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rounded cranial vault. and robust limb bones. 
Before this, fossils that are now assigned to 
H. neun~lerthulensi.~ were included as a sub- 
species within H. .supinl.s. Material assigned 
to H. r~eur~dertl~ule~i.si.s has been found 
throughout Europe as \\ell as in central and 
southwest Asia. Current ekidence indicates 
that the species was extant from 250,000 to 
30,000 years ago. 

The first evidence of H. erectus was re- 

or more than a century. the fossil record 
for human evolution was interpreted as a 
ladderlike series of time-successive spe- 

cies, with an apelike ancestor at the base and 
modern humans at the top. Within this sce- 
nario. the problem of where to place the 
lower boundary of our own genus was re- 
solved by using stone tool manufacture as a 
proxy for humanity. Thus. the hominin spe- 
cies contemporary with the first evidence of 
stone tools was deemed to have made them 
and thus merited inclusion in the genus 
Hon~o.  However. from the 1960s on, when it 
began to become apparent that at several 
stages in human evolution there were as 
many as three contemporaneous hominin spe- 
cies. the identification of the toolmaker be- 
came more difficult. More recently. fossil 
species have been assigned to Honlo on the 
basis of absolute brain size, inferences about 
language ability and hand function, and retro- 
dictions about their ability to fashion stone 
tools. With only a few exceptions (1, 2). the 
definition and use of the genus within human 
evolution, and the demarcation of Horiio, 
have been treated as if they are unproblem- 
atic. But are the criteria set out above appro- 
priate and workable, and is this a proper use 
of the genus category? (3-5).  We provide an 
overview of the genus category and show that 
recent data, fresh interpretations of the exist- 
ing evidence, and the limitations of the pa- 
leoanthropological record invalidate existing 
criteria for attributing taxa to Honlo. 

Species of Homo 
Established by Linnaeus in 1758, Horno is 
one of five genera currently assigned to the 
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tribe Hominini (Table 1). The type species. 
Hori~o supiens, is the one to which living 
humans are assigned. Opinions differ about 
the number of species represented by the 
fossils assigned to Horilo ( 5 ) .  Some research- 
ers advocate using H. supiens to include most 
or all of the fossil species shown in Table 1 
( 6 ) ,  whereas more speciose interpretations 
allocate them to H. neurzclerthcrlensis, H. 
erectus. H. heidelhergensis. H. huhilis. H. 
ergaster, and H. rtrdolfen.si.s (2. 5,  7 ) .  Be- 
cause there are both theoretical and practical 
reasons for erring on the side of too many 
rather than too few taxa (8) .  we have adopted 
the latter. more speciose. taxonomy for this 
review. 

The species name H. nearzclerthalensis 
was introduced in 1864, but it has only re- 
cently been widely used ( 4 )  for fossils that 
have skulls with a projecting face. a large 

covered in Indonesia in the early 1890s. Sub- 
sequently. numerous crania with distinctive 
brow ridges. a low cranial vault, and a sharp- 
ly angled occipital region have been located 
elsewhere in Indonesia as well as in mainland 
Eurasia and Africa. The earliest H. erecttrs 
material may be 1.9 million years old. and the 
youngest reliably dated specimens are around 
200,000 years old. The specific name H. hei- 
clelhergensis was introduced for the Mauer 
jaw, but the taxon has only been revived in 
the past decade ( 4 ,  7 ) .  Previously, Mauer and 
related material were incorporated in the 
grade-based taxon "archaic H. sapiens." 
Horizo heide1hergerz.si.s is known from a num- 
ber of African and European Middle Pleisto- 
cene sites. 

Material now assigned to H. hubilis was 
first recovered at Olduvai Gorge in Tanzania 
in the early 1960s. Additional specimens 
have since been discovered at a number of 

Table 1. Current hominin taxonomy, including formal taxonomic designations and approximate geo- 
graphical ranges. The symbol + indicates that the taxon is extinct. Brackets around a citation indicate that 
the generic attribution of the taxon differs from the original one. Praeanthropus is, for the t ime being, 
accepted as the correct generic nomen for the specimens hitherto assigned t o  Australopithecus afarensis 
(77). Some researchers treat Paranthropus as a junior synonym of Australopithecus. 

Genus SArdipithecus White e t  al., 1995. Pliocene, East Africa. 
Species +Ardipithecus ramidus (White e t  dl., 1994). Pliocene, East Africa. 

Genus +Australopithecus Dart, 1925 [includes tplesianthropus Broom, 19381. Pliocene, Africa. 
Species tAustralopithecus africanus Dart, 1925. Pliocene, Africa. 
Species +Australopithecus anamensis M. G. Leakey et  dl., 1995. Pliocene, East Africa. 

Genus Homo Linnaeus, 1758 [includes, for example. :Pithecanthropus Dubois. 1894; tProtanthropus 
Haeckel, 1895; +Sinanthropus Black, 1927; tcyphanthropus Pycraft, 1928; tMeganthropus 
Weidenreich, 1945; tAtlanthropus Arambourg, 1954; and +Telanthropus Broom and 
Robinson, 19491. Pliocene t o  the present, worldwide. 
Species +Homo ergaster Groves and Mazak, 1975, Plio-Pleistocene, Africa and ?Eurasia. 
Species +Homo erectus (Dubois. 1892). Pleistocene, Africa and Eurasia. 
Species +Homo habilis L. S. B. Leakey et  al., 1964. Pliocene, Africa. 
Species +Homo heidelbergensis Schoetensack, 1908. Pleistocene, Africa and Eurasia. 
Species :Homo neanderthalensis King, 1864. Pleistocene, western Eurasia. 
Species +Homo rudolfensis (Alexeev, 1986). Pliocene, East Africa. 
Species Homo sapiens Linnaeus. 1758. Pleistocene t o  the present, worldwide. 

Genus tparanthropus Broom, 1938 [includes SZinjanthropus L. S. B. Leakey, 1959, and tParaustralo- 
pithecus Arambourg and Coppens, 19671. Pliocene-Pleistocene. Africa. 
Species tParanthropus aethiopicus (Arambourg and Coppens, 1968). Pliocene, East Africa. 
Species +Paranthropus boisei (L. 5. B. Leakey, 1959). Pliocene-Pleistocene, East Africa. 
Species tparanthropus robustus Broom, 1938. Pleistocene, southern Africa. 

Genus tpraeanthropus Senyurek, 1955. Pliocene, East Africa. 
Species tPraeanthropus africanus (Weinert, 1950). Pliocene, East Africa. 

www.sciencernag.org SCIENCE VOL 284 2 APRIL 1999 



localities in East and. more controvessially. 
southern Africa. Current dating indicates that 
H habilis ce~tainly appeared by 1.9 million 
pears ago (Ma). and perhaps as early as 2.3 
Ma, and was last seen 1.6 hla. The species 

2.3 million years old, were almost ce~tainly 
contemporaneous 1~ it11 both earlp H o i ~ o  and 

cies meets these fundamental requiremeats 
are clearly impo~tant components of its adap- 
ti1.e strategy. Thus. if H izecii7cfei.rhaleizsis; H. 
ei.ectiis, H. heitlelbei~ensis, H. htrbilis. H. 
ei;uostei.. and H. i.iiclolfei?sis have been allo- 

wit11 one of the australopith genera. Pai~iil- 
thivpiis (14) .  

W h a t  lo a Genus? name H. ergcistei was i~ltroduced in 1975. 
Howex-er; it did not come into use until re- 
searchers suggested that the speci~ne~ls  coil- 
ventionally refe~ved to as "early Africa11 H. 
ei.ectzls" may be sufficiently distinct to be 
considered a different species (9). The best- 
1uloa.n specimeils assigned to H. eixiisrei. 

cated to the correct genus. two conditions 
 nus st be met. First, cladistic analyses should 
confirm that these species are more closely 
related to H. snpieu~s than thep are to any of 
the australopith genera-A~~strnlopithec~~s~ 

Systematists are debating the defi~lition of the 
geuus category as part of a n-ider discussioil 
about the tasoilomic i~llplications of recent 
del-elopmeats in phplogenetic analysis (15).  
There are hvo maill i~ltelpretatiolls of the 
genus categoiy. In the first (evolutionarq sys- 

Pni.ciijthi-opirs, Prcieaizrhi.op~rs ( 1 6 ) ;  and Ai.- 
c/@it/ieciis. Second, assessments of function 
should indicate that the adaptive strategies 
used by fossil Hoiiio species to maintain ho- 
meostasis, acquire food. and produce off- 

come from the Lake Turkana region i11 Ke- 
nya. Radiolnetric and faunal dating indicate 
that H. ei;aastei. was extant 1.9 to 1.5 Ma. 

teinatic) interpretatioa, a genus is a species or 
a group of species of common ancestry that 
occupies ail ecological situation. or adaptive 

Originally proposed by Alexeev. the species 
name H. i.iii/olJ;711sis was not used until the 

zone, that is different from that occupied by 
the species of another genus (3). A group of 

spring are more similar to the strategies used 
by the H. siqieils than they are to the strate- 

1990s, when ~t was suggested that part of the 
H / ~ i i b ~ l i ~  ~ e i u ~ r  liito hppodlgm should be 

species of common ancestrq ullder this defi- 
nition can be either monophyletic. coinpris- 

gies employed by the australopiths. 

Bs Homo Monophyletic? recognized as a separate species (2, 7).  There 
is still soine debate over the distincti\.eness 
and composition of the hypodigin of H. 1.11- 

ing a common ancestor and all its descen- 
dants, or paraphyletic. comprising a subset of 
a monophyletic group. I11 the second (cladis- 

If Ho171o is a I I I O I I O ~ ~ ~ ~ U I I I ,  cladistic studies 
should consistently and strongly indicate that 

do&ijsis. but most workers who recognize 
the taxon accept that it iucludes the cranium 
KFM-ER 1170. To date. H, i.ilt/o~l.nsis spec- 
imens have been found in deposits in Kenya. 
hfalawi, and possibly Ethiopia, and date from 
2.4  to 1.8 Ma. 

tic) definition, a genus is a group of species 
that are more closely related to one another 
than to species assigned to another genus 
( I d ) .  Thus, this illrelyretation insists that a 
genus must be monophyletic: it cannot be 

the fossil species assigled to it are inore closely 
related to 1' sapieils than thep are to the aus- 
tralopiths. Six recent studies have adequately 
tested the monophyly of Hoiijo (2, 9. 17-20). 
Three of them (Fig. 1; C, D, and F) suggest that 

paraphyletic 
The evolutionary systematic definition of 

H o i ~ o  is monophyletic. but the same nuinber 
suggest that it is paraphyletic (Fig. 1. A; B, and 
E). In Chainberlaill and Wood's (19) most par- 
simo~lious cladogram, H hcibilis is the sister 
taxon of a clade comprising Austi~iilopithec~~s 

Criteria for Membership In Homo the genus is rejected by those who subscribe 
to cladistic  classification^ because they do not 
accept that paraphyletic tasa are real evo- 

Regardless of ally formal definitions, in prac- 
tice fossil hornillill species are assigned to 
Honio on the basis of one or more out of four 
criteria. The first is an absolute brain size of 
600 cm' ( 1  0). The second is the possession of 
language, as inferred from eudocrallial casts 
(10).  The third and fourth criteria are, respec- 
ti\-elp, the possession of a modein. humaillike 
precision grip inx-011-ing a ~vell-developed 
and opposable pollex and the ability to inan- 
ufacture stone tools (10) .  It is now evident. 

lutiollarp uaits. Howex-er. defining genera 
solely on the basis of n~onophply is equally 

afiicciniis, the "robust" australopiths, and the 
other Hoino species; and H. r.ililoIjl.ilsis is the 
sister taxon of the "robust" australopiths. In 
Chamberlain's (18) most parsimonious cla- 
dogsam; H i~iiiiolfei~sis is more closelp related 
to A, of~~iciiir~rs and the "robust" australopiths 
thail to H. snpieils. In Lieberlnan et 01,'s (20)  

problematic because there is no criterion 
for specifyiag how maay species should be 
included in a genus. A pragmatic solution is 
to revise the first. gradistic, definition of 
the genus category (3)  so that paraphyletic 
taxa are iaadmissible. Because phyloge- 
iletic methods are unable to distinguish be- 

most parsimo~lious cladogram; H, i~irdolfeilsis is 
the sister taxon of a clade comprisi~lg A. a$?- 
cciillis as well as H habilis and H ergaster. 

How robust are the results of the three 
cladistic analyses (2;  9;  17) that support 
tloilzo monophplp? To assess their reliability, 
a.e used the program MacClade ( 2 1 )  to alter 

however. that none of these criteria is satis- 
factory. The Cerebral Rubicon is problematic 
because absolute cranial capacity is of ques- 
tionable biological significance (1 1  ). Like- 
wise, there is compelling evidence that lan- 

tween ancestor-descendant and sister group 
relationships; the problem of how to clas- 
sify an ancestral species that has a different 
adaptive strategy from those of its descen- 
dants simply does not arise. The problem of 

guage f ~ ~ n c t i o ~ l  cannot be lehablq inferred 
from the gloss appearance of the bra~n.  and 

hon to classify a terminal species that 
forms a monopl~pletic group wit11 one taxon 

the inost parsiinonious cladograms so that the 
fossil Hotno species were consecutively po- 
sitioned as the sister taxon of the nearest 
australopith clade. The resulting cladogram 
lengths. consistency indices, and retention 

that the language-related palts of the brain are 
not as well localized as earlier studies had 
implied (12) .  Thus, although it may be attrac- 

but shares an adaptive strategy a it11 aaother 
call be overcome by recog~lizillg the termi- 
nal species as an adaptivelp coherent evo- 

tlr e to lmk the first ex ldeace of language to 
the appearance of the genus Hoiilo, there 1s 

lutionary unit and classifying it as a mono- 
typic genus. \J:e suggest, therefore. that a 

indices were compared with those associated 
\Tit11 the most parsimo~lious cladograms. As 
shown in Table 2, relocating H. rirdolfeizsis 
has little effect on the explanatol3 power of 
the cladogram. Removing H. i~cibilis froin the 
Hoilro clade has slightly more effect. as does 
the removal of H ergaster.. Relocating H. 

little sound verifiable ex-ideace to support 
such a scenario. Functional morphological 
analyses of the hands of the early hominins 
have either suggested that a mode111 human- 
like grip is not restricted to Hoiilo or indicat- 
ed that we callnot yet be certain about the 
potential range of precision grips of any of 

genus should be defined as a specles. or 
monophq lum, a hose members occupy a 
single adapti\.e zone. 

Cladistics is the method of choice for 
identifS ing ~nonophyletic groups. but there is 
no equix-alent system for identifying adaptive 
strategies. Ne\-ertheless. for a species to 

ei,ect~is has the greatest impact on the cla- 
dogram's explanatory power. To further as- 

the early ho in~am specles (13)  Lastly. the 
connectloll between Hoivo and stone tool 
manufacture IS also difficult to substantlate 
because the earhest stone tools, w111c11 come 
from deposlts 111 East Afrlca that ale 2 6 to 

emerge and persist. the indi~.iduals belo~lgi~lg 
to it have to flourish in the face of the chal- 
lenges posed by their environmeat and pro- 
duce sufficient fertile offspring to repeat the 
process. The ways in which a homini~l spe- 

sess the reliability of the results, each matrix 
was bootstrapped 1000 times using a 70Y0 
confidence region (22) .  The bootstrap analy- 
ses of Wood's (2; 9) matrices supported only 
one clade coinprising P. boisei and P. robtis- 
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ttls (98%). The 70% majority-rule consensus 
cladograin derived froin Strait et 01,'s (17) 
matrix contained four clades. One linked the 
three Pni.anthi-optrs species to the exclusio~l 
of the other taxa (97%). Another linked H. 
ergaster and H. sapieizs to the exclusio~l of 
the other taxa (98%). A third linked Paraiz- 
thi-optrs and Homo to the eaclus~on of A 
cifricanuj and Pi.aeaizthroptrj ufrrcnnvs 
(73%). The last clade lmked Paranthrop~ls. 
Homo; and A,  afiicnizzls to the exclusion of 
Praeanthropiw ~fricanzls (100%). These re- 
sults suggest that Holiio mo~~ophyly  is only 
weakly supported by the three studies. 

Taken together, the parsimony, hfac- 
Clade, and bootstrap analpses suggest that H. 
eigaster and H. heidelbergeiisis are more 
closely related to H. supieizs than either of 
thein is to Piueaizthioptrs ajricanus. A. afii- 
canus, P. aethiopicus. P. boisei. or P,  i~b t r s -  
t~rs. They also suggest that H. erectus proba- 
bly shares a coininon ancestor with H. supi- 
ens to the exclusio~l of the australopiths; al- 
though the relationship is possibly less 
reliable than those linking H ergaster and H. 
heicielbei~gensis to H, sapieiis. None of the 
analpses included H. ileaizderthalensis. Nev- 
ertheless, the number of almost certainly de- 
rived cranial and postcranial similarities be- 
tween H. neuiiderthulensis and H. sapiens ( 8 )  
is such that it is highly unlikely that H. 
ijeaiziieithalensis is inore closely related to 
the australopiths than it is to H. supieizs. In 
contrast. neither H. habilis nor H i.udo/jiensis 
can be assumed with any degree of reliability 
to be inore closely related to H. sc~piens than 
to the australopiths. The cladograins favored 
in the parsimony analyses do not consistently 
indicate that H. hubilis and H. rudolfensis 
share a cominon ancestor with H. sapiens to 
the exclusion of the australopiths. Even in the 
cladograins in which H. iiclbilis and H. ru- 
clolfensis are grouped with the other Horizo 
species. the links are weak. Thus, the cuxent 
intel-pretation of the genus Hoino does not 
satisfy the condition that the fossil species 
within it unequivocally fonn a monophyletic 
group with H. scipieils to the exclusion of the 
australopiths (Fig. 2). 

Is Homo Adaptively Coherent? 
Many aspects of the ontogeny and phenotype 
of a primate are adaptations to help it main- 
tain horneostasis, acquire food, and produce 
offspring; however. not all of them can be 
reliably reconstructed from the fossil record. 
Arguably, the most important of those that 
can be determined using paleontological ev- 
idence are body size and shape, the skeletal 
concornita~lts of locomotor behavior. relative 
brain size, the rate and pattern of develop- 
ment, and the relative size of the masticatory 
apparatus. 

Body size in primates coi~elates with nu- 
merous ecological and life history variables, 

including population density, home range 
size. social organization, and age at first 
breedmg (?3), whereas bod> shape 1s closel) 
l~nked to temperatu~e regulat~on. matel bal- 
ance, and hab~tat (24) I n d ~ c a t ~ \  e inean body 
masses for the fossil hominins can be esti- 
mated by using skeletal surrogates (23). The 
data (Table 3) show a clear separation be- 
tween H supiens (excluding secondarily 
dwarfed populations), H. neandei,thalensis. 
H. erectirs; H. heidelbergensis, and H. er- 
gaster, on the one hand, and A. afiicantw, P. 
boisei, P. robtut~ls, Praeai~thi.opiis ufricunlw, 
and H. habilis. on the other. The smallest 
species in the former group is H. sapieijs, 

which has a mean body mass of 53 kg, where- 
as the largest species in the latter group. P. 
boisei. is estimated to ha\-e had a body inass 
of 44 kg. Homo lzc~bilis is the smallest of the 
species in the second group, with an estiinat- 
ed body mass of just 34 kg. Body shape, in 
the form of limb proportions, call be recon- 
structed for just five fossil hominin species: 
Praeanthi-optis ajricanirs, A ,  ufiicuntis; H. 
ergaster. H. neanci'erthalensis; and H habilis. 
On the basis of the associated skeleton AL 
288- 1, Pi.aeanthropils afiicaijzls was; in over- 
all size and limb proportions. more similar to 
living great apes than to moderr1 h u ~ n a ~ l s  
(24). L!'hat can be gleaned from the fragmen- 

Fig. 1. Cladograms favored in recent early hominin parsimony analyses. (A) Most parsimonious 
cladogram recovered by Chamberlain and Wood (79) using Chamberlain's (18) operational taxo- 
nomic units. Homo sp. = H. rudolfensis. (B)  Most parsimonious cladogram obtained in Chamberlain 
(18). African H. erectus = H. ergaster. (C)  Cladogram favored in Wood (9). Homo sp. nov. = H. 
rudolfensis and H. aff. erectus = H. ergaster. ( D )  Most parsimonious cladogram recovered by Wood 
(2). A. boisei includes A. aethiopicus. (E) Most parsimonious cladogram obtained by Lieberman et 
a/ .  (20). 1470 group = H, rudolfensis; 1813 group = H. habilis. ( F )  Cladogram favored by Strait et  
a/. (1 7).  
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tary skeleton Sts 14 indicates that A. ifi.ica- 
rzzrs had a body sliape similar to that of Pi-ne- 
aifthi.oy~rs ufiicanzrs (24 ) .  In contrast, the 
nearly coniplete skeleton KNM-WT 15000 
suggests that H. eqnster had a body shape 
closer to that of modelm liurnans (24) .  The 
ilurnerous associated skeletons of H. ifean- 
dei-thulensis indicate that their body sliape 
was within the range of variation seen in 
modem liuinans. If OH 62 and KKM-ER 

lioininin adaptation. In practice, inost infer- 
ences about locornotion have to be drawn 
fro111 functional interpretations of postcranial 
evideace. Currently, evidence about locomo- 
tion is available for Pi.rrerriztlzi-oy~is afiicarz~~s, 
A. cij~icai~~cs. P. i.obz~st~is, P,  boi.rei. H. Izabi- 
/is, H. ei-gasteia, H. erectus, H. heidelbeixeiz- 
sis. and H rzeai~der-thaleizsis. Among the aus- 
tralopiths. the postcraniurn of Pi~creant11r~oy~c.c 
afiicailus is the best preserved and it presents 

3735 ( 2 ,  9 )  are properly attributed to H. a conlbiilation of traits that is not seen arnoilg 
habilis, then that species had body propor- living primates. Soiiie workers suggest that it 
tions sirnilar to those of the australopitlis had a modem humanlike posture and a corn- 
(24) .  Thus. not all the fossil species currently mitment to terrestrial bipedalisrn (25).  ahere- 
assigned to Hoi7zo are more sirnilar in body as others claim that its relatively long and 
size and shape to H, soyieizs than they are to markedly curved proximal phalanges, high 
the australopiths. hurnerofemoral index, and liiglily mobile 

Evidence about tlie locornotor repertoire joints indicate that its locornotor repeltoire 
of fossil hominiiis comes from a variety of included suspensory and cliinbing activities 
sources, some of wliich (limb proportions, for ( 2 6 ) .  Likewise, a reconstructioii of the tho- 
example) also influence other aspects of racic cage of AL 288-1 suggests tliat it was 

Table 2. Results of analysis in which Homo polyphyly was imposed on matrices that returned a Homo 
clade when subjected to  parsimony analysis. L1, CII,  and RI1 indicate the length, consistency index, and 
retention index, respectively, of the most parsimonious cladogram. LZ, CIZ, and RI2 indicate the length, 
consistency index, and retention index, respectively, of the cladogram in which Homo is polyphyletic. In 
the Wood (2, 9) cladograms, Homo sp. nov. = H. rudolfensis and Homo aff. erectus = H. ergaster. 

Matrix Species moved L 1 L2 CI l  CI2 RIl RI2 

Wood (9) H. habilis 
Homo sp. nov. 
H. erectus 
H. aff. erectus 

Wood (2) H. habilis 
Homoe sp. nov. 
H. erectus 
H. aff. erectus 

Strait e t  al. (6) H. habilis 
H. rudolfensis 
H. ergaster 

Fig. 2. Hominin phylogenetic relationships. The pattern of  relationship among Praeanthropus 
africanus, A. africanus, P. aethiopicus, P. boisei, P. robustus, H. habilis, H. rudolfensis, H. ergaster, 
and H. sapiens was obtained in  a bootstrap analysis o f  Strait e t  al.'s (17) character state data. The 
lack o f  resolution wi th in  Homo is i n  line w i t h  an analysis i n  which Stringer's (50) data were 
bootstrapped after reallocation t o  H. ergaster, H. erectus, H. heidelbergensis, H. neanderthalensis, 
and H. sapiens. 

funnel-shaped, a trait that is associated in the 
great apes with a pectoral girdle rnusculah~re 
that is adapted for climbing ( 2 6 ) .  Overall; it 
appears that Piweaizthi.oyzcs afiicaizzrs corn- 
bined tersestrial bipedalism with an arboreal 
facility. Recent analyses have indicated tliat 
the postcraniuln of 4 .  afiicnnzrs was sirnilar 
to tliat of Pi,aeaiztlzi-opus (27) .  which suggests 
that it too cornbined proficient climbing witli 
tel-restrial bipedalism. The liypothesis of a 
mixed locomotor repertoire is supported by 
recent analyses of foot bones and tibia1 frag- 
rnents tliat have been assigned to the species 
( 2 7 ) .  

The postcranial skeleton of P. i.obzrstus is 
poorly lulown. and opinions differ over the 
functional interpretation of what material 
thele is On the one hand, the foot bones and 
hip of P i.ohustzo pomt to a mole humanlike 
for111 of loconlotion than that of Pi.ireanthi.o- 
yzlc ( 2 8 )  On the other hand, the upper lirnbs 
of the type speclmen (TM 15 17) seem to have 
been longer in relation to its lower limbs than 
is the case in H sayieiis, which suggests that 
P. i-obzrstzcs was adapted, to some extent, for 
climbing (30 ) .  It would appear tliat even if P. 
i.obzrstzrs was not as arboreal as Praeantlzi-o- 
ycr.s or .4zrsti~nioyitheczrs, it is likely that its 
postcranial morphology would have allowed 
it some arboreal capability. Few limb bones 
can be definitely attributed to P. boisei. Nev- 
ertheless. forelimb bones assigned to the spe- 
cies suggest that. like Piuearzthi.oyzrs and 
Azcsti~aloyitizec~rs, it too could clirnb profi- 
ciently (27 ) .  Similarly, various indices taken 
on tlie skeletal fragments of KNM-ER 1500, 
wliich sollie assign to P,  boisei ( 9 ,  28) ,  show 
tliat this fossil falls midway between modern 
humans and tlie great apes in its limb propor- 
tions and is similar in these proportions to 
Piaecrizthi.op~ls (30) .  Therefore, P. boisei is 
also likely to have combined bipedal locorno- 
tioil with proficient climbing. The hand bones 
associated witli OH 7 ,  the type specimen of 
H. habilis, have been interpreted as implying 
apelike climbing ability (29) .  Likewise, the 
relatively long arms of OH 62 and KNM-ER 
3735 (24 )  suggest that H. habilis was capable 
of proficient climbing. Together these data 
suggest that H, habilis was capable of both 
tel-restrial bipedalism and efficient arboreal 
activity. 

The relevant evidence for H. ergaster- sug- 
gests that it was an obligate terrestrial biped, 
much like H sayieizs (31). Remains of the 
lower limbs and pelvis indicate that it had a 
cominitineilt to bipedal locomotion tliat was 
equivalent to that seen in modern humans, 
and there is no evidence in the upper limb 
bones for tlie sort of climbing abilities pos- 
sessed by the australopiths and H. habilis. 
Furtheirnore. it is likely that the barrel- 
shaped thoracic cage and narrow waist of H. 
ei.gaster- were also components of an adapta- 
tion for efficient bipedal walking and running 
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(31) .  The postcranial skeleton of H. erectus is 
relatively poorly known, with most of the 

analysis (36 ) .  Although there are substantial 
differences in the mean absolute brain size of 

development exhibited by the H, liabilis 
specimen OH 16 was more similar to those of 
the great apes than it was to the human rate of 
root development (38) .  Similarly, an indepen- 
dent analysis of crown development patterns 
indicated that the H. rudolfen.si.r specimen. 
KNM-ER 1590, exhibits an apelike rather 
than a humanlike pattern of development 
( 3  7). Thus, both H. habilis and H rudo&nsi.s 
are apparently more similar in their dental 
development to the African great apes than 
they are to H. sapiens. which indicates that 
neither species is likely to have displayed an 
extended period of dependence. To date, no 
comparative analysis of hominin develop- 
ment has included H. erec,tu.s or H. heidel- 
bergensi.5, but the dental development of H. 
neandertha1en.si.s is more like that of H. sa- 
piens than that of the living apes ( 3 7 ) .  

The relative size of the masticatory appa- 
ratus of a species is linked to the effective- 
ness with which the food iterns consumed are 
rendered suitable for chemical digestion. For 
example, other things being equal, the rela- 
tive size of the contact area, or occlusal sur- 
face, of the cheek teeth determines how effi- 
ciently a given quantity of food will be bro- 
ken down. Likewise, the cross-sectional area 
of the mandibular body is positively correlat- 
ed with the amount of chewing-induced stress 
it can withstand, so that an individual with a 
large mandibular corpus can either break 
down tougher food items or process larger 
quantities of less resistant food more readily 

available and relevant evidence consisting of 
pelves and femora. These bones differ from 

the australopiths on the one hand and the 
Honzo species on the other (Table I). some of 

those of rnodern humans in some character 
states, for example, the femora exhibit greater 

these differences are almost certamly not 
meaningful a hen differences in the body size 

robusticity and platymer~a and have a nar- 
rower medullary canal, but they are nonethe- 

proxy are taken into account. When this ad- 
justment is made, four Homo species-H, 
ergaster, H. habilis, H. heidelbergensis, and 
H. rudo~ensi.5-are more similar to Austra- 

less considered to be consistent with a mod- 
em humanlike posture and gait. The evidence 
for the postcranial skeleton of H. heidelber- 
gensis has recently been augmented by dis- 

lopitheclts than they are to H. sapiens, and the 
relative brain size of H. erectus is intermedi- 
ate between those of A. afi-icanus and H. 
sapiens. The only fossil Honlo species whose 
relative brain size is rnore similar to H. sapi- 
ens than it is to that of '4. afiicarzlt.5 is H. 

coveries at Atapuerca in Spain, and although 
there is some evidence that the cortical bone 
may be thicker than that seen in modern 
humans (32) ,  there is no evidence that the 
posture and gait of H. heidelbergensis dif- 
fered from those of modem humans. Con- 
trary to the suggestions of early cornmenta- 
tors who depicted H. nearzderthalensis as 
apelike, it is now clear that their posture. foot 
structure, and limb and muscle function were 
essentially the same as those of rnodem hu- 
mans (33) .  Most of the postcranial differenc- 
es between H. neunderthalensis and H. sapi- 

rzeanderthalerzsis. 
It is well established that the period of 

maturation of H. sapierzs is nearly twice as 
long as those of Gorilla gorilla and Pan 
troglodj~tes (37 ) .  This extended ontogeny is 
believed to be important for the transmission 
of the numerous additional learned behaviors 
that modern humans exhibit as cornpared to 
the African apes. Recent analyses of dental 

ens relate to the greater rnuscularity of the 
former; the few that may relate to posture and 

and femoral development in the fossil horni- 
nins have indicated that A~tsrralopitecu. is 

locomotion. such as the long and tlnn p u b ~ s  
of H neanderthalenazs. are not ~nterpreted as 

more sirnllar to the African apes In its rate of 
development than it is to modem humans. 

indicating substantial behavioral differences, 
and there is no evidence to suggest that Ne- 

whereas the developmental schedules of H. 
ergaster and H. rzeanderthalensis are more 

anderthals were more adept at climbing than 
adult modem humans are (33) .  

similar to that of H. sapierzs than they are to 
the developmental schedules of G. gorilla 
and P. troglodj~tes (37 ) .  Do H. habilis and H. 
rudolfensis display a pattern of growth that is 

Thus, on the basis of the locomotor infer- 
ences that can be made from their postcranial 
morphology, the fossil hominins can be di- 
vided into two groups. The first group dis- 

apelike. or is it rnore modern human-like? 
Using incremental lines and periradicular Table 4. Hominin brain size. The cranial capacities 

and orbital areas were taken from (23), and the 
hypodigms of P. aethiopicus, P. boisei, A,  africanus, 
H. habilis, and H. rudolfensis are those used in 
those studies. Homo ergaster consists of speci- 
mens KNM-WT 15000 and KNM-ER 3733 and 
3883. Homo heidelbergensis comprises the Kabwe 
and Steinheim specimens. Homo erectus compris- 
es the Sangiran 17 and Zhoukoudian XI and XI1 
specimens. Homo neanderthalensis comprises the 
Amud I, Gibraltar 1, La Chapelle, La Ferrassie, Le 
Moustier, and Saccopastore specimens. The figures 
for H. sapiens are the averages of the male and 
female values given in Kappelman (23). Relative 
brain size was computed by dividing the cube root 
of absolute brain size by the square root of orbital 
area and multiplying the product by 10. Orbital 
area is not available for Praeanthropus africanus. 

plays a mixed strategy, combining a form of 
terrestrial bipedalism with an ability to climb 

bands to analyze tooth root formation times. 
researchers have found that the rate of root 

proficiently. This group cornprises Praean- 
thropus, Australopithecus. Paranthroplts, 
and H lzubilis. The second group consists of 
H. erectus, H,  ergaster. H. heidelbergerzsis. 
and H. neanderthalensis and is characterized 
bv a commitment to modem human-like ter- 

Table 3. Estimates of hominin body mass. The 
figure for H. sapiens is the average of the male and 
female values given for modern Africans (49). The 
fossil hominin estimates are derived from postcra- 
nium-based regression equations. The estimates 
for A. africanus, P, boisei, P. robustus, Praeanthro- 
pus africanus, H. ergaster, and H. habilis are from 
(23) .The figure for H. erectus was calculated from 
those given for the OH 28 (37) and Trinil (23) 
specimens. The H. heidelbergensis estimate was 
computed with the use of the Homo equation for 
tibia1 circumference/body mass and values for tib- 
ial midshaft circumference from the Boxgrove and 
Kabwe specimens and two specimens from Ata- 
puerca (32, 49). The figure for H. neanderthalensis 
was taken from (31). There are no postcranial 
fossils that can be reliably linked to H. rudolfensis. 

restrial bipedalism and a very limited arbore- 
al facility. The hypothesized contrast be- 
tween the locomotor repertoires of the two 
groups is supported by a recent computed 
tomography study of the hominin bony laby- 
rinth (34) .  

Relative brain size is also a proxy for 
neocortex size, which has been linked with 
important aspects of social behavior (35).  We 
derived relative brain size by dividing the 
cube root of the mean cranial capacity of the 

Absolute 
size 

(cm3) 

410 
513 
457 
552 
854 
752 

1198 
1016 
1512 
1355 

Orbital 
area 
(cm2) 

968 
1114 
839 
908 

1180 
1084 
1403 
1225 
1404 
1289 

Rela- 
tive 
- 

2.39 
2.40 
2.66 
2.72 
2.76 
2.76 
2.84 
2.87 
3.06 
3.08 

Taxon 

P. aethiopicus 
P. boisei 
A. africanus 
H. habilis 
H. ergaster 
H. rudolfensis 
H. heidelbergensis 
H. erectus 
H. neanderthalensis 
H. sapiens 

Body 
Taxon mass Taxon 

(kg) 

Body 
mass 
(kg) 

species by the square root of the mean of the 
specles' orb~tal area, and multiplying the 
product by 10 (Table 4) We used a body size 
proxy rather than the conventional approach H. habilis 34 H. sapiens 

A. africanus 36 H. erectus 
P. robustus 36 H. ergaster 
Praeanthropus 37 H. heidelbergensis 

africanus 
P. boisei 44 H. neanderthalensis 

of expressing brain size in relation to the 
estimated brain volume of a generalized pla- 
cental mammal of the same body mass, be- 
cause of the problems associated with the use 
of body mass estimates in the latter type of 
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Table 5. Hominin species means for 11 gnathic variables. The variables are (1) symphyseal height, (2) 
symphyseal breadth, (3) corpus height at  M,, (4) corpus w id th  at M,, (5) P, mesiodistal diameter, (6) P, 
buccolingual diameter, (7) M, mesiodistal diameter, (8) 1.1, buccolingual diameter, (9) M, mesiodistal 
diameter, (10) M, buccolingual diameter, and (1 1) M, area. O A  indicates orbital area (23). The specimen 
values were obtained f rom several sources and are available f rom the authors on request. Orbi tal  area is 
not available for Praeanthropus africanus. 

Variables 
Taxon O A  

A. africanus 
P. boisei 
P. robustus 
H. erectus 
H. ergaster 
H. habilis 
H. neanderthalensis 
H. rudolfensis 
H. sapiens 

than one with a more slender mandibular 
body. Absolute values for 11 variables from 
the mandible and lower posterior dentition 
for H. sal~iens and eight fossil hominins are 
given in Table 5 .  Relative size for variables 1 
through 10 was calculated by dividing the 
species mean for each variable by a body size 
proxy-the square root of the species' mean 
orbital area (23). Relative size for variable 11 
was calculated by dividing the square root of 
the species mean by the body size proxy. 
When pairwise Euclidean distances are cal- 
culated from the data after normalization (Ta- 
ble 6). it is evident that H. hahilis and H. 
rudolft.nsis are more similar to the type spe- 
cies of Austl-alopithecus and Paranthrop~ts 
than they are to H supiens. Thus. even 
though the teeth and jaws of H. hahili.~ are 
comparatively small in absolute terms, when 
related to a body size proxy the components 
of the masticatory apparatus match those of 
.4ustrulopithec~t.~ and Parunthropus more 
closely than they do those of H. supierzs. The 
other fossil Homo species examined (H .  erec- 
/us, H. ergaster, and H. neunderthalerzsi.~) are 
more similar to H. supierzs than they are to A. 
ufi.icarzlts or P. rohustus. These results concur 
with those of a recent examination of man- 
dibular scaling in early hominins (39). To- 
gether, these analyses suggest that the diets of 
H. hahilis and H. rudolfen.nsis required con- 
siderably more bite force and processing than 
does that of H. supierzs, whereas the diets of 
H. erectus, H. ergaster, and H. neanderthu- 
lensis had mechanical properties similar to 
those of the modem human diet. 

Adaptive Strategies 
Knowledge about the adaptations of the fossil 
hominins is necessarily sketchy. However. 
what is known about their body size and 
shape, locomotion, development. and relative 
size of their masticatory apparatus suggests 
that fossil hominin adaptive stiategies fall 
into two broad groups. The first is character- 
ized by a relatively low body mass; a body 

shape that, in terms of thermoregulation, is 
better suited to a relatively closed environ- 
ment: and a postcranial skeleton that suggests 
a mode of locomotion that combined a form 
of terrestrial bipedalism with proficient 
climbing. It is also distinguished by teeth and 
jaws that are probably adapted to a diet that 
was considerably more mechanically de- 
manding than that of H. supierzs and a devel- 
opmental schedule that was more apelike 
than modem human-like. The second group 
differs from the first in having a larger body 
mass, a modem human-like physique that 
would have been adaptive in more open hab- 
itats, and a postcranial skeleton consistent 
with terrestrial bipedalism with a limited abil- 
ity for arboreal travel in adults. The teeth and 
jaws of the second group were apparently 
adapted to a diet that, when ingested, had 
similar mechanical properties to that of H. 
supierzs, and its developmental pattern was 
more modem human-like. Relative brain size 
does not group the fossil hominins in the 
same way as the other variables. This pattern 
suggests that the link between relative brain 
size and adaptive zone is a complex one (40).  
With varying degrees of certainty, the austra- 
lopiths (with the exception of .4rd@ithecus. 
for which there is as yet insufficient informa- 
tion), H. hahilis. and H. rudolferzsis can all be 
assigned to the first group, whereas H. nean- 

Table 6. Normalized Euclidean distances between 
fossil Homo species and the type species of Homo, 
Australopithecus, and Paranthropus, which are re- 
spectively, H. sapiem, A. africanus, and P. robustus, 
based on 11 size-corrected gnathic variables. 

Species H. A. P. 
name sapiens africanus robustus 

derthalensis, H erectus, H. heidelbergerzsis, 
and H. ergaster can be confidently assigned 
to the second. 

Homo Is No t  a Good Genus 
When these functional interpretations are 
combined with the uncertainty over the phy- 
logenetic relationships of H, hubilis and H. 
rudolfensis, it is clear that the species current- 
ly assigned to Homo do not form a monophy- 
lum whose members occupy a single adaptive 
zone (Table 7) .  In other words. with the 
hypodigms of H. hubilis and H. rudolferzsis 
assigned to it, the genus Homo is not a good 
genus. Thus, H. hahi1i.v and H. rltdolfensis (or 
Homo hubilis sensu luto for those who do not 
subscribe to the taxonomic subdivision of 
"early Homo") should be removed from 
Homo. The obvious taxonomic alternative, 
which is to transfer one or both of the taxa to 
one of the existing early hominin genera, is 
not without problems, but we recommend 
that, for the time being. both H. hahilis and 
H rltdolfensis should be transferred to the 
genus A~tstru1opithecu.r.. This reverts to a tax- 
onomy that was initially considered by To- 
bias, Howell, and Walker (I .  10, 41. 42),  
among others. and was supported by Robin- 
son (43) .  The transfer will almost certainly 
make Austra1o11ithecu.s paraphyletic, and the 
genus will subsume an impressive range of 
cranial morphology ( 9 ,  44 ) ,  but we favor this 
option because it is taxonomically consema- 
tive. The generic allocation of the two taxa 
should be reviewed when associated postcra- 
nial evidence is available for dustralopithe- 
cus rudolfensis and when we are more con- 
fident about the use of morphological data for 
resolving cladistic relationships among early 
hominin taxa (45) .  

Conclusion 
We suggest that a fossil species should be 
included in Homo only if it can be demon- 
strated that it ( i )  is more closely related to H. 
sapiens than it is to the australopiths, (ii) has 
an estimated body mass that is more similar 
to that of H. sapiens than to that of the 
australopiths, (iii) has reconstructed body 

Table 7. Summary of t he  results of funct ional 
analyses of fossil Homo species. (1) body size, 
(2) body shape, (3) locomot ion,  (4) jaws and 
teeth ,  (5) development,  and (6) brain size. H ,  
modern human-like; A, australopi th- l ike; I, in- 
termediate. The quest ion mark indicates t h a t  
data are unavailable. 

Species name 1 2 3 4 5 6  

H. rudolfensis 5.5 1.9 2.6 
H. habilis 5.3 2.7 3.6 
H. erectus 3.1 4.0 4.7 
H. ergaster 2.9 4.3 5.0 
H. neander- 1.3 6.4 7.2 

thalensis 

H. rudolfensis ? ? ? A A A  
H. habilis A A A A A A  
H. ergaster H H H H H A  
H. erectus H ? H H ?  I 
H.heidelbergensis H ? H H ? A 
H. neanderthalensis H H H H H H 
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proportions that match those of H. sapiens 
more closely than those of the australopiths, 
(iv) has a postcranial skeleton whose func- 
tional morphology is consistent with modem 
human-like obligate bipedalism and limited 
facility for climbing, (v) is equipped with 
teeth and jaws that are more similar in terms 
of relative size to those of modem humans 
than to those of the australopiths, and (vi) 
shows ekidence for a modem human-like 
extended period of growth and development. 
The adoption of these criteria would mean 
that Honlo would have both phylogenetic and 
adaptive significance. Researchers can then 
explore whether this adaptive shift in homi- 
nin evolution corresponds with changes in 
climate, analogous evolutionary changes in 
other large mammal groups (46). particular 
innovations in the hominin cultural record 
(47), substantial expansions in geographic 
range, or changes in ecological tolerance, as 
reflected in reconstructions of hominin habi- 
tats (48). 
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