energy (Beekstein, 1997;
Beekstein et al., 2002, 2003 ; Mittereecker et al., 2004 ; Bastir
et al., 2006) er, as in this study, Precrustes distance (Rehlf,
1998a). Sliding techniques help te minimize the arbiwary
part of variatien (Rehlf, 1998a). After the Precrustes fit, the

semilandmarks are in cemparable pesitiens describing a he-
melegeus curve within the Precrustes superimpesed sample
(Beekstein, 1996b, 1997), and frem that mement they can
be statistically analyzed as true landmarks (Adams et al.,
2004; Martinen-Terres et al., 2006). The sliding technique
prevides nenarbitrary criteria (Zelditch et al., 2004; Gunz
et al., 2005) and allews curves er eutlines te be analyzed
within the Precrustes scheme ef shape analysis (Rehlf and
Slice, 1990; Slice, 2001; Rehlf, 2003). Hewever, it is imper-
tant te keep in mind that ne standardized pretecel has yet
been develeped for the use of sliding semilandmarks, and fur-
ther research needs te be dene te address this issue (Martinén-
Terres et al., 20006; Pérez et al., 2006).

Based en the pesitien ef the feur landmarks, the MakeFan6
seftware (Sheets, 2001) lecalized a centreid, frem which 30
equiangular fan lines were drawn. Then, the semilandmarks
were lecated at the intersectien ef the external eutline ef the
M' and the fan lines.

Allometry and internal/external shape correlation

The centreid size is defined as the squared reet of the sum
of squared distances of a set of landmarks frem their centreid
and is a measure of scale (Zelditch et al., 2004). The centreid
of a cenfiguratien is its ‘‘gravity center’’, and its ceerdinates
are the mean of all the landmarks’ ceerdinates. Thus, the cen-
treid size is a measurement of the dispersien of the landmarks
areund the centwreid (Zelditch et al., 2004).

Te test for allemetry, we used the TpsRegr seftware (Rehlf,
1998b) te perferm a multivariate regressien analysis of partial
warps and uniferm cempenents sceres en centreid size.

In erder te better understand the entegeny ef shape varia-
tien, we tested the cerrelatien between the internal and exter-
nal cenfiguratiens (determined by the landmarks and the
semilandmarks cenfermatien, respectively), that is, the influ-
ence that the cusps’ size and lecatien may have en the eutline
shape. Fer that purpese we used the TpsPLS seftware (Rehlf,
1998d), empleyed te explere the relatienships between the
variatien ef twe shapes er between ene shape and a set of vari-
ables recerded frem the same specimen, being especially inter-
ested in its ability te evaluate the cevariatien between twe
different cenfiguratiens ef peints (Rehlf, 1998d).

Statistical error, repeatability, and the use of worn teeth

Te assess the pessible measurement errer tied te the digitiz-
ing precess, the cemplete data recerding precedure of a ran-
dem subsample ef five specimens was repeated during twe
sets of five days (see Martinen-Terres et al., 2006), separated
by feur menths, in erder te aveid an unrealistically lew errer
due te a familiarizatien with the teeth during censecutive
five days. TpsUtil seftware (Rehlf, 1998¢) was used te ran-
demize the erder of the data by the cemputer, and the first
five specimens of the randem data set were selected. This ran-
dem test-sample cemprised feur fessils (AT-2071, AT-196,
STSS52, PIN1®) and ene medern human (MH-548). The cem-
plete digitizatien precess was repeated every day fer every



individual, ebtaining ten Precrustes distances matrices. The
accuracy ef the digitizatien was analyzed by means of a Mantel
test (Mantel, 1967), which measured the cerrelatien ameng the
Precrustes distances matixes ebtained during each day ef
measurement.

The cerrelatien ameng Precrustes matrices for each day ef
measurements has a mean value of 0.991, with values ranging
between 0.975 and 0.999. The cerrelatien mean value fer the
first and secend sets of five days was 0.996 and 0.993, respec-
tively, with a slightly lewer value fer the interset cemparisens
(0.9%9).

Ideally, this type of study sheuld be perfermed en un-
wern teeth but this weuld drastically reduce the sample
size, nearly precluding any significant analysis. Altheugh
teeth with severe atwitien were net included, seme ef the
analyzed teeth exhibit seme wear. In erder te test the errer
intreduced by the analysis ef teeth with mederate wear de-
gree, we perfermed a full facterial MANC@VA, empleying
the facter species, the facter dental wear, and the interactien
between beth variables as independent facters. We used as
dependent variables the partial warps and the uniferm cem-
penent sceres.

In these samples, three facter levels were used te categerize
ecclusal wear: (1) tetal absence of wear, (2) light wear, and (3)
the maximum wear allewed. Six levels categerized the species
facter: A. afarensis, A. africanus, H. habilis s.i., H. heidelber-
gensis, H. neanderthalensis, and H. sapiens. With this medel,
we assessed whether melar shape depends en the species, en
the degree of wear of the analyzed sample, or en the degree
of wear within each species. We tested the interactien between
the wear degree and the species facters, te check hew the
inclusien of wern teeth may influence each subsample and
the tetal sample. With this analysis we intend te aveid the
petential influence of differential wear ameng species. Fer
this reasen, in these analyses we included enly greups with
a sample size large eneugh te perferm statistical analysis
when wern teeth are excluded.

In general, the degree of wear dees net significantly influ-
ence M' merphelegy, either within er ameng species. Tetal
shape dees net depend en the degree of wear (F = 1.2333,
p =0.4044) ner en the degree of wear within a species
(F=1.1988, p =0.1352). The medel shews, hewever, that

Table 2

the tetal shape depends signficantly en the species facter
(F=24727, p =0.0010).

In additien te the previeus test, we have perfermed a rela-
tive warps analysis carried eut exclusively with the unwern
specimens and the results are previded belew.

Results
Relative warps analysis

The relative warps analysis reveals that the first twe princi-
pal cempenents acceunt fer 40.2% ef the tetal variatien ef the
sample (PC1: 21.1%; PC2: 19.80%). Table 2 displays the singu-
lar values and the percentage ef the explained variance by
each ef the ten first principal cempenents.

Figure 3 illuswates the merphelegical variatien ef the M’
aleng the first twe principal cempenents. Specimens with neg-
ativePC1 values are characterized by an appreximately squared
ecclusal pelygen, with nearly right angles, and a regular exter-
nal centeur. The distance between the pretecene and the hype-
cene is equal te or even lewer than the distance between the
paracene and the metacene. Specimens with pesitive PC1
values are characterized by a relatively distal displacement ef
the lingual cusps, especially the hypecene, se that the angles
fermed at the hypecene and the paracene are mere acute while
these at the pretecene and the metacene are mere ebtuse. This
results in a skewed centeur in which the hypecene causes
a bulging ef the external eutline. Relative enlargement of the
pretecenc-hypecene distance with regard te the paracene-
metacene distance can be ebserved in the TPS-grids. The rela-
tive lengthening ef this distance can be measured by calculating
the ratie between the paracene-metacene distance and the pre-
tecene-hypecene distance, shewing significant variatien
ameng species (p > 0.0000). Pliecene and early Pleistecene
specimens display higher mean values fer this prepertien,
thus reflecting a sherter pretecenec-hypecene distance (A. afar-
ensis: 0.83; A. africanus: 0.80; H. habilis s.1.: 0.78). The lewest
mean values are displayed by the Eurepean greups (H. heidel-
bergensis:0.71; H. neanderthalensis:0.69) and H. sapiens pres-
ents an intermediate mean value (0.73).

Pesitive leading en PC2 is asseciated with a slight displace-
ment of the ecclusal pelygen tewards the distal face, whereas

Relawve warps (RW) analysis with the total sample and after removing worn specimens. The table displays the first ten principal components, the singular values,

and the percentage of explained variance for both analyses

No. With womn molars

Without worn molars

Singular value % Explained variance

% Cumulative variance

Singular value % Explained variance % Cumulative variance

1 0.24 21.14 21.14
P, .23 19.65 40.19
3 022 17.63 57.82
4 015 8.7¢ 66.52
5 0.14 7:32 73.84
6 .12 5.80 79.64
7 010 3.95 83.59
8 (X ] 281 86.39
® .63 2.38 88.77
10 (A7 1.83 20.60

020 22.34 22.34
019 21.66 43.4¢
017 17.83 61.23
012 8.75 69.98
e1e 6.30 76.28
000 4.74 81.62
0.63 4.14 85.15
(X7 291 88.06
0.06 2.03 %.0°
065 157 91.85
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negative leading is asseciated with a buccal displacement and
enlargement of the ecclusal pelygen, especially due te a mere
external lecatien ef the pretecenec.

H. neanderthalensis and H. heidelbergensis plet mainly in
the pesitive exweme of PC1 axis (Fig. 3). Twelve of the feur-
teen H. neanderthalensis specimens display pesitive values en
PC1, and beth specimens with negative PC1 values are very
clese te zere. Mere than twe-thirds ef the H. heidelbergensis
specimens (14 eut ef 16) exhibit pesitive values fer PCI.
Interestingly, the twe H. heidelbergensis specimens with neg-
ative values en PCl are frem Arage, whereas all the Ata-
puerca-SH specimens, as well as these frem Pentnewydd
and Steinheim, cluster tegether en the pesitive side of PCI.
H. sapiens plet threugheut the feur quadrants but are absent
frem the pesitive extreme of the PC1 axis and the negative ex-
treme of PC2. The H. sapiens specimens trem several Eure-
pean Upper Paleelithic sites eccupy the cemplete range eof
variatien seen in H. sapiens fer the PCl, and they have
almest exclusively pesitive values fer PC2. Clustered with
H. heidelbergensis and H. neanderthalensis M's, we find the
three specimens assigned te . antecessor. H. habilis s.1. spec-
imens are scattered mainly en the negative side of the PCl,
with eight eut of ten melars shewing negative values fer this

PC. A. afarensis and A. africanus have mestly negative values
fer beth principal cempenents, and H. georgicus and A. ana-
mensis samples plet with negative leadings en beth axes.
Feur eut ef the five H. erectus specimens plet near the zere
value of PC1 and PC2 (matching the censensus shape ef the
sample), whereas H. ergaster eccupy a wide range fer PCI.
Therepetitien of the relative warps analysis including exclu-
sively the unwern M's shewed the same distributien pattern
(Table 2; Fig. 4). All the H. neanderthalensis melars take pesi-
tive values fer the PC1, with virtually ne everlap with /. sapiens
melars. The cemplete H. heidelbergensis sample is pletted en
the pesitive side of PC1, with the exceptien of ene Arage and
ene Atapuerca-SH individual. The H. sapiens sample displays
almest the same diswibutien pattern in beth analyses, with
mest specimens taking negative values fer PCI, as is the case
with the majerity ef the primitive specimens. With this analysis,
the twe unwern H. antecessor specimens cluster again with
H. heidelbergensis and H. neanderthalensis in an exclusive area.
The ebservatien of the TPS-grids and an experimental reta-
tien of twe specimens ef exweme-merphelegy (LH3H and
Kulnal) shewed that PC2 retains a certain degree ef relatien
with the erientatien ef the melars in the phetegraphs, related
te the mesiedistal turn of the melar. Altheugh this distertien
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is ebvieusly net desirable, PC2 is the axis en which we de net
find a clear distributien pattern fer the specimens relative te
species and, therefere, this distertien sheuld have ne influence
on these results.

Canonical variates analysis

The CVA exwacted feur variables that explain the tetal var-
iatien ef the analyzed subsample (Table 3). Figure S represents
the first twe canenical variates, which explain 86.2% ef the
variatien ameng greups relative te the variatien within greups.
Altheugh the variability explained by the canenical variates
(CV) dees net necessarily fit the variability explained by the
principal cempenent analysis, in this case we can see that there
is geed cerrespendence between the TPS-grid cenfermatiens
at the exwremes of the CV1 and the cenfermatiens at the ex-
tremes of the PC1.

The pesitive leading en the CV1, aleng the x-axis, shews the
distal displacement eof the lingual cusps and, therefere, the pre-
trusien of the hypecene inte the external centeur and the inter-
nal displacement and reductien ef the metacene described by
Bailey (2004); whereas negative values cerrespend te a squared
ecclusal pelygen with a regular and smeeth centeur. The CV2,
aleng the y-axis, shews that pesitive leadings are related te
a centered ecclusal pelygen and a slight distal displacement
of the lingual cusps witheut the relative lengthening ef the

pretecenec-hypecene distance, whereas the negative extreme is
characterized by a general expansien ef the distal surface with-
eut reductien of the metacene and a buccal displacement of an
expanded ecclusal pelygen.

Figure S shews certain everlap between the distributien ef
A. africanus and early Homo, beth ef which display exclu-
sively negative values for CV1. H. sapiens eccupies an inter-
mediate pesitien, with a similar prepertien ef individuals
having pesitive and negative values en CVI1, but with a large
majerity ef pesitive values en CV2 (24 eut of 32). Finally, H.
heidelbergensis and H. neanderthalensis display pesitive
values fer CVI1. There is a censiderable everlap between
beth species, altheugh H. neanderthalensis tends te display
higher pesitive values en CV1 than dees H. heidelbergensis.

Table 4 displays the results of the assignment test. As we
can see, for A. africanus the percentage ef individuals that
are cerrectly assigned is high. Hewever, the percentage

Table 3
Canonical variates analysis (CVA). This table displays the four functions
obtained, their eigenvalues, and the percentage of explained variance

Funckion  Eigenvalue % Explained variance % Cumulative variance
1 2.237 66.6 66.6
2 0.658 19.6 86.2
3 0.443 13.2 923
4 0022 07 100.0
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cerrectly assigned te f. habilis s.i., H. heidelbergensis, H. ne-
anderthalensis, and H. sapiens is mederate. In H. habilis s.1.
this may reflect the fact that this greup is an amalgamatien
of specimens based en their geegraphic and chrenelegical
preximity rather than their taxenemic distributien. Interest-
ingly, the majerity ef the incerrectly assigned H. heidelbergen-
sis specimens are assigned te the H. neanderthalensis greup
and vice-versa. This asseciatien emphasizes the merphelegi-
cal similarity between these twe greups, as dees the principal
cempenent analysis. With regard te H. sapiens, ten specimens
were misclassified, but just ene ef these was assigned te H. ne-
anderthalensis, highlighting the merphelegical differences be-
tween these greups.

Allometry and internal/external shape correlation

In general, H. sapiens, H. neanderthalensis, and H. heidel-
bergensis species have smaller centreid sizes (3.17, 3.49, and

Table 4
Correct assignment percentage obtained in the assignment test based on the
canonical variates analysis (CVA)

% Correct assignment N
A. africanus 0 n=10
H. habilis s.1. 30.¢ n=16¢
H. heidelbergensis 5.0 n=16
H. neanderthalensis 78.6 n=14
H. sapiens 68.8 n=32

3.39, respectively) than de the African Plie-Pleistecene spe-
cies (3.82 for A. afarensis, 3.89 for A. africanus, and 3.53
for H. habilis) (p > 0.000).

Altheugh the regressien analysis shews a very lew cerrela-
tien between the first and secend relative warps and centreid
size (r = 0.097 with the first relative warp and r = 0.310 with
the secend), the regressien analysis perfermed as a multivariate
test predicting shape variatien as a functien ef the centreid size
(Rehlf, 1998b) revealed a slight but significant allemetry
(p > 0.0000) that acceunts fer 3.02% ef everall variatien.
Smaller melars shew a slight tendency teward displaying a cen-
tered, cempressed, and thembeidal ecclusal pelygen, whereas
larger melars tend te shew an expanded ecclusal pelygen with
a mere squared shape and a relative displacement tewards the
mesiebuccal vertex (Fig. 6).

The analysis ef the cevariatien between the internal cen-
fermatien (defined by the feur cusp tip landmarks) and the
external cenfermatien (defined by the 30 semilandmarks)
yields a cerrelatien ceefficient of 0.63, shewing that beth
cenfermatiens are net independent. As mentiencd befere,
when the feur landmarks ferm a relatively squared ecclusal
pelygen, the external eutline tends te be regular and smeeth
witheut the pretrusien ef any cusp. The distal displacement of
the hypecene that seems te characterize the H. heidelbergen-
sis and H. neanderthalensis individuals (Fig. 3) and the inter-
nal placement of the metacene described by Bailey (2004) are
respensible ef the distelingual prewusien in the external
eutline.
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Fig. 6. Morphological variants related to variadon in centroid size. The TPS-grids show the theoretcal transformation of the mean shape (cenwal image) into

a smaller (left) and a larger specimen (right).

Discussion
M morphology: phylogenetic and taxonomic utility

Bailey (2004) peinted eut the existence of a distinct mer-
phelegy in the M's of H. neanderthalensis based en the cem-
parisen ef the angles fermed by adjacent cusps and relative
cusp areas. With an enlarged heminin sample we can affirm
that this merphelegy is net exclusive te H. neanderthalensis
but is alse present in the Eurepean early and middle Pleistecene
pepulatiens. We can alse shew that the primitive pattern cem-
bines an appreximately squared ecclusal pelygen with a regular
centeur witheut any particular cusp pretrusien. This is the pat-
tern develeped by Australopithecus and early Homo species.
The derived pattern, characteristic of H. heidelbergensis and
H. neanderthalensis pepulatiens, is characterized by a rhem-
beidal ecclusal pelygen and a skewed external eutline, with
a bulging pretrusien ef the hypecene in the distelingual cerner
(Fig. 7). The cerrelatien ceefficient (0.63) ebtained, demen-
strates that the cusp cenfiguratien influences the external cen-
teur shape.

The similarity between the M" of Eurepean middle Pleiste-
cene pepulatiens and H. neanderthalensis is in accerdance
with ether dental (Bermudez de Castre, 1987, 1988 1993,
Martinén-Terres, 2006) and anatemical evidence (e.g., Hublin,
1982, 1984, 1996; Stringer, 1985, 1993; Arsuaga et al., 1993,
1997). @ur results suppert the idea that M' shape is derived in
H. neanderthalensis, as suggested by Bailey (2004), when
cemparcd te Australopithecus and early Homo species. How-
ever, this trait is net exclusive te Neandertals but is alse char-
acteristic of the Eurepean middle Pleistecene pepulatiens such
as these recevered frem Atapuerca-Sima de les Hueses, Pent-
newydd, and Steinheim, altheugh with less preneunced mer-
phelegies in the latter. While previeus studies were less
cenclusive in assessing the relatienship between H. heidelber-
gensis and H. neanderthalensis (Bailey, 2000), the inclusien ef
the large dental sample frem Atapuerca-Sima de les Hueses
site, has been crucial te this cenclusien. As we can see in
the PCA and the CVA analyses, the Arage specimens display
a slightly mere primitive cenfermatien than de the rest of the

H. heidelbergensis and H. neanderthalensis greups, in accer-
dance with the “intermediate” dental merphelegy peinted
eut in previeus studies (Bermudez de Castre et al., 2003). Still,
eur stady cenfirms that the M' merphelegy ef the Eurepean
late early Pleistecene and middle Pleistecene pepulatiens
was differentiated tewards the Neanderthal lineage.

Many dental traits, like other anatemical features, are highly
variable within and between pepulatiens (Scett and Turner,
1997), and they frequently shew quasi-centinueus variatien
(Griineberg, 1952). It is net easy te establish breakpeints ef ex-
pressien that apply te all species. In additien, it is difficult te
find traits that are shared by all the members of a greup and
enly by the members of that greup. Hewever, if a species ec-
cupies a merphespace in which enly individuals ef that species
can be feund, we can assume that specimens falling in that area
prebably beleng te that particular greup. The principal cempe-
nents graph (Fig. 3) illustrates censiderable everlap between
species in the central area. Hewever, en the right side of the
graph we find an area in which enly H. heidelbergensis and
H. neanderthalensis specimens and three specimens assigned
te H. antecessor can be feund. Therefere, we ceuld interpret
this merphelegy as derived and typical of the Eurepean middle
Pleistecene pepulatiens and H. neanderthalensis, and its erigin
can be waced back in the late early Pleistecene pepulatiens ef
Eurepe. This exclusive merphespace is alse cenfirmed by the
CVA analysis. As we can see in Fig. S, H. heidelbergensis and
H. neanderthalensis eccupy an exclusive spectrum (the derived
merphelegy), clearly differentiated frem the African specimens
distributien (the primitive merphelegy). /. sapiens eccupies an
intermediate pesitien and shews censiderable everlap with the
African species, as we can see in the PCA graph.

The great similarity ameng the upper first melars of 4. hei-
delbergensis and H. neanderthalensis is particularly striking
taking inte acceunt the new ages eof the Atapuerca-SH site,
which have previded an average date of 600 kyr fer the site
with a minimun age eof 530 kyr (Bischeff et al., 2007). The
M! shape, aleng with many ether dental waits (Bermidez de
Castre, 1987, 1988, 1993;: Martinen-Terres, 2006, Martinen-
Terres et al., 2006) have demenstrated the unquestienable re-
latienship between the heminins of Atapuerca-SH and the late



Fig. 7. Morphological comparison of three upper first molars, showing the primitive morphology of H. sepiens (squared occlusal polygon with regular outline)
and the derivate morphology of H. neanderthalensis and H. heidelbergensis (skewed occlusal polygon with a bulging hypocone that prowudes in the outline).
(a) H. neanderthalensis (Krapina 108); (b) H. heidelbergensis (AT-2871); (c) H. sapiens (Medieval modern human collection from San Nicolas, Murcia, Spain).

Pleistecene classic Neandertals (e.g., Arsuaga et al., 1993,
1997; Bermidez de Castre, 1993; Martinén-Terres, 2006).
The increasing evidence fer the relatienship between the Eure-
pean middle Pleistecene pepulatiens and H. neanderthalensis,
tegether with the new Atapuerca-SH ages, cempel us te recen-
sider the medels of Neandertal erigins. In this centext, the
Sima de les Hueses sample will be crucial fer understanding
the evelutienary scenarie of Eurepe during the middle Pleiste-
cene and the evelutien ef the Neandertals.

As we can draw frem the CVA and the assignment test, M*
merphelegy prevides limited ability te cerrectly assign ise-
lated specimens frem the Pliecene and early Pleistecene te
their species. These species’ distributiens everlap by present-
ing a primitive ecclusal pattern with a squared and wide ecclu-
sal pelygen tegether with a regular centeur (Fig. S). Hewever,
M! merphelegy is a very useful marker fer differentiating H.
neanderthalensis frem ether heminin species, especially Homo
sapiens. This is particularly impertant te determining the tax-
enemic attributien ef iselated specimens recevered frem

Eurepean late Pleistecene sites (Smith, 1976; Klein, 1999;
Bailey, 2002, 2004; Harvati, 2003).

Allometry

@ur analysis finds that there is a small but significant alle-
metric variatien in M' merphelegy that acceunts fer 3.02% ef
the ebserved variatien. Larger melars tend te present mere
regular centeurs and mere squarcd pelygens, whereas smaller
melars tend te display a centered, cempressed, and rhembei-
dal ecclusal pelygen (Fig. 6).

Given that larger melars usually beleng te mere primitive
species (Bermidez de Castre and Nicelds, 1995), it ceuld be hy-
pethesized that the reductien of M' size in later Homo species
was accempanied by a relative shertening ef the pretecene-
metacene axis. Hewever, this allemetric effect is very small,
se it cannet be censidered respensible fer the merphelegical
variatien. Despite the small centreid size in medern species
(H. sapiens, H. neanderthalensis, and H. heidelbergensis), the



fact that H. sapiens tends te everlap with mere primitive speci-
mens in its general M' merphelegy prevents us frem identifying
an allemetric facter as respensible fer H. heidelbergensis and
H. neanderthalensis merphelegy.

Evolutionary inferences

It is difficult te assess whether this characteristic Neander-
tal melar shape reflects any advantage er envirenmental adap-
tatien. Altheugh we are inclined te think that the particular
upper first melar shape of Neandertals is the result of genetic
drift, ether facters may be at werk. . neanderthalensis facial
merphelegy has been cited as derived in this species relative te
the primitive merphelegy attributed te the earlier Homo spe-
cies (Rak, 1986), and changes in the architectaral facial
cenfermatien have been asseciated with changes in the masti-
catery apparatus and biemechanical questiens (Hylander and
Jehnsen, 1992; @’ Cenner et al., 2004). We hypethesize that
the relatively distal displacement of the lingual cusps ceuld
be related te changes in dental ecclusien that are cerrelated
with the facial changes.

Geemetwic merphemetric analyses of P, merphelegy have
cenfirmed that H. heidelbergensis and H. neanderthalensis
have fixed plesiemerphic waits in high percentages, whereas
medern humans have develeped a derived pattern (Martineén-
Terres et ., 2006). In centast, this study reveals that H. hei-
delbergensis and H. neanderthalensis presents the derived
pattern fer the M' and H. sapiens retains the primitive cendi-
tien. The differences in the evelutienary tendency ef P, and
M! might illustrate a precess of mesaic evelutien in which dif-
ferent skeletal parts change at different evelutienary paces. It
is impertant te take this inte acceunt when drawing evelutien-
ary cenclusiens frem iselated remains.

Conclusions

Threugh the applicatien ef geemetric merphemetric
metheds te a large sample of African and Eurepean Pliecene
and Pleistecene specimens, we have verified that H. neander-
thalensis M' merphelegy is derived relative te Australopithe-
cus and early Homo specimens. This derived merphelegy
censists of a rhembeidal ecclusal pelygen in which lingual
cusps are distally displaced and the hypecene pretrudes in
the external eutline. In centrast, /. sapiens retains the primitive
shape, with an appreximately squared ecclusal pelygen and
a regular centeur in which ne cusp pretrudes in the external
eutline. In additien, we have demenstrated that this derived
merphelegy is net exclusive te H. neanderthalensis but is al-
ready present in the Eurepean early Pleistecene pepulatiens
and is characteristic of middle Pleistecene pepulatiens (H. hei-
delbergensis). The merphelegical differences in M' shape be-
tween H. sapiens and H. heidelbergensis/H. neanderthalensis
can be useful fer the taxenemic assignment ef iselated late
Pleistecene remains. This paper emphasizes the ability ef gee-
metric merphemetic techniques te precisely assess merphe-
legical differences ameng species. Given the enermeus
petential ef this methedelegy, future studies sheuld explere

eother dental classes, searching fer taxenemic and
phylegenetic signals. In additien, the results of this type ef
analyses will be impreved by their applicatien te 3D cenferma-
tiens, aveiding in this way pessible cemplicatiens derived frem
the analysis of 2D images.
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