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Modern M c a n  apes, Pan and Gofilla, engage in r unique f o m  of tetre~n*d 

quadnipedalism d e d  knuckle-walking. They also share with humans a cecent evolutioiuvy 

hentage to the exclusion of Asian apes, and two competing hypotheses hive bcen p r o p o d  

to explain the origin of human bipeâalism. One hypothesis views knuckke-walking es a 

synapomorphy ofchimps and gorilles, having evolved a f k  the divergence of humans fiom 

the iast common ancestor with Afiican apes. An altemate hypothesis proposes that hwclda 

walking was present in the kst common ancestor in the lineage leading to Afncan apes and 

humans, Unplying that humans evolved fiom a knuckle-waiker. 

This pmject has two triain objectives. The first is to aoalyze extant uturhllie fotelimb 

skeletd elancnts in order to quanti@ chacactcrs that may k functionally linked to Imickk- 

waiking in Afncan apes. The sccond objective is to d e t d e  the presenœ or absence of 

locomotion un be d e .  TwdUnennoail ndeo image dys i s  is employed to g a k  âata 

on joint surhoe amas, an* wwns. and joint nufice c w a t m s  in thnt matomid 



nie study demonstrates thit actant huclde-waîkers an charact«iud by emphasis on 

losdiag across the radial aspect of the wrist, us indicated by kger scsphoid relative ta lwte 

fadial daces,  Merences in the pattern of scaîing rcross the proximal carpJ row compired 

ta other taxa, and eniarged ana of contact at the scaphoidcrpitate joint Profle d y d s  

across metacarpai heaâs two through five shows that knuclde-walkers are disthguished in the 

d e p  of change in curvature fiom ventral to d o d  aspect of the head, indicating weight- 

bearing across these joints. In addition, significant weight-bearing is indicated only for 

metacarpds three and four, despite obsemd dEerences beîween Goda and Pan in 

preferentiai digit use dwin8 knuckle-walking. Fiy, the proximai articular surface of the 

proximal phalomr is medio-latedly expandecl in gonllas and chimps. 

Cornparison of a select number of Miocene and Pliocaie fossii taxa does not md 

the presence of charaders typically found în practi*cing extant knuckle-walkers. 
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Modern humuis shn a recent COIIIIHOII evolutionary haititge arc l~vdy with 

Wcan apes. This is hown fiom morphologicai cornparisons of cnairl and postcranial 
L r .  

anatomy (for example DuWin, 1871;  dey, 1863; and in more ie6édtefforts Biem 1992, - 

1994), as weU moleadar shidiés (Goodman et ai, 1983,1989; Sibley and Alquist, 1984,1987; 

Miyarnoto et ai, 1987; Marks et al, 1988; Sarich et al, 1993; Rogers, 1993,1994; Ruvolo et 

ai, 1991; Rwolo, 1994). What is intriguin8 is thrit both modem humans and Afnican apes 

engage in modes of temestrial locomotion aîypid of any other living species, primate or 

otherwise. 

Indeed, Rose (1991) comments that modem humans are unique among higher 

primates in that we have a locomotor repertoire that is dominated by a single activity - 
namely bipedaüsrn. A f n c ~  apes are mon typical of di 0th- primates in using varied 

positional behaviours, however they arc ais0 unique in th& use of a stt~eotypic hand posture 

in terrestriai qudnipedal progression ulkd knuckle-walking. 

Given that African apes and h u m  share a conmon anastor to the exclusion of 

AsUn rpes, they must dm h v e  dirrrd a wmmon mode of locomotion ut one tirne. At 

pmsmt, it L u n c k  wbat 1& niahmbip b betwœn knucWwrlaag as semn in Pa, ad 

Goriflir, and ind hirmn bipeblism, or b w  thme two diverse patterns oflocomotor 



behaviouf mse. Numc~ous hypotheses have ken propoeed anempthg to -Lin the 

unergence of bipdai locomotion in modan humans. 

Historicaiiy, t&n bave bcea four signihcuit schools of thought coI1CtSIlitlg the 

reconstruction of the nnt "protohominidn (the mcestor of modem grclt apes and humiiis) 

rad the process of bipedaüution in modem bumrns. The fh ofthese is the brcrchiating- 

trogik@km modd. Onginally propod by Keith (19O3,I923,l927,l934) and m o i y  

(1927a,b, 1928a,b), it suggesis that humins evolved Born a large-Md, orthograde arboreal 

ape ancestor. This stage was thei fdowed bi a phee ofplrntiw@e~ipedal) pto@mion on . .* 

the growid. Many of the similaritics of the upper limb and thonx shared baween chimps and 

humuis were thought to be explainec! by *bmchiationn (meaning ami swînging simüar to that 

ofcbimps, not true brachiation as seen in Hylobaids) and am suspension. Orthognde 

postures that had ewlved a r ô o d y  semd as an efkctive preadaptation lcading to the 

transformation to hill blown bipeblity once the large size of these 'trogiodytitansn forced 

them to the gound. 

Washbuni championcd the km4cMe-dking frog~cx&tirm modd (l%3,l%7,l%8a,b, 

1971,1973). This bypothesis wu dso ôased on structurai simüuities bctwcen chimps and 

bwmms+ as w d  as their biochemical aflfinity. Washbum could not conceiw of a M y  

ubonilly adaptai creature suMWig on the grouad aad deveiophe fidi blown bipedai 

khviours without mme intcrrncdiate step. He bdicved h u c k l e ~ g  soivd the problem, 

since it U a semî-aect posture and would bave aliowed the pmto-hominids to escape 

prdators. Ahhough fàuin8 out oifivau for rom the, suppat for thit hypothesis hm been 

~ d ~ ~ d u e t o a d ~ ~ ~ l ~ e ~ i n m o k c u l a r ~ r a d m n t o b u s t ~ ~ s t i c d y s e s ~  



of hoabid and h o d d  morphomc traits. 

Morton (1924,1926,1927; Morton and Fuller,1952) was the chiefpropo~~cat of the 

lyioban'm modd, which w u  later supporta! by Tutue (1975). This hypothesits wggcsted 

thit pmt~-bominids w m  gibbn-W, rnd that th~y  h d  fom d huidlimbs of equsl 

lssigtb, in addition to w d  ddoped grasping thumbs and big toen Thy would bive becn 

oxceiient climbets and were capable of "bra~hiatia8~ (um swinghg) üke cbimps. Morton 

suggested these eariy homiaids engageci in gibbon-We aided bipediüsxn in the trccs and on 

the ground. This mode1 is very similar to the one proposai by Keith-Gregory, except in the 

hylobatian phase the proto-hominids w m  not forad to the ground as a tesuit ofincread 

b&. 

Finaüy, the wrticai chbing w t h e s i s  or wangu~ian modd was initially 

proposed by Stem (1 97 1,1975). In this scenino, protahominids used th& foreümbs much 

iike orangs do today, and typicai erboreai movements included cümbuig witb high 

fiquencies of fore/huidlunb suspension. Stem suggested dut adnme dongation of the 

uppa limb evolved in an arboreal Sotting and t h  these animais were so adapted to 

adpronograde postures that the only way to manoeuvre on the ground was to c o m p l d y  

fne the foeümb Born locomotor function. The latter sccnario U bighly uaükcly, however 

mon rccent pubücatiom on the subject have argueci that verticai climbhg and boisting 

bdu.icun hve produced the adaptations seen in the hominoid forelimb, not bndiYtion 

(neagît et d, 1981). Furtbermoce, these authon sute that vertical climbing is fhaîonaliy 

prc-adaptivt for bindlllnb fÙnctions sœn in human bipebüsm. S b  h propod, tâis modd 

has gMaed considdlt  support (Aido* 1981; Tuttie, 1981; Stem and Srirmia, 1983; 



J ~ g m  Stem, 1983; Susman et al, 1984; McHency, 19W.1991; ishida et al, 1984,1985; 

Tuttlea ai, 1991; Senut, 1991; Schdâ, 1991; Dunamet al, 1994). 

Despite its comDderabIe backing, the &cal dimbing hypothesis does not take into 

iccount the fiict tbat t d  qrilsdni- is the p d i  and habitd mode of 

locomotion amoag rll Afncan apes. The demonsttated close m o l d a r  affinity of Mcan 

a p  aad humans, pPlticulariy the chllnphuman rslationship (for uuunple, see Ruvolo, 1994), 

as well as shnd dbved morphologid cbaractcfs (Begun, 1992,1994) can not preclude 

some consideration of a terrestriai Co'mponent in the locomotor repertoire of &y hominid 

antecedents. 

lfom accepts the notion that the wmmon ancestor of Aftican apes and humans 

engaged in some fom of temestriai locomotor activity as part of its overd repertoire, there 

are two competing hypotheses within tbis p h s e .  The first hypothesis is that knuckk- 

wiUMg is e i k  a shaced daived character of M c a n  grcat apes Qeith, 19 12; Tuttle, 

1967, I969b. 1975, 1977, 1981; Lovejoy, Heiple, and Bursteh, 1973; Stem anâ Susman, 

1983; Susrnan and Stem, 1991; Latimer and Ward, 1993; Filla, 1993; Hunt, 1994). or it is a 

convergent trait tbat mse independentiy in the separate lincages leadirig to Gd& and Pan 

(for example, set Rose, 1991; Bcgun, 1994). In eithcr cue, knuckiowaiking is thought to 

have evolved a f k  î& divergence of humam. This wggests humans evoîvd mt h m  a 

knuckle-walker, but fiom some gcncdkd uboreai q h p e d  (Straus, l94O,lSW, 1949; 

Stern, 1975; FI@e et ai, 198 1). The second Iiypot&sis b that tarucide-walking was present 

in tbe iast cornmon ancesor of M~CUL apes d bumuis. TIU impties thit knuckle-wahg 

UOK kfOn humam diverge& and therefi,re that humins evoLvcd îkom a knuckie-der . 



(Washbum, 1%3, l%7,1%8a,b, 1971,1973; Begun, lms lms Pübtim, 1989,19%; 

Z i  1990; Shea and Inouyc, 1993). 

Much of the morpholo@cal data fiom eatlicr nrauch hivoured a cbimpgoriüa clade, 

based on proposai synpomorphies of the tOmlimb and hud considCrcd as adaptations to 

knucldewalkin8 puttle, 1969; Andrews and Martin, 1987), as well as pattans of C ~ I I I I H ~ ~  

bistology (ihnh, 1985). Recent advances in molccdar studKs. however, have 

unequivocably detaimiled the existence of an Afnm ape-human clade. This clade represents 

either an unresolved trichotomy 'among GwiIkà-Pm-Homo (for example, Marks* 1992; 

Rogers, 1993), or a P Q I I - H ~ O  clade with Gori& as the sister group (Ruvolo, 1994; 

Shoshani et al, 1996). In iight o f  the shared   ne tic an- of godas, c h p s  and hurnans 

to the exclusion of Pongo, accepting the hypotheais that knucklewaiking is either a 

synapomorphy of Afncan apes, or thit it is an independent rquisition by chhpanzees and 

godas, wouid ais0 require the aweptance of a numba of other homopîasies of the forelirnb 

com*dereù to be a direct consequeme of Imuckie-walkllrg, We the fùsion of the ar cenhole 

for example. Thus, the second hypothesis wherein AfEcan upes and huiws have evolved 

from a knuckie-walking or, at Icast, at *prote-knuckle-walkjng" (Begm, 1994) anceaor is 

most phsiile. 



Thae has ksi considerable speculrtion Ui tk pubüsbed litenturc as to the exact 

natute of &y hominid postumî and locomotor behaviour. The tsnn hominid dim to great 

apes and humans, as wdl as human aucestors such as A~alopitkc11s (SGC Tattcd et al, 

1988). Many interptetations have ban put Forth, including aiggesti011~ tbrt hominid 

mceston and euly utnlopithechts wae highfy a b r d  (Mortoq l922,l924,l926, 1927, 

1935; Keith, 1923,1927,1934; Gregory, 1927a,b, 1928a,b, 1930; Tunle, 1%9a,b, 1974a,b, 

Leakey, 1971; Robinson, 1972; Kay, 1973; Day, 1978; McHenry and Temerin, 1979; Saut, 

198 Ia,b; Stem and Susman, 1981.1983; Jungets, 1982; Jungas and Stem, 1983; Susrnui a 

al, 1984; McHcnry, 1984; Susrnui and Stem, 1991; Senut and Tardieu, 1985; Clarke and 

Tobias, 1995; Berger and Tobias, 19%; McHemy and Berger, 1996). Other mearchers 

suggest that our hominid ancestors engagd in tenestriai quBc1Npedrlism (Hooten, 1946; 

Washbum, 1963,1%7,1968a,b, 1971, 1973; Marzke, 1971; Conroy and Fleigle, 1972; 

Pübcam. 1972; Simons and Pilbeam, 1972; Sarmiento, 1988,1994; Zihlm8n, 1978,1989; 

Jouffroy, 1199; Schmid, 1991; Begun, l992,1994; Oebo, 1992,1996; Marzke et ai, 1994). 

Thae is iittie arguement that d y  augnlopithecines such as A.4(4temS were 

bipedil however some dispute that any u b o d  cornp011eat chacacterized th& locomotor 

repertoh, stating tbaî wEy hominids wac M y  adapted rad cornmitteci to bipaiaiism 

utrliang an upright gaît tbat wu bematiuiiy ind*stuict h m  that ofmodern humans @art, 

1958; Latimer et ai, l987,1989,1990a,k Latimer* 1991; Lovqoy et a& 1973; Lovjoy 1975, 

l978,lW9,1980,198 1,1988; White, 1980, 1981). F i ,  it hr dm bmn sugsaed errfy 



australopithecine beâaviour can best be descri'bed as a variecl rrpatoin, consisting ofa 

variety of tcntStnal and a r b a d  activities @ose, 1991, but sec dso 1983,1988; Stem and 

Susman, 1983; Susrnui el al, 1984; Senut and Tardieu, 1985). 

Sm'ento (1988, 1994) has afgud tbat a large munba of sim;iarit;es in the han& 

and f~ of gorülr9 and humans can be interpreted as temstrid fértuns and bat these 

structures evolvcd as a naponse to t ~ * d  quadnipedaiism, Howevcr, fatmes that 

typidy occur togcther and arc prssent in aîi knucklowaik~r~ are lacking in modem humans 

and early hominids such as A . Q ~ ~ e 1 1 ~ i s . I r r ~ v e  of rny potential arboreaüty in the 

locomotor actMties ofthis mon, it w u  undoubtedly bipedd in its terremiai endeavom. 

Until mcentiy. the Hadu hominids were the Btst to show midena of directionai seledon 

towards bipeblity (Latimer,l991). Stabiîizing se idon that haâ been acting on the lower 

limb to maintain ahoreai cornpetence was eliminated. This is c l d y  demonstrateci in the 

dramatc changes that o«wnd in the lower limb that are directiy hctionaüy rdated to 

bipedaiism (Lovejoy. 1975; Latimer et al, 1982.1987; Latimer and Lovejoy, 1989, 19904b; 

Latimer, 1991; Gebo, 1992). 

At the same tirne, the upper limb was not under the sune immeâiate selecthn 

prraairrs as the lower limb &dmer, 1991). Hcnce, the hanci, wrUt and forclimb of 

A.t#iàrems d i  a modc of primitive and derived characters. Primitive traits ccminly 

relating to vaticai chbing and suspension Ce: amcd philmges, reducai ulnir styloid 

proctss, doagatecl fonlimb), as weü as d H  cbaracters possibly &ed with tarrstrul 

qurdnipcbüsni (ie: arpuded capitite b u 4  fiwd os centde, dongated rad-kt piiifonn) 

arc p-t. The retention of primitive rpbüla cümbïmg triitr does not mccaady mean tbat 



they were useâ for tht purpose, but it is pomi1e (but see Latimer 1991 and refèrences above 

for aitemate view). Radical changes in the pelvis and lower b b ,  in addition to &dace tiom 

the Laetoli foo~rints (for example, sa Leakey and Hay, 1979; White and Suwq 1987) are 

unqudonably indicative of an habituil bipedal gait, rn it is unlikely that A.#cpensls was 

engaghg in any form of terrestrial quadrupedrüsm. 

Anothet early hominid discovercd in Swth Tdcwd, Kenya, (btcd to - 3.5 m.y.a.) is 

rougbly contcmporaneous with A.@iuenFis fiom Hdrr and they shon a aumba of  

morphologid similarities of the hand. These fcahires show clear aainities with modem 

human morphology and do not rdect terrestrial quadnipedal behaviours (Ward et aL, 1999). 

In addition, pedal morphology of the Twkwel f o d  indicates bipedalism as the habitusl mode 

of locomotion in this hominid (Ward et al.., 1999) and, if it is indeed conspecinc with the 

fossiis from Hadar, corroborates carlier interpretations of bipedalism in A.<bmellsts. 

F i n a b  specimens ncwered fiom Allia Bay and Kanapi, Kenya, represent a new 

species o f  ausîraiopithecine, A~~~lraiopitkcus ammel l~~s (Leakey et ai., 1995). These fossiis 

are dated fiom 3.9 to 4.2 m.y.a. and are considaibly older than A.a$wems h m  H;idrr 

(Leakey et ai., 1995,1998). A.ummems also prescrits a mosaic of primitive and dcrivcd 

characters of the upper and lowa h b .  An Jmost complete tibia and disicil humaus were 

mvered hom the older sfrstigraphic leveis at Kanapoi. The tibia posaesws a m b e t  of 

fértuns BSSOCiafed with habituil bipebamn &&cy et ai., 1995), wMe the huwnl 

fnemeat is considemi by some to k most gmilir to modem himins ( M o  and Dean, 

1990; Day, 1978; McH~llly and ComCaiii, 197s; M-, 1975,1976,1984; Senut, 

1980,1981a,b; Senut anci Tardieu, 1985) wüe othas bdim it to bave clora rfnnitks with - 



AustraI~itkctls @il and Wad, 1988; Lague and Jungsn. 1996; Patterson ad Howells, 

1967). A d u s  uid a capitate rccovered h m  the highct stntigraphic sequcnce at Ailia Bay 

ôoth possess a number of ape-lüre characteristics which miy be associateci with clirnôiig 

behaviours Weinrich et al., 1993; Leakey and Ward, 1997; Leakey et al., 1998; Ward et al., 

1999). 

So, unanswered questions remain: when and how did bipedrlism emergcl What fonn 

of locomotion p d e d  it? How wili we identify it? Accordhg to Swiitz (1989). s@as 

specific locomotoi patterns may not differ significantly mou@ to result in dramatic 

moâitications in joint surhice design, and that only certain types of locomotor patterns may 

be reflected in joint morphology. Indeed, muiy knuckle-walking characters (for aumple, 

dorspl ridges on metacarpal heads) are variably expressed or sUe  related (Susrnui. 1979; 

Inouye, 1992; Shea and huye ,  1993; Be- 1994). Ifmany " typicaln Imuckle-walking 

characters are w d y  e x p r d  or absent altogether in typicat knuckie-walkers, then c l d y  

they are not essential for the ta&. This mrkes it aaanely ditncult to ident@ traits 

fiuictiody llss~ciated with knucklewaiking in the fossil record b d  on characters that 

have been identifid to date. 

In order to ddnss the issue ofhb usage and locomotor pattems in the fossil record, 

a comprehcllsivc d y s i s  ofjoint surfàce size and shpe is naxwuy. Obviousiy, examinhg 

the total mo~hdogid  pattern of uiy taxon, Living or cxtinct, is prd'htôk whea rrmking 

i n f h m s  about the relationship ôetwœn morphology and fbnction. Unfortunatdy, the f o d  

mord is not complete ad, Ui most cases, sxfrandy limitai with respect to the numkr of 

danaits that ue avaiiable for f o d  specits. In addition, nuch an d y s i s  h bcyond the s a p e  



ofthis m a c h  proje The study prescnted here foases on joint surfàce aspects of the 

dbow, wrist and hand. Using vide0 image dysis ,  skcletal d a m i t s  h m  thcse anatomid 

regions art quantifid in order to cl- charactcrs known to di&r among homiaoids, as wdl 

as identifjr novd traits and patterns ofvariation tha may be hnctionally linked to altemative 

loaâing n g h e s  acnwr the forelimb. Speciscally, the goal is to tcase out subtie diffctences in 

great ape fodimb morphology that rcfiect hiucWe-walking as an habituai mode of 

locomotion in mcan apes. In tum, r d t s  From comparative analysis of extant ca!arrhines 

are then be appüed to selected elements of fossil taxa, in an effort to cl@ the relationship of 

fossii species to extant hominoids and their locomotor patterns. 

If one assumes that a suite of bckiewalking chrrciers (subtle as they may be) in 

neccesSacy to engage in this activity, and that this suite is oaly pment in practising knuckk- 

waikers, then it is neccessary to go bock in the fossii record weli beyond the anergence of 

A.umme~uts to identify it. Discoveaies at Anmis, Ethiopia, of a new gcnis identitied as 

Ardïpithecus rumidus and pre-âating A.ummemis (White a al, l994,l995) indicate that this 

genus is even mon primitive than the ICanapoi-AUia Bay and Hadar horninids. Hopeîdly, 

additionai data on A . r m i ' s  postcranial anatomy d l  won be published, whicb may 

demonstrate that this mon is morpholo~aûiy vay  simihr to the ancestrai hominid 

morphotype, rad wili prove critical in the rrconstruction of euty hominid looomotor 

bebiviow. At the same tirne, it is more W y  tbat modiecations to great ape forelimb 

mocphoIogy accornpanyiag the ttgnsition to incmsd ~ u d t s  of terrestrial anl wüî be 

detected in Miocene f o d  tuut Available evidmœ of iate Miocene hominoids is not 

exhaustive, and eew inteqretations ofthese &daal dements wouid grcatiy ailiiiace our + 

10 



understandimg of fonümb usage and locomotor pattcms precedlllg the anergence oftùily 

bipeâal eaily hominids in the Plio-Pleistocene. 

D@~#itio~ts of Locoimo~ur Pattern 

Many descriptions in the litemture r s f a  to thewtiomi behaviiour of primates. 

OrigiDaUy proposed by Prost (1965), Rose (1973) mumxted this tenn and it is meant to 

include both locomotor behavioun (movements bom place to place), as well as postunl 

behavioun (whenin the subject and its nuroundings remain relatively stable). Within this 

context, the locomotor repertoire of any primate usually consists of  ciifferant types of 

activities, including a small number that are tiequently used anci others that in used las 

ofben. There is an optimum musculoskeIctal design for the most escient paformance of a 

pwtia~lar advity (Rose, 1 99 1). Thus, in a p h t e  poswssing a vhed locomotor repertoue, 

the postdal rnorphology must represent a biomechanid compromise which is biascd 

toward the most imprtmt activities (Rose, 1991). 

In this context, the locomotor classifications uced in the prrsait study are b d  on 

prderentiai mode of tnvel, and will not descriik in detaii the wmplete üst of positional 

ôehrviom that are possible and engaged in for any given primate. AU primates, accept 

humans, have grasping hands and f~ and ut dept chbers. Even the most tarrstrially 

dipted cempithccines c h b  tms rcgdariy to obtain food items (for aunple, sa Napier 

and Napier, 1970; Rose, 1977; Lahm, 1986), despite specCalitntions of the uppa amb that 

tirnit movementr to primuily the pursieittrl piam (neagie, 1988), as wdi as duccd 

phaiangeal lengths thut cefiect a pcedominantly tanroiil habitus (Smssu, 1993). S W y ,  - 



al primates engage in wyuig frrquencies of bipcdil postures (sce Schaller, 1963; Goodail, 

1%8; Fleagle, 1976; Cant, 1987; DOM, 1993), howeva these activities do not d e c t  

adaptations or a biomechanid bias in the postcignial uutomy. 

Knuclde-walking is  a unique fom of locomotion used exclusively by Atncan apes. in 

knuckle-walking stance, the fonlimb acts as a supporthg prop and the weight of the body is 

supportcd on the dorsum of the intermediate phlanx, whüe the metac~upopbalangeal joint is 

hyperextended. Despite the fact that Gorilu, Pm trqI@tes (chimps), and Pan p i m s  

(bonobos) dl dEer greatly in o v e d  body size, they share this common mode of temstrial 

locomotion. Body size has a major impact on primate ecology, and differences in frcquency 

of arboreal activity and substrate use ocau due to différences in body size even within 

species (Burns, 1979; Galdikas and Telelci, 1981; Tuttie and Watts, 1985; Sugardjito and van 

Hooft 1986; Cant, 1987; Gautier-Hioc 1988; Doran, l993,l997). As a r d t ,  godas are 

more tertesffltal tban cehimps (Schder, 1963; Tuttk and Watts, 1985; Dom, 1996), and 

chllnps are slightly less arboreai than bonobas (Badrian and Badrian, 1977; DOM, 1993). 

Regardless of wying fkquencies of arboreai activitits and postures, the predomlliant 

mode oflocomotion among aii Afncan apes is taCrtriil knuckle-walking quadniwsm 

(Schaller, 1963; Reynolds, 1%7; Kano, 1979; Suman, 1984; Tuttk ind Watts, 1985; Doran, 

1993,1997). Reports in the literature of sub@es différariecr in withh GoriI19 pauimng to 

&suencies of uborcaîism (Tutin anci Fmandez, 1985; Kuroda, 1992; Remis, 1995; Donn, ' 



1996), have üttle impact on p s s  ovarll forelimb mocphoIogy (Tuttle, l%7,l%94b, 1970; 

Inauye, 1992) since gociiias are exclusively terratrial in theu locomotor W i  rnd posscss 

no adaptations of the b d  associateci with hi& fispuc11cies of suspensocy activity (we 

Susman, 1979; Sarmiento, l988,MM; Inauye, l992,l994; Bcgun, 1993; Begun et al, 1994). 

As a dt, for the pifposes of this mdy, aü aubspccies of GoriIh w lumped together. 

It has b a n  sugeested that c&ps and gorilias may engage in kinematidy distinct 

forms of knucklc-walking (Tuttle, 1967.1 %9a, b; houye, 1989.l992). Whilt the basic hand 

posture is the same in these two taxa, then an wme dinerenias in the orientation of the 

elbow and hand, as well as preferred digit use. G o ~ a s  tend to use highly pronated hand 

positions, with the domm of the band held perpendidar to the fornard üne of progression 

and the elbow in hyperextension. C h i m p ~  on the 0th- hand, utilize more Vaned hand 

positions, ofken placing them obliquely to fonuard progression, and the elbow is not in a 

position of -me hyperextension as in gorillss. (Tuttle, l%7,l%ga ,b, 1970). Goriüas 

have absolutely and relatively the shortest maircarpsls and phalanges of ail gnat apes 

(Susman, 1979; houye, 1992,1994) and more m n l y  dimibute M y  weight across the 

arpus wbile lauickk-wirlking. Inouye (1994) found that the second, tbird and fouth digits 

were used in knuclûewalking 89% of the time for ail mcan apes, however signifiant 

cliflierences in mean use of the Mtb digit exist behwtca Pm and Goriï.. CChips rad ôonobos 

typicaiiy do aot use the fifth di@ for support in knuckl~~waikjng, but godas do. 

Ùi ha largest b eatcgoxy (85+ kg)', Inouye (1994) ais0 fouad sipificuit 

1 ïbir~U~ibtmprrpaicdbyJ~gen(19gS)fœmilcP.mg~~,rd~ynpesentr,oboft 

ciptiveindiMdual 



merences between goriilas and c b p s  in mean use of the second di@. Chimps use the 

scoond digit kss often for support than prillas, even at this atmme size range for chimps. In 

addition, obsemtions by Tde (l%7,l%ga,b) demonstrate that juvcniie gonllas use 

knuckle-waIking band postures stereotypic of rduhi. Therefore, at common &es, chimps and 

godias use süghtiy ciifFerat postures. Whüe th- are no d d e d  descriptions in the 

litenhue regardhg bonobo hand postures in knuckie-walking, cornparisons with chimps in 

mean fiequencies of use of any digit reveai no si@cant différences at i ay  size category 

(Inouye, 1994). 

Slow C h  bers 

Pongo (omgutan) is characterized as a slow, cautious chber utüuing ali four h b s  

during cümbing and scrambüng dvities @avenport, 1967; MacKinnon, 1974; Galdikas, 

1988). Quadrumanous climbing, foreîimb suspension and "assistai brachiation" consisting of 

arm over wi movemcnt accompanieû by gnsping of vegetation with the fw are conunon 

modes of progression in this taxon (Schaller, 1961; MacKinnon, 1974). Cant (1987) reports 

high tisquccies of ciambering, which is d B i a t e d  fiom ciimbiig in the direction of 

movemait. Clrmbering d s  use of di fw appcnbees and travd is in a horizontal 

direction. Oran@ most often cross between trees ôy clrmbaiog (Cant, 1987). ûniy d t  

maies are kmwn to corne to ground with ury qpki ty  rad travd for short diitiaces 

(M;icKianon, 1974; Cant, 1987; Gaidikas, 1988), h o w ~  temsuiai p r o m o n  U achieved 

tbrough "fist walkin~" or "crutch walkinga as desmi'bed by Tuttie (l%7,l%94b,l97O) and is' 



not considend to inauence morphology si@ficantLy. 

Brachiation, in the mie sense, can be d&d as slow to moderaie pmduhr am 

muiging where the trunk undergocs rotation uada the supporting hand (Flcagie. 1974, 

1976; Jungers and Stem, 1983; Luson and Stan, 1986). Only Hyioûutles (gibbons and 

siamangs) engage in this type of locomotion. Ricochetal bmhiation, as described by Tuttle 

(1967.1969). incorporates gratter speed and an Mal p h  during progression through the 

canopy. The forelimb of brachiaton serves as the prime propulsive organ during locomotion. 

During moderate speed acm swinging, both hands may momaitady contact the bmch, but in 

rapid (ricochetal) swinghg flexion at the elbow and shoulder joints rnay be so powerfbl that 

the a n i d  is propelled forward and upward in the füght without hand contact (Carpenter, 

1976). 

Gibbons and siamangs are considerd to k acclusively uboreaî (Fieagie, 1980; 

Tuttle, 1990), engage in bigh &qwncies ofsuspensooy and climbing khaviours (Carpenter, 

1976; Eildson, 1974). and am highly adapted to an arboreal i i f i i t e  in having 

proporiionitdy the longest miauai rays of rll catarthines (Schuitz, 1973). Ricochetal 

brachiation in duh siamangs is 1ess common than in gibbons, kit j u U t  simuigs aigage in 

thh type of lo«>motion more kqucntly (Fleagle, 1976). C W i  in siamangs is a forcümb 

domiaated activjty tht involves more ficxioa than #tcnPon of the fbrelimb and hmdlimb. 

Gibbons use las climbing, and more brachiation and leaping during tnvel, ho- 



bnchiuion comprises the highest percentage of locomotion in both gibbons and siamangs 

(Chivers, 1972; Flcagle, 1976). 

ArborePl quadmpedpüsm can be d&ed as above h c h  pairnigrde ptognssion. The 

sample of arboreal qu8dn~peds in this study consists pprimaniy of CoIobus gwezeru (black and 

white colobus), which incorporates a degree of leaping in its locowtor repertoire, but is 

predominantly qusdrupedal in nature (Motbeck. 1977; Rose, 1978). In addition, one 

specimen of Nm1JiS Imwius (proboscis monkey) is inciuded. This latter taxon is larger- 

Wied than colobus monkeyq but stül restncts most activity to the trees and ais0 

incorporates some degree ofleaping (Kem, 1964; Kawabe and Muio, 1972). 

T e d d  quadnipedalism in this sense rdi to cercopithecine monkeys utilizing 

digitigrade postura (Napier and Napier, 1967). Digitigdy imrolvcs platine the ventrai 

aspect oftbe proximal phlrmt a- tbe substnte with hypcrrxiension at tbe 

mcucrrpophaiangeal joint. Digitigraâe moakeys nich u Pqpio anirbis w i l  retrrit to trees or 

cliffi a ni@ to avoid prcdators, but in aigage in v a y  littlt ciimbiig during the diy (Roweii, 

1966; Aldrich-Blake et ai, 1971; Rose, 1977). Upon cataing the tncr, tafftrirl quadnaipeds 

wül dopt digitipdt postures on bnachcr during fmding (Rose, 1974,1977). Although - 



essentialiy mmmial, Pqio qdgm (mandrill), a fi,m.t dweller âom Gabon, engages in 

bigher &queades of bnnch wiUMg and spenâs a greater amount of time foraging in the 

trrcs than otha Pqio @es (Labm, 1986). 

Smnpïe 

This study is based on measuremcats of the fodimb taken nom duit and subadult 

hominoids and Old World monkeys of Mering sexes bom wiid-shot and captive populations. 

Appendix I (page 256) lists the specimens included in the study and the institutes in wbich 

they are houseci. 

Osteological faturcs under investigation wae video taped and the images digitizcâ to 

obtain heu, a m  and an- measures. images wae  wllected using a Canon Al digital 

8mm vide0 camera mounted on a tnpod and leveled to ensure that the lem w u  perpadicular 

to the surhce being vicwed. images were rceorâed on 90 minute Hi-8 vide0 tapes rad 

meggcltcments were obtUncd usingMÙck 2-D video image adysis mfhware h m  JrnQel 

Scicntjtic. The cimai w u  plrad wi1li1li tdephoto range (approximtcly 2 f#t h m  the 

&ddald~)tomuemitaimyle~~thcooomwntrolrnd~apuJLxamr. 

Specimns wue mounted in plasticine to keep thcm stable with the s u d k  k g  



measuteci pespadicular to the lem. A 10x10 mm d e  was p l a d  ôeside and in the same 

plane as the articular surface in question for calibtgtjon PU~P~SCS. Caiiper meiurwmients using 

Mitutoyo digitai calipers wac also taken for cornpuison to determine the delga of error in 

the dipitized meastues. Accunçy betwccn the two metbods was weli witbin 0.5 mm for ünear 

measUres. Linear measurements obtained durgig the digitizing process wae aiso comprnd to 

published data to ensure that r d t s  were comparable. For example, a measurement of 7.58 

mm was obtained for the Rud 78 ( D w p i t k c w  bruncoi) p r o x h i  phahx midshaft breaâtb. 

Begun's (1993) published result for this measwe is 7.5 mm. 

A set of variables was selected for each anatomid region of the foreümb w k e  

ciifferences in gros morphology of the joint surface would be acpected to nfiect patterns of 

joint usage across taxa of Mering locomotory styles. Specinully, this investigation inciudes 

the distd hmerus and proximal ulna, the distrl radius and proximal as well as distal carpal 

iow, and the metacatpophalan~eal joints. Table 1.1 (page 23) iists rneaswements taken on 

each efement and figures 1.1-1.1 5 (pages 24-30) illumates how measurements of arkuh 

surfaces were obtained during the digitking process. Detailed descriptions of predictions 

tested and variables selected are outlined in each section. 

One cavcat regardhg the measurements obtained is that vide0 image analysis wül 

u~tldemstiie the value of the tnie uci of a highly curvd dàcc,  w h d  it is convat or 

concave. Measuring articular s u r f i  areas that ue variable in 3 dimensions in a 2- 

dimensional pluie uanot rcaintely accom for changes in topognphy. Thus, the c i i d  

articular sudàœ of the nday for a ~ p f e ,  miy lppcu to k siMlu b r c n  two taxa, 

howeva the &epr rurnicc of the two will hve  a greater o d  m d c c  ini. said - 



tbt, the anai* pcesented hem produces d t s  thaî are cornpurMe to prrviously puôlisbed 

cornparisons oftaxa u d g  lincar measunmatS. For example, studies basecl on linear 

meisurrmaits by Hanison (1982,1986) rad Rose (1993) brve shown tht monkeys bave 

mulla trochlear areas rrlitive to capituium rreu on the distal humerus. Rcsults nwi this 

mdy are in accordance with those findiop. Hence, despite the ümitations of 2 dimensionai 

meamernent of3  dimensional objects, the technique is stii i  vaiid and uscful for makhg 

AU summary statistical adyses wcre performed on species means. Standard 

deviations (s) and coefficients of variation (cv) of are nported. Sample &es for 

each group are unequal and nlativeIy small. As a d t ,  non-pafllllletric statisticaî tests were 

used to investigate between-group difEecences in order to chninate distributional and 

dispersionai usumptions (Zar, 1984). Mann-Whitney U-tests were used on nw vari&les for 

painwise ôetween-group comparisons. Comda!ions between sets of vaiaôles and the 

relationsbip of variaôles to body size wae investigated by gencrating Spearmin Rank û r d a  

cornlation COCfficients. 

Fwrher bi&e compacisons ofthe dationship of variables to body sk wae 

rccomplished usin8 ordiniry least squares (OU) mgmion modds. Tbe p d i  line finiae 

technique for most biolo&ai data is rrduad major axis (RMA), wbich assumes umr in both 

the x ad y variables (Hamgr anci Pagd, 1991) rnd is tbe leut b W  estimate of a îùnctionai' 



relationship (Kendall and S t w t ,  1979; Swutz, 1989). The two xmthods defive differeat 

estimates of the dope of a üne. unless the comlation d c i e n t  is 1 .O. Discrepancies 

between the two techniques are s d  when the d c i e n t  of determination (2) is -ter 

than 0.90. and hcmse as the coefficient of determimion declines. However, miduils h m  

OLS regression ünes are uncomlated with x, whercas those h m  RMA p m d i y  are 

cornlateci with x. Smce the primary goal of this a d y s i s  is to c o n t d  for the Cn;kcts of size, 

ordiniry kut squares qpssion wrs useâ for rll a d y s e s  @hivey and Pagel, 1199; 

JungersJ985) and RMA dopes anci y-intercepts are merely nported where applicabIe. In 

those instances whae ciifferences in dopes and interapts are investigateâ, only those 

differences that a g a  using both methods are reported. 

Body weights for the specimens included in this analysis were unavailable, so a 

suitable size surrogate was substituted. Use of pubüshed mean body weights in the regession 

adyses w u  not desidle since ininspcafic body m s  is much more vanable tha skcietal 

or dental measuns (Van Vaikenburgh. 1990; see ais0 Smith and Jungers, 1997). However, in 

order to select a size nirrogate to be uscd in mer investigations, publishd mean species 

body weights takm fiom Jungcrs (1988) and Rowe (1996) were tegrcssed agaim a subset of 

variables. Seleaion was based on a bigh conciation ccdciient (r) rad low percentage 

pdction enor (YiE)). 

~ o n s  bucd on the totai mmple, w h c  the mge ofnkKs for x is higb, ofken 

producc compndingly hi@ valuas ofthe coneiation coefficient. Similady, wbcn smiU size 

subsets am used, as in htmpuSc rqpsions, miltrnt r d u c s  aretypically quite low. 

However, tbis does not nuxessady teflect the pcodictaôüity of the eqution (Smith, 



1980;1985). By caiculating the raiduils and compuiag them to pccdicted values, a mon 

accurate estimation of the ptedictive value of a regression or independent variable can be 

made. Tby the pacentage pndidion anw is ulculatcd as:( (obsetved-pcedicted 

vaiue))/predicted value) x 1 0 .  AU regrcssions wae paformed on log trarwfocmed &!a, but 

simply adding up the residuals in log space and taking the antüog of the mean wiU result in a 

geometric mean prediaion -or (Smith, personal corn.). Co~~sc~uently, the p d c t d  value 

was detransformeci back to linear d e  to calculate the WE. 

In selecting a size sunogate, it is suggested bat a mecisure that might be b c t i o d y  

telated to the dependent variable be avoideû, and instead a fUhüe that is hnctiody and 

anatomidy remote is prefmed (Smith, 1993). However, one of the goals of this study is to 

examine the relationsiiip of a srmll number offossii species to extant taxa It is uctremely rare 

to tind a complete skdeton or even a luge portion of associatecl elements fiom the m e  

individual in the fossil record. For this teason, ody vuiables from the fordimb w b  used to 

determine a suitable body size sutropte. Mcasms that were sclected were: the bi- 

epicondylu breadth of the humerus, the do-u lnu  breadth of the distai articular surfioc of 

the dius, and a composite of iinear measures of all metacarpals (uccluding the nrst 

mctsurpol). This composite was dculated as the mean of the ventrd head breadtb, mid- 

width, uid rnidshft b d t h  of mctacapis II-V. bpssion vaiues and W E  are listeci in 

Table 1.2 (page 22) 



Tabk 1.2: S b  sumgate pndiction variables rrqcricd agabt body maas 

As mentionad earlier, body mrss is a bigMy variable characteristic of uny species, so 

"we should not fa1 dismayed by the large prediction enors for estimates bued on 

regressions of skeletal measUrest' (Van Valkenburgh, 1990,p.197). For the purposes of this 

study, values under 2Wh were deerned acceptable. 

Disaimlliant hction wlysis is usai to uisess the rcliability of variables used from 

each anatocnical region of the forelimb for distinguishing arnong primates ofdiffig 

tocornotory styles. Predictive nüability of these variables is determuied by nporting the 

numba or percentage of Mssclrssincations. Features of the elbow, the wrist, and the 

mtocarpophrtlangeal joint an enteteci as varîaôles and used to prrdict taxonomie group 

membership among extant sWes, folowed by classification of admct taxa whae possible. 

- -- 
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Table 1.1: Lut of Mcuurementr U d  in the Study 
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Figure 1.14: Metacarpal Head Curvature 

b 

d delineates the ventral and 
dorsal boundaries of 
the articular surface of the 
head 

b divides the surface of 
the head into ventral and 
dorsal halves 

/ is the chord lmgth 

h = the height of the 
arc 

Figure 1.15: Proximal Phalanr Proximal 
Articular Surface Area 



Background 

The primate elbow exhibits a number of morphologid pattern, h c e  it is compriseci 

of sMnl merent joints, each with fuadonaiiy distinct compoaaits (Rose 1988,1993). 

Characteristic feahires of these elements in extant @es provide insight into the influence of 

diierent locomotor styles and'postural ictivities on excursion ranges and joint loading across 

the elbow. The use of the fore1imb in locomotion is universai in al1 uithropoids except 

humans. As discussed in chapter 1, monkeys are typicolly quadnipeds and as such, use the 

forelimb as a prop for support and propulsion during forward progression. Homhoids, on the 

other hand, possess a unique suite of characters enabling hem to hang or swing klow 

branches, and engage in vertical cümbing and hoisillig behaviom. Atncan apes are proficient 

at these activities, however they prefer terrestn*al pathways for habitua1 locomotion and 

utilia knuckle-walking quadrupedalism. As a result, the articulations between the distai 

humenis and proximal ulna and radius an ngulariy subject to either compressive, tende or 

shear stresses, or any combiion of these. 

It has bœn wdi documentcd tht hominoids powm sMnl fcrtuns of the elbow that 

emphasize universai stability throughout the AiIl range of flarion-atqnsion and pronation- 

supination of the forehb (Hunson 1986,1987,199l; Rose 1988.1993; Sarmiento 

198S.1988). in coatMt, mnkeys have a partiailir stable position, d t i n g  Érom dose- 

packing in fU pronation (Rose, 1988). The trocblca of the distai humerus, a0 named bcause 



of its spool-üke or trochieifonn shapc, fits into the trochlau notch of the proximal uliir This 

joint is tssentiaüy uniaxkd and permits flexion and extension ofthe forelimb. la hominoidq 

the mednl boundary of the trochlea, or medial keef, is weU dtvelopcd aii the wiy arod its 

mirgin from ventral to dorsal aspect. In monkeys, this k d  is most prominait vmtrally and 

distally (Rose, 1988). The lateral border or ka1 is robustiy developsd in apes, although 

somewhat less pronounceà in pibons (HunsonJ986). It continues posterioriy rad extends 

proximilly ont0 the laterd walî of the olecmnon fo- forming an art idu  d a c c  for the 

proximal portion of the trochlear notch of the uina. Accorâing to Harrison (1987). presence 

of a lateral keel in non-cercopithecine moakeys is detemiined by body she, but althou@ luge 

arboreal colobines such as N d i s  have V e y  developed latenl keels, in most non- 

hominoids this f w r e  is very reduced or absent (Rose, 1988.1993). As a redt, the trodilea 

in monûeys is more cylinârical in shape and k t  suited to resht med'iy directeci forces such 

as those incunixl during use of the ümb in quadrupedd stance, as wel  as forces exerttd by 

muscle contraction. Component forces of muscles such asflixor digitorum supcrfialis, 

flaor carpi u l ' s ,  Jexor cmpi radialls, and p r m w  mes act perpaidicular to the long 

axis of the ulna and exat considerable force. Consequmtiy, a large am of the humerai joint 

surfia must k placed pcrpendiculu to these composent forces to prevent compressive 

stresses h m  becoming too p t  (?reuschoA,l973). 

The morphology in hominoids is quite difftfctlt. h addition to prominent mcdirl and 

lateral keds, the trochicar SU- is concave, thus üuly imcLIe$ionn and k d c s c r i i  as 

being strongly awaistedw (Hmbn 1906,1987,1991; Rose 1988,1993). Thus, the deeply 

excavated artidar ZRUfm of the trochita, the rokistîy dcveloped m e W  and l a t d  k d s ,  
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anà the hwmrwliur contact on the latail aspect of the olcc~llllon fossa with the fonrmi in 

ftll extension are d traits associateci with lord trader and stabilization of the elbow uder 

compmtive or tensile stress (Jenkins, 1973; Hartison, 1986.1987; Rose, 1988,1993; 

Sarmiento, 1985,1988). Accordhg to Satmiento, stabWon of the humero-ulnar joint is 

pmidady important in suspensory activities. as the trodileifonn shape of the trochlea 

prevents displacement oftk ulna during pronationlwpnrtion ofthe foream or rotation at 

the shoulder. He notes that of 9 hominoids, excavation of the trochîea and development of 

the medial keel is most pronounced in omgutans. in contrast, gorillas possess a meâid k a l  

that is nlatively smail and a much less trochleifom anterior t r o c k  (Rose. 1993). 

The expression of these chanicters rekting to humero-ulnar joint stabiiity in a p  is 

considerably less rtmarkable in modem humans. Hence, the laterai k a 1  is poorly developed, 

tbe trochlea is las spool-sbaped, and lack of dorsal extension of the trochlea h o  the 

o l e c ~ o n  fom limits hypertxtension capabiiities of the elbow (Rose, 1993; Carlm and 

Johansson, 1962). In humuis, adduction of the u h  accompanies supination of the fore- 

and abduction accompanies pronation (Palmer et & 1982; Pirela-CNt et ai, l99l. cited in 

Rose, 1993a), suggesting that there is a lack of amplete congniency at the hmero-dnar 

joint (Rose. 1993a). 

The mo~hology of the proximal u h  dm diffkrs among adrnt tuu Among 

hominoids, the olecnnon fossa is gnitiy reduced in heieht, the aroaoid proass projects 

vmtrauy, Md the ttochlear notch bis a cranul orientation. The uttremc reductioa ofthe 

otccmmn proass pennits an illcrtaScd nn~e  of motion, rMce the pmxtmrl portion of the 

uochiear notch docs not M y  engage the oleaiaon fossa of the humerus untii a position of 
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extrane extension or hypcradension is tczu:hed (Fischer, 1906; M s o n ,  1986,199 1; 
; 

Martin, 1934; Rose, l988,1993a). Gorillas uchiibit the grtatest rafuaion in olcaanon height, 

foliowed by gibbons, orangutans and then chimps (MiniiS 1934). Howevcr, in order to 

maintain a full range of motion at the dbow (the fonarm encompassing an m of 

approximately 180. ), there is a corncornmitant ventrai projection of the corornid proccss, 

resulting in a ctanially orientecf tilt of the articular airfke (Hurison, 1986; Rosq l993a). This 

tilt is characteristic of di apes, but accorâiig to Harrison (1986) its expression is somewhat 

nduced in gibbons. d hé proj&tion of the coronoid process is accommodated by a deep 

coronoid fosse above the trochiea of the humerus. As a consequena of having deep 

olecranon and coronoid fossae, the bone between these two structures becornes quite thin, 

and large hominoids tspecially have a hi$ incidence of fenestration above the tmchlea 

(Harrison, 1991; Rose, 1993). 

Hominoids dm share a high degree of stability at the humeroradid joint at ail 

positions of supination-pronation. The capitulum is large and globdar, equilly cunnd in d 

directions, and extends farttier posteriorly than in any othu primates, iuowing the d u s  to 

mon with the u h  into a position of hyperextdon. This is partidarly advantageous in 

compressive lod transfer by providing a large surfiace ini of contact, and mists dislocation 

of the radial hcad whcn the dbow is subjected to compression, tension, or dieu 

(Rose, 1988,1993). According to Sarmiento (1985), the reIative size of the capaulm is 

-test in gicbbons. Thus, grrit apes tend to have telativdy large humeto-ulnat joints, while 

gibbons have hgc humrondhl joints. Both Hun'mn (1982,1986) ad Rose (1993) argue 

dut the relative size ofthe trochlea with respect to the capitulum is not dhctîy BSSOCiBted 
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with body size, and among anthropoids thae is an rllornetric tendency for the width of the 

trocbiea to inmase at a frstcr rate thoa the width of the clpitulum. It would sam, then, tbat 

gibbons depart tiom this pattern. 

It has becn demonstrated that structural modifjcations of the distal humenu and 

proxirml u h  in extant hominoids are dinctly Mcd to maMmally strbüizing the dbow 

during al1 positions of flexion-txfension andor pronition-supination. Tbcse vaned foream 

positions an typical components of daüy activity of large hominoids in an u b o d  milieu. 

Indeed, in their EMG study of muscles acting on the forelunb, Tuttle and Basmajian (1974) 

have show that os~e~~iigameotous structures are primsrily responsible for strbüity across 

the elbow during suspenoory postures. This is illustrateci by the comptete lack of activity of ail 

brachial muscles, triceps and anconeus during hanging and rotary rnovanents with the am 

fùlly extended. In contrast, kwckle-waikrng posture in Mcan apes is not maintainecl by 

close-packed positionhg of osseous and ügarnentous structwes (Tuttle and Basrnajian, 1974). 

In knuckle-walking stance, the fonami f o m  a relativeiy supporting prop. 

Continuous activity of the triceps musdes, as we11 as anconeus which acts as an auIullary 

extensor in gorilias, confhs that considerable m u d a r  foia is n e c a s q  to maintain the 

extended dbow position. Anconeus may M o n  in a manner dogous to tbat of the 
t 

popliteus in the human knœ. It is puticularly rctm when the fonami is nxcd and shows 

bursts of activity, "snapping" the elbow into closepacked utendeci position, as the lord 

passes over the joint. in cornparhg the dbow of LnucklaWers to the knœ ofbipeds, 

Tunk and Basmajian (1974) Sate tht much ofthe oftbt body Ws on the hinAlimbs 

in gorillas, such tht the foram h proportionatdy lem I d c d  than the hindlimb of humam. 



However, the extauion of the elbow am continuously active during knuckie-walking stunce, 

whtniur cxtetlsors of the knee are inactive in bipedil stance in humans. The implication, 

llccording to these authors, is that the dbow in Abican apcs is not especialiy abpted for 

knuclde-wrllring as the  hum^ knee is for bipedrüsm. 1 would argue that the extensor 

muscles of hwcklewalking apes an more iikely fwictioning in a maMer similu to the 

gluteus medius muscles in the hwnaa hindümb. Insofm as the glutds pment the hip fiom 

adducting when the line of centet of- passes madial to the joint, the extenson act in a 

simiîar fashion prev&tiig the for-'frwi fl-g hd&, the shoulders of Mcan  apes are 

proportionately much broader than the hips of humans, and the line of center of msss passes 

futher away from the elbow joint than it does eom the human knee joint. 

Finally, in studies of humans Carlsoo and Joharisson (1962) have sbown thaî mon 

stable support in a fdling body is provideci when the foreafm is ovet-txtended nther than 

stightly Oexeâ. The tcduced olcruion process in ali bominoids permits hypaextmsion of the 

forearm, but may be particululy advantageous to knuckle-waikers by rnaxhhg stab'ity 

when the joint is under compressive stress (Tuttle and BasmajianJ974). 

Much of the interpretation in the previous work briefiy outiined here is based on 

linear measwtments and qualitative description. The purpose of this chaptcr is to examine 

featwes of the distal humcrus and pioximai ulni discussed aôove in a more accurate and 

quantitative mamu- 

It has bœn wdl established tht joint surfice rni d e s  positiveiy with body size 

(Junps ,  1988; Kappeiman, 1995; Swutq1989). It miy be pttdicfed tht mimais e n w g  in 

spciaiizcd locomotor behaviours involving distinctive loading putaas will show unique 



joint d a @  charaetenstics departhg Born a l l o d c  trends. Hiwison (1982,1986) has stated 

bat in luge primates, the i n d  W v e  d c e  area ofthe trochlca for articulation with 

the ulaa is M y  nspoas'ble for the dewlopment of structural modifications that are 

llssociated with humera-uinar joint stabüity. Since joint mrfhœ gcornetry Mers among 

mthropoid twr (Swinz, l989), linear measures may not accutately reflect nirna areas. For 

this r-n, digitized vida, images are uscû to CalCUIatt joint aufice areas of the trocbiea and 

cipitulum. in iddition, rather than descrihg the *trochleifom' nature of the trochlea or the 

"tilt" of the trochlear notch of the uina, these faturcs are quantified by meaairing the angies 

ôetween the meûiai and laterai keels on the tmchlea, and the angle of the trochkar aotch 

relative to the long axU of the SM of the uina. Figures 1.1 - 1.3 (pages 24-25) pphicaily 

illustrates how these measurements were obtained. 

Results f?om this analysis are then used to either corroborate previous hdings or 

demonstrate novel srnichual mdincations in the dbow region among hominoids. Of 

particular interest is whether these mtisurements can tease out unique morphologid traits in 

biuckle-walking African apes. More specifidy, the questions to be rddnssed include: 

1. What is the pattern of SCBJing of trochlea and capiailum anr relative to body b? 

2. Do cipitulm and trochlti urea d e  diffltntltiy &om each other? 

3. 1s the sbipe of the trochiea (ie: the Sia of the mgit between the mediai ind i a td  

kds) mmcly a function of body sb, or cm it be with limb usage and 

4. 1s the orientation ofthe trochiear twtch ofthe uha iinked with humeml trochkar 
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Descriptive sîatistics for dl h u m d  uid uhu dimensions are given in Table 2.1 (page 

SO), and summaries of Mm-Whitney U-test cornparisons for selected wuiaMcs are found in 

tabk 2.2 (page 52). The square rwts of trochlear and capitular anas were taken for esse of 

cornparison to ünear measutes of body s i r e  surrogate in regression analyses. Mann-Whitney 

U-tests of painvise cornpuisons on trochlea and capituium arti*cular areas rwed arpeaed 

signifiant differences m g  taxa due to gross body si te  diifferences (Figure 2.1-2.2). 

Lwking at the ratio of trochlea to capitulum ana venWy chimps, bonobos, orangs and 

hurnans are ail simiiar, and gorülas have süghtly îarger relative trocNear areas (figure 

2.3).The pattern distally is slightiy dierent. Hem we see that humans are signifimtly 

different from al1 other taxa in having the highest trochiea to capitulum ratio (figure 2.4). The 

nason for this high ratio is a slightly s d e r  capitulum ara distally (as indicated by z-scores 

for this variable) as opposed to a greatly enlarged trochler relative to other large hominoids. 

Group means for trochlear angies and ulair notch angle m depicted in figures 2.5- 

2.7. The mot plot of ventral trochlea angle cIcariy illustrates that ail hominoids have smail 

angies, or hi~hly constrained elbow joints. This is espechJIy truc oforangutans, wwhich 

supports Sumiento's (1985) d e r  conclusions. W t s  from pwwisc cornparisons 

corrobomtcs tbis finding, in uiit humans ut si@uialy d i h t  h m  aii l a ~ e  hominoids 

and siarnangs in the degnc of b u m c f b  mutmint vcaftauy. Interestingly, Uamangs are - 



sieaificant1y di&nnt âorn gibbons and gost similm ta onngs in ventral trochlear agie. 

Arboreal monkeys brve the least constfaind elbow joint, suggcsting a more generaüzed 

pattern of limb loading. 

Measurements of trochlea angle dong the d i d  rupcct ofthe humas shows a very 

similar pattern among large hominoids (figure 2.6). Brachiators, however, rppur to h v e  lesr 

wnstrained joints distally than ventrally. This is partjdarly tnïe of siunuigs. Both 'bb011s 

and siamangs are not signifjcantly different nom humuur in this dimension. 

Figure 2.7 shows the relationships among taxa baseti on ulnar notch angle. As 

mentioned earlier, a high trochlear angle is characteristic of ail large horninoidq and p a h h  

wmpa~sions demonstrate that knuckle-walkers, omgs anâ modem humans have much more 

cranially orientecl trochlear notches compared to bracbiators and monkeys. Harrison's (1986) 

claim that cranial orientation of the ulnar notch is present but somewhat reduced in giibom is 

challengeci by the resuhs presented here. Indeed, there is a complete ovedap in ranges among 

brachiators, arboreal and terremial monkeys and no statistidy sigdicant differences exist 

among them. Chimps, bonobos and humans am most similar in the degree of cranhl 

orientation of the trochlear notcb, while orangs and gorillas rrspeaively have somewhat 

higher values. 

In order to dctcnnine the effects of body sk on stnichiral fatures of the d b w ,  

Mer bivariatc compacirrons are neccessary. Results fiom cegrasion anaiyses are found in 

Table 2.3 (page 53). Vdum for OLS and RMA arc reportcd. Humaal ami ulnu wiibles 

wac~sed~tbotht&maicupilcompositedRdiusdUularticulat~body 

site sunogates. Ncither ofthese su~~gates is h m  a mgion anatomidy mnote h m  the - 



elbow, therefon it is quite likdy that t h ~ y  arc fbnctionally rdated to features of the dirtrl 

humerus and proximal u l ~ .  H e m  hterpretation of regtssion results rnwt be d e  with 

caution. For this nrson, both surrog8tes are used for cornparison. Results fiom both arc 

very s i d a r ,  and the following discussion wül k kred on regrad a g h t  Rdius 

distal articular surha breadth. Any discrepancies betwcen the two methods wiU be notai. 

It is clearly demonstmted that tmcbiear uti both v e n t d y  and d i d y  is higbly 

codateci with body size, and increases at a rate close to isornetry. Gorillas show the greatest 

amount of dispersion about the regression Iine (see figures 2.8-2.9). Uidicating a wide range 

of variability in both vochlear ara  and body size (whether d u s  artidtu breaâth or 

metacarpal size). The same pattern is true for capitulum a m ,  although the s l o w  for this 

measure are much lower both ventrally and distaiiy comparexi to those for the trochka 

(figures 2.10-2.1 1). Examinhg the d i n g  pattern of trochlea vases capitulum arcas mon 

carefully (figures 2.12-2.13). using Clarke's (1980) test for RMA dope diffcrencts reveais 

that, aithough the rate of increase of trochica area is higher thui that ofcapitulum area, no 

significant diffaences exist in dopes for ventrai meswes. DisUlly h o w m ,  crpituium am 

increases ot a si@cantly lower rate than trochlea uea with respect to body sUe, coanniiiag 

Harrison's (1982) earlier hdings. Thus, as body size hcrcascs, it stems thae must k a 

greater n a d  for structural modification in the aochla rather thm the cipitulum. 

In order to assess the possible contribution of trochicar angle to trochlear siw, thme 

two vm*abIes wae regmd  against udi O*. The question is, does the of d b w  

joint consmint have some bcaring on joint size? Tbose taxa baviag hi- conitnimed 

h u m t r ~ h  joints ue expected to bave k g e  nqatbc miduah, while those with b r d c r  . 



trocbleas should ha&-mol p6sitive d d d s .  .a F ~ B ~ ~ C S  2.14-2.1 5 illustrate that the actclal 

comlation betwcen these variables is very low for the vmerl iupct, and somewhat bigher 

distaliy. Thae is, howev, a pattern in the distribution about the üne that is consistant in 

both plots. Gociilas dl tend to have much hrga trochlear areas than wodd be expectd given 

their tr~~hlear angles. Convedy, gibbons and siaznangs dl fd well beiow the he, indicating 

that they have much smaller trochkrr areas than would be expected given their trochlea 

angles. 

Values for ongular maaires in a regpsion do not readily convey information 

regarding the reiationship to body size. Thus, foiiowhg the methodology d d b e d  by Swartz 

(1 989). the residuds from the previous rcgression wcn in nini regresscd against body size 

surrogates to detennine if the distniution of positive and negative residuals about the 

regnssion line is related to body size. These plots are show h figues 2.15-2.17. The resuits 

indicete that the contribution ventrally of trochlear angle to trochlcar size is more closely 

associateci with body size, having a dope neam isometry, t h  measures disully. 

Nonethefess, botb regressions show a similu pattern of distribution about the line. A Chi- 

square cornpaison of the distribution of positive and negativc residds by mon (table 2.4, 

page 54) illustrates tbat, among large horninoidq godas and humans have the highest 

percentage of positive residuds with nspect to body site. This meiar that trochlear mgit is, 

in k t ,  broader than wodd be expected given tbcir body sut. C o n d y ,  chimps, bonobos, 

omngutans, gibboas and Sunuigs ail have bigha pacentages of negitive midualS. Hcnce, 

thQr trochlear angîes are nurower, more cocumimi than wouid be ocpected for th& body 

&es. Goriilas are dgificanliy differeat bom cbimps, bollobos and omgs in the distniition - 



of thtir residuals. 

The same tests were run against the metampi composite as a sut surrogate. 

Although the pattern was simihr for aii gmt apcs, the miduai distributions were difTerent 

for humans Sad brachiaiors. The reason for îhis is ükdy haî  these taxa possess unique 

morphologies of their metawpal dimensions. Humans have puticularly stout, robuat 

metacarpals, whereas those of bcachiaton are aüuntly sknkr and grade. 

Exaaiination of uinar trocfilear notch orientation verses tadius articular breadth 

(figure 2.17) indiclites a pattern of increasing ulw notch mgle as body size increases, 

however the correlation is  not penicularly hi& ( ~ 8 4 )  and there is a fairly wide range of 

variation. indeeû, values for ulnar notch angle me similu for smaIi gibbons and larger 

tememial monkeys, as notd pmiously in tests of pair Wise comparisons, despite the fm 

that these taxa engage in vastly different modes of locomotion. Regardless of the trend for 

increasing cranial orientation of the ulnu notch in Iir$e hominoids , this trait laas bcai 

hctionally linked ta greater extension capabiüties of the forelirnb, a cbaractm*stic necceseuy 

for large apes engaging in suspsory actinties. Ifcompanbly sizcd tmestrjil anthropoids 

were avaüable for cornparision, peihops the d t s  wouid show a noticeably diffennt pattern. 

Gibbons are -nd only to godas in nduction ofthe olecnnon process Outtle and 

Bamajian, 1974). rllowing than a grata range of uct~11~1'on than is possible in monkeys. 

This would suggest that norienuition ofdie trocblear notch of the uina in more cranid 

direction is a deriveci trait aishg out of nard for high ranges of flexion and uctension 

necœsmry in large arboreal specics engaghg in climbing anâ suspensory aCtMtics. 



To suaumb the findings thus fâr, it bu been danonstrated that: 

Increase in trochea and ciipitdum a m  is comlatcd with inctcllsulg body ske, but 

2. The "trochleifomi" nature of the the theochiea, qrt~ented as the angk betwœn the 

m d a l  and lateral kecls, is  not stndly a îuaction ofinmahg body size. It is best 

cxpressed in those spccies engaging in climôing and suspensocy bduvioucs, 

suggesting a greater nad for stabüity at the humeroulnar joint. 

3. Reorientation of the trochlear notch of the ulna in a more cranial direction is 

tiinctiody related to the need for i n c r d  flexion-extension capaôilities in large 

a r b o d  spies  engaging in vertical climôiig and suspensory activitics, mther then 

stnctly a fùnction of inaeasing body size. 

in order to assess the reliability of these fmoturrs in ptedicting taxonomie group 

membership and associated locomotor prodivities, discriminant fûnction analysis was 

pesfomed. AU features of the distal humaus and proximai ulni that have ban d i d  so 

frr wen entered as variables into the discriminant anaiysis. Redts are found in table 2.5. 

One of the assurnptioas of dismmMnt haion anaiysis is thaî pradictor variables diouid 

have n o d  distributions and within group ~ v a r i m c e  matrices shodd be cqwl 
. - 

across all groups. Visuai inspsction of histograrn plots meil that uei meuures of the distaî 

humetus are not disüibuted n o d y  across ail taxa. This is likely a fktion of simpling 

unequa1 repnsaitrtion of males ud fiemales. Homo8edy of vullace tests indime tht - 
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eqwl variance can be assumeci for trocbiear mue ventdiy, the ratio ofttocblto to capituium 

uea ventrally. and u d  mtch ande. Al1 other variables considend have sigdicantly 

dinerent variances, however. AgiUn. thh is kdy a consequ- ofgroups rcpmented by 

pooled sexes and differing l d s  of sexd dirnorpbicmi mong the tucl unda investigation. 

Furthemore, variables that are codatecl wül tend to share disahhant weigh. Ventrd 

area measwes of the trochlea are carrelatai with di& areas, however ratios of uea 

rneasures and m@ar measures (ventral and distd trochiea, ulw notch angîe) are not 

codateci with ana measures or each otber. SUlce certain variables do violate some of the 

assumptions ofdiscriminant fùndon analysis, the results should be interpreted with caution. 

As seen in Figure 2.18, ali large hominoids are grouped together on the b i s  of theiir 

eibow morphology. Function 1 dong the x axis discriminates species on the basis of trochlea 

ana ventraily and distally, and ulnar notch angle. Function 2 separates groups rccording to 

distol and v e n d  tr0chk.r angle. The centroids for chimps, bonobos and ormgutans are 

tightly cv~ged, while gorillas are siightly separate b d  on site and sornewhat larger 

trochieor angles. Brachiators group with monkeys b a d  on trochlar she and uinar notch 

angle, but are clearly distinct firom them with respect to humaal trochlea morphoiogy. 

Humans are of similu size to large apes, but are ais0 clearly distinct Born them based on 

trochlea morphology. Thae is a slight overiap in mges, however the centroids am quite 

separate. 

ClaSSitiation d t s  of prcdjcted group mcasbership are f d  in Table 2.6 (page 56). 

Eighty-fw pacait of- ~e ~ ~ n a c t l y  ~hsdiad Site taxonomie group manôership. 

Oranptans wae  c o d y  clrssined 100 percent ofthe timc, rad 11 paant of gorülu w a e  - 
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mistaken for omgs. Chimps and bonobos w a r  cksgncd c o d y  most of the the, and the 

mijority of errors ocained in missclrssification as cachother. For modem humans, 10 

percent were mistaken for cbps .  Although simple sVw in some cases are v a y  small, the 

m u l t s  do demonstrate thot the traits used in this anaiysis am usenil and fiiactonally 

sigificant in discrimstiag among taxa according ta locomotor npertoire. 

This anaiysis of the elbow region does corroborate certah findings of pnvious 

research. Sudace ara measunments show that th humera1 trochlea a m  d e s  vay close to 

isometry, and is only slightly positively dometric (RMA results). This indicates then is but a 

very small size-dependent increase in relative wufâce area in this structure. The relatiomhip 

of trochlea area to that of the capitulum paints a somewhat different pichire. The latter 

incruses at a rate k l o w  isometry and dopes for the two musuns are significantly @<.OS) 

dfierent dong the distaî aspect. Slope values for ciipitulum area are virtudy identicai both 

ventrplly and distaliy, however it is the trochiea am that is more positiveiy dlometric distally. 

This supports Hamson's (1982) conclusions, as well as Rose (1993) who states tbat "The 

s i te  of the anterior part of the trochlea - nLtin to the cuei for articulation with the d u s -  is 

not iinkcd to abrolute sizen (p.75). Among homiaoids, tbae is a tend- towards a meâiai 

sâift in the of  fore through the dbow ( G a b y  et al, 199 1). As dao~l~ tn ta l ,  

homimido hve Iargcr humaal oderu niaas relative to capituhim sudàccq nich tbu 

much of the loaâ is borne through the h m c m u b  joint The oppoaite is tnie of 



cercopithecïne monkeys, whecein the capitulum area is snluged and load bearing is sbirrd 

more evdy between the humera-ulnar and humcto-radial joints. 

Results âom this uulysis would secm to indicate that, albeit mail, thac b a slightly 

more Wependent increcise in t r d e a  surCIoe ara  disMy thui vmtrally, implyuig that 

babitual iimb loading with a Ailly extended foream bu a signhcant functional impact on the 

structurai morphology of the distal humerus. Change in site of the capitulum is much more 

conservative, however o v d  geometry (ie: rounded globulu shape in hominoids verses 

flatteneci shape anterodistally in monkeys) re&as the dependcnce in hominoids on rotational 

capab'ities ratbec than transmission of compressive joint stress at the humeroradial joint. 

Examinhg the angles between the medial and Iateral trochlear kals, it hrs ken 

demonstrated thst dl hominoids shan highiy collstrajnd joint ourthces. Rase (1993) has 

stated that orangutans have the "most trochleiform antm*or trochleam@.89) and godas have 

an anterior trochlea that is "Less tcochleifonn than in 0 t h  apes" (p.90). M u a  d u c s  for this 

measun reveal that Po~~go does indeed have the s d e s t  trochlear angle both ventdiy and 

d i d y  of dl hominoids. However, it is gibbons and siamanp that have the lugest trochlear 

angies among hominoids, while gorillas have the broaâest measure among lrrge apes. 

Thit gibbons and siammgs have much l a s  constrained humera-uk joints distally is 

intmsting. Bncbiators posses M ammdy p o w d  flexor apprnhiq aidai by the long 

digital fiexors. In prnicular, dcvelopment of/%dj,gîilam supetficidis is most pronouncd in 

gWoas (Tuttle, l%9). Pnsumibly, the same is tnie for sirunangs. In 1 otha hominoids, the 

/I.mi@imrn plsrprriirs L the predominant l o n ~  digitai flexor. Mury gibbons, bowevcr, 

possess superticid digitai tlaom tht am rnan devtloped than the pronindus musdcq a - 



condition never secn in gnrt apes. Ifthechief m o n  o f h  suPaficial flmors w a  for 

powerftl flexion during suspewry activities, one wouid expect îhat omgutans wouid han 

the lugest supdcial flexon (Tuttie* 1969). Gibbons rlso have a prominant heaâ of 

jt.di,trmnr pmfi~uhis h t  ooriginates as a d a p  portion of the common flexor mass Rom the 

medial epiwndyle of the humcn~s, a condition not typically fouad in other homhoids 

(Tuttle, 1%9). These muscles not only exert powerfiil forces arass the ventornedial aspect of 

the dbow in flexion, ntccessary for the propulsive phase in ricochetal brachiation, but they 

tikely help to stabilize the humerodnar joint as well. Movements are very rapid during 

locomotion, and the arm is p l a d  in a position of extreme lateral rotation at the end of 

support phase (Lanon, 1988). It may be possible that a highly constraineâ humerouliuu joint 

distally is mechanically disadvantageous w h a  engaging  JI ricochetal brachiation. 

Furthennore, observations of siamang locomotor activity indicate thot they engage in higher 

fiequencies of verticil climbing and scrambüng than gibbons, hence the smaüer ventral 

îrochlar angles of siamngs are likely a reflection of this. 

Analysis of trochlea angle d a s  demonstrate thpt all homiaoids have relativeîy smaii 

angles and that stability at the h u m e r w l w  joint is paramount in large badied animais 

engaging in suspeasoiy activities. HPm*son (1986) tuis stated that "with i n d  relative 

surface area of îhe trochlea for articulation with the ulni in luge pairnues, thac is a greater 

nad for stnidunl mdcations, such as mcdiai and l a t d  trachlear keels, and a waistd 

trac)i1ca to s t a b i i  the humuOU1118f joint durine tlaion and extension ofthe dbow." 

(p.548). This is m e  to an adaK On examinin8 the wntri.bUtion of trochlea angle to tmchka 

wea, it is show that, although g i i m  are o f  rimilu size to monkcys, brachiators have much. 



d1a wchlea agies tban woutd k uqectcd. SilllUlarly, cbimps. bonobos and onmgutans 

d have smaller angles than would be expected for their body size. This sumests that the 

d for stabiüity at the humaoulw joint mpaadcs thut for i n d  joint su- a m ,  

supporthg Sarmiento's (1985,1988) conclusions. Gorülu and humuw, on the otha hud, 

tend to have brocida trochlear @es thaxt would be acpeaed for their body Oze. Thus, tbsy 

have compromised stability somewhat in fivour of i n d  surfece area. This situation is 

advantageous for a large animai hrbitdy subjecting the elbow to a compressive ioldiDg 

regime in knuckle-walking. For humans, the for* is not useâ in locomotion, therefore 

structural modifications emphasipng humera-ulw joint strbitity are not aecccssary. 

Al1 large hominoids share a cranial orientation of the ulw trochlear notch. Whether 

this character is m e d y  a function of large body size is d'icult to assess here. Futher analysis 

with much larger sample sizes d l  enable testing of independent slopes for taxa of clifferhg 

body Sue and locomotor patterns. insofar as gibbons and s h g s  have ulnar notch angles 

not sienificantly different from that of monkeys, it would appear that cranial orientation of the 

uinar notch is associateci with extreme ranges of flexion-extension capabiiities, mccessary for 

large apes rnoving about in an arboreal milieu. It is also advantagwus in huckle-walking 

behaviow, in thrt the forward projecting coroaoid process fomu a larger wppon platfom 

tbrou* wbich compressive forces can be transmitted. That humans &are with apes a cranid 

orienîation of the u l w  notch likely refîects phylosenetic Iiistory retained from a common 

rncestor. Retention of this mit, however, is qwliy vduable to h~ with respect to 

d p i i r t o r y  behavio~us and lLCtivities nich as t o d - m .  

F i y ,  diacnmmuit 
. bction d . s  of t& d i a  humew and prorrimal ulni has - 



shown that structud f m  of the elbow are functionaiiy signifiant and &&ive indiuton 

of locomotor behaviour. This wilî k partiCculuIy useAiIl Ui making inferences about 

loeomotor patterns and liab usage in fossii taxa. 



TABLE 2.1: Sunmrcy StatWia For Humml and U ï o u  Mcurm 
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* A m  meawernents in mm2 : AQ=arboreal quadruped, TQ==temestntal quadruped, 
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Table ta Suam y of Mian-Whitney U-test Paimbc Cornpuboas Far Elbow 
Vafiabtes 

Troc Angle 
Distally 

ChimpBonobo 
Chimp-Pongo 
ChinipHunan 
Chinip-Gib 
Chimp-Siam 
Cbiirip-AQ 
Chimp-TQ 

H~man-Gib 
Human-Siam 
H~rnan-AQ 
Human-TQ 



TABLE 2.3: Rcpaikn Anrlyrb of Humecd Mcurrcr and Uhiu Notch h g i e  

l vent cap area 

Al1 variabtes arc q y e s d  igainst log radius discal orticular surface b d t h  
RMA values arc tcported in parcnîhcscs below OLS vducs 
~rtctransformedtosquertrootvducs 



TABLE 2.h Chi-!Squan Rcrrlts of ilaiduil Distribution for Tmchlcci Aigk  Regmaeâ 
Agaimt Radius DbW Artkulir Sudace Bread* 
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TABLE 2.5: Summvy oCDkriminant Fraction Aadysb For Fint 3 Fractions 

FUNCTION 

variable 1 I 2 I 

-% 1 78.9 1 89.9 1 
variance 



TABLE 2.6: Ciassification Rciulb of Pndicted Group Memkrrhip Erpmsed u 
Percentage 
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Figure 2.2: 95% CI Emr Plot of Dicta1 



Figure 2.3: Ratio of Vtntd Tmciüea to 

Figure 2.4: Ratio of D M  Tmhlea to 



Figure 2.5: Humws Ventral Tmchkat Ande 

Figure 2.6: Humerus Distai Trochlea Angle 



Figure 2.8: R c y u i o n  mot of Ventnl Tmblea Arta 
v e m  Radius DWtal Articular Bnrdth 



Figure 2.9: Regmaion Plot o f  DWIJ Trochkr A m  
verma Radius Distrrl Articulrr Brtidth 

Figur62.10: Regmion Plot of  Ventrd Cipituluni Ani 
Vencs Radius Distri Articuhr Bmdth 



Figure 2.11: Regmion Pîot of Dhtd Capitrikm Arri 
V m s  Radius DWil Artkulir Bmdth 
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Figure 2.12: Regmsion of Ventd Trocblea and 
Cipitulum Amas verses Radius Diatd Articular 



Figure 2.D: Regremion of Dbtrl Troebk. and 
~8pitulum A m  v v w r  Radius Dbtd Articulrr Bnidtb 
I 1 



Figure 2.16: Regression H o t  of  Raiduah for V u a i l  
Troehlea A r a  - Ventral Trochkr Angle vs Radius 
Distrl Articuiar Brcrdth 



Figure 2.18: Regmion Hot of  Uaar Trochkrr Notch 
Angle v e n a  Radius Dbul  Articdar Bmdth 
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Figure 2.19: Canoakil Direriminut Function Raults for Elbow 
Variables 
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The W d t  

Backgroud 

All hominoids shan uniquely denved chuncters of the aratiiracfiial joint and ca~us 

that distinguish them from other anthropoids (Comccini 1978; Comccini et al 1975; 

Harrison 1986, 1987; Jenkins and Fleagle 1975; Lewis 1965, 1969, 1971, 1972. 1974, 1985, 

1989; Morbeck 1975; (rCo~or 1975; Sarmiento 1985,1988, 1994; Tuttle 1967,1%9, 

1970. 1975; Tuttle and Basrnajian 1974; Washbunr 1%3,1%8b). These traits pertain 

primarily to wrist mobility and pronation - supination capabilities, nflactiag an adaptatiton to 

suspensory and slow dimbing in an arboreal milieu. Mcan ape wrist morphology differs 

fiom that of Asian apes in structural features that an finctiodly related to p a t e r  stabüity. 

The need for increased stability is suggested to be codated with use of the forclimb in 

compression during knuckle-walking. 

The foiIowing brief sumrnary of hominoid Matomy and fimction is baseci largely 

on the work of Lewis (1965 and seq.) and Sarmiento (l98S,l988,l994), unless othamse 

cited. Elements under disaission are restricted to the distai d u s  and uha, the scaphoid and 

I m e ,  and the capitatt and hamate. These stnictures arc integrai componcnts ofwrist 

stababiiity radlor mobiüty and are deemed to k most W o d y  devant to the question of 

knickkwaücing tnits in Afiican apes. 

In the antibrachi al cornpartment, reduction in the 1engt.h of the styloid proass oftôe - 



ulna is unique to hominoids. In monkeys, the styloid proccss fits into O aip fonned by the 

pisifonn and triquetnl, ptoviding a stable platfonn through which compressive forces can be 

transmitted in quadrupeda1 locomotion. Rcduction in the size of the styloid has led to its 

partial or wmplete exclusion fiam participation with the proximai carpal row, and parnits a 

wider range of e x d o n  in ulnar deviation of the wrbt (sa Tuttk 1%9,1970). 

Gibbons are intediate  betwan monkeys and great apes in developmmt of the 

styloid procesS. In some cases, it is quite long and m y  contact the surface of the triquetraî in 

maximum adduction of the wrist (Jenkinq 198 1). Hylobatids Mer fiom great apes in having 

an extra carpal bone - the os daubentonii - which orhibits varying degrees of development. It 

is suggested (Sarmiento 1988) that this bone may represent a second centre of ossification of 

the tnquetral, which is present in monkeys. Typically, the os dauôentonü is semilunar in diape 

and articulates with the ulnar styloid process ptoximoradidy, and with the triqunral distaüy. 

When it is poorly developed, two continuous fibrocartilaginous ligaments bind the os 

daubentonii to the radius and completely encircle the ulw styloid ptocess. This structure, 

referred to by Lewis (1 965,1%9,l988) as the semilunar menisais, has the same shape and 

tùnction as a well developed os daubentonii, which serves to p m m t  the radius and ulna ftom 

separating whne aiiowing fice rotation ofthest two bones about cich othr. Gibbons dso 

have a viuiplar iigament that wmects the distai radius and uku, but is sepamte âom the 

sailunar mcni*saur. The ulnat styloid process passes through the opcning betwcen the 

maigsais and trianguiar ligament to achieve contact with the tripuetrai. 

In great lpes and humans, the os daubenonii is not p m m t  and the frianjpiar ligament 

becornes a tnie fibrOCllltj1aginous articular dis, wntacting the uhiar head ind styioid 



proximdly and the triqueval and lunate distdy. In cornmon chimps, the semilunsr mdscus 

and triangular disc usudly ate distinct sûuctung allowing passage of the ulw styloid 

process which rnay then contact the triquetirl. However, occuiodly the two structures may 

merge foming a putially closed cavity for the ulnar styloid process. The styloid bcars 

uticular facets for both the meniscw and the triquetnl. 

In prülas, the meniscus is completely inc0cpc)rated into the proximal Micular surha 

of the wrist, fùsing with the smooth, stiff tnangular artjcular d i r  such that only one structure 

is discernable. The homologue of the sedunar meniscus wnsists of a somewbt more pliable 

ügamentous portion that is wntinuous with the triangulu &SC, and connects it to the tadius, 

ulna and proximai cafpals. The ulnar styloid pioctss, reduceâ in sk relative to chimps and 

situated proximai to the meniscus homologue, is encloseci in its own synovial cornpartment. 

This cavity contains numerous yellow, fat-filkd vüli. The styloid itseifis covered in cartiiage 

and contacts the upper surface of the meniscus homologue. Lewis (1965,1969,1974,1988) 

states that the gorilla motphology represents a condition derived from that of chimps, 

whereby the sanilinar meniscus and trianplar disc have fùsed to forrn the larger triangdar 

disc in gonllas. Accotding to Sarmiento (W85,1988), increasing the surfâce aea dong the 

ulnar aspect of the wcist by means of the triangdar disc irnplies -ter emphasis on weight 

support fùnctions than in chimps, thus less conunitment to tttrostnhlity in the latter. 

Otangutuns aiw have a fibrocartilaginous triangular artîcuiar disc with its 

uicof~oratcd d u n a r  mcaisais homologue. The ulair sîyloid is even more d u c a i  and 

encloseû in its own synovial avity, howmr it is not c o v d  in d a g t  and Y completeiy 

non-articuiar. 



The condition in humans is most rimüar to c h p s  (contra Sarmiento 1988). The 

tnangular disc is sometirnes fiscd with the menisas, sometimes not. The uliun styloid 

process is variable in length. When the styloid is long, it protades hto a "pre-styioid rccessn 

( d a r  to the synovial cavity found in gmat apes), it is c o v d  in cartilage and it may 

contact the upper surfia of the triquetrai. 

The radioaupal joint in lesaa apes is designecl for maximum mobüity. Abduction and 

adduction ocair at the radiocarpal and midcacpai joints. At the midcarpal joint, the 

articulation b e k  the capitate ad hamate fomu a hemispherical baü contacthg the lunate 

surface, and the proKimal carpal surface has a relatively small rnediolaterai radius of 

cuwature, indicating wide possible excursions of the wMt in a mdiolatd direction. 

Gibbons are second only to orangs in adduction capabüities (Tuttle 1 967,39694 b, 1970,1974) 

despite having a much longer ulnar styloid process. Accordhg to Jenkins (198 l), there is 

considerable adduction and abduction at the end and begining of support phase during 

brachiation. In domventral curvature, the proximal carpal d a c e  is more higbiy aimd than 

the distd raûius articularl surfhce, indiutin of wide ranges of possible flexion and extension 

of the wrist. Indeed. gibbons have the grritest degree of volar flexion capabilities of aiI 

hominoids. insofiir as the palmar surfaoc of the hand is able to contact the ventrai aspect of 

the foream (Tuttle 1 %7, 1%9a,b, 1970, 1974). 

In orangs, the articular surfilce of the pmximai carpai row io more aimd in a 

d i o l a t d  plane than is the d i a l  &us SUrfhc (Sarmiento, 1988). This di& in joint 

surha cumairrr d t s  in grcater ndiouinar dcviation capabiities ofthe wrist. This, 

coupled with an expanded kuute surfi which a d a d s  ulnuiy forrning a "ndirl rbdf" 



(entirely excluding the ulnar styloid fkom the arpis), provides omgs with the highest range 

of  adduction of dl hominoids. Pot~go is aiso characterized by having equal development of 

flexor and extensor muscles of the wri-st, associateci with datively h e  mobility at t k  joint 

(Tuttle 1967,1%9a,b. 1970,1974). In conaut, Man apes have much h p r  wrist fltxom 

than extenson. 

Atiican apes have a distal radial surfra that is more daply concave than that of 

orangs, and which is angled ventrally and medially (JeaLUis and Fleagle, 1975). The surfâce is 

broader mediolaterally thon domventraiiy (Comccini, 1978), affordhg greater stability and 

Iess radioulnar deviation in Atncan apes than in orangs (Tuttle 1967, 1969a,b, 1970, 1974). 

This condition is exaggerated in gorillas, which have a flange of bone that projects disully on 

the ventromedial aspect of the distal radius. 

The conformation of the distel hrlf  of the radiocarpal joint, comisting of the scaphoid 

and lunate, distinguishes Afncan fiom Asian apes. On the basis of ünear measUres, the lunate 

is much larger, having a greater relative contribution to the antebwhial joint, in Pongo than 

in gorillas or chimps. Knuckle-walkers have scaphoids and lunates ofahost qua1 size, with 

the scaphoid king somewhat larger (Comccini, 1978; Jenkins and Fleagle, 197s; Sarmiento, 

1988,1994). Minoring the morphdogy of the distai radius, togaha these two bones form a 

suiIfice that is namower dorsoventrally than mediolatdy. The ndius of cwvature of the 

proximal surf- ofthe pro* carpal row is much pater (ie: less ninnd) in M c a n  apes 

than in Asian apes (Sarmiento, l98S,l988,I994), d t i n g  in a joint that is v a y  stable and 

las mobile, pacticuIarIy in tadioulm deviasion. 

The lume proxMll surfàce in gorülrs and chimps is coma, aurow ventnay and - 
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broader doMUy. such that much of the articdar s d h  f- d o d y .  The saphoid 

proximal f~cct  is concavo-convex, with the convat portion orientai p r o M y ,  and the 

concave portion facing proximo-dorsally. In flexion, the conva portions of the scapboid and 

lunate articulate with the distal radius. In extension, the concave part of the scaphoid cornes 

in contact with the distal radius, limiting any fiithcf extension (Jenkias and Fleagk, 1975). 

contra Tuttle (1967,1969a.b) who claimeci h t  the dorsai ridge separating the adjoining 

surfaces represented an extension-Iimiting mit. 

Dunng the middle and Iate propulsive phases of knuckle-walking, the sornewhat 

dodly facing proximai facets of the scaphoid and lunate are brought into maximum contact 

with the distal rdius (Jenkins and Fleagle, 1975). The proximal carpal row mnatis esscntially 

static during bi~ckle~waiking, with the forearm, csrpds and metacarpals rotating fornard on 

the digits around a center of rotation located approhtely at the level of the 

metacarpophalangeal joints. The axis of rotation initiaMy lies between digits 3 and 4, thai 

shiAs toward the radiai side as bdy weight passes over the ümb (Jmltias and FIeagie, 1975). 

Habituslly loading the carpals in compression, with cmphasis on the diai side during 

late phases of propulsion, has led to a uniquely derived condition among Afncan apes and 

humans. narnely fiision of the os centnle to the scrphoid which incruue~ midcupil stabiüty 

(Comccini, 1978; Himison, 1986; Lewis, 1985; SuMento, 1985.1988; JenlOns ad 

Fkagie, 1975; Tu& 1%7,1%98,b, 1974). Fusion of  thae two bones in ABican apes and 

humans d y  ooain in fetil or ncomtal stages ofdmlopment (Schultz, 1936). QPangs rad 

gibbons bave retakd the primitive Mhropoid condition of Unaisecl os centrale. The CO~WGX 

portion of the proximal scapboid in t&se two Uni is mail in dation to the t l a t t d  d o d  . 
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extension of the &cet. Lewis (1988) States that gibbon morphology is reminiscent of 

monkeys, in that the proximal d a c e  ofthe scaphoid cetains a dorsal concavity (which is 

actually more flat than concave, pas. obs.). 

Knuclde-walkers and humans typidy hve capitates thu are mediolatdy broad 

and blocky, acpanded distal articuiar SUffàces (iinear dimensions), and total pcoXUnodistal 

kngth that is pa t e r  than hamate length (Comccini et al, 1975; Corruccllii, 1978). The 

degree to wûich the crpitate head is expanded Iaterally is said to be hi@iy vm*able among 

hominoids, however it is generdly s d l  in gorillas and humans and Iarger in chimps, the 

latter more closely resembling terrestrial cercopithecines than other hominoids (Comccini et 

al, 1975; O'Connor, 1975; Lewis, l973,l974,l98S,l988). Chirnps t y p i d y  have a large, 

non-articular excavation distal to the capitate head cuntributing to a so-called "wristed" 

appearance. Godla and human capitates are much blockier in shape than those of chimps, in 

that the iderior border of the head is 61ld in. The capitate head of orangs and gibbons is not 

expanded to the degne seen in Atncan apes, and distal orticular surface dimensions of 

gibbons are s d a r  to that ofmonkeys. Expansion of the capitate head in M c a n  apes is 

associated with greater contact with the lunate proximaüy. In orangs and gibbons, much of 

the distd Iunate surfhe articulates with the harnate (Lewis l98S,l988; MorzLe et ai, 1994). 

The hamate is characteristiully broad relative to its length in gorillas and monkeys, 

especidy tenestriai monkeys, with a triquctral tàcet that is situated obliquely and hces 

proximoIatcral1y. The hamate gcts progressiveIy k n p  and the tnquetnl fiat M s  in a 

more mediai diredoon in chimps, omgs, ancl hyiobatids mpectivdy. In omgp and gibbons, 

the hamate is as long or longer than the aipitate. The monkey, gorilia ad ccbimp triquerai - 



f a t s  are reiativdy b r d  and oriented to fwiiiate weight tranmDssion through the ulnû 

aspect of the mist (Comccini, 1978; CornoMi et 4 1975; O'Co~or, 1975; Lewis, 

1 972,1974,1985,1988; Sarmiento, 1988, 1994). In large hotninoids, the dcular surâce 

between the hamate and capitate is a ünear plane synovial joint Eikiag up the whole flattenad 

surfiace proximally and extending distally as a d o d y  located strip. This uticuiar surfiace is 

ofien spiit into proximal and distaî portions in gibbons (Lewis, 1985,1988) - a condition 

sometimes seen in chimps as well (pers. obs.). 

The p r d i n g  summary of hominoid antebrachial joint and selected carpal 

morphology hm demonstrated that Afncan apes share a number of fatures thaî can be 

fùnctionally ünked to increased stability of the wrist. Questions that remain unanswereû, 

however. are whether joint surfaces of est elements s d e  isometridy with changes in 

body size or if there is an ailomettic pattern in surf= uea that may be correlatecl with 

specific modes of habitua1 limb usage. 

The notion of geometric similarity assumes t h  animals will have bones that are the 

same shape regardes of absolute size. Under this assumption, surface areas do not scale 

diredy with body mau, such that joints of larger animais bear relatively pater  gravitational 

loaûs than thor of  d l  anids.  Thenfore, it is eqected that joint surfice area would d e  

positiveiy aiîomehidy with body mus to miintain niactional simüuity and to compensate 

for rdativdy gnitcr loads acperienccd by luge rnimils (Swiry1989; see dw 

Bimaia.1982; Rubin and Lanyon, 1984). A l d a  (1980) cautions that gcoIMbic 

SiMlarity ais0 assumes that iinear dimensions of arti411.t auficer in proportiona1 to o v d  

dimensions ofthe givcn limb segment of which it is put According to Jungcts ad Summ - 



(1984). such a reiationship between joint shipe and long bone length does not exit among 

Afiican apes, and that most joints s d e  or incrsue in size a a condderably Wer rate than 

limb laigth. However, they state tht d i g  of long bone diameters iikely dors correspond 

more closely to joint uticulu size and dupe. 

In their CXiltnjnation of h i c a n  aps, Jungers and Susman's (1984) d t s  Uidicate 

that forelimb artr*cular dimensions (glenoid fossa, proxirnal and d i a  humerus, and ndisl 

head) d e  positivdy with body size, w h m  hindlimb rrtiailir surfaces Jclk süghtly 

negatively. This finding is corroborateci by Godfiey et al (1991) in their analysis of 

anthropoids, insofu as hindlimb articular elements d e  close to isometry and fonümb 

dimensions (proximal and disial dimensions of the humeniq radius and ulna) scak sti&tly 

positively. Howcver, these authors contend that hctional dietences withEi groups can 

w k  joint surfsce isometry, in that the presence of functional difierences b e e n  s d  and 

large members o f  a given taxonomie group can resuit in patterns of positive or negative 

allometry or isometry. "If fiinction vMes with body ske, then positive or negative allornctry 

can occur as a spurious & i  of changes in fiinction without ha- anythiiig to do with 

scaling per se." (p.621). This may be true in analyses ushg datasets including animais of very 

small and large size with d i f f i t  Iocomotor habits (ie: miill ccrcopithecines and iargt 

hominoids). A study of cloody related species wherein body size does not diffèr grcatly 

(te& " a ~ o w  aiiomeuy" ôy Smith, 1980). miy d dinaararr in üneu dimensions and 

sudiace arcas tht ue uncorniateci with body size and Uely reflcct fùnctioniuy significant 

puttems dlimb usage. 

The questions to be addresscd in thU d y s i t s  meas folows: 



1. Do knucki~waikcrs h v e  expanded sudha arcas of the distai d u s  and proxirml 

atticuiar surfoccs of the scaphoid Md lunite as compaced to otha hominoids and 

cacopitbecines, relative to a metacapal body sin winogate? 

2. What is the relative contribution of acfirol surf& uca of the aaphoid and lunate to 

the antebnchiil joint among biuckle-walkers, otha hominoids anci cercopithccines? 

Do knuckle-wakers have expandecl mu on the radiai Ode of the foreîimb? It is weU 

known that omgs have gceatly enlargeci lunates, however, d a s  the relative size and 

scaiing of the scaphoid dina in knuckle-wakers? 

3. Do knuckle-walken have expanded surface areas of the scriphoid fwt on the 

apitate, capitate facet on the hamate, and distal wirfrccs of these elements compareci 

to other hominoids and cercopithecines, relative to a metacarpal body size surrogate 

and relative to total length of these carpal elements? Inaeased scaphoid area would 

be indicative of greater stabidity dong the radial aspect of the wrist, larga hamate 

areas would be an e f f i v e  stress rduction mechanism whereby forces are 

transmitted fiom the hamate to capitate, and larger distai rriicular wfkce meas would 

be suggestive of weight ôearing. 

4. Do gorilas, chimps and bonobos exhibit diffctent patterns of scaüng in the aôove 

mcasures dative to cach other and to other homhoids and cacopithccincs. 

Measurcmeat of the wrist dements d a  invtsfiCgation am gnphidy depicteci in 
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Measurement of the m*st elemmts unda investigation are graphidy depicted in 

figures 1.4-1.13 @ages 26-30. Maximum a m  of a fàcet was di@nd dong the mugin of the 

artilsr surfke, which is clearly visible. The scaphoid and lunate ueas on the distd mdius 

wete, for the most part, easily disceniable by the contom of the articuiar mugin and by a 

ridge sepmting the facets within the rrticular surâice. In some cases, tbis ridge was not 

clearly visible, and the scaphoid and lunote inrs were estimatecl fiom the contours ofthe 

articular mgin on the dord and ventral aspect, then digitking a line between them. 

As noted in the sumrrmry above, the capitate facet on the hamate is typidy  split hto 

proximal and distal portions in gibbons (and chimps on occasion, pers. obs.). In this instance, 

a r a  was measuted for both segments and then summed to obtain a totai ana. Total 

proximodistal length of the hamate and capitate was obtained with Mititoyo digital caiipas 

measuring from the most distai projection of the distal art idu d a c e  to the most proximal 

surface of the bone. For the hamate. the most distd projection was taken fiom the level of the 

metawpal four (MI.) and metacarpal five (MV) articuiar fkets when these are in the same 

plane, and frwi the ridge sepmting the hm> focets when their codonnation is on an angle. 

For the capitate, the level of the distodorsal edge of the bone was taken as its most dimi 

projection. Measurement of the capitate and hamate distai uticular s u r f i  (the Mm and 

W / M V  facets rmpectively) w u  accomplished by placiig #di bne aich thit the distai 

sudiace was pcxpendicuiar to the lais of the umcn. In those cases w h m  the MIV ancl MV 

Eicas on the distai hamate are set on an angle to geh othu, each was m d  separately 

and the masures addcd later duhg the digitipllg procas to artive at a totai distal rirticular 

surface area. 



The capitate in c b p s  has a scaphoid surfice that is confluent d o d y  with a ncet 

for the trapezoid. Gorilas lack a dorsal articulation witla the tmpezoid, collsdquently the 

disd miugins of the scaphoid surface are c l d y  dtmaccated. This distal mugin is estimatecl 

in chimps by cornparhg the morphology in gorülas, tha digitking a üne fiom the levd ofthe 

most distal projection of the scaphoid mfhce ventdy, across the narrow cvticular Jtnp for 

the trapezoid to the point where it joins the saphoid ficct ventraUy (see figure 1.7). 

Descriptive statistics for distd raâius uticuiar dimensions, scaphoid and lunate 

proximal areas, capitate and hamate dimensions by m o n  are shown in Tables 3.1-3.6. 

Coefficients of variation for distal radius rnd prowmal carpal row articular areas tend to be 

considerably higher in goriilas than most other taxa (ifsample size is considemi). This wide 

range of variability can be attributed to the high degne of sexual dimorphism in this taxon. 

Mole and f e d e  goriilas dBer sigdcantiy @<=.000) in rll SUfface dimensions of the 

antebrachial joint. Male and f d e  chimps ciiffer only in proxhal scaphoid anq while 

bonobos show no sue differences bawea, sexes. laterestingly, no intsrsar ciifferences are 

evident in terrestrioal quadmpeds in any of these dimensions, despite d e s  hving 

substantially hcavk body weights. Altcmately, hurnans am not considerd to be puticulariy 

scxually dimorphic, howeva significant differencm in thesc joint surâccs do exist. 

Speumrn Ruik Orda d c i e n t s  &ow that in variables are signüicantiy corrclated 

with a metacarpal composite body s i a  sunogate. Mann-Whitney U-tests of painuise 



comp~sons are based on ratios of articular dimensions to the metatapai composite and to 

total length of the bone (for the cripitate ud hamate), as weii as 2-scores for nw variables. 

Cornparisons to totai length are made in order to M t a t e  assemmcnt of fossil specimcns. 2- 

scores are standardized scores that determine how many standard deviation uaits above or 

below the mean of the total sample a given value M s .  These compan*sons are gnpbicaîly 

depicted in figures 3.1 - 3 .Z6. 

In radius distal articular d a c e  z-scores, godas are sigdicantly Mirent nom 1 

other taxa. Clearly, they have the Iargest o v d l  s ize  for this variable. The same holds me for 

scaphoid and lmte  areas on the distal radius. Cbimps and bonobos are significantly difiierent 

for totai area, but neither diier fiom humans. Pmgo totai ara is somewhat larger, and they 

differ signiticantiy fiom bonobos and humans, but not chimps. In scaphoid area, chimps, 

bonobos, omgs and humans are ail similu, bowever in lunate area only bonobos and humana 

are not signiôccintly different. Excluding gorillas, omgs have the largest lunate areas, 

followed by chimps. in al1 z-scores, brachiaton (gibbons and siamangs together) are virtually 

identical to arboreai quadnipeds and they both difFer sigdicantly fiom terrestrial monlrys. 

The latter have luger areas for distal radnis dimensions. 

Relative to metacarpal dimensions, goriiias and orangs h v e  the lugest total surf" 

areas and arc not significantly diacrent from each otha. Gorillas have signüicantly lugtr 

areas than chimps ud bonobos, but the latter tm, do not diffa fiom orangs. AU luge 

hominoids have much largcr dista! d u s  surface arcas than humaas. Amoag bnchiators and 

monkeys, rll dincr s i @ d y  fiwi eacbther in rdativt ndius dista1 ara, with uborcai 

qwdcupeds havhgthe smallest surÉiccs, and tenemial puidnipais the lugest. 



Scaphoid area on the distai radius dative ta metampal dimeasions shows tht 

gorilles have signüicantly largcr areas than all other taxa, howwet chimps, bonobos and 

orangs are ln similm Compued to large apes, humans have mch d e r  scaphoid arum 

Temestriol monkeys have significantly luga rreis dian iirbod monkeys, rad bnchittors 

and htermediate ôetween these two. 

Omgs have the largest relative lunate surhce arca on the distal radius, but they do 

not diner signü'icantly fiom godas or cbimps. GO~UBS, chimps and bonobos ail diffk 

significantly fiom each other and, with the exception of bonobos, nom humam as weU. Both 

humans and bonobos have reduced relative lunate di amas. 

In the ratio of scaphoid to lunate area on the distal radius, the range ofvariation is 

hi& for al1 taxa. The results show that bonobos, humans and gorillas respcaively have the 

highest ratios for this dimension and do not differ significantly âom each other in this respect. 

In other words, they have the largest scaphoid ueas relative to lunate area. Among 

hominoids, orangs have the larges relative lunate area, foiiowed by chimps. Rcsuits slso 

indicate that temestrial and arboreal monkeys are most simîlar to omgs in this ntio. 

Cornparision of the rdid surfaœ areas of the proximal q a l  row produces d t s  

that are very sidu to those of the distal radius. &scons of the proximai surfes of the 

saphoid (fig. 3.7) show once again that godas have the largest o v d  arcas, and that 

chimps, bonobos and humuis arc v a y  siriiilir. ûrangs have siigbtiy d e r  amas, but do wt 

d i i i  sigdicantiy tiom chgaps, bonobs or humias. Brachiaton have the smallcst areas, but 

do not Wer âom moakeys overaii. Relative to mtaurpPl b, bwbos do not dina 

significantly tiom godas or chimps, but are more simijar to th formtr* This is IüaIy an . 



artifact of metacarpal dimeasion (to be addrcssed in the discussion), vis u vis actui scaphoid 

area beiig Whirlly indisthguishable between chimps and bonobos. Having said th& the 

mean for proximal scaphoid sdace  ina is muginaMy bigger h bonoboe (sœ table 3.2). 

Relative scaphoid uea is smailer in hum~s rnd orangs, and both diffa signüicantly Born 

pnllas and bonobos. Among bmchiators, a h r d  and tarastrial monkeys thae are no 

significant dif'fiercnces, however terrestriai quadnipeds do have somewhaî kger relative 

scaphoid areas. 

Lunate proximal sunice z-scores reveal a pattern that is ais0 similar to that of the 

distal radius (fig. 3.9). Both gonllas and omgs have much larger lunate radial daces  

compareâ to other taxa and do not diaer significantly fiom each other. Chimps, bonobos and 

humans are al1 similar, but bonobos have the sdlest areas whaeas the human lunate suifoce 

is somewhat Iarger. Once again, brachiaton most closely nsemble monkeys, although 

terrestrial quadnipeds have slightly larger lunates overall. Relative to metacarpal dimensions, 

lunate proximal surface is grratest in orangs and gorülas, with no signifiant d8Ekence-s 

between the two. Chimps, bonobos and humans aü have similady shed lunate proximal 

surfaces. Temestrid quadrupeâs have sigdicantly Iarger areas than brachiaton or orbonal 

monkeys. 

In the ratio of scaphoid to lunate am, P c q p  is sienifcantly âifbfent fiom ali otha 

taxa in the extreme enlargement of the lunate surfiice+ Gorillas, cbimps, h u m  and tarrstrirl 

monkeys ail difFkr insignificantly, howmr hwnuu do, in Ers. have slightly larger dative 

lunate areas. Bonobos have a slightiy bighcr ratio, t h d o m  relativdy Iargcr scaphoid than 

lunate, wmpind to othm lrrga hominoids and humans. They are signüïcuitly diffierent hm- 



both chimps and humans, and p.06 for the cornpuison to goriilas. The mean for scrphoid to 

lunate area in bonobos most clody resaables brachiators and arboreal monkeys. 

Examining the distiil carpal row. tscores (fig 3.12) for dl meaSUTes of the capitate 

show that. not swprisingly, goriilas have the largest o v d  artjcular d a c e s  compand to 

other taxa. C b p s  bonobos, omgs and humans do not differ significantly fiom cach other 

however, among large hominoids, humans have the srnailest d i d  articular s u r f i  of the 

capitate. Portgo has a veiy large range of variation for the distal articular mdkce, as well as 

the homrte facet area. This may not necceswily be attributable to small sample size, since 

wnples for brachiators and arboreai monkeye are the same and they do not show this rune 

degree of variability. Gibbons and siamangs are not significantly dinerent 6om monkeys, 

however they more closely resemble arboreal quadnipeds in having süghtly smaller 

dimensions. 

Cornparisons ofscaphoid faca am on the capitate relative to metacarpal s izc  and 

total kngt h reveai a pattern almost identical to that of the proximal surfece of the scrphoid. 

GoriIlas and bonobos are not siptficantly dincrait fiom cach other, and both have 

signifiwitîy larger scaphoid d a c e s  relative to metacarpal size cornparcd to chimps, orangs 

and humans (fig 3.1 5). Relative to total leneth, gotillas have the lugest serphoid &ace 

areas. Chimps and bonobos are most similm in this upen. although the latter hs süghtly 

larger values. ûrangs and huaui do not di&r sigdicantiy in this m u w e  and bmchiators 

are comparable to monkeys, dthough gibbons and siamangs tend to have d e r  scaphoid 

artas* 



i p e s  and humans. Bonobos, however, are aignincantly M e m t  fiom prillrs and hunios in 

having sumewhrit larger values for this measure. Orangs possess a very high range of 

variation in hamate area. Bmhiaton are virtuilly idemiul to uboreal modreys a d  both 

have substantidy d e r  hamate areas than tarrstMl fom. Relative to total capdtate lai@ 

(fig 3. la), hamate arei follows a progressive pattern of luger to d e r  fiam godas to 

bonobs, and tiom temstrial monkeys to brachiatock In this ratio, only highly terresnial 

species (goriflas and terrestrihl quadmpeds) are sienificantly different f b m  other taxa of 

similar size. Again, Portgo shows a very high range of variation. 

In distal a r t h l  surface area of the capitate relative to metampal size, orangs again 

have a high range of variation, such that tbey are not siBMficantly diffennt fiom Mcan apcs. 

The means are quite close however, and ail large apes have substantially Iarger distal su&e 

areas than humans. Goriiias do differ signifimtly fiom chimps and bonoboq and the latter 

two an prsctidy indistinguhhable. In the ratio of distai a m  to capitate total kngth, there is 

essentially a trend of decrwing size of the distal surfiia fiom godas to giibons (fig 3.19), 

Compared to large apes, humans have greatly rduced distal surface arcm. It should be noted 

that among great apes and humans, O@ gorillas have signiacantly longer capitates and those 

of brachiaton are most similu to arboreal monkeys (see table 3.3). 

Painvise cornparisons of hamate disul and capitate artjdar sudàccs show that 

gorillas have s igni f i iy  larger ireas for these dimensions, as indiwed by z-scores, 

comparai to di other taxa (6%- 3.2L3.22). Humam have the second kgest absolute distaî 

areas cornpareci to gpat apcs kit diffa si@cdy from boaObos only whicb have the 

smallest amis- Brachiators have substantially smaîier clpitate and diiai surha arcas thui . 



monkeys. 

Relative to metacarpal sin, capitate fiiat am is grrrtly reduced in humaru, and is 

significantly Iowa than in great apa. As a ratio of total length, godas have enlarged 

capitate surface a m ,  whereas for chimps, bonobos, orangs and humans it is bas almost the 

same value. Brachiators have the lowest values for this dimension, Iikely due to thar 

proximdistally elongated hamates. Table 3.5 shows that giibons and siuiuuigs have longer 

hamates than monkeys. Among great apes, omgs have the longest hamates but cliffier 

significantly from bonobos only. 

Distal articular surface am relative to metacarpal size again shows a high range of 

vm*ation for orangs. Figure 3.25 demonstiates that distal a m  is vey dmilar among great 

apes and humans. Gorillas differ s ignifdy fkom chimps and humans, but not bonobos. The 

higher value in the latter is an artifact of metacarpal size, since absolute distal area is slightiy 

less in bonobos than chimps (se fig 3.22). Temestrial quadrupeds have signincantly larger 

hamate distd suifaces than arboreai monkeys and brachiators. As a ratio of total hamate 

length, gorilias have considerably larger distal surfaces @<=.000) thon aii 0th taxa. Chimp% 

bonobos and orangs have vimially identicai measutes, and al1 düfa from humans which have 

larger distal areas. Tenestriai monkeys have expanded swfhces rektive to arbreai forms 

and brachiators. 

To aimmuùe (sec dso tabk 3 -8). godas and orangs both have expanded d u s  

distal uticular wirâce arcas. Cornpond to di large apcr, humans have distai sunice0 thiu uc 

mucb sdier.  Lunate surtàce a m  is -ter in godas and omgs, but is prrtDcuiarly 

noteworthy in the latter- No signifiant di&rrnces in suphoid uca cxist among chvnpq - 



bonobos, ormgs and h u m .  Therefore the disparity in total distal d s c e  area is accounted 

for by lunate am. Al hominoids except bonobos and humans dSer in this respect. Pongo 

has the largest lunate area (in z-scores and relative to mttacarpals), and bonobos have 

somewhat stnaiier lunate daces.  Ovcnll, the grcatest changes in the radius distll articular 

surface appear to be ocCuring in the expansion of the scaphoid uea in gorillas, a d  expansion 

of the lunate a m  in orangs. Brachiaton are most similar to arboreal monkeys in most 

dimensions, except for total distal area relative to metacarpal size. This may k due to d e r  

metacatpal dimensions for gibbons and siamangs. In the ratio of scaphoid to lunate Surface 

areas, omgs and terrestrial monkeys are significantly different fiom gorüks, Pan, and 

humans in having expanded lunate surfaces. 

In the proximal carpal row, gorillas have the largest absolute scaphoid proximai 

surface areas, and no differences are m'dent among chimps, bonobos, orangs and humans. 

Relative to metacarpal dimensions, Anican apes t d  to have larger scaphoid areas than 

Asian apes and humans. In this messure, bonobos an most similar to godas, however this is 

likey an artifact of metacarpal dimension. Lunate proximal d h c e  areas are largest in godas 

and orangs respectively. Those of chimps bonobos lad humans an moa s h d a r ,  with 

humuis hawig siightly larger ovedl surface area. Relative to metacarpal size, omgs have 

the largest Iunatc proximai aras, with gorülw king somewhat 1- than chimps, bonobos 

and humuu. In the ratio of scaphoid to lunaît am, onngs have much kgct lunates than 

scaphoids. Gorilly chimps, terrestriai monkeys and humuu aii have dightîy larger rcrphoids 

than lunates, however in humw the Rsio is more eqd. Bonobos are distinct fiom 0th 

Afncan apes Md hmans in having larger scaphoids relative to lunites, and are most simüu 



to bcachiaton and arboreal monkeys in this respect. Brachiators most closely resemble 

arboreal quadnipeds in these mea~ufes. 

In the distai urpd row, relative to m u  sizc gorillas and bonobos have 

expanded scrphoid areas on the capitate had. Howmr as a ratio of totai length, bonobos 

and chimps are most similar in scaphoid area, aithough the former dl1 hm a dightly 1- 

value. ûverall, Afncan apes tend to have expanded scaphoid areas cornparcd to orangs and 

humans, the latter king most similor to each other. Vay fw Merences in apparent in 

hamate surface area on the crpitate among great apes and humans, however o v d  gorülas 

have somewhat larger relative areas (as do tenestria1 quadmpeds). In cspitate distril articular 

area, great apes have much Iarger surfaces than humans, and expansion is most notable in 

godlas. As per its counterpart, the capitate fica area on the hamate is not puticularly 

revding, other than humans having a smaüer vdue than great apes relative to metacarpal 

size. As a ratio of total length, gorillas have expanded capitate surfaces. Humans are similsr 

to chimps. bonobos and orangs in hamate distd articular size reiative to metacarpals. 

Compared to total Iength however, humans share with goriIlas an arpanded distai area. In 

dmost al1 dimensions, bnchiators most closefy resemble ahoreal monkeys. 

The r d t s  obtained for the proximal cupd row generaüy accord wdl with those 

obtained for the distd radius, in tams of overall relationships betwecn merauns. Tbat 

notwithstanding, table 3.7 shows that surfice am mcasms, on the ulnar aspect in partidu, 

are grossly ovcrtstimated in the distai ndius. The f d e  maing SUffhcx in m d d  ovoid 

joints always has a srnaifet a m  than th mile matin8 surtàce (M.CcoMaiU ad Bamajiun, 

1%9). Clcarly, meaaurement enor bas ocaurrd in obtaining n a i h s  o f ~ œ  amas across - 



the antebrachial joint. This enor is almoalmost catrinly pnrait in the distaî radius meuur# due 

to difficulties in demarcating the individuai scrphoid and lunate componems on the vidco 

images in many cares. Consequently, tlnil discussion of disul ndius marwes wüi be 

conemd to gro!3!3 overall uea. 

Regression analyses of the uitebnchhi joint and dccted elements of the distal urpai 

row clarifL the relationships among articular surBce variables under investigation. The goal is 

to detennine whether lometric trends in ~ a c c  morphology am pnsent in the sample as a 

whole, and within taxonomie subsets which may r w d  differentiaî patterns of ümb Iodiag 

associated with locomotor behaviour. 

There is considerable debate over the appropriate linc-fitting technique in allometric 

regressions, therefore rewlts h m  both RMA and OLS regressions are reported. In order to 

detennine ifdepariures fiom a comon trend exist, use of the predictive mode1 of least 

squares is appropriate @hmey and Pagel, 199 1 ; Jungcts, 1985). and is the prefémd methd 

hem since analysis of covariance can be used with OLS as a powafiil statisticai test for dope 

and intercept differences (Inouye, lW2* 1994). Only dope diffaences that rgre+ between both 

methods are reported. Furthemore, the use ofa body size surrogste(s) is probletnatic in 

evaluating the rcturl slope of a regression. Body weights for 1 specimens were unavaüable, 

requning the use of size Sultogates. G e n d y .  it is considemi acceptable to use a size 

sumgate fiom a region of the body anrtomicilly remte h m  the Mfiables under 

investigation. Howmr, variables u d  as size ~~troga!t~ may k undergohg diomctry in tbc 

same, or oppsite direction u the miable in H m  tâe biologicai sisnificacm of 

the a d  vrhie of the dopes is codounded by the two mgession techniques consistedy - 



yielding düferent nsults when coneIations are beiow .90 (RMA slopes are u s d y  stightly 

higher thn OLS slopes), and fe8fessions of variables @st différent size surrogates 

producing diffemt results. 

In this anaiysis, a metacarpal composite msisurs b usai as a suôstitute for body size. 

It is not anatomicaily nmote âom the variaôles unda investigation howwa, considering that 

dl horninoids are characterizcd by forelimb dominated locomotor khaviour, deaian is 

acting on the foreîimb and it is iikely that aîlometnc trends m ptesent. Furtherrnore, it is dso 

likely that patterns of ailometry within different components of the forelimb are in the same 

direction, such that depamires ftom this common trend may reflect unique adaptations to 

düferent loading re@mes arnong closely relateû species. 

Discussion of the regression enalyses to folow will fonis on thepttem of change in 

intertaxonaî compaxisons of slopes, with the undastanding that slope values are either 

positively or negatively dlometric, or isometric relative to the s k e  wogate in question. 

Assessing the direction and degree of departure ftom some common trend among taxonomie 

subunits over a wrowcr size range minimizcs the impact of disparate adaptive or 

phylogenetic histories, so that proportiod and morpholo&ai changes that are esscntially 

relsted to body size differences (or, in this case, body size surrogates) can be evaluated 

(Jungers and Susman, 1984; Juagers, 1985; Smith, 1980). 



Regress~*on d t s  for dl variables are show in Table 3.8 and figures 3.27-3.43. 

Radius distd arhlrr surhct for the entire sample is negatively dlomaric relative to 

metacarpal size and humerus epicondylar b d t h .  The p o t t a  pduced is the same for both 

surrogates, and only metacarpal cornpuisons wiîi be discussed. Scaphoid area incrases at a 

slightly fiioter rate than lunate a m ,  however the dopes ue not signif~cantly different (see fig. 

3.30). 

For intertaxonal comparisons, orbord quadnipeds have b a n  omitted due to 

sampling problems. The sample of arboreal monkeys is compriscd primuily of colobus 

monkeys, plus one NPrais. NasaIis is similar to terrestrial quadfupeds in distai radius 

articular a r a  verses metacarpal size and fds  dong the regcession line with the latter. 

Colobus monkeys have much srnaller dimensions and are most sWar to gibbons. It is quite 

possible that for a larger sample of NarclIis monkeys, the tegression siop would be similu to 

that of colobus monkeys, but transposeci above the iine for the latter indicating that at 

comon sizes, N m I i s  has larger relative dimensions of the distd radius. Atternpting to put a 

lim of best fit tkough the orbord monkey sample us it is does not accurateiy reflect the m e  

dope for this group. Results for Paf80 arc aiso p r o b l d c  due to very d sampie size 

and uncnn distriiution of males and f d e s  (for the ndius, 5 males and 2 f d e s ) .  

However, as the only otha large hominoid that is not a knucklowrlker (excIuding humans), 

omgs am induded in the anaiysis, although vnurl dopes are to k intecpreted with caution. 

Table 3.6 shows the pttan of change in distai ndius artidar airhcc uea amoag the- 



taxa under investigation. There on no sienificuit Merences in dope for in groups, howcva 

y-interapts do mer .  Terrestnal quadmpeds have a slope ciosest to isometry with 

metrcupal dmdons. Among hominoids, the pattern of change is most rapid ce: higher 

slope) for humans, followed by goriilas. The dopes for chimps, bonobos and onngs are 

considerably lower, indicating that radial ara inmeases less with incteasing metacarpal size. 

Scaphoid ara on the distal radius approaches isomctry in terrestrial quadmpeds, and is v a y  

close to isometry for brachiaton. The dopes for bonobos and orangs are somewhat lower. In 

the tegression ofthe total sample, bonobos in pDlticular fidl above the line, indicating that at 

common sizes with chimps, for example, bonobos tend to have larger scciphoid dimensions. 

R d i n g  the pairwise cornparisons discusd d e r ,  the ratio of scaphoid a m  to mascarprl 

size is dmost the aune arnong chimps, bonobos and orangs (see fig 3.8). This suggests thit 

an incnase in scaphoid surface area may be of greater functionaî signifimce thn changes in 

metacarpal ske, and that bonobos exhibit very few Merences in these dimensions between 

the sexes. It may d m  reflea sex-specific ciifferences in behaviour, in that males may load 

thnr limbs in a d i n i n t  mannet than fernales (sa Ruff. 1988). 

Seaphoid ara scales fista than lunate area in gorülas, c b p q  orangs and 

brachiators. It might have been expected that Pmgo, having the Iargest lunrte am nktive to 

scaphoid ini (set above), would have a higher dope. This w l t  is iikely a function of 

sunpling problems, in that low wnehtions d e c t  üttk more thn a constri*aed mge of x 

and y wiables (SmithJ98 1). Sampling probkms are aot the case for cbimps, howewr they 

too exhibit an cxttcmeiy low cornluion and dope for iunate area. Sciüag of scaptwid a m  is 

very simülr between godas and chimps, kit the Lma hve mudi 10- dopes for Iunate - 



area compared to gorillss. Again, this may imply difkmtiai loadmg of the limb in cbimp 

males and fernales. Bonobos, on the other hand, have higher slopes for the Iwte  thui the 

scaphoid. In the ntio of scaphoid to lunate m a  (see above), ôonobos in fkt  have the highest 

value, Udicating thrt they have larger scsphoids than lunates aompared to otha taxa. Figure 

3.29 depicting lunate a r a  shows that there are two spccimens distinguished from the rest of 

the bonobo sample in king somewhat d e r  in both lunate and metacarpal dimensions. 

These two are young individuah and it's possible tbat the intertaxonal regression has 

produced an srtincally high dope. It is interesting to note, however, that these sune 

specimens are not distinguished in the regrasion for scaphoid uea. There is considerable 

overlap in scaphoid a m  between chimps and bonobos, suggesting a size increase in sudace 

area on the radial side of the forelimb independent of body s i z e  (metacarpal dimensions) in 

the latter. 

Humans have the highest lunate surface slopes of al1 hominoids, and are second oniy 

to terrestriai quadnipeds. Humans have overall distal radial dimensions that in reduced in 

size compared to other large apes, and the fastet rate of increase of the lunate component 

suggests greater emphasis on the u l w  aspect of the forehb. Temestrial guadnipeds alone 

have lunate dimensions that are positively domaric. Indeeâ, they have the L%#R lunate 

sutfaces relative to scaphoid of dl taxa. 'fhe foceümb ofmonkeys is t'undamentaüy diismt in 

structure fiom hominoids howm, in hrving an elongated uhur styloid proctss which 

a d ~ u i a t ~  with t&e pmximil urpol row 4, consequc~~tly~ reduced aâduction capaôilities. 

Foras tmsmitted through the antcbrachial joint are evidentiy concenttateci on the ulair 

aspect of the h b .  



The Mal aniwlar s u r f i  on the proximal scaphoid for the entire sample is 

negatively allometric (slopec879) and, in contnot to the W t s  of the distal ndius, d e s  

lower than that of lunate proximal a r a  (slope=.975). The slopes for these two variables are 

not sigdicantly different, but the y-intercepts are @<=.01). The regtession plot of scaphoid 

proximal ara (fig 3.32) for the total sample shows that bonobos fiûl well above the LUiq and 

that et wmmon sizes with chimps, P.piscus has lcirger scaphoid prownal areas. Bonobos 

tend to have s d e r  body size dimensions, but overlap with chimps in scaphoid area. Two 

distinct size groupings an evident in gorülas (males and fernales), howewr they fd along the 

regnssion Iine. Lunate surface area d e s  closer to isometry than scaphoid area. As rnight be 

expecteâ, orangs fdl weU above the line (Fig. 3.33), indicating that they possess greatly 

enlarged lunate surfaces relative to body size dimensions. At cornmon sizes with chimps, 

bonobos have sùnilar lunate surface areas. Indeed, there is considerable overlap in lunate area 

in these two taxa, however clifferences in body size dimensions results in a d S i t  pattern of 

distribution along the regression Iine. Brachiaton and arboreal monkeys tend to have s d e r  

proximal carpal row surface areas relative to body size. 

Cornparisons by taon nwal that chimps and h-s arc most siniüar in the pattan 

of scaphoid ara incfease, having the highest slopes a d  no signifiant d iaenas in f i e r  

dope or y-interapt. The value for cbimps (-975) is closest to isometry cornpareci to rll t u u  

Once again, ôoaoôos uthibit a much lower dope (538) tha rll otha large bominoids for 

scaphoid area, indicative of a restrictcd si te  range among males and fernales and possibly - 



reflective of sex-specific diffetences in habituai ümb usage. Ali taxa have sipnincant 

correlations of scaphoid ana to body size dimensions encepf onngs. Comlations of lunate 

a m  to body size are also non-signifiant in orangs and iirboreal monkeys. Pango hu the 

lowest slope for scaphoid uea, and the bighest slope (1.394) for lunate M.. This, it is clear 

that a size dependent inwease in proximal csrpd row articular su&e .na is ocowring on 

the uînar aspect of the antebrachial joint at the expense of the radiai upect in omgs. 

Arboreal and temstMl monkeys have very similar dopes for scaphoid a m ,  but the 

slope for the latter is transposed above that of arboreai focms, indicating that at all sizes 

terrestrial monkeys have larger scaphoid areas. The pattern of increase is the same however. 

Lunate area tells a different story (figure 3.34). It is positively allometnc in prbord monkeys, 

having a slope of 1.21, and the correlation between lunate area and body s U t  is non- 

significant. It is possible that the position of one large arbonal monkey (Nds) is 

confounding the tnie slope value for a very small sample size (in the rune way as in the disial 

radius), aithough it is intriguing that this particular specimen did not cause a d d c  

dew*ation away from the common arboreal monkey trend in scaphoid area. Accordingly, it 

may also be possible that there is a positively dometric increase in lunate surfhce area in 

arboreal monkeys that is fùnctiody related to Lunb postures requinng more variecl hand 

positions. Unfortunately, this is diicult to m a i n  with such a smrll sunple h. 

Slopes for lunate proximal surface arca arc vay similar among Aîiïcan apes, humans. 

and terrcsttltal monkys. In cornparhg the rate ofchange of scaphoid to lunue am Mong 

taxa, it is dmionstmted that lunate m a  d e s  mer in ôonobos, orangs, u b o d  and 

temarial monkeys. Scaphoid ama, on the other hind. d e s  Wer in gorilias, cbimps and 



humans. Thu Unplies a shift in emphasis to the ndicil aspect of the forelimb in chimps and 

goriilas sssocia!eâ with high fiequencies of tenrstnil locomotor behaviour. The fhct that 

lunate acea Scala Wer  in 00th iubortil and tmestniI monkys suggests that this is the 

primitive condition, one that is elabomted on to the extrane in Pmgo, and is retained in 

bonobos, 

Regression results for capitate and hamate measures are shown in table 3.8. Scaphoid 

faca area on the capitate regressed against metacarpal dimensions for the total sample has a 

value close to isometry (.912), and scaphoid area relative to total capitate length is positively 

allometric (1.1 8 1). Figure 3.35 demonstates that d bonobos Ml obove the he for scaphoid 

area relative to body size measures, as do rnany c h p s ,  indicating that these two taxa 

possess enlarged scaphoid surfaces on the capitate. Most humans and oraags fd below the 

line. Reiative to total length the dimibution is somewht mon even about the regnssion h e  

(figure 3 -36). 

Cornpuisons by mon meai that chimps are positively rllometnc for scaphoid area 

relative to metacarpal size (slope=l.2l3), d s i g n i 6 d y  M i t  @<=.OS) tiom 

goiüly humans and bombos whose dopes am considcraôly Iowa. Wbenrs bonobos have 

the flanest dope (-466) for th rcgresaion against metrcuprl sizc, in scaphoid arca comparai 

to total capitate lai@ thy are siightiy positivdy aliometric (dope=l.û93), wbüe gorillrs rad 

c h p s  have identicai siopes of 0.9ûl. The pattern ofchange for ali large homiaoids is 



similar, and at aü SuCs godas have the largest acaphoid ucu, and P011gu has the d e s .  

Hamate a m  on the capitate for the totd mple is negatively rllometnc (.843) 

dative to meticuprl dimensions, and approachm irometry (.935) cornpareci to totai cipitate 

lm@+ Fiwn 3.37 shows tbat d bonobos uid many chimps are transposai above the 

regession line for metacaipal size, and a large portion of godas, a r b o d  monkys and 

bmctu'ators fall below the line. The distribution is more equai in haniate area relative ta total 

capitate iength (figure 3.38). 

Cornparisions by taxon nveal no simcant merences in dope for hunrte a r a  on 

the capitate. The correlation baween hamate area and metacarpd size is sigdlcant in al1 taxa 

except orangs and terrestrial monkeys, however compared to totai lm@ hamate m a  is 

significant ody in gorillas and chimps. Thus, neitha body sire nor capitate lm@ have any 

influence on hamate ara in P011go and t e d a i  monkeys. Regressions for hamate wea 

relative to size and length variates demonstrate that Pongo ha9 the highest dope and 

terrestrial monkeys the lowest (Table 2.6). implying a bctionalIy relevant role of the 

capitate-hamrte joint in these two taxa, but in fundamentaliy different directions. Them is 

considerable ovalap in hamate area mong 1 large hominoids, including humans. Once 

again, however, the restncted size range of metacarpal dimensions in bonobos hs produccd a 

very shallow dope. Godas and humans ana moirt simüu to each orha in hamate rnr verses 

metmupal size, and chimps exhibit a somewbt hrta rate of change. For aii taxa uccept 

onngs, dopes are wdl bdow Uometry, sugpsbg that hamate Gcct area is a Mber 

collsc~ative mit anci docs not change in mpome to increasing body sb. 

Cornparcd to capitate totai ktgth, hunae fiteet uei in aü taxa cxcept Paigo uchi i ï  * 



slopes wdl bdow isometry. In this case, bumem ue most similar to tenestrial quadrupeds i0 

having vev low slopes and godias have the West rate of change. Fig. 3.38 shows thit al1 

large bominoids (to the exclusion of d e  pdas) am tightly groupecl for hmrte uea 

regressed agahit capitate length dectiag a nurow nnge of aizes for these two variables. 

The fact that tenestria1 monkeys have low dopes in regressions agrUut metaaupal size uid 

totd capitate length is Iikely a function of proximodistdly r d u d  hamates wbich arc hast 

always excludeci Born contact with the lwute proximslly by r l a t d y  e m d e d  apitate 

hcad (Marrke, 1994 and see above). 

Cipitate distal articular surface uea relative to metacarpal dimensions for the total 

sample (figure 3.39) is negatively allometric (slope = .898), but closer to isometry cornparrd 

to totai length (slope = .972, figure 3.40). Al1 bonobos, and most chimps and orangs fd 

above the tegression iine for mstacarpal size, indicating they have enlarged distai arcas. AU 

humans and arboreai monkeys fdl weU below the line. Distil area relative to totai length 

demonstrates that aimost al1 gorillas fdl above the iine, indicating k t  they have larger distal 

surfaces than would k expected given the total capitate length. Humsns still frll below the 

iine, therefore in both cornparisons they have much smilla distal wfhces than otha great 

w s -  

No sienificant d'ierences in dope &st in intataxonal aamparisons ofcipitate distaî 

area, howeva chimps are closest to isometry relative to metacarpal Uze (901) and @ 

bombas have the lowest slope (.403). GorüLs are most gaiitu to tOfftStriaî momlrys in the 

rate of chan~e, dtbough the former are transposai above the h e  of  the latter, and humuis 

are umilrr to onags. Relative to totd length, t e m a d  monkeys (-9 10) and 80- (-859) - 



tespectively have the highest slopes for distal iinr. Humans ad Fongo show dmost identid 

rates of change, however orangs are transposecl above humans, indicatin8 tht at common 

sizes (for capitate Iength) omgs have much 1- distai uas. The dope for bonobos is 

süghtly lower thiui that of chimps, however the higher dope h a e  compami to thc regmiion 

agiinst metacarpai sjze demonstrates that there is a -ter degrœ of variation in metacarpai 

dimensions in the bonobo sunple t h  th- is for capitate lai@. 

Finally, figure 3 -41 illustrates that crpitate length does not M e t  greatly among Iirge 

hominoids. Chimps, bonobos and hurnans in particular are very sirnilar in overall length. 

Regressing total capitate length against rnetacqal dimensions n v u l s  a pattem that is almost 

identicai among gonllas, chimps. humans and Pmgo. Bonobos again have much lower 

dopes, ïndicating that there is very little vm'ation between d e s  and f d e s  in capitate 

kngth, and that at common sizes of capitate kngth, P . p i m s  has greatly reduced 

metacarpal dimensions compared to other hominoids. Terrestriai quadnipeds dso possess a 

limited range of variation in capitate length, but are shifted well below the regression line of 

bonobos, indicating that at common sizes t a r ~ * s l  mnkeys have mucb shoner capitates. 

nie hamate distal articular surface is negatively allometric (.834) with metacarpal 

dimensions for the total ample, and approaches isometry relative to hunite proxhodistd 

length (906). Figure 3.42 illustrates that t h  is considaable ovdap in distai ara among 

bonobos, chimps ami humuu but bonobs have relatively larger distai uers giwn th& 

metaaupal site. In the plot of distai m a  vmes totd hamate length, it is cleariy demollsû~ted 

tht bcachiatom have gnrtly duced arcas compued to other taxa, and nrturlly aU gorüls 

and most t e n d  monkcys fd aôovt the mgmsion üne, iodicating thy have iarga distd - 



aieas than would be expected given thek hamate laigths (figure 3.43). Capitate am on the 

hamate foilows a pattern similsr to its countetpat~ (hamate am on aphte), in that ana 

relative to toîai length (slope=l .O36) d e s  fiister than relative to metaurpJ dimensions 

(slopes892). The distniution of taxa around the ngrrssion lii for capitate ami relative to 

total length mirrors that of distai dCU1ar sudb area. This is primivüy a I'unction of erctreme 

hamate elongation in brachiators, and gnitly rcduced hamate 1aigt.h in go- and tetreSfnd 

monkey S. 

Cornparisons by taxon for capitate area on the h t e  relative to metacarpal size 

show that chimps and tenestriai monkeys are similar to each other in haWig the highest 

slopes, although chimps are shifted above temesirial monkeys. Humans most closely resernble 

gorillas and bonobos have the lowest slopes of all taxa. Relative to hamate total length, 

capitate area increases at a rate close to isornetry (-906) for godas, and is followed by 

Pargo which has a slightly lower dope. Chimps, bonobos and humans are most similar to 

each other, and ali have wnsiderably lower dopes than gorillas and orangs. Thae is a wide 

range of overlap in hamate total length mon8 JI great apes and humans, howmr it is 

godias that are disthguished on the basis of much greata capitate areas with increasing 

hamate length. 

Distal articular surâce ami of the hamate relative to marurpal she produces an 

interesting set of relationships. Ahhough no sienificant difftfemcs in dope aist ,  tumtrial 

quadmpab, godas and chimps an all vay  siniüu in dope values anâ arc âistinguished fiom 

bonobos, onngs and hunuis which have much lower dopes (figure. 3.43). These two 

distinct groupings are d d y  separated on tbe bash of bigMy tamariai locomoto~ behaviour - 



in godas, c h p s  and monkcys r d t h g  in modification of the hamate distai airÊice in 

response to increased stresses incurred dong the u h  upca ofthe w& in a fottlinib 

habitually loadsd in compmsion. 

Distal arti9dar surface ana relative to hamate totai laigth produces a siightly 

different mult. In gonllas, the distd uea hcmws at a rate close to isomeüy (.917), 

however the dope for terrestrial monkeys is txtremely low. Again, this is a huiction of 

uctreme proximdistal ieduction in hamate height in the latter which, in conjuction with an 

expanded distal surface, mults in the "blocky" overail shape ofthe hamate. The rate of 

change Ui humans for distal am is reâuced compared to bonobos and chimps, however ot 

common harnate lengths with chimps and bonobos, humans have larger distal areas. 

To summarize the regression andysis of anidar d a c e  areas of the distal radius, 

uid proximal and distal q a l  row, the following trends have been notcd: 

Disal Radius 

Distd uticdar surfixe uea is negativcly aiîornetric dative to mtacqaî ske for the 

totai sunple 

Goriilas, humuu ad temstrirl quadnipds are most similar and d e  closest to 

immetry for distd am whereas chimps, bonobos and ocangs have Iowa dopes - 



Bonobos have Iarger d i d  areas tbin would be apeded given th& bodyfmetacqd 

size 

For the total sunple, scaphoid area d e s  fâster thaa lumte a m  

b By taon, scaphoid area sdes  faer in goriilas, chnips d omgs while lunate ana 

d e s  ûster in ôoaobos, humans and t«testnœal monkeys 

ProximaI Capd Row 

w Scaphoid and lunate areas are negatively diometrïc dative to metacarpal dimemions 

Bonobos have larger scciphoid areas than would be expected given their metacarpal 

size 

Orangs have much lrrger lunate areas than would be expected given their metacarpal 

size 

For the total sample, scsphoid area d e s  /mer t h  lunite area (contra the mult of 

the distai radius) 

By taxon, scaphoid area d e s  faster in prillas, chïmps and hurnans w h m  lunate 

ana s d e s  fmer in bonobos, orangs and monkeys (AQ and TQ) 

Disror capai Row 

Scaphoid ani on the capitate d e s  close to isometry for the totai sample 

Bonobos and chunps have luger scaphoid areas thn wouM be acpcad @en th& 

metacarpol dimensions, and chimps am positivdy ailometric in this feuun 

Hamate ficet area on the capitate ir nc&atidy aUomefn*c for the totai mmple 

A U b o n ~ s . M d ~ ~ ~ ~ l b e r s o f c h i m p s d o n n g r b r v e ~ e â a t a n u t h t  

are -ter than wouid k expocted given theh mareupol size howcver bonobos - 



have lower dopes 

Goriilas and humans are most simüar in the pa!tan of diiig of hamate an0 

For al1 taxa except POII~O. lumate acea d e s  weîi beiow isometry and does not 

change dramatically with incrcasing body ske 

Hamite &cet ana is not influencecl by body size or apitate length in omgs and 

temstriai monkeys, howeva it d e s  West in omgs and slowest in monkeys 

Capitate distrl arti~ular area is negativcîy ollometrk for the total sample 

Al1 bonobos and most chimps have duged distd areas given their memupal size 

Chimps d e  closest to isometry for disul uea verses metacarpd size and, although 

the values for bonobos overlap, the latta have much lower dopes 

Chimps and bonobos an most simiiar to each other in, the pattern of scaiing for d i d  

area and capitate leagth 

GoriIlas and terrestrial monkeys are M a r  to ach 0th- in the pattern of suüog of 

distal a m  relative to metacarpal size and capitate Iength 

Humans resemble orangs in the pattern of d n g  of distai ateq howevcr at cornmon 

sizes Pottgo hrs much Iarger surâce areas 

Absolute capitate length does not di&x w t l y  among peat a p  and humans, and is 

most siniüar unong chimps, bonobos and ~WI~MS 

Relative to metaaupal aZe, the pattern of &g of capitate Icngth is v q  similu 

amng gorülrs, chimps, o m ~ s  and bumins 

Bowbos anâ t d  monkcys both have üttle wiation in capat  la@ 

Capitatc m a  on the W e  is ncgatjveiy rllomctnc f9r thc total sarnple . 



Humans and godlas are most s M a r  to each other in the pattern of scsüag of capitate 

uea relative to metacarpal ske, and chimps resemble terrestrial monkeys in this 

featwe 

Relative to totd hamate kngth godas and orangs have dopes closest to isometry for 

capitate area, and chirnpq bonobos and humaas are most s i d a r  in hving much 

lower slopes 

Among gnat apes and humans, there is a wide range of overiap in hamite length, 

however gorillas have larger capitate areas with increasing hamate length 

Gorilles and terrestrial monkeys have greatly enlarged h t e  distal uticular swaice 

aieas relative to total length, but area d e s  close to isometry in goiülu and does not 

in monkeys 

Chimps, bonobos and humans overlap in hamate distal articular surface areas, but 

bonobos have l q e r  distd areas given their metacarpal size 

The pattern ofscaling (high dopes) of distal hamate area relative to metacarpal size is 

very s i d u  among goriIlos, chimps and terrestrial monlceys, and clearly distinguishes 

this group fiom bonoôos, humans and Potlgo 

Fdy, bonoôos are characteri& in having the lowest or flattest slopes cornpanxi to 

other Aâican apes and humans in the foUowing features: 

Radius distal articuiatdce 

Scaphoid pmximai m r f b  

Scaphoid am on the capitate 



Hamate area on the capitate 

Distal articular surface of the capitate 

L Total qitate length 

The precediing -sis has attemptd to answer severai questions about hotninoid 

wrist morphology that may be funaionally linked with knuckiewalking in mcan apes. Fht ,  

compareci to other hominoids and monkeys. do knuckle-walkers have expmdcd artidar 

surface areas of the distal radius and proximai carpd row. Second, is the relative size and 

scaiing of  the scaphoid proximal surface distinctive in huckle-walkers. 

The results show that al1 great apes have significantiy luger radius distal articuiar 

surfaœ areas than humans, however c h p s ,  bonobos and omgs are not diffaait h m  each 

other in this respect. It is ody gonflas that exhiiit a ciramatic increase in this joint surface and 

they are, in fact, significantly larger than ôoth chimps and bonobos relative to body size 

sunogate (metacarpal) measures. Terrestripl monkeys aiso have enlarged distal radius areas 

cornpond to arboreal onimils. The pattern of sahg in this featurt dtmonstntes that 

goriiias, temestriai monkeys, and humam have d i d  anas that incniuc at a rate close to 

isometry (ahhough dightly negativt), w h m  chimps, bonobos and Pmgo have much lowa 

slopes. Insofàr as the f d e  joint mating girna in modifiecl ovoid joints dways hr a 

Smallcr irer than the d e  mating sudàcc ( M a c C o d  and Bk~mnjianJ%9), the forma 

reprrscnts the minimum amount of joint mrke M llceded to miuce joint stress a d  thus, - 



conveys information about joint loadirig and stability (Godney el ai, 1991). Therefore, the 

fmer rate of increase of radius distal uea in gorillas, terreStn*al monkeys and humans implies 

that antebrachial joint mbüity is of greater importance to these taxa thon to mon arboreai 

animals N e  chimps, bonobos and omgs. 

Obmations fiom bvioural shidies have show that godas are aimost cxc1usively 

temestrial and possess rnany characters of the wcist and hand assodateci with stability, weim 

transmission and distribution. For example, a d a g e  wvetd, artiailar ulnrr styloid proctss 

enclosed in its own synovial cavity; a mni-lunar mensicus that is W y  fiised and 

indistinguishable fiom the fibrocarti1aginous triangular articular disc, resulting in a single, 

convex and expandeci articular surface for the proximal urpal row; reduceâ dduction 

capabilities; ray lengths of  the metacarpals and phalanges that are roughly equai so that ail 

four laterai digits are used for support in knucklewalking stance. Ail these chsnders help to 

distribute body weight evenly across the antebrachial joint, which is of paramount importance 

to an umemely large-bodieâ animd habitually loading the forelimb in compression during 

terrestrial locomotion. Studies of human wrists have show that unda small compressive 

loads tbere is initial contact with the scaphoid, lunate and distol radius (Vok et ai, 1980). 

With increasing loads, the ara of contact is adcndcd to the fibrOCIUti1aginous triangdar &SC 

undedying the ulna. Removai ofthe trianplu dYc d t s  in gmter stress per unit am in the 

radio-bar joint and trauma (Vdz et al, 1980). The3.Cfoce it is ckPr t h  compkte fusion of 

the triangular d i s  rad m~*scus in goriIlas is an unique adaptation and effêctive stress 

Terrestrial monLys bive a scaling pattern ofthe distai ndiw that îs simüar to 
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gorülas, aithough stabüity and weight distribution is achieved through somewbat Merent 

means. The ulnv styloid process, for example, is elongated and ditectiy uticuiar with the 

triquemm distaiiy. Terrestrial monkeys are not n&y as d v e  as goriIlus, how- bey 

g e n d y  have larger body sutJ  than arboreal forms, and a suüng pattern that mon clomly 

approximates isometry is reflective of joint stress reduction mechanisnu neccessitatecl by a 

temstrial habitus. Humuw, on the other hanâ, do not utiiize the fontimb in locomotion. The 

h u m ~  hand is adaptecl for maximum manipulatory capab'ities (see Uanke, 1993,1997; 

Napier, 1959). A complete analysis of human hand hnction is beyond the scope of this prper, 

however it is likely that with the advent of t d  use and manufacture, requinments for 

antebrachial joint stability arose. 

In overai! distal radius articular ana chimps, bonobos and orangs scale at a rate much 

lower than that of goriIlas, terrestrial moakeys and humans. This implies that stresses are nat 

as great across the antebrachial joint in these more arboreal forms, and that mobiiity is 

favoured over otability. Chimps tend to be more terrestriai than bonobos, nevertheless it is 

c l w  the forces generated across the wrist joint are not as great as in gorillas, and that high 

fiequencies of uboreal activity in chimps piecludes expansion of the distal radius artkdar 

surface which would compromise moôiity. Chirnps have a range of adduction of the wrist 

simiiar to t h t  of goniils (Tuttle, 1%9a, 1970). but the semi-lumu meniscus is (in most cases) 

not ftsed to the trianplu uiicukr di s .  This peniiits the ulnir styloid proccos to prrticipate 

with the proximal carpal row in positions of extreme adduction. The bct that the trirnguhr 

disc and m d m s  are not compIetely bd su~ests  tht weight cüstriition acroac the 

antebrachial joint U not even as in godas. Chimps tend to use more varieci hand positions in - 



knuckle-walicing tha goriiias, and manual rays are not of equd !en& such that c k p s  

t y p i d y  support the body on digits thtee and fout. AU tbese features imply differential 

loading across the band and misi. 

At prisait it is not known what the conformation of the semi-Iunar menisus and 

triangulu disc is in bonobos, but in the chatacttrs just d e s c r i i  they are Bmüar to chhps. In 

fact, bonobos ovedap considenbly with chimps in distal radius ar!icular Pze, howmr, 

bonobos have Iarger distal areas than wouid be cxpocted given their metacarpal dimensions. 

Indeed, in this fatute bonobos have the lowest dope of aü great apes and humans, indicating 

an extremely restricted size range in distal tadius uea within this twon. Given that bonobos 

are characterized by high maldfemafe afEnity in theu d a i  las semal 

diîferentiation in postcranial ünear dimensions, and higher tiequencies o f  arboreal travel than 

common chimps, (Doran, 1993; Jungers and Susrnan, l984;Kufoda, 1979; Kano, 1980; Zihlmw 

and Cramer, 1978). the implication is that there are fewer sex-specific diffemces in 

locomotor behaviour and patterns of timb loading within bonobos as compared to 0th- great 

apes. However, this may not be the case. 

In their assessrnent of  Afncan ape limb morphology, Jungas and Susman (1984) 

conclude that flat dopes and nonsignificant co~elations they obmed for iimb length scaling 

within bonobos is due to *si@cant sud dimo~hism in body w w t  combineci with the 

absence ofsexual dimorphism in Iinear variables' (p.162). The crune is appartlltly true in tbis 

analysis, in that vuinion in metacarpal dimensions in bonobos (as a substitute for body site) 

is compambk to tht of chimps, kit M o n  ia &us distai ana is greaîiy r e d u d  in the 

fornia. Jungers and Susman (1984) sugsest the possi'büity of 'j~enetic unwupüagm of size - 



and ünur (in this case, articular area) dimensions, such that seIcetion for an uicrcast in üneu 

(or a m )  muaim may not nwxssady be correlated with incrcllsitlg body Ba. Numerous 

authors have reportcd on the skeletal dierenccs betwœn wmmon chimps rad Pm punisctls. 

For ewmple, compond to chùnps, bonobos have: niinimil sexuaî dimorphism; a lower 

intennembd index (je: nlatively longer hindhubs); a mon gracile upper body; a d e r  

chest girth; narrowet scapula in males; more airved proximal and intermediate phalanges; 

metacarpal h d s  with lem pronouncd " d o d  ridges"; and tbickcr cortices in the 

metacarpais and phalanges (Coolidge, 1933; Cwiidge and Shea, 1982; Jungers and 

Susman, 1984; Roberts, 1974; Shea, 1986; Su- 1979; Zihlmrn and Cramer, 1978). These 

daetences in the postcratljal skeleton may be a consequence of random g d c  dritt, 

resulting from bonobos' isolation, as well as adaptation to forest dwelling and mon arboreal 

habits (Doran, 1993; Hom, 1979; Johnson, 1981; Lande, 1979; Latimer et al, 1981; MacKinnon, 

1978; S u s m e  1979). 

Regardles of whtther these diffaenas betwcen P.rrogIu@fes and P.pmiiscics are 

genetic in origh, the results thus far demonsaate that in the pattern of scaiing of radius distal 

articular uea, these two taxa are similar to each other, and are disthguished fiom the more 

terremial gorillas and monkeys. As noted pmiously, the antebrachial joint morphology of 

gorillas reflects even weight disrnauton. Cbimps utiü# more varicd hand positions durhg 

luuickle-walking, and are mon u b o d  tbui goaülie. Bebiviounl obsc~atiom of bonobos 

and chimps mieal that, wûiie both an knucklt-waikcrs whai on the gr& ahoni l  travel is 

a more signifiant compomt in bonobo locomotion @oran, 1993). In addition, both inik 

snd f e d e  bonobos use more arboreai pudrunA.lign and Iess cümbiaghcmmbling thn . 
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chimps. Within bonobos, femaks use less cîimbine/scrambling than males and more 

quadrupedalism. Bonobos typically use palmigrade quadnrpedal postures on boughs, whik 

chimps will knucklowak on branches that arc big enough. On smailer boughs, chimps 

chrncteristidy use ciimbiig, scrambling, anâ aidd bipedalism but are rcluctant to adopt 

palmigrade postures @oran, 1993). Maîe bonoôos aigage in higher fiequencies of suspaisory 

behaviout than their mak chimp counterputs. 

Thus it is c î w  that within Pm, arborealism is a signiDficant component of M y  

activity, and is reflected in the Iowa saling pattern of the distal ndius artttcular surface. This 

fcature is shed with Pongo (which is aimost exclusively ahoreai) to the acclusion of 

gorillas and temestrial monkeys. That chimps have a somewhat higha scaling pattern than 

bonobos might be indicative of increased fiequencies of tenestnBality, and sin dependent 

enlargement of the distai radius surface for stress reduaion. Previous studies of linear 

dimensions of ümbs and fingers have concluded that a pattem of ontogenetic scaüng is 

present within Pm, whereby proportions of adult chimps are the same as those pndicted if 

the growth pattern ofbonobos is extended to luger temiinil sizes (Inouye, 1992; Shea, 

1984). Evidence presented here shows that, although dopes for distal radius area are not 

statistidy sigriificantly dflmnt, the pattern is somewbat distinct in these two taxa and 

bonobos are not ontogcnetidy scaied versions of cbimps. 

As noted above, variation within Pan in ahoreai postutcs md bdiiviours, and unong 

bonobos, chîmps and godas in fiequencies of tCttCSttia1 venes arboreal locomotor habits 

would k expected to muit in di f fd i i l  loading across the proximal cupil row. This lads 

to the second question to be uddrrssed - does the relative size and scaiing of the scaphoid - 



distinpDsh knuciûe-walken? Fusion of the os aMnle to the scaphoid is a uniquely dcrived 

charactet shared belween Atncan apes and bumias to the exclusion of sll other antbropoid 

taxa. It has been hypothesized that this featurc is functionally ü i e d  to knuckle-walkhg ad 

the corncornitant rcquirement of greater mist stabiüty (Begun 1992,1994; Begun et al., 

1997; CornCani, 1978; Homson, 1986; Jenkins and Fleagîe, 1975; M s ,  1985; Sarmiento, 

l98S,l988; TuttIe, 1967,l%ga,b, 1974). Jenkhs and Flagle (1975) o b a m d  that the 

proximai carpal row remains essentidly static during knucklc-walking, and as body weight 

passes over the forrlimb the axis of rotation shifts fiom between digits thm and four, toward 

the radial side. It is expected that emphasis on the mâiai aspect of the foreümb d h g  weight 

bearing wodd result in larger relative scaphoids in hucklewalkcrs, an observation thrit has 

ban noted by earlier researchers based on linear measUres (Comiccini, 1978; Ienkins and 

Fieagie, 1975; Sarmiento, 1988,1994). Specincatly, the question to be a d d r d  is whether 

suiphoid area increases at a rate comistant with increasing body size, and the nature of the 

relationship W e e n  scaphoid and lunate proximal d a c e  areas and th& nspeaRre sahg 

patterns. 

Comparative anaîysis of the scaphoid and lunate fadial articulu s u r f i  shows that 

relative to metacarpal dmttlsions, Atiican apes have luger scaphoid areas thui Asirn apes 

and h u m .  In fact, bonobos are most siinilar to goiülas in this respect, howcvcr this is lilrdy 

an artifkt of relrtively smiller metaaupal dimensions in bonobos. As apected, Parlp has a 

greatly enlarged lunate proxhai su-. In conjuaciion with other htures of the m*st such 

as an exmmely duceâ and non-articular ulau rtyloid process, a pmximaî arpil cow that L 

more aiMd in mdoiatai l  plane than the distal tadius Surnce, ud quai development of - 



the flexor ad extensor mudes of the wrist, accords omgs with the widest range of 

radiodaar deviation capability of aü hominoids. Neediess to say, tbis is  ammely importun 

to a lugeôodied animal engaghg in quadrumrnus climb'ig and aispaisory activity. Gorülas 

dso have an acpanded lunate proximal sdàce, and this b datively b e r  thn chimps, 

bonoôos and humuis. This is consistent with the o v d  antebrachial joint area cnlugement 

disaisseci aôove, and the requirement for joint stress reduction in gorillas across the whole 

antebrachial d a c e .  

In comparing the ratio ofscaphoid to lunate proximal anrq the r d t s  show that 

bonobos, brachiaton and arboreal rnonkeys are most similar to each other in having relatively 

larger scciphoids. Goriilas, chimps and tenemial puadnipeds ail share expandeci lunate 

surface amas, so that their ratios are somewhat d e r .  Humans have slightly luger lunate 

d a c e s  still, but then are no signüicant diirences among gorillas, chimps, humans and 

terrestn*ai monkeys in scaphoid to lunate area. Omgs are unique in having extrcmely 

enlarged lunates, and are different Rom ail other taxa in this respect. 

It might be posited that, since a relatively Juger scaphoid area is characteristic of 

arboreal monkeys and brachiaton, this trait represents the primitive condition for anthropoids 

and is retained in bonobos. Pmious n s w c h  has established that hylobuids are v a y  

primitive in characters of the wrist and are more d a r  to u b o d  monkeys than they are to 

0th- hominoids. Moreover, many gibbons have second marcirpl ls  (MI'S) that are the 

most robust ofül mctaca~ds (Susman, 1979), and aii gibbons typidy  have large humera- 

radhl joints (Rose, 1993). Hence, these traits impiy a dbnce on ndnl dde 1-8 of the 

forearin. Bebav id  observations outlinad d e r  have showun tbat bonobos are more 



arboreal than chimps, and that offai they behave mch üke arboreal quadnigeds in using 

prlmigrade quadrupeciai postures. Onppin~ a braach with the thumb aôducted and the hail 

digits adducted, ground reaction forces would ôe conoentrated through the ndid side ofthe 

wrist. Thus, sdection for a larger scaphoid in both bonobos and ahoreai qudnipeds would 

be hvoured. As disaissed above, bonobos do have Iarga saphoids relative to metrcuprl 

dimensions than chimps. 

According to Gdficy  et ai (1991), then is a "tendency for larger animais in general 

and hominoids in particular to shift medidy the transmission of force thtough the elbow" 

(p.6 19). Great apes have larger humeral trochlear surfàces relative to capitulum surfaces, 

therefore much of the load is borne through the bumer~~uinat joint. The opposite is tnie of 

cercopithecoids, wherein the capitulum uea is eniarged, and load ôearing is shued more 

eveniy betweeri the humero-ulnar and humero-ndial joints (Rose, 1988). The d y s i s  

presented here demonstrates that expansion of the lunate surfàce, as seen in the reduction in 

the ratio of rcaphoid to lunate proximal d i t c c  areas, does occur with inmcasing body size 

and therefore suppons the conclusions ofoodfiy et al (1991). 

D u ~ g  knuckie-walking and terrestrial quidnipedalism (digitigrady), the forsümb acts 

as a supporthg prop, the wrist is held in line with the foceiimb, and the weight of the body is 

tnuismitted dom through the carpals to the metrcupol heads. huing stance phse in 

knuckle-walking, chimps support the body on digits thrœ ad four and wught is transmitted 

dirrctly through the capitate and hamate to the proxhal wpll row. As d e s a i  d e r ,  

weight dimition is ükdy mon even in gorilly wt#mn digits iwo and five am useâ widi 

pater  fiequcllcy in Lwckie-walking support (riiaiye, 1994). W&t wodd @peu to be - 



happening is that the uris ofweight transmission hs M e d  fiom the radial side, as in 

bonobos and arôorrrl monkeys. toward the ulnar side and the lunate d c e .  Aitican apes in 

charactcrioed by having "idlatedm capitate headq which incftasts surface area contact with 

the lunate proxidy.  In addition, Marzke et al (1994) have show that, with t exceptions, 

ail Afncan apes have extensive contact between die proximal pole of tâe hamate and distaî 

lunate, pcmUtthg effèctive weight through these two bones. 

The shüt in the axis of weight transmision is achieved through slightly M a e n t  

means in terrestrial monkeys. Weight of the body passes through the elongated ulner styloid 

process directly to the triquetrum, which then rriidates with the hamate. The triquetd facet 

on the hamate faces medially, and the harnate itdfis very short and medio-latady broad. 

This morphology reflects reducsd rotationai capability betwan the tnquatnim and hamate, 

but an efficient weight transmission mechanism. The monkey capitate head is "swoUenn 

medially. increasing surface uea contact with the lunate proximally, but excluding the hamite 

ftom contact with the lunate. 

Humans dm have expanded lunate Jurhces thit are, in fàct, relatiwly l a w  than 

those of Atncan am. In humans, the ratio of scaphoid to Iunatt m a  is aimost 1 : 1. This 

similarity to Aûican apes may be due to a s h e d  phylogenctic history and a sbarcd ancestral 

pattern of locomotion, or medy a rcflcction of iarger body sire. Gratter elabontion of the 

h m t e  surfacc M cornpucd to Afncan 8pes may have ocaurrd u an adaptivt m p o m  to 

mobility tcquirements uiruig fiom t d  miking rnd rrrrrmCpuiation. ûne markal diffaaia in 

the mi* morpboloey of humrns as comparai to AJ6ncan rper is the & p u q  ofcontact 

atmm the hamate and huiitt. In th& study, Muzlre et al (1994) f& that in oaly 65% of- 



humans in th& sample was then contact betwccn the hamate and lunate, and in most cases 

this contact w u  aswciated with pathology. Thy cite evidence ofdcgenerative joint chan8es 

rwlting fiom nperitive Vnpilsive loading, such as hmmdng, associateci with npid ulnar 

deviation of the wrist. These authors aisest the possiôüity of an cvolutionuy process that 

began with an Afiican ape-like lunatohamite contact in euty hominids, possiibly lidred to 

midcupal stability requinments of weight transmission through the fodhb,  which then 

progressed through a reduction in lunatohamate contact u twl use and manufacture 

increased- 

Elabontion of the lunate is taken to extreme proportions in Pongo, and undoubtedly 

arose âom the requirement for wide ranges of wrist adduction. In absolute size and relative 

to metacarpal dimensions, orangs have the d e s t  scsphoid sufices of all gnat apes and 

humans. Thus, expansion of the proximal aupal row surfi ruai in total is accomplished 

through enlargement of the lunate, at the expense of the scaphoid. 

Regession analyses for the total sample revd that scaphoid and lunate areas are 

negatively allometcic relative to metacarpal size. Slopes do not di&r significantly, however 

scaphoid area d e s  slightly lower than lunate ara. The latter approachts isomeüy and is 

shifted downward resulting in a sienfiant diffbnce in y-interapt. This fhding for the 

ample as a whok is consistent with t h  pattern describal ibove, in thaî lunate ini incnws 

rapidy with increasing body size- 

Intertaxonai cornparisons ofscaphoid to lunate s u r f i  am scaîing patm produce 

a romewhat di&mit muit. Lunae M bcascs at a mer rate thn scapboid ucr in 

ôonobos, omgs ud both arboreai and t d a l  modGcys- This fits the pattem d e s c r i i  . 



above wberein incceases in body size arc accompuiied by a War rate of incmse in luaite 

pmximal diia ami and, thus, more reliance on lording across the ulaar aspect ofthe 

foreümb. On the other h d ,  scaphoid area d e s  fàster than lunate ma in goriIlas, chimps 

and h u m .  Despite the fàct that hominoids in @cuiar are purportedly characterized by a 

medial SM in load beuing resulting tiom grtater wught trammission througb the h u m e  

ulnar joint, it is clear that among knuckle-walktrs (atcIuding bonobos for the moment) a 

fmer rate of iacrease in scaphoid area has Auictiody sigMncant implications, and overail 

expansion of the proximal carpal row surfice ana is accounted for primarily by enlargement 

dong the radial aspect. 

As noted earîier, duhg initial stance phase in knuclde-walking, forces are direct4 

primarily through the capitate and hamate. In the latter phases of propulsion, the axis of 

rotation shifts toward the radial side (Jenkins and Fieagle, 1975). Although no simcant 

dinaences in dope exist, chimps and humans are most s idar in their siope vaiues Br 

scaphoid area, and these are somewhat higher than for goriIlas. In chimps and ptillas, this 

smdl &Eerence in dope pattern may be due to kinemaîially distinct modes of knuckle- 

walking. As describecl pmiously, chimps typically utiüze hand postures that are oblique to 

the fomard üne of progression. Doing so increases the delga of tadial deviation of the d s t  

d u ~ g  the Iina phases of propulsion, as opposeâ to a band that ir held in a position 

perpendidar to the line of tnvel. 

Why ôonobos diould have a lower rate of scdmg of the sciphoid oompad to the 

lunate is unclear. In ha, d g  of the lunate Y v q  simüu in aü Afnm apes ad buminS. It 

is the oonsidetabiy Iowa dope of the scaphoid that disthguiaies P . ~ s c u s .  Tb scaphoid - 



proximal s u c f i  wea is not reduced in size wmpued to chimps, for example. It is sirnply 

that there does aot appear to be as great a s i n  dependent incrwe in scaphoid am in 

bonobos as in chimps. This may be due to aac-specific difbnces in behaviour within 

bonobos, andlor species-spific variations in locomotor habits betwan bonobos and chimps. 

Bonobo fèmales engage in more quadnipeddism and las  climbiaglscmnbling than 

d e s ,  and both d e s  and fernales are gctleraiiy mon arboreal and use more quidnipedaüsrn 

and less climbine/scrambin'g thui clnmps. Paîmignde postures would place substantiai lords 

ihrough the radial aspect of the wrist and a large scaphoid d a c e  would be adaptive to 

palmigrade quadrupecial behaviours, but would not hinder knucklewalking capabüities. 

Bonobos do, however, follow the pattem typical among uttanthes examined in this 

study, in that lunate proximal surface a r a  increases at a rate consistent with increashg body 

size, which in tum empasizes ulnar loading across the foreiimb. This is important for a luge 

bodied hominoid engaging in suspensory activities. The bonobo wrist, therefore, nflects a 

compromise morphology. P.pwiscus is inded a knucîûe-waiker when on the grouad, and 

consequently requires stability across the ndid aspect of the foreiimb. As a rcsuit, bonobos 

shre with other AfÎican apes a fused os cenuale. It is likely thu bigha âequencies of 

knuckle-walking in gotillas and chonps has r d t e d  in a M t  to more npid enlargement of 

the scaphoid as compared to the lunate and p a t e r  nliance on loading ofthe radiai side of 

the fordimb. Monover, bonobs arc characteriwd by hivbg a hi* intcrxncmbral index 

ad reduwd forum doogation as compsrcd to gorilas and chimps. This mi@ hply 

d*ier«itial waght dis tr i ion  across the fonlimb as comparai to the hindlimb among these 

taxa, aithough studies have shown that the contniion of forciimb support during walking b . 
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simüar among p h t e s  possessing grody different ktaiimb proportions (Jungers, 1985). 

Bonobos are purponedly ontogenetically d e d  with chmips in iinear dimensions of the 

postcranid skeleton, however this does not appeu to be the case for articuiar d a c e  area of 

the scaphoid or the distd radius. 

In the distal carpal row, Atncan apes tend to have krger scapboid areas on the 

capitate h d s  compared to Asian apes, monkeys and humans. This patteni is consistent with 

the analysis of the scaphoid and lunate proximal surflux ueas, in that Afncan apes have 

larger relative scaphoid proximal surfiace areas, and scaphoid proximal surface d e s  W e r  

than Iunate pro- surface in gorillas and chimps. These factors are indicative of weight 

transmission through the radial aspect of the wrist king an important functional component 

of knucklewalking behsviour. 

Scaling of scaphoid area on the capitate is close to isometry for the totai sample, 

although bonobos and chimps have larger ueas thn wouid be acpacted given thtir 

metacarpal dimensions. The rate of scaiing, however, is positively allometric for chimps, but 

is much lower in gorillas, humans and bonobos resjwively. Why chimps shodd have nich a 

high rate of incnsse is unclear. It is evident fiom examination of capitates bat many chimps 

possess an anterior extension of the scaphoid surfra. This ventral *bulgeH CI@ deiineates 

the lunate artiDCUIation fiom the scaphoid d a c e ,  mch dut the anterior aspect ofthe bac has 

a marked incongdty and separation of artidsr aurfrces. In hctional tans, tbis may be 

related to kin~tllllticaiiy distinct knucklewalkin8 progression in cbimps as compand to 

godias. Chimpr use more varieci hnd positions anà the had is typidy pliced obliqudy to 

the foramrd line of progrrssion, rather thn perpdicuiar to it as in godias. The scaphoid . 



itsdf extends obüquely in a distoventd M o n  and iies baween the centre of rotation of the 

lunate and capitate. It's position, in conjunction with numerous ügmentous connections, 

enables the scaphoid to act as a radial "stnitn, stabiig the niidcafpal joint &inscheid,1986; 

Feipel et al, 1994). In ndid deviation, the scaphoid undergoes paùnar flacion (Liiheiâ, 

1986). Thus, a ventral extension of the saphoid f ke t  on the upitate impiies a gnita 

potential for palmu movement ofthe scaphoid as the wrist undergoes radiai deviation. Such 

deviation ükely occurs in the latter phases of propulsion dwing knuckle-waiking with a 

forelimb held obliquely to the fornard lime of progression. Thit this morphology is more 

characteristic of chimps rather ihan bonoôoo is comlatsd with greater fiequency of 

terrestriality in the fomm. In general, an enluged scaphoid and articular area for the capitate 

head would confer greater stability to the midcarpal joint in the transmision offorces through 

the capitate to the proximal corpal row. 

The distd capitate articular surface area is much larger in all great apes compared to 

humans, however the distai hamate d a s  not show the rome disp~ty. It's cleu that capitate 

distal area does not distinguish knucklewalkers fiom slow climben, aithough the relative 

area is somewhat larger in godas. Insofar as humans are distinct fiom great apes in having 

substantially smailer distai capitate areas, the same is not tme of the distal hamate. Humuur 

are wtwlly  indistinguishable fiom chimps, bowbos and o n n a  in distai hamate am. 

Gorülas have dightly large relative areas, as do temstchî monkeys compareci ta brachiaton 

and irbord monkeys. H u m  hands are designed for O p u m  manipuSatory crprb'ity and 

posscss an number of unique anatomical chrracters tôat attest to this. The conformation of 

the hamate distil rniculu surfkce, for example, has a cornex contour rather than one that b 
' 
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concave üke in am. A btold convex surtia accords the fourth and nAh digits the abüity to 

oppose the th&. Articulating with the d i a  capitate, the base of the thbd metacarpal has a 

proxidy projecting d o d  styioid pmms which iikdy serves to stabilize the cipitate-MiII 

joint without incrtasiog the conjoining surfice uas. 

The suüng pattern of capitate d i d  ami demonstrates that chimps are closest to 

isometry relative to metacarpal dimensions, and dl other taxa am more ncgatively dometnc. 

The rate of increase is aimost identical between gorülas and terrestrial monkeys, however the 

regression üae for rnonkeys is tmsposed below that of gorillas, so at common sizes goriilas 

have much largu distal ma. Sirnilarly, &unias are most similtu to orangs, but shifted clown. 

Overall, terrestrial species have sctmewhat f ~ e r  rates of increase in capitate d i d  area. More 

even weight distribution across the antebrachial joint in goriUas and tenestrhl monkeys rnay 

account for the siightly lower slopes in these two taxa wmpared to chimps. Again, bonobos 

have the lowest slopes of aU taxa, indicative of a low range of variation in capitate distd area, 

despite considerable overlap with chimps in this f-e. 

Scaiing ofdistal hamate ans is somewhat more revealing. There is a clear sepdon 

between terrestriai and arboreai species. GoriUas, chimps and temstnil monkeys have bigher 

rates of change in surface uea and fom a unit distinct fkom bonobos, o m g s  and humuis. 

Thus a sia depadent incnue (dthough still wpiively Jlomctric) is p m t  in species 

aigaghg in high hquencics of t ~ * a l  locomotion. Incmse in airhcc amt, rs a means to 

dissipate forces gcnented tluough COIXJ~~&VC loading dong the ulw mpect oftht 

forrlimb, is evidently a more functiodiy distinctive fèature mss the hamate thn mss the 

apitate. Terrcstnai quadrupeds posscss uniqudy rbped hamates, in tht the triquetnl k c t  - 



hc#r more proxhno-medially than in apes, pennitting more direct weight ~ s s i o n  fiom 

the uhiar styloid thmugh the triquetrum to the hamate, and haliy-to the metacprppls. 

Gocillas ais0 posses anatomid feanins. such as reiatively quai n y  lengths, which heîp to 

more evenly disSribute body weight through the metacarpals to the hamate and capitate. 

Chimps typidy support the body on digits tbree and four, so that forces arc not as evenly 

dissipated across the ulnar aspect as in gorillas. NomtheItss, expansion of die fourth digit 

articular surface ara on the hamate is sufficient to contribute to oved articuler size increase 

that is more rapid than in arômeai species. 

Finally, the joint between the capitate and hamate acts as a shock absorber to 

compressive loads placeû on the ulnar aspect of the forelimb, transmitting forces to the more 

stable capitate via the hamatocapitate ligaments (Weber, 1 984). Cornparisons mong taxa for 

hamate area on the capitate, and capitate on the b u t e  produce results that are whully 

identicai and demonstrate very little dinetence among great apes in these f-s. Humans 

have somewhat rduced relative areas for these measures, and terrestrial quadnipeâs have 

larger surfaces than arboreal monkeys or brachiators. Thus, in tams of oved size, capitate- 

hamate articulation does not distinguish huckle-wslkers h m  slow ctimben, but tcrresüial 

monkeys are distinct fiom more uboreal fonns. This is compatible with the notion discussed 

d e r ,  wherdn ulnar loaûing increiws wîth incroaSing M y  iize. This is partidarly true of 

large hominoids, wbich have much b e r  humera1 trochlur sudàces diit maintah integrity of 

the humao-dm joint. Thctcfoce, a large am of contact between the hamate and apitatc is 

neccawy in ôoth quadnipedil and suspensocy animais. 

Scaling pattenu for caphtdumrte dculaîion am v a y  Wu among chimps, - 
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goriilas ruid humans. Chimps, however, are most similar to terrestrial moalcys in hving 

more rapid increuse in this articular sufice than gorülrs or humans. Again, structural f a e s  

of the antebrachial joint and metacarpals that act to distribute body weight mon mnly in 

gonllas may be responsible for the lower scaling pattern in this tamn. In addition, bonobos 

have much lower dope values despite considerablt overlap in capitate-hamate artjcular 

dia area with chimps, which is suggestive of dflerences in loiding patterns across the 

wrist between these two speues. 

This analysis has attempted to answer several questions pertaining to knucklewalking 

behaviour and its potentid morphologid cornlates. It has been dernonstrateci that dl large 

hominoids are c)raracterized by having expanded distal radius articular d a c e  areas as 

comparecl to lesser apes, monkeys and humans, and this feature aione does not distinguish 

knuckle-walken fiom slow climbas. For a sample comprisecl of species mghg in she from 

arboreal cercopithecines to gorillas, comp~son of proximal carpal row elements shows thst 

lunate area d e s  fher  than mphoid am, which is consistent with the notion that a diüt to 

foreümb loading on the ulnar aspect with incrdg  body size occurs. M y l  of individual 

species howem, merls that scaphoid proximal a m  d e s  aster in godias, chimps, and 

humans. This finding is dso compatible with known that are derivai and uniquely 

s b u e d b e h i v ~ t ~ l A f n ~ ~ n ~ m d & u n u i i l - i n p a r t i C U I ~ ~ ~ t t s e d o s ~ e - ~ w e U r s w i t h  

a shiA in ~ s s i o n  of forces toward thc ndial sidt of the wrist associatecl with kwckle, - 



wslkmg. 

O v d  smphoid tiicst size on the capitate distinguishes Afncan apcs, and d g  of 

this feahire is distinctive in chirnps. Enlargement of the distal rrtiailar suw ami of the 

capitate is shand mong al1 gmat apes to the exclusion of humans. Relative size of the 

hamate distd am d a s  not sienificantly Mer mong great apes and humuis, howmr the 

pattern of scaling in this feature sepantes tarestnal @es (chimps, gorillas and terrcstriaI 

monkeys) fiom more arboreal ones (ûonoôos, orangs) and humans. 

Differences in size and d n g  patterns of certain elements betweea GononIIa and Pan 

bave been attributed to larger body sbe, greater fiquency of terrestrial behaviour, and 

anatomical structures within the wist and hand that distriaite forces more m n l y  in gorühs. 

Size and scaling différences between Pan trogI@tes and Pm p i m s  are attributed to 

variation in & r d  verses terrestrial behaviom, as well as greater fiequencies of palmigrade 

' quadnipedaî postures on the part of bonobos. In severai fsinim, notably d u s  distai ma, 

scaphoid proximal area, and dl articular suxfkces on the capitate, ngression dyses  have 

demonstrated very low ranges of variation in these characters within bonobos. These 

elanents are ail integnl to the transmission offorces through the carpus and antibracial joint. 

This implies some hndamental alteration in the loading regime aaoss the forelid in 

bonobos, possibly due to species-specific and sex-specific diffcrcnces in locomotor 

~ v i o u r s .  



TABLE 3.1 Descriptive Statistics for Radius and PmriaPaî Carpal Row 

Radius 
LunArea 

Gorillu 
N 

mean 
S.D. 
C.V. 

Pan h ~ g l ~ t e s  
N 23 

mcan 409.11 191.82 
S.D. 57.75 35.36 
C.V. 14J2 18.43 

Pan paniscus 
N 13 

mean 366.28 177.9 1 
S.D. 53.2 1 32.22 
C. V. 14.53 18.1 t 

Pongo 
N 

mean 
S.D. 
C.V. 

Hwien 
N 

mc811 
S.D. 
C.V. 

Gibbon 
N 

vEt8n 

S.D. 
C.V. 

Siammg 
N 

a m n  
S.D. 
C.V. 

-mniSr 
N 4 

mean 78.1 1 36.82 
S.D. 437 4-76 
C.V. 5.85 1293 



Tcrricstrialmoaky 
N 

Illt(iD 

S.D. 
C.V. 

Rdius 
Lm Arta 

Radius 
Distal 
Asm 

11 
144.2s 
36.54 
25.33 

1 

-- 

TABLE 3.1 cantinued * Means of raw measuns in m d  

Raàius 
Scap 
Area 

64.12 
18.81 
29.33 



TABLE 3.2 Ratios for the DisW Radius and the Prorlmai Carpai Ron 

Rad Das-MC 

GoriII0 
N 

IncaIl 
S.D. 
C.V. 

Pan aogIa&tes 
N 

Iwan 
SD. 
C.V. 

Pori pniscus 
N 

mean 
S.D. 
C.V. 

Potrgo 
N 

mean 
S.D. 
C.V. 

Human 
N 

Iman 
S.D. 
C.V. 

Gibbon 
N 

mtan 

S.D. 
C.V. 

Simnrng 
N 

mCBa 
S.D. 
c*v- 

-mmLcv 
N 

mtlll 
S.D. 
C.V. 



TABLE 3.2 Continuai 

Texon 

T-al nionky 
N 

mean 
SD. 
C.V. 

RodDm-MC 

I I  
23.57 
4. 14 
17.56 

RdScap- 
MC 

10.4% 
2.39 
22.81 

R d h - M C  

12.73 
2.43 
19.09 

Scapoid-MC 

10 
15.32 
1.78 

1 1.62 

L-MC 

10 
12.45 
1 .O9 
8.76 



TABLE 3.3 Descriptive Strtbtics for the Dbtd Carpai Row 

- 
Ham 
m%h - 

19.71 
2.39 
12.13 - 
20.43 
1-81 
8.86 - 
13 

18-32 
1 .O4 
5.68 - 
21.55 
1.47 
6.82 - 
19.1 1 
239 
1251 - 
1277 
6069 
5.24' - 
1219 

* - - 
10.36 
2.21 
21.33 

Cap Hfo Ham Cfia 

Gorilia 
N 

~ n e a ~  
S.D. 
C.V. 

30 
237.62 
63.69 
26.80 

Pan tmgb@tes 
N 

1nt811 
S.D. 
C. V. 

Pongo 
N 

mean 
S.D. 
C.V. 

22 
161.74 
33.58 
20.76 

Pan paniscus 
N 

mcan 
S.D. 
C.V. 

-- - 

Human 
N 

niean 

S.D. 
C.V. 

13 
162.4 1 
23.30 
14.35 

Gibbon 
N 

mmll 
S.D. 
C.V. 

Siamnng 
N 

mtan 
S.D. 
C.V. 

1 
25.1 2 - 

9 

A h o d i m n k  
N 

mtl~l  

S.D. 
C.V. 

1 
49.28 - 

9 



Taxon 

L. 

T e r r c s t M  
N 

mtea 
SD. 
C.V. 

Cap =aipitu& Ham = himate; Sfa = scaphoid i.C(( YC* DU = W ariicUII di; HtO = h m t c  f b t  
m. C f a = c e p i t a t e f ~ ~ M t 8 1 1 ~ d ~ w ~ = m ~  

Cap Sfa 

5 
45.10 
13.26 
29.38 

CapHfim 

10 
53.35 
7.36 
14.06 

CapDu 

63.0 1 
12.52 
19.87 

Cap 
w 

13.83 
1.21 
8.75 

Ham Cfa 

10 
44.49 
10.46 
2331 

HamDps 

64.19 
12.47 
19.43 

Hm 
h % b  

10.88 
2.2 1 
20.3 1 



TABLE 3.4 R.th of Dbbl Carpal Row VariaMa md Mctrcarpai Sisr 

Cap D e  
MC 

Ham Cfa- 
MC 

Ham Das, 
MC 

Cap Sfa- 
MC 

cep Hfa- 
MC 

- 

GoriIl0 
N 

mCllll 

S.D. 
C.V. 

Pan 1 r o g ~ ~ 1 e s  
N 

RICIltl 

S.D. 
c.v* 

Patr pniscus 
N 

me8n 
S.D. 
C.V. 

Pongo 
N 

mtan 

S.D. 
C.V. 

Human 
N 

RCt(lll 

S.D. 
C.V. 

Gibbon 
N 

mean 
SD. 
c. v. 

Siunuig 
N - 
SD* 
C.V. 

Arbor#lnvnL 
N 

mcan 
S.D. 
C.V. 



Cap Sfa- 
MC 

TerriestinOnk 
N 

mmll 
S.D. 
C.V. 



TABLE 3.5 Ratios of DisW Carpal Row Varhbies and Toril Lcogth 

- 

Cap Ma- 
TL 

- 

Cap Du- 
TL 

-- 

Ham Wa- 
TL 

Han Dis- 
TL 

Pam tmglocJLte~ 
N 

mC8D 
S.D. 
C.V. 

Pan paniscus 
N 

merin 
SD* 
c*v. 
Pongo 
N 

mean 
S.D. 
C.V. 

Human 
N 

mc811 

S.D. 
C.V. 

Gibbon 
N 

mtaD 
S.D. 
C.V. 

Sienipng 
N 

mtlll 

S.D. 
C.V. 



M m o n k y  
N 

Inmu 
S.D. 
C.V. 

TerrestnalmORkcy 
N 

mall 
SD. 
C.V. 

Cap Hf& 
n 

Ham Cfa- 
TL 

n = torol i~ngth 
TABLE 3.5 continucd 



Table 3.Q Sumury o f  R i w  variable Zscom aird ratios tor the D i i  Radius, 
Prorimal and DIiW Carprl Rows 

-- 

Radius 

Scaphoid 

Capitate 

Godia and omg have Iargest distai cires; dative scaphoid uea is larger 
in goriila. relative Iwiate area is kget in o m g  

Relative to MC'S, Afncan a p  hve largcr scaphoid m a s  than Asim 
apes and humans 

Relative to MC'S, ~rangs have lqer p r o ~  amas than Afncan apes 
and humaas; in the ratio of scaphoid-lunate a m  banObos have the 
lar~est relative scaphoid acea compirrd to gorülas, chimps, orangs and 
humsns; Bonobos resemble bracbiators and AQ in acaphoid-lunate uea 

Afncan apes have expanded scaphoid fiwet anos comparecl to &an 
apes and humans; humons shan with grrat apes an expandeci hamate 
fica arw great apes have expanded distai d a c e s  to the exclusion of 
humans 

Humans share with great apes an expanded &al surface; dative to 
total hamate length humans have Iarget distal areas than chimps, 
bonobos and orangs 





TABLE 3.8 m i o n  Rcrultr 

Radius Das 

Radius Scap 

Radius Lun 

W u s  Das 

Radius Scap 

y-int 

,364 
(.332) 
.162 
(. 1 24) 
,229 

(. 185) 

,653 
,754 
,889 
,894 
,547 
,55 1 
.3 12 

% SEE 



% SEE 

Radius Lun 



y-int % SEE 



Sample 

Total(98) 

(98) 

Cap Htà 

crp 

% SEE 



Ham Cfi 

W C f Y T L )  

y-int % SEE 

2.48 
2.58 
2.10 
5.15 
1.37 
2.12 
2.89 
2.06 
2.19 
5.18 
2.09 
2,78 



y-int % SEE 

M mamm am dative to metacqd size unîess specified as nlrtive to totai length (TL,) 
* OLS d t s  are reported above, RMA r d t s  are reported in bfackets bdow 



flCcnia = ban rcpment 95% confidence intcrval (a range of vducs b d  ai ibc mcm that, wiih 95% 
liklihoai, includc the population mcan). 



Figure 3.7 Scrpbdd Prosimal A m  Zicom 











Figure 3.25 Huipate Dbtd A m  Relative to 



Figure 3.27 Regmion Pîot of Radius D M  Artkulu 
A m  vuiui Metacarpai Shc For ToW Sorple 

1 

Figure 3.B Regmsion Plot of Serphoid A m  en the 
Radius venus Metacarpd Size For the T o u  Simple 
I 



Figure 3.29 Regmaion Piot of  Lunate A m  on Radius 
vmus Metacarpaï Size For ToW Suipie 

1 

P i p e  3.M Regmsion Mot ot  Suphoid and Lunrte 
Areas oii the Radius vernus ~ e t a 6 r p i l  SiEc 



Figure 3.31: Regremion Plot of Suphoid and Lunate 
Pmsimrl Areas venus Mcbcuprl S b  

Figure 3.32: Scaphoid Proximal A m  Venui 
Metacarpal S u t  



FîGURE 3.33 Regressioi of  Lunate Pmsimrl A m  
venus Metrcarpri Size 

t 

Figure 3.34: Regarion Pîot of Luutc Prosimal Area 
vernis Metaarpd S k  By Tason 



Figure 3.35: Regmion Plot of Scrphoid A m  on the 
Capitate venus Metautpal Size For the Total Sample 

FIGURE 3.36: Regression of Supboid A m  on Capitate 
venus Capitate T&I Length For the Total Sample 



Figure 3.37: Rcgresaion )lot of  Hamate A m  on the 
Cipitate venus Metaurprl Séc for the Totrl Sampk 

Figure 3.38: Regression mot of Himite A m  on the 
Capitatt versus Cipitate Total Length Cor the Toril 
Sampk 



Figure 3.39: Regres8ioa Pkt of  Capititc Dbtrl Arrr 
venvr Metacarpal Size for the Totd Sampk 

Figure 3.40 R ~ ~ i o n  Plot of Capitate DhW A m  
verrus Capitat Total Length for the Total Sample 



Figure 3.41: m i o n  Pht otHuate DbW Art.  
venus Metacarpal S b  for the Total Simple 

FlGURE 3.42: Regmgion )lot or Hamite Dhl A m  
venus Hamitt ToW LAngtâ for the Total Sample 



Figure 3.43: Rcgciskn Plot ot Hamate Dhtd A m  
v e n u  Metacarpal S& By Tason 



CaAPTER 4 

The Metrurpopbrliagd Joint 

Studies of the comparative anatomy o f  hominoid huids have ban numaous. Of 

primaq interest initially were anaiyses of features viwd within a phylogenetic contact 

(Gregory, 1928a,b; Huxley, 1893; Strauss, 1940,1949) and comparative descriptions offosil 

taxa (Brain et ai, 1988; Bush a al. 1982; Napier, 1959; Riclclan, 1986; Susman, 1988a,b, 

1989; Susman and Crd ,  1979). Much of the eariy research focusseci on basic hand shape 

(Erikson, 1963; Midlo, 1934; Schultz, 1927,1936,1956) and relative ny Iengths among 

hominoids (Napier, 1959; Schultz, 1956; Susman, 1979). Subsequdy, a more nuictionai 

approach to the analysis of hands has ban sdopted (Inouye, 1989,1990,199 1 a$; Lewis, 

1969,19724 l973,l977,l989; Napier, lgSg,l960a, 1%2; Sarmiento 1988,1994; Smith, 1990; 

Susman, l979,l988a,b. 1989; Susman and C d ,  1979; Susman and Stem, 1980; Summ et 

ai. 1982; Tuttle, 1967, 1%9a,b,c). 

As mentioned, much of this work bis e m p M  had shpe ud relative ny laighs 

and dimensions. Muiy of the differcnces among living gnat ipes ue attributai to varying 

degrees ofarborcriity v a x s  tCn?tStfiaIity (Erihon, 1963; Raishchofk, 1973; Straus, 1940; 

Schultz, 1927; 1936;1956; Suman, 1979; Tutîle, 1%7,1%9a,b; Tunk and Corbight, 1988; 

T u a  and Watts, 1985). It has been noted tbat goriUu am the moa temmiai of all gma 

apes, orangs arc the rnost uboceaf, and that cbimps are intermediate in the ~uOIICiCS of - 



arboreai v e m  tmd locomotor behaviollfs (Fieagie, 1976; Tuttk, 1977,1986). 

Consequentiy, chimp hand morphology reflects a compromise bnwœn t e m s W  h c b  

walkuig uid arboreal grasping behavioun (Edcson, 1963; Schultz, 1927,1936,1956; Surmin, 

1979). Bonobos am said to enpge in hi* fresuencies of u b o d  postures and mvd than 

chimps (Badrian and B&an, 1977; Dom, 1993). nie 6qer morphology of Pmp~niscus is 

described ru intmeâiary b e e n  chimps rnd omp,  suggesting more u b o d  

characteristics of the hand in this taon (Susman, 1979). 

Ciorillas are characterized as having very broad hands relative to body size ( Eriksori, 

1 %3; Midlo, 1934; Schultz, 1927,1936,1956), with metacarpais and proxhal phalanges that 

are short ond stout compareci to chirnps and omgs (Sarmiento, 1994; Susman, 1979,1983; 

Susman et al 1984). It bas beea clearly demoustrated by Inouye (1992) however, that in rnost 

metaaupal dimensions, godas and chimps are ontogeneticaiiy Scaled. For example, 

metacarpai midshafl width d e s  isornetricaiiy with body aise, and thcre are no sisnificant 

differenas ôetween prillas and chimps in this vjnable at common sizes. Meticuprl and 

p r o d  phrlangeal iength, as well as prorOd phaiangeal midrhrft width, do depart 6wn 

the pattern of ontogenetic ecrJing. At common sites, gorilias have sborter m t a c q m i s  and 

phalanges, and wider phalan0es. The nlatively shorter pro* phaianges of godas 

common metrurprl lengths, gocillas and chimps hve prortllnil phalanges of siniilu lai@, 

however as gorülu airpass c h p s  in b, tbeir p r o h a î  phalanges get proportionately 

dioitcr (laouyq 1992). Additionally, tbe pmximaî phLqea of godas are hclvily 

constnicted and lrcting in longitudirroil cunna~e, with wdl d d o p e â  W tukrdg and - 



msrked flexor shcath ridges. 

Omng hands are descriôeâ as ôeing dongated and d a d a  (Enkson, 1963; Midlo, 

1934; Schuhz, 1927.l936.1956; Susman, 1979). Cornpucd to all Afiican apes, omgs have 

the longest proximal phalanges. Metaaupal lai@, however, d a s  not différ betwecn chimps 

and orangs at cornmon sizes, but c h p s  have wida midshaft diameten (houye, 1992). 

Thus, in cornparison to goriilas, orangs have longer metacarpals and pbaiangps, with smalkr 

midshaft diameters. Compad to chimps, omgs have d e r  metacarpal shdt diameters and 

longer phalanges. Aceording to Suman (1979), Pongo metacarpal shafts dso have thicker 

cortices than those of chimps and gorillas, but this fatute is sharrd with bonobos. In 

addition, al1 Asian apes a n  characterized by hmhg extremely curved proximal phalanges, 

partiwlarly orangs (Susman, 1979; Susrnan and Stem, 1984; Stem and Susman, 1983). In 

most cases (orangr), the volar surface of the phalangeal shafi is r a i d  aôove the kvel of the 

tlexor sheath ndges, contra chimps and gorillas, but a condition also found h muiy bonobos 

(Susman, 1979). 

As mentioned, chimp hands have been dtsc~l'bed as morphologically intermediate 

between gorillas and orangs (see above). In cornparhg chimps and bonoboq it becornes 

apparent tbat the latta ur rnorphologicaJ intermediaries between chimps and onag~. For 

example, b b o s  ùave srnalier midshaA d i e t e r s  of both m u c u p i l s  and proxhaî 

phalanges (Inouyq 1992), the marcupils are lacking in wdi  dmloped seconduy f-cs 

such as muscle mirltings and tigamentous attachment sites thit are prerrent in chuapq ud the 

metacarpal cortices are thicka as in orangs (Susman, 1979), the airvraue of the proximal 

philanges is intermediate ktweai thrit of chunps ud omgs (Susman and Stem, 1984; Stan- 



and Susman, 1983), and the vend SUW ofthe p k g e a l  sbiff is offen nised above the 

IeveI of ûexor sheath insertion (Susman, 1979). 

Seved biomechanid models have k e n  proposed to explain these differences in 

hominoid hand proporiions. Long ray segments increase the compas of the b d  and 

facilitate the "hookn g i p  utiüzed in gnsping iatgc branches (Pnu~~hofk, 1973; Napier, 1967; 

Susman. 1979). I n c r d  curvature is a modehg reponse to strong benclhg moments 

incurred by long fingers (Preuschoft, 1973; Susman, 1979). In orangs and bnchiators, 

elongation of the manual nys r d t s  in increased p M ~ g e i l  curvam. As noted by Hunt 

(1 99 l), cwature ~rpicaiiy paraîlels the dwee of arboreal activity and Aquency of 

suspensory postures in u i i d s .  It reduceil not only bending moments, but tissue strain as well 

by rnaintaining a constant distance between the ventrai aspect of the phalam and support, 

thus assuring sidar pressures dong the length of the digit (Hunt, 199 1). Shce metacarpals 

are sometimes subjected to strong bending moments, orangi resist these forces througb 

increased cortical t h i c h  and greater shafi CUrVature (Susman, 1979; aithough strong 

curvatun does not usuaily characterize or distinguish orangs from chimps, pen.obs.). 

Bonobo hand morphology reflects a greater propensity for arboreal luid swpensory activity in 

this tuon as comparai to chirnps, in having pater phlangeai cucvatwe and thicker 

metawprl SM cortices. 

nie knucIde-wruciag stance characteristic of Afiican apcs a r a t s  numorous arcsses 

a m  the hrid, parcicuiarly in the rnetacatpophalangeal joint. Close-packai positionhg 

d u ~ g  stance is achievod througb hypcrextCIlSion ofthe joint, and knuckle-waikcts posscss a 

n u m k  of features thit are hypothesind to duce joint stress. One of these featurcs is a - 



nduction in length of the proximal phaim. During knuckle-walking stance, ground reaction 

forces tend tu hyperextend the metacarpophalangeai joint m n  furthm. To prevent its total 

collapse, passive mistance is providecl across the joint by the long digital 0exorq as weil as 

by bony and ligamentous smictwes (Tuttle, 1967; Tuttle et al, 1972; Tunk and B a m a ï i  

1974). Reducing the length of the phalanx effectively reduces the moment um of the toque 

produced around the joint by the ground radon force (Suiman, 1979). and incrases the 

mechanical advantage of those structures responsiMe for passive wtstance. 

in addition to stresses exeried across the joint, Pnieschoft (1973) has aiggested thet 

bending stresses aiso occur on the metacarpals and proximal phaianges d u ~ g  knuclcle- 

walking. To counteract this, Afncan apes have wider shrft dimensions compared to omgs at 

cornmon body sizes (Inouye, 1992). 

This brief review of ovenll hand proportions in hominoids Iays the foundatioa for the 

true purpose of this chapter. wmly a description and anaiysis of metaccupophalangeal jouit 

morphology. More specincally. the goal is to invesîigate metacsrpal h d  surhcc geomeûy 

and proximal articular surface am and shape of the proxirnai phalanx in an c m  to identi@ 

knucklewaiking correlates in Afncan apes. It has already ban  demonstratecl that Afiican 

apes possess a nmber of c h c t e r s  that d u c e  stresses inaimd in the h d  during knucîûa 

w d h &  howmr these traits are variabk in th& d e g m  ofarpttss~~on, mflecting a 

continuum fiom bi~hty tenestriai species, such as gorülas, to stnctly u b o d  uiimrls in the 

fom of onags. 



Old World monkeys main what is considerd by Lewis (1989) to k the primitive 

metacarpal herd morphoiogy. The metaUrpal hrds arc deeply groovcd h t d y  rnd m#ürlly 

on the ventral as- with a =est in between. nKse gmovcs act as m k s  for sesamoid bones 

embeddeâ in the glenoid plate situated ventially at the base of the proXimil phalua. This 

plate is a fibmurtiiaginous structure, and forms a major cornpontnt of the articular surface of 

the proximcil philam (Lewis, 1989). The glenoid piate hrs thicktned lateral m@ns in which 

sesamoids are embedded for reinforcement. The margins of the gienoid act as m e r s  

travelling in the grooves dong the metawpai head. During flexion, the plate moves f o w d  

over the metawpel head, guiding the proximaI phalanx behind it. Movemem at the joint is 

Aindamentdly that of a hinge, with some adductionlabduction acaimng with extension. The 

second and nAh metacarpals are typidiy asytnmetrical, MII king beveiIed on the radid side 

and MV bevelled on the ulnor side. Thuq in extension MII undergoes some degree of ulnar 

deviation. wbile MV atperiences some ndial deviation (Lewis, 1989). 

Goda metacarpal heads are deep domventrauy, and have a high flexion set (je: the 

head appears to be tilted fonuard). They are typically heaviiy constnicted with wdl dcveloped 

muscle markings and d a p  excavations for insertion for collaterai ü8aments. The prcsence of 

a d o d  ridge b characterissic of goriIIas (Tuttie, 1967,19694 196% bwcvet this trait is 

variably upressed. The ridge is prominant on iaqp males, Iess so on maîler f d c s  and 

may k absent in young individuals aü together. It is normaiiy most pro~)unCbd on Mm and 

M W ,  and the articuIar surnCe of tbe hcaâ Batteas prior to the d o d  ridge. in domû vicw, - 



the articular sutfixe of MIII/MIV is extendeci on the ulnu aspect, mlting in sligbt uBiI 

rotation and radial ddection when the pro* phaiam is hyperexterided (Susman, 1979). 

In addition, the gteatest breadth of these merscirpil heads is located dorsaiiy. MI1 is twisted 

so that the d o d  aspect f w s  MiII, and the head is somewhat bevelied on the 

dorsotgdial side. The results in some degrce of ulair deviation and supination as the phalanx 

is brought into extension (Lewis, 1989). The morphology of MV mirrors that of MI& in that 

the head is beveUed on the dorso-ulnar side, and süght radial deviation and pronation 

accompany extension ofthe phalam. MII and MV heads normrlly have the broadest portion 

of the articdar d a c e  on the ventral aspect. In generai, the artidsr surfkce o f 1  metacarpiil 

heads is extended proximally on the dorsal aspect (Tuttle, 1967, 1%9a,b). Finaiiy, g o f i  

metacarpals also have a well developed glenoid plate situateci on the ventrai aspect of the 

joint capsule (Susman, 1979). 

The metacapal head morphology of Pm ~ r q g l ' t e s  is vecy sllnilar to that of gocillas, 

however some characters are expnssed to a lesser degree. For exampie, the d o d  ridge on 

MIï rnay ôe lacking in some cases, dorsal flaîtening pnor to the ridge on Mm is reduced, and 

the dorsal asymmetry ofthe Mm hepd is l e s  markcd (Susman, 1979). Chimps have smslkr 

dimensions ofMn and MV heaâs relative to Mm and MIV (Sarmiento, 1994). 

Bonobos depart somewhat &om tbe pattem typid ofgorülas and chimps. The 

metacarpal heads o v d  rn less robustly consüucted, mth d u &  epicondyie size, muscle 

markings and excavations for c o l l a t d  ligament M o n .  Dorsai ridgm, whcn prrsent, are 

w d y  developcd. Ifpiesaa, distnion of the ridges âiBm h m  tbit of otha Afncan 

apes. In sone cases, ridges may be visible on di four lateral metaaupals, in othars it moy - 



occur on both Mm uid MW, or only on Mm. Most third and fourih mctaatprls hve tbeû 

greatest b d t h  dong the d o d  aspect, as in gorüîas and chimps, however some bave 

broider ventral surf'aces- Mrrs have wida ventnl w f b s ,  bowever some W s  have wider 

dorsai aspects (Susman, 1979). Nonetheless, bonobos do shn with otha Afnc~ul apes a 

pro* extension of the articulsr m r f h  d o d y ,  as wdl as domventrauy dœper 

metacarpal heads as compand to Asian apes. 

Por~go metacarpal heads &bit an entinly diffient morphology. Although Lewis 

(1989) States that orang morphology resembles that of young chimps and gorillas, in that 

d o d  ridges are lacking, this is not tmly a m t e .  D o d  ridges are IidMg in Pongo, but 

the metacarpal heaâs o v d l  are more gracile, with smaller epicondyles, reduced markings for 

muscle insertions and excavations for ügament anachment, and are less deep domventraiiy. 

The articuiar swface of the head is not extended on the dorsal aspect as in Afiican apes, and 

it does not end in a riâge, but rather in bipartite extensions (Su- 1979). In almost dl 

cases, the greatest brettdth of the metacarpal hsd is on the ventral aspect. The appearence of 

the metacarpal h d  in profile is somewhit flatter, or less iaoated distrlly, as compared to 

Afncan apes. Orangs do possess a pattai ofasymmctry across the Ma and MV heads 

similar to that ofgonllu and Pm, suggesting similu fûnctionai implications (Lewis, 1989). 

Orangs, however, are laclring the f i b r ~ g i n o u s  glenoid p b  on the ventrai aspect of the 

joint capsule (Susman, 1979). 

The metrcupil h d s  of @bons anâ siunaiigs ut nondistinctive, iacking in the 

pattern of- typicsl o f  large hominoids (Lewis, 1989; SU- 1979). The 

metacarpals arc üghtly bdt,  with p d y  developeâ mrrLngr for mude insutions and 



excavations for ligament attachment. The artitcular airhce of the head is tninccited donilly, 

and its general appearence is datively ehsllow, lacking the inflation seen in Afiican apes. 

While the metacarpal head has a less fluted apparence ventnlly as in monkeys, the joint 

capsule d a s  contain sesamoid bones, unüke othet hominoids (Caihoun, 1977). 

In humans, the metacarpais are very robust, with wsil dmloped muscle markings and 

"globular" heads (Susman, 1979). Th. -test brdth of the uticular surface is ventral. The 

second and tlfth metacarpal heaâs are highly asymmetncai (Lems, 1989; Susman, 1979). MLI 

is markedly twisted, with considerable bevelling d o d y  and radially (ie: the edge of the 

articular surface is rounded, sbaved off or has a "rwtered" appearence). From the vcnîrai 

aspect. the anicular surface of MI1 has a smaii wnvexity on the dnrv side. and a large 

bulbous protniberence radially (Lewis, 1989). In fuil extension, the digit is rnedially deviated 

and supinateci, while in flexion it deviates latenlly and pronates . In humans, Mm is unique in 

that it is also asymmetrical across its articular surface. It is similu to MI1 in king axidy 

rotated, such that during flexion Mn and MiII rotate and deviate dially as a unit, enhancing 

opposition with the thwnb in the precision pip  (Susman, 1979). Mn. is unique in that it is the 

most robust of al1 the laterai metacarpalq r condition s idas  to rnany brachiators, but contra 

other large hominoids whenin Mm is the most robust. Indeai, in humans MIUMlII and 

M I V W  km two distinct Sue and functiod groupings, decting th& difflnnt mlcs in 

precision and power gripping. Great apm, on the other hand, have a fùnctional grouphg 

compnrcd of hrlg MIUMIV, and MV (Susman, 1979). 

This mim of general band proportions, metrcirpal beid morphology, and pmximai 

phikn@ morphology his shown that Afiican apcs possess r numba of trai0ts this are 



considend to be adaptations to a hwckle-waiking mode of locomotion. These traits Mude: 

relatively shorter andor wider metacarpale and phaianges; a highcr fiexion set of and 

donovmailly dceper metacarpal head; well dwdoped epiwndyles a d  (vaciably dmloped) 

dorsai ridges; extension of the artiailar surbca proximilly on the dorsai aspect; and well 

developeâ palmu gknoid plates. It has ôeen noted how aborter proximal phalanges, wida 

phalangeai and metacarpal midshsfts help to dectoase the moment um ofthe ground d o n  

force and reduce bending stresses during knuckiawalking stance. Ail hominoids have 

relatively frre flexion at the metacarpophalangeal joint, however Asian apes are b t e d  in 

hyperextension capabiiities (Tuttle, L%7,1%9a,b). Extension of the articular surface 

proximally dong the dord  aspect of the metacarpal head parnits a greater range of 

hyperextension potential in Afiiieui apes. Passive hyperextension is achieved in knuckle- 

walking hand postures. Certain structures prsseat in Afiican ape hands are said to prevent 

extreme hyperextension and maintain the integrity of the mctrarpophalanged joint. These 

structures include the dorsal ridges, weU developed pdmar Ligaments, and shortened tendons 

of the long digital flexon (Napier, 1969; Preuschoft, 1973; Tuttk, 1%7,1969a,b). In 

addition to thiq deeper and more flexed metacarppl headq as well as wcU developed glmoid 

plates, incnue the moment ann of the long digitai flcxors and thereûy increase th& 

mechanical efficiaicy in resisting the torque of grouad d o n  foras acting about the 

nietacarpophilangeal joint (Susman, 1979). The mcâiolatedy expandeci dorsal articular 

surface, partiaiMy notable in Mm and MN in Afncan rpcs, suvm to reduce compressive 

joint stress in nomial loading during knuckIewalkjng stance. Finaliy, the enlqed 

epicondyles and aattc11ad d o d  portion pnor to the do@ ridge provide a mecbanism for 



tightening the collateral ligaments and inhiiiting axiai rotation of the pro* philum wbüe 

in a position of hypercxtcnsion (Susman, 1979). 

In light of the previous -ch outlined above, aothing hs been said about joint 

d a c e  gcomeûy of the mttacatpal bead, or the size and shape of the articuîar whce at the 

the base of the proximal phaianx. M d d  ovoid joints, such as the meiacarpopbaiangeal 

joint, have male surfcces that îarger in ma than the f d e  mating surfia (MacCoaaaül and 

Blsmjian, 1%9). The large male d â c e  conveys information about joint mobüity, b n U  

that it represents the maximum area over whkh movement c m  occur (Gomberg, 1981, cited 

in Godfrey et al, 1991). The srnalîer femaie d à c e  provides information on joint stability and 

loading, in that it represents the minimum amount of joint d a c e  ana needed to duce joint 

stress (Godfny et (11, 199 1). 

Furthemore, modified ovoid joints (such as the mctpcarpophalangeal joint) tbat are 

weight bearing or sustain high pressures wili have a mile surf" profile that departs greatly 

from a perfect circle (Barnett et al, 1961). In other words, the change in curvature laom one 

part of the surthce to another is great. Joints that are not weight bearing wiU have pro* 

that more closely approximate a perféct citcle. Moreowr, a awd maie surface r d g  on a 

relatively flatter f e d e  k a c e  wiîl undergo swing movemait and siiding translation (Bamett 

et al, 1%1). In this way, attrition of the f d t  rurfice is reduced. Thus, weight beuing 

joints chacacteristidy possess f k  tmnsiation aSSOciatcd uith a swing movement, d t i n g  

tiom changes in culvatute fiom one point to anothcr, and there is typically a grcat disparity in 

cuwature between the d e  and f d e  matin8 m&es (Bamdt et ai, 1961). 

As discussed pmiously, Afncan apcs have tbe grcatcst hypaextension capaôilities at - 



the mctacarpophaiangeal joint ofali hominoids. This is due, in part, to the proximüy 

extendeci artiailu ufh on the donil aspect of the mctllclvpal head. However, it is dm 

possible that hypere3~tension is enhanced by siiding translation, d t i n g  fkom unequai 

airvame of the mstcicupil hd in proûie dong the sieittJ pluie in Afiican p. The 

questions to k addressai in this anaiysis arc the foîiowing: 

1. Does the pronle of the metacarpal hcads in Gfiican apes diffi h m  that of other 

primates? 

2. Das the metacarpal head profile in Afiian apes depart gnatly fiom a perfect circle, 

indicating (a) a weight W n g  joint, and (b) sliding translation at the 

metacarpophalangeai joint? 

3. Gorillas have relatively equd ray lengths of the hand, therefon tbey bear weight more 

evenly across ail four l a t d  me2lîarpcil heads than c h p s  or bonobos, who typically 

utiüze digits three and four for support in hnicklewalking stance. Thus, is the pattern 

of cur~a f~ fe  aaoss ail four lateral metaqa l  heads more consistant in gorülas than in 

chimps or bonobos, indicathg a diEerent pattern of hiad usage or kinemetidy 

distinct mode of knuckle-walking? 

4. Knucklawakers possess certain faturcs that inhibit axial rotation of the proximal 

phalam wMe in a hypanxtendcd position. For atimplq che ailugod epicoadylts and 

flattened d o d  portion of the mtacarpol hed prior to the ridge enibles tightening of 

the collaterd ligaments, pcoviding greater s t a b i i  at the Inetrcupophaiangeaî joint in 

close packai position. A more munded atticuiar s u d k  wiîi parnit a mer degree 

of rotary m o v m  whereas an oval surtia lîmits such rotation. Ham, is the rbipe - 



of the proximal arti*culat airâice of the proximal phaiam more oval in Atncan apes as 

compared to Asian aps, indicative of reduced axiai rotation in close p k e d  position 

ofthe metacarpophalangeai joint? 

Metacarpal heads were vide0 taped and digitized in profile fiom the ulnar aspect for 

MU - MIV. and fiom the radial side for W. For ail large hominoids and humam, Mn is 

beveiied on the dorsoradid side. Thus, in order to achieve the least distorted h g e  of sagitinl 

cuwature fiom ventral to dorsai, images were recorded fiom the ulnsr aspect. Mm and MN 

show very Iittie asymmetry, so they were also recordecl fiom the ulnar side for wmistency 

with MII. Similady, MV is typically beveiied on the dorso-ulnar aspect, so images were 

recordeci from the radiai side. For erch metscarpel head, a 11l» was digitized 6om the most 

ventral extent of the articular surface to the most d o d  extent of the d a c e  for which a 

co~ntex curvaw was present (see figure 1.14, p.30). In lare mak gorillas, for exampte, the 

articular surtàce ofthe metacarpal head continues beyond the convex portion dorsilly as a 

concave section initiaily, which then f l a t ta  out to joui with the dorsal ndge. Only tbat 

portion of the btrd wbich is continuously conva bom vemnl to dorsai is induded in the 

d y s i s .  A xcond Le, dnwn perpeadicular to the tint, bisects the heid h o  ventrai and 

dorsai halvcs. 

The c u m t ~ ~ e  of crch haifofthe metrcvprl bud wu uldated ftom tmsmmam 

of I. a, and h, where f represents the chord lengtb, a = II?, a d  h is the height of the arc hm' 



the chord to the articular d a c e .  The radius of curvature was caiuûated as: r = p+ dl a. 

Since metaclupal size and, comwmmitantly, arc lmgth Mèrs mong taxa, the radius was 

nomilüzed by dmding by arc lcagth (set Jeliema et al, 1993). Then is mme debate fc8ardiRg 

the appropriate mcfhod of muswing cunmturt (for aample, see JeMema et al, 1993; Obmaa 

and Latimer, 1986; Stem et d, 1995; Surunui el 01,1984). Nthough normilized &us of 

cuwature (haceforth NRC) acGounts for the &as of o v e d  sizc, it does not adequately 

convey the compas of the subtcndd arc (Idema et al, 1993). Thaefore, included angle for 

each ventral and dorsal segment is also reporteci. Included angle is calculated as: 0 = 

2*arcsin(l/Zr). 

Area of the proximal articular sufice of the proximal phalam was rneasured by 

digitking around the boundary of the joint d i c c  (sa ApperidUr 1). Mediolatd breadth 

and dorsoventral width were also measureâ in ordet to obtain a breadth/width ratio. M'ha 

calculates a shape variable, wbich determines how closely a d a c e  uea or perimeter 

approximates a perfect circle. A value of 1 .O indicatss a circle, any value less than that 

reflects a mon ovd shaped sudiace. 

Descriptive statistics for metacarpal rneasures of curvrauq arc lcngths, and pmrtimal 

p h k i a  articular d c e  areas and dupe variables uc shown in Tibks 4.1 and 4.2. 

Spcumin Rank &der correlation d c i c ~ l t s  fPr tha entire sample show that some 

inTaMt differences exist in the pattern of correlations mong nys. These ut summamd 



4.3. Results for included an* and NRC were essenWy the same, thedore ody NRC is 

reported hae. 

The d t s  demonstrate tbat ventral and domi arc lengths an riflcantly correlated 

WithôodysiEeforrllmetaaupais, uisucpected. Venüalanddorsrlbadarrniunbrlso 

significantiy correlated with body size for Mm and W, but not MV and oniy dorsrlly for 

Mn. Ventral arc Iength is signficandy cornlateci with cumture only for 

MXV, and d o d y  arc length is correlatecl with head curvature for rll rnetacarpals. Cuwatwe 

of the ventral portion of the metacarpal hcad is not significantly cornlateci with dorsal 

curvatwe in Mm:-W. 

Painuise cornparisons between taxa where pcrfonned using non-parametric Mann- 

Whitney U-tests (tables 4.4- 4.6, p. 196-199). Values for normpüzcd radius of mature 

(NRC) approach 1.0 as the surface becornes flatter. Conversely, the more awcd r surface is, 

the lower the value for NRC. 

Humans have the flattest ventrai h d  SUrf~ces and are signis~~~ltly différent fiom d 

other taxa in this regard. Among large howioids, c h p s  have slightiy flatter vemnl aspects 

and on signifiady different fiom goiüly, onng<. bonobos and humuis (figure 4.1). In 

dorsal auvrtufe, aU large homùioids and monkys have sigdicantly Iowa values ce: are 

more eurved) than gibbons and hwnans (figure 4.2). In the ratio of ventral to dorsai 

cumtwe, 'bbolls ditfi= âom the pattern uthibiteci in ail other taxa in havin8 d o d  surfbas 

that are flatter thui the ventral surhceq and depirt sigdicantiy b m  cverything dse uccept ' 



uboreal quadnipeds. Chimps have slightly bigha ratios than o t h r  luge homiaoids due to the 

relativeîy flatter vaitnl aspecis (figure 4.3). Figure 4.4 illustrates the mems for cach mon in 

ratio of vcntnl to d o W  m t w e  for MII. It cievly shows thit chimps ire separate from the 

group consisting of gorillas, boaObos, orangs and terrestriai qwdnipcûs. Humias arc most 

simüar to aibonal quaân~peds, and ~ptbbotls (as wdl as siamangs) have a completely différent 

pattern. 

Z-scores foc arc length, which iadicate how many staadard deviatons away fiom the 

total sample mean the value for any taxon lies, show that godias and orangs respectivety 

have the largest ventral and dorsal arc lengths (see figure 4.5). Relative to metwarpai size Ge: 

body size surrogate), humans, monkeys and gorillas respectivdy have reduced arc lengths as 

compareci to chnps, bonobos and Asian apes (figure 4.6). 

Regression analyses of log transforrned values of metacarpal composite size and arc 

length wae performed and resuits for both OLS and RMA are reporteci in Table 4.7. For the 

purposes of this dysis ,  RMA resdts are discussed since the goai is not to compare dopes 

mon8 taxa, but rsther to determine the slope of a pMicuIar cbaracter for the whole sample 

and assess its relationship to isometry. Results for MI1 show that arc length dorsaily is 

essentially isometric with metacarpal h a i g o i y  and the ventnl dope is slightly Iowa. 

Humans Mi w d  bdow tbe rc~fcssion üae, aad arc most similar to temarial purdupedr in 

arc length relative to metacarpsl size (sa figure 4.7). 



second marcupol emtrges (figures 4.8-4.10). Agilli. hwnuis have the West ventral 

cumtwes, and are sienificrntiy Merent âom ali other taxa. Among homiaoids, chimps have 

siightiy tlatter ventral aspects, and bonobos arc most simü.r to Pongo. In d o d  cwatute, aU 

knuckiewalkm bave sieaificantly more cwved metacarpal h d s  compard to humias ad 

Asian apes. Cbimps are not sigdicantiy différent fiom monlreys, however godas and 

bonobos have mon c w e d  dorsal aspects than temestrial monkeys. 

In the ratio of ventta( to dorsai head curvature, 9 knuckle-waikers have significantiy 

higher values than humam, Asian apes and arboreai quadrupeds, indicathg a greater disparity 

in head curvatun fiom ventrai to dorsal aspect. In other words, the profiie of the m*icupil 

h d s  in Afncan apes is much more curved dordy  not oniy in absolute tams, but dso with 

respect to the vanrai surface. Figure 4.1 1 depicts species' meam for the ratio ofventrai to 

dorsal MID head auvatun It clearly shows that goriilas, c h p s  and bonobos fonn a group 

distinct fkom al1 othen. Humans group with arboreal and terrestrial monkeys, and are 

intemate betwecn knuclde-walkers and Asim apes in the degne of dorscil head auvatun. 

Z-scores for arc length are shown in figures 4.12. They demonme a fürly 

continuous size progression in arc laigth fiom gorillrr to gibbons, however the pattern is 

siightly d i a m  h m  that of MII. In the second metrcirpil, orangs have som*vhat hger 

arc lengths than cbimps ud bombos. This is not the case for MiII, whaeia omgs have 

v e n d  ucs of Mar size to bonoboq ad d o d  arcs of d a  size thm eithct chimps or 

bonobos. Nonetkkss, w h a  cornpucd m i a h  to metrcorpil composite sin, the pattern that 

ernqes is M y  identicai to that of MIL (figure CU). ûnce again, humam have the 
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smaüest arc lengths dative to metacarpal dimensions and are most similar to tanr$U1 

monkeys in this repect (Memence is insienifiicant). Gorülas most closely m e m e  omgs 

and gibbons in relative uc lengtbs, and tbsy have aibstrntiilly malier vdues than those of 

chhps and bonobos. 

Regressions of arc length agahst metacarpal composite size show that the ventral 

dope is isometric, while dorsaliy the vilue is slightly positively allometric. H i m m  again fàll 

well below the regession üne for both ventnl and dorsai arcs, w h m  bonobos tend to hll 

above the iine (figure 4.14). This i s  ükely a fiinction of more robust metacarpal size in 

humans, and dender, more gracile bonobo metacarpal dimensions. However, there is 

considerable ovalap in metacarpal sire between humans and cbps .  but the latter do have 

much smaller arc lengths. 

Humans continue the pattern seen in MII and Mm, in tbpt human W s  possess the 

flattest ventral surflaces (figure 4.15) and are siBnificantly different fiom d other taxa+ 

Godas, chimps and orangs are very sirnilu to a c h  other and ail di&r si@cantly fiom 

bonobos, which possess somewhat more cucvcd veatnl MIV heads. Bonobu& in most 

ciosdy nsemble g i i n s  in ventral cucvaîure. Dorsaily, howeva, AAIcan apcs rnd monkeys 

bave much more auMd d k e s  than humans or Man apes (figure 4.16). Gibbons ha-ve the 

flatta mtaeuprl kds dorsilly. In the ratio of ventrai to dorsai nirvuuiq Afncan apcs 

have higher ratios, or dorsal ammue relative to vattnl auvatue, thn humaas, . 



Asian apes ad monkey* Gorülas and cbimps are si@cantly diffèrent firom al other taxa, 

and bonobos difIér insigmScantly only fiom humaas (figure 4.17). The plot of species means 

of vaitral to d o d  ratio (figure 4.18) illustrates that aithough Afiican apa do have the 

gnatest cwyature domlly, the groupings are not as distinctive as for Mm. Gibbons stül have 

Batter domi aspects than ventral SUIfbces, and onngs are groupai together with monkeys. 

In z-sums for arc lmgth, there is a coatinuous dccrcasing sizc progression h m  

godlas to gibbons (figures 4.19). Humans arc sienificantly d i f f i t  fiom 1 0th- taxa for 

arc length, having smaller sizes than large hominoids, and Iarger arcs than gibbons and 

monkeys. Relative to met& size, humans have the d e s t  arc length given theif 

metacarpal dimensions and are significantly different fiom aU other taxa. Overall, h u m ,  

terrestrial monkeys and gorülas have the lowest ratios for relative arc Iength, whereas chimps 

and bonobos have arpanded arcs given their metacarpal chmensions (fipres 4.20). 

Regressuig arc length against metacarpal size rcvds a pattern similor to that of MII 

and Mm, wherein the dorsai slope is higher than the ventrai slope. Domdly, arc kngth is 

süghtly above isometry, while the ventral dope faUI just bdow isomeüy. Despite considerable 

overlap in metacarpal s i a  for chimps and humuis (figure 4.21). the latter âiII well klow the 

tegression line, indicating that h u m  possess greatly d u c a i  arc lengths given thcÛ 

metacarpal dimensions. 

A4v 

nie pattern of w a n i t e  ova  veatnl tad d o d  balves of MV clody resemblcs that 

of Ma Ventraliy, vay littic âi îhnce d t s  amone the dinibmit @es in the degrce of 



h d  cuxvatute. D o d y ,  humans and gibbons ive distinctive in having flatter surfhs than aiî 

other taxa (figures 4.22-23). In the ratio ofventral to d o d  auvlture, humans arc most 

similar to g i i n s  and monkcys, and diffi sipüicantiy fiom chimps, bnobos and Porigo 

(fipre 4.24-25). 

The pattern for arc Iength across the MV bad is Wnully identicai to MII as weii 

(fi- 4.26). Gorülas and orangs have the greatest arc Ienethq wMe humslur have vdues 

that are las thsn those of great apes. Relative to metacarpal dimensions, humuis have the 

smallest arc Ien* @en their metacupd size, and chimps, bonobos and orangs al1 share 

expanded arc lengths c o m p d  to other taxa (figure 4.27). 

Regressiow of arc Iength verses metacarpal size shows that ventdy  the slope is 

isometric, whereas dordy the dope is slightly higher. For ventral and dorspl meastues, 

humans fdl well bdow the tegression h e  (figure 4.28). 

Figures 4.29-4.3 1 show the raw measures of ventd and dorsal metacarpal head 

cuvahire for each mon and the relationship of ventral to dorsai curvatun across metacarpal 

h d s  two through five. It is clearly demonstrated that orangs and gibbons, in particuiar, 

possess very little differentiation in ratio of curvatun dong the profile ofthe lateral 

metacarpais. Gibbons typidy have dorsal aspects tbat rn flatta than ventral aspects, and 

this is consistent in mttacarpals II through V. Onnes have ratios that are just above 1.0, 

indicating that theÛ d o d  rspea~ an rlightly more curvad thn the vmtd d h s ,  but the 

ratio is M y  consistent for rll l a t d  me!aa@s. Aithough the actuai values ofthe ratios are 

diffetcnt, the pattern of cbaage in hrad curvature is vay riaiüu among gorilly chimps and 

hum~sandcontmstswiththatofAsianapes. Ingoaülrs.chimpsand~MIiiis 



markedly more curvd d o d y  relative to the ventral aspect than m, and MIV is evcn more 

cumd d o d l y  than Mm. The change in ventrd to dorsal aimature is most notable in 

gorillas. Morcovcr, the pronle of MV changes dramatidy, in bcconiiag men Iess aimd 

dorsally than MIL This o v d l  pattern is amggemted in gorillas, and M y  iddcal  in 

chimps and humans. Fwthermore, the morphologid profüe ofbonobo metacarpal heads 

dues not match that of other hwciûe-wdkers or humaris, but rather more closely resemblm 

that of monkeys. Bonobos share with monkeys an Mm that is nlatively more airved dorsally 

than MI[ (as in gorilias, chimps and humans), but the disparity in M I V  is less than Mm. 

Looking at figure 4.29 (and figun 4.15). it becornes apparent that the r e m n  for the lower 

ratio in bonobos as compared to other Afncan apes i s  because the venW aspect of MIV is 

more curved than in other great apes. The d o d  cunntwe, howenr, is the same as in other 

knuckk-walkas. Consequently, the ratio of ventral to donil auvatun for MIV in bonobos 

will be Iowa only because the overail profile of the metacarpal head is more rounded o v d .  

Thus, aithough the actud ratio of ventral to dorsal ma tu re  in MiII is very similar 

among goriIlas, clnmps and bonobos as a group, and humans and monkeys iis a group, it is 

the profile of MIV that separates gorillas, chimps and humans fiom 0th- taxa in having the 

greatest disparity in mature amss al metaurpil heads. 



Arc length is correlated with meciutpal sb and with dorsal aimture, but not 

ventral curvature 

Ventral angle is comlated with metacsrplil size in Mm and MlV, but not MI1 or MV 

Dorsai angle is comlated with meticirprl size in MïI, Mm and MIV but not MV 

Ratio of ventral to docd mgle is corcelateci with metacarpal sire in Mü, Mm and 

MIV, but not MV 

Hurnans have relatively and absolutely the smailest arc lenahs compared to great apes 

Chimps bonobos and orangs aü share the longest arc lengths relative to metacarpal 

size for MI1 and MV 

Chimps and bonobos have the longest arc lengths relative to metacarpal size for Mm 

and MIV 

Knucklewalkers in gened have signüicantly more aimd dorsai segments for Mm 

and MIV, as wel as a greater disparity of ventral to dorsai wwature. This is 

particdariy tcue of M N  in gorillas and chimps. 

Thepttent ofcunnnin across the meticupal head is shared among Afiican apes 

andhwnans 

Dtscriptive statistics for proxhd phlra@ m w u m  are presented in Table 4.5. 

Spcafman Rank Order correlation Coeflticienîs show tht proximal artidar Surnce area, bth' 



the caw dable and relative to metacarpal midauff diameter, h sigdcantiy comlrted with 

the metscarpai composite dimension (je: body size), but wt with the ratio of breadth to width 

of the facet. Prorrimsl articulat surface shape @oth the ntio ofbreadtNwidth and the shspe 

vuile)  is, bwcver, significantiy comlated with mstrcirpil b. 

2-scores for proxirml uticd auha m a  arc depicted in figun 4.32. As txpected, 

gorillas have the largest ovedl area, followed by onags. Cbunps, bonobos and humuis are 

most sirnilar to each other, and dl have dightiy s d e r  areas than onngs. Oibbo~ ate 

vimaily indistinguishable fiom monkeys. The pattern is quite similar for ana relative to 

metacarpal dimensions (figure 4-33), however humans have relatively d e r  areas than gnat 

apes and are sisnificantly different fiom them. In this respect, gibbons dso Mer nom 

monkeys in havhg slightly larger anur given th& metacarpal dimensions. In the ntio of ana 

to midshaft brcedth (figure 4.34), omgs have the hiehest value, followed by prillas. 

Bonobos are identical to humans in this rneasure, and c h p s  have slightly d e r  areas 

relative to phalangeal midshaft breadth. Since chimps have sornewhat Iarger absolute 

than bonobos (sa table 3.6)- the lower ratio of a m  to m i d W  breadth indiates the m e r  

mbusticity of the chimp proximal phplanx. Comcomitantly, the hi@er Mio of omgs is 

indicative of th& mon gncile phalangeal morpholoay. 

In the d o  of proximal ciriicular surhce mediohterai bmdth to dorsoventral width, 

r pattern sepanhg arbotcai species from mon tanstnd oaes anerges (figure 4.35). 

Bonobos arc most amüu to onngs and gibbons in this &le rad these dins do mt di&r 

sigdcantly h m  each O*. Tby do, bowcvcr, aü di&r h m  goriilas, chimps, humuu and 

monkeys. Thus, it is clear tht bonobos ud Adan apes rll sbare more round& pmlrimai . 



articular surfaces of the p M u a  cornpanxi to otha Afiican apes, humans, and monkeys. The 

shape variable gencmted by Mucha produces h o s t  identical nsults. Figure 4.36 shows a 

continuum of hxeasing shape variable dues fiom gorülrs to onngs and gibbons (1.0 equals 

a pecfiect cirde, ltsser values fcpresent more eiiiptical dupes). Agairj, bonobos have much 

more rounded articular k e t s  than goriIlas, chimps or hurnans and most closely rescmôle 

omgs and gibbons in this regard. Temestrial qwdnipeds have the most elongatcd or 

elliptical srticular d a c e s  of ali t w .  

Regression analysis of proximal articular arca verses metacapal size revds a 

relationship that closely approximates isometry (figure 4.37). Humans and monkeys tend to 

fall somewhat below the ngression line, indicating they aU have slightly nduced ueas givm 

their metacarpal dimensions. Most bonobos and Pongo fail above the regression üne, 

iiidicating that they possess somewhat enlacged proximal articular Wunas of the proximal 

phalam rd& to metacarpal dimensions. Although Spcannan Rank Order d c i e n t s  

demonstrated a significant correlation between the ratio of breadthlwidth and metaaupal sue, 

the regression of these variables fded to indiate such a niationship. 

From the d t s  pfcscllted above, it is c i w  that hnickl~walking lm d t d  the 

morphology of meuwpi l  h d s ,  but in nibtle wryr This analysis attaapts to amver several 

questions. Fht, doa the pmfk of the metiurpil btds in Afncan apes Mi fiom that of 

other primates? Investigation of mtun across the sagW profile of wtrcirpol h d s  has 



demonsüated that mcan apes are distinctive in the degrec of dorsal cwaturt. This a 

pariicdarly tnie ofmetacarpals III and IV, w h d n  the d o d  haIfofthe metacarpal head is 

much more highiy m e d  thui in either humans or otha hominoids. This conobontcs 

Susman's (1979) findings that many of the "classicH knuckle-wrrlking cburctas, üLe d o d  

ridges for example, have their grritest expression in the thkd and fourth digit. The degree of 

dorsal curvature in Afncan apes is matched by monkeys, howcver the latter dso have more 

and v e n d  halves of the metacarpal head, yieiding a profile that is mudi more rounded 

overall. 

This lads us to the second question to be addressed: does the metacarpal h d  profile 

in Afiican apes depart gnrtiy from a perfiect cirele, indicating (a) a weight bearing joint, and 

(b) sliding translation with hyperextension of the metacarpophalangeal joint. Analysis of the 

ventral airvaaire of the metacarpal head compareci to the dorsal curvanue has dso 

demonstrateci that ali Afncan apes share a greater disparity ôctween the two halves than is 

present in other taxa. A g a  this is most evident in MiII and MIV. As noted by Tuttie 

( I%7,l%9,l97O), flexion at the metacarpophalangeal joint is very fne in ail apes. This 

analysis shows that ventrai mature  rcross dl metacarpal h d s  Mers very Little among 

hominoids or rnonkeys for that matter. It is the d c g m  of c h g e  in curvatm, fiom a 

somewhat flatter ventral aspect to mon higbiy aimd donal surtice, haî distinpshes 

knucldawlllkers Born aü other taxa. Arboreai anci temestrial monkys also posscss some 

disparity in auvanire raoss the heid of Mt& howcva the ratio, and hence &gne of 

change, is much higher in icnuckie-walkers. 

A ratio of 1.0 for ventral to dorsai nirvriurr w d d  indimît a profik tht is rounded . 



or circulsu. A f n m  apes have 6 0 s  that are p a t e r  tban 1 .O, parti*cuIarly in Mm and MW, 

indicating that the profiles of these metacarpals do i a d d  deput Rom a p a f i  circk. If 

disparity in curvature fiom one point to another is inâicative of a weight bcadng joint, thcn 

the implication is that the tthird and fourth nys are the primuy weigbt bearing rays. Tuttle 

(1%9a,b, 1970) has noted that gocillas and chimps mpectively are upoble of grsiter 

hyperextension of the metacarpophalangeal joint w compcind to Asùn aper. His 

meawuements are apparently baseci on pusive hypemctdon of ül four I a t d  digits 

simultamously, Ath no discrimination between individuai rays. This anaiysis danonstrates 

that diBemices in head profiles of metacarpals II-V do a8st. Furthaiore, the greater degree 

of hypemension possible in Afiican ape finger joints is said to be the result of p r o M y  

extended articular surfaces on the dord aspect of the metacarpal heads (Tuttle, 1%9a,b,c, 

1970; Susman, 1979). This is most certainly me, however by Wtue of the f;rct that Afncan 

ape metacarpal heaâs are aiso more cwed dorsally, with a marked dispuity in curvaturt 

fiom ventral to d o d  aspect, the results of this d y s i s  suggest that sliding translation of the 

proximal p h a i x  on the metacarpal hcad fiditates extreme hyperextension in close packd 

knucldewallllng stance. Although memuement of the actual curvanin ofthe BRicular 

surface of the proximal pbaianx w u  beyond the ocope ofthis pmject, viswl iaspcaion of 

prolomri phalangeal f w  morpbology cleady sôowed that the bighly w e d  mile articulating 

surface of tk d o d  metaclrpal head riding ovcr the much sballower f d t  suditce ofthe 

proximrl phaiam inâeed makes &dimg ttanslation possible n this joint. AU Afticaa apes 

possess a high dispuity in aimûwt dong the profile of Mm. and evai more so dong MIV 

in gorülu and cbimps, implying that hypenxtcnsion cipibility tlwugh siiding ttanslrtion is 



greatest in these rays. 

Addresshg the tbird question in this analysis: in tight ofthe fict that prillas bave 

more qua1 ray lengths than all other hominoids and, t h d o r ~  distribute body weight more 

e v d y  across the hud, is the pattern of airvrtun across al four I i t d  meticarpil b e d s  

more consistent in goniias than in chimps or ôonobos, indicating a dEerent pattem of hand 

usage or kinematidy distinct mode of lonickle-waiking? The nailts presented hem 

suggest, in part at Ieast, that this is not the case. 

Assuming that disparity in articulu s u r f i  profile across the metacarpal heads is 

indicative of weight bearing, and that gocillas, having more equal ray Iengths, distribute body 

weight more evenly across the hand, it can be hypothesizeâ tbat the ratio of ventral to do& 

curvature should be bigher across d lated metacarpals in godas as compareci to cbimps or 

bonoôos. Results fkom this shidy do not support this hypothesis. Goriilas are vay simihr to 

c b p s  in ovedi  joint d a c e  geometry fiom MLI - MV, and depart ody siightiy Born that of 

bonobos. The ratio of ventral to d o d  curvanin of MïI and MV in Aniciui apes d a s  not 

diffa si@mtly fiom many other taxa. It is Mm and MW, however, thaî do distinguish 

knuckle-wdkers fiom dl others. ûorillas, c h p s  and bonobos share a pattern of mstacupil 

head curvature wherein Mm has a greater dispuity tbrn MIL brillas &are with c h p s  an 

M I V  that has even mon dispuity across the pro& tbin MiII. MV in al Afiican apes has a 

morphology remiiiiscent of Mn in having more quai  ventral and dorsai cunnains. 

B a d  on intempociSc audies ofny kagths, it has kcn uggested tht gonlly rad 

chimps engage in lcin«aatidy distinct modes of knucklt-wallting ([wuye l989,l9%t9I994; 

Tuttic, 1%7,1%9a,b, Tuttle and BiianrjianJ978)). Godias tend to use h i g y  proaited hnd' 



positions and hypemtended dbows, while chirnps u t k  a mon 0exd elbow stance and 

variable hand positions (Inouye l989,l992.I994; Tuttle, 1967, 1%9a,b, Tuttle and 

Basmajian, 1978). Obsctvations of p r e f n d  digit use dwiDg knucklawaiking miil tbit the 

second, third und forth digits are useû for support with equal hquency in dl knuckla 

walkers, but that the aAh digit is used much 1- f k q u d y  in ôoth chimps and bonobos than 

in goflas (Inouye, 1994). In goriilas, the nfth digit is uscd with quai fkquency for support 

as the second, third and forth digits (lnouye, 1994). Furtbermore, these interspecitrc 

differences in p r e f e d  digit use are present throughout ontogeny and into adulthood, which 

has led Inouye (1994) to conclude that use of the nAh digit in knucfle-walking is not 

iduenced by sizs or sex and is, therdore, nodomctric. In other words, interspecific 

differences in ray lengths and digit use are not sbdependent and are not the result of 

frucile?~:ies of biuckle-walking behaviours, in that juveniks utilize hand postures that are 

stereotypic of thair duit counteqwts despite higher tiequencies of arboreai activity (Dom, 

1992; Inouye, l992.1994; Tuttle I%7,l%ga,b; Tunle and Basmajian, 1972). Rather, these 

diierences are lilrely a conquena of kinernaticaiiy distinct modes of knuckle-walking in 

Gorith and Pm1 (Inouye, 1992.1994). 

The prescnt study yields information regarding the pattern of loading and wcight 

distribrution across di four I a t d  m a r u p r l  heads. As described above, no interspccific 

differences uist in the fkpency of second, thkd and fourth mtaaqai  use for support 

among knuckle-walkers, and godas are disthctive oniy in uiàr W i  use of MV in 

knuckl~~WBUQllg stance. Examination ofjoint mdàœ morphology however. meais that the 

disparity in cuf~ture icrou the herd of MV is lcrt tbin that ofMII in uli Afncan apes, - 



including gorilly implying that this digit does not play a signifiant role in support ofbody 

weight. The comnist in ventral to dorsai uuvature across the profiles of Mm and MIV 

suggcst thai tbcse rays ace the pcimuy weight barhg rays in all knucklt-walkers, despite the 

more equal rnctacatpal kogtbs of goiülas. These muîts support Susman's (1979) d e r  

findings that many of the 'classic" hricklewalking chanctcfs of Aûican apes are t y p i d y  

found on MiII and W. 

The hctionai sienificance of pater d o d  h d  cumturr in Mm and MIV may 

have to do with the requirement for increased hyperextension capabilities in knuckle-walkers. 

Extreane hyperextension of the proximai phalanx accords pater mechanid aciency to the 

forelimb acting as a prop by ailowing the metacarpal to ai@ with the longitudinai axis of the 

radius d u ~ g  stance phase. This permits even weight distriiution across the pro* 

metacarpal surfaces at the wpomarurpol joints and pmnts shearing. Eimeme ranges of 

hyperextension at the metaccirpophalangeal joint are de0 conducive to optimizing propulsion 

by effectively increasing the mide length of the forelimb as the weight of the body is brought 

foreward over the supporthg hand. This may be partiCulady Unportant to gorillas who use 

highly pronated postures and place theu hands papadicular to the üne of forward 

progression, RdlCr than obliquely as in chimps and bonobos. 

The fiiicil question to k addressed i whethcr the hpe of the proximai articular 

surface of the proximal phlamr is more ovrl in N c a n  aper as cornparcd to Asian apa, 

indicating reduccd axîai rotation at the met;iciupophalangcai joint and incmasd stab'ity in 

close packed positioning- The d t s  pmented hae h w  tbat gorillas and cbimps am most 

s i d a r  to humans and arôonil monkeys in hvhg mon ovai pmximril utiailu mrfaces than - 



Asian apes. ûfputicular interest is the close relationship ofôonohs to omgs and gibbons 

in proximal phalangeal uticulu morphology. Bonobos shace with Asian apes a much more 

rounded articular shape, which permits mer ranges of mtal rotation about the 

metacarpophalangeal joint and is important to u b o d  animaIr engaghg in high fiesuencies 

of suspcneory and chbing khaviours. This accords weU with Susman's (1979) and Inouye's 

(1992) findings tht bonobos are intemediate W e e n  c h p s  and omgs in having a mon 

"arborealn hger morphology overall. Spsafically, they note the thicka metacarpal du& 

cortices, the lese well-defined knuclùewalking characters wich as lar~e epicondyles and 

d o d  ndges on the metacarpal heads, the reduced metacarpai and phalangeal rnidshaft 

dimeters, and the more curved proximal phalanges of bonobos as c o m p d  to other 

African apes. This analysis has show that bonobo Mm joint surfpa morphology closely 

resembies that of other Afiican apes and possesses a high de- of disparity in ventral to 

dorsal curvature of the heaâ. At the same the, the third proximai phalsmc does not exhiiit 

the morphology typical of other knuclle-walken, in tht its proximal artinilu Surface is 

much more rounded. This suggests that bonobo morphology dects a compromise between 

temestrial bckle-walking behavioun and the n d  for incread mobility of the 

metacarpophalangeal joint neccessuy for u b o d  activity. 

The f~ tht goriilas, cbimps, humuis and arboreal monkeys are mt Qpificantly 

diffèrent in the shape of the iutFcular suihee of the proximil pbrlruur implies that an oval 

shipc is nos a knuckle-waîicing charactaprr se, but may teprcs~llf a retained primitive 

charactcr and bondos bave aeconduily aquireâ a more munded h p e  adaptive to higher 

fiosuencies of uboreai ativities. ConvtlscIy, it is more Iürdy that bonobos have maineci a - 



primitive hominoid condition of rounded morphology characteristic of Asian rpet3, and 

goriOs. chimps and humuis are denved in hving ovai proximal artiailu suhces. An ovd 

surfiace acxmmodates the mediolatenlly expandeci d o r d  aspect of the metacarpal htrdr 

typical of godas and chimps, but expressai to a kswr degrce in bonobos. In addition, an 

elongated surfice wül inhibit axiai rotation with the proximal phaianx in close packed, 

hyperextended position. Maximum contact between the proximal philam and metacarpal 

head is not ody neccessivy to reduce compressive joint stress, but accords greater staôility to 

the metacorpophalangeal joint in knuckle-walkiag stance. 

That hurnans share with gorillas md chimps a more oval shaped proximal uticular 

surke may be the result of shared phylogenetic history. However, despite the fict that there 

are some simüarities in gross morphologid pattern of joint surfice geometry across 

metawplls, human metacarpal heads overali do not share a close resemblenœ to those of 

African apes. Human metacarpals are highly deriwd in terms of assymeûy of the articulas 

surfaces, and reflect oecondarily derived adaptations to the requirements of manipulatory 

capabilities. Pahaps, rather than modifjing the morphology of the proximal phalanx articuiar 

surface to accomodate increased ranges of motion about the mctacaqmphaisngeal joint, 

humans have opted to redehe the morphology of the metacarpal heads. 

This study of mctrupophalangerl mofpho&ow hu attanpted to define discmt 

chancters ofjoint airaoe gcomctry tht refiect knuclûewrlking charactcts in Afilcan rpes. - 



The r d t s  presented hem hnve demonsteated tbat knucklawalkers have a high dispuity in 

ventd to d o d  curvature of the third and fourth maaupal h d s *  and these represent the 

primary weight kuing rays of the hand. Highiy mecl dorsal aspects of Mm and MIV 

articular surfkes permit siiding translation ofthe proximal phalanx and exûcme ranges of 

hypenxtension at the metacarpophalangeai joint of Afncan apa. The bctional signiflcuice 

of hyperextension to knuckie-walkers is tht it incnrws the mechanical efficiency of the 

foreümb acting as a supporthg prop, and semes to hrease stnde length during the 

propulsive phase. Previous research has established that gorillas are disthguished among 

hbnoids by k i n g  rays of more quai length. Observationai studies have also shown that 

gorillas, to the exclusion of other knuckle-walkers, typidy use the nAh digit for support in 

knuckle-walking stance. The hypothesis that body weight is evenly distributeci aaoss 

metaaupals Xi - V in gorilles is not supporteci by the present study howeva, sina goriUas do 

not d& h m  chimps in the pattern of joint surf" m t u r e  aaoss al1 mascarpils. Inouye 

(1994) hes ailuded to the faci thot gorillas may, in some way, be more energetidy efficient 

knucklewalkers thn either chimps or bonobos. Pechaps joint surfàce geometry, in the form 

of more highiy cumd domi aspects of Mm and W, is one such mechanism accordhg 

gorillas greater eflJciency in buicklewallcing and making thcm, in some aniU way, 

kinemaîidy distinct from other Afncan apes. 



Tabk 4.1: Dcrcriptive Statbria For Metacarpal Cuwatumv aad Am kagtb 

Tuon (n) 1 Vent arc 1 Don arc 

Gor MII(30) 
x 
sd 
CV 



Taxon (n) vent arc ( Dors arc 



Taxon (n) Vent arc Dors arc VNRC DNRC VD 
NRC 

,5808 ,4654 1.25 
,042 ,033 ,1195 
7.23 7.09 9.56 



Tucon (n) Vent arc Dors arc Vardmc D V NRC 
asdmc NRC 1 

Pong MV(8) 
X 

4 

Hum 
W ( W  

X 

!4d 
CV 

Hum 
W ( l 0 )  

X 
sd 
cv 

Hum MV(I0) 
X 

sd 
cv 



a n a  



- .. 

V NRC Taxon (n) Vent arc Dors arc 

Siam Mm(3) 
X 

sd 
CV 

Siam MIV(3) 
X 
sd 
CV 



Tuon (n) 1 Vent irç Dors arc Vardmc I 

V= ventnl; D= d o d ;  VD = ratio of ventddorsrl; x = meui; sâ = stanâard deviution; cv = d c i e a t  of variation, ucprcssed as 



Table 4.2: Descriptive Strthtics For tbe Prosimai Phaianx 

PAS Arta 

2 12.09 
64.38 
30.34 

1 19.65 
18.48 
15.45 

108.84 
13.34 
12.26 

138.25 
33.73 
24.40 

109.8 1 
23.96 
21.82 

3 1.70 
5.06 
16.% 

45.59 
21.45 
47.05 

32.46 
8.86 
27.29 

36.13 
9.56 
26.46 

PM/m 

16.34 
3.19 
19.52 

1295 
1.77 
13.67 

12.76 
1-18 
9.25 

14.38 
2.43 
16.90 

10.30 
1 -44 
13.89 

7.13 
.63 t 6 
8.86 

8.80 
2 4  1 
29.39 

S.% 
1 .O0 
16.78 

5.85 
-9255 
15.82 

PASAhahnsb 

1 1.68 
23 1 
19.78 

9.92 
1.77 
17.84 

10.69 
1.39 
13.00 

12.49 
2.1 1 
16.89 

10.65 
1.51 
14.08 

5.95 
.9772 
16.42 

6.83 
1.5 
21 .% 

5.84 
1.21 

20+72 

6.34 
1.59 

25.24 

PAS BW 

1.32 
.If75 
13.45 

1.26 
.O73 
5.79 

1 .O7 
.O8 1 
7.58 

1 .O2 
.OS9 
5.87 

1.36 
-1735 
12.76 

1 .O8 
.O62 
5.73 

.9533 
.O61 
6.30 

1.35 
.Il15 
8.26 

151 
,1104 
731 

PASShopc 

,8576 
.O2 
2.33 

,8692 
.O1 
1 .S9 

,8817 
,014 
1.59 

,8857 
.O1 1 
1.24 

.a630 
.O12 
1.39 

.8869 
.O75 
8.46 

,8900 
.O 10 
1.12 

,8500 
.OS4 
6.35 

,8300 
. O S  
3.01 



TABLE 4.3: Suanmiry of Speamin Rank Odet Corrditkas 

1 McaiI D o d  Arc Itngth 1 *** 1 "* ( *** 1 *** 1 

1 M d *  Dorsal NRC 1 1 *@* 1 *** 1 ns 1 

M d 1  = metacarpal composite body s e  surrogate, * p <= O. 
0.001 
NRC = Norrnalized Radius of Curvature 
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Tabk 4.5: Suamary of Mann-Whitney U-test PaimiK Comparhons for MIII and M W  
Head Curvatum 

Ils 

ILS *** 
*** 

IIS 

IIS 

115 *** 
*** 
*** 
*** 
*** 

Chimp-Bon0 
Chimp-Poago 
C h h p - H u m  
Chimp-Gibb 
Chimp-AQ 
ChimpTQ 

* 
** 
*** 
*** 
Ils 

Ils 

- - 

IIS 
115 

lls 

as 

lls 



Table 4.6: Summuy of  Mann-Whitney U-test P.Unicc Cornparimu of Prosioul Pb* 
Memures 

PASBW 

lls 

llS 

ns *** 
*** 
*** 

PASI pmYimal phalpax p m x i d  artid= di, PASEW= pn,nnul uticuiu d m  bredhhidrh d o ;  
PAS stiapc= shape vatiibk caicuiakd by ~ o c ( M  wbcrcby a value of 1 .O qrmcm a perfod circlt; 
prauimal ariicdar s u c f i  arcs divickd ôy midddt k d i h  of phiaux sbiR 
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Ma 

Mm 
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MV 

I 

PP 

* RMA 
PP = PI 

ventarc 
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vent WC 
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.9 17 
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-955 
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lx, PA! 

.914 
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1 ,942 
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*Centcf = Mean; bars repremt 95% confidencc intcrval (a mge ofvalues based an the semple mern that, 
w i h  a 95% likiihood, inclurk the population mcan 

Figure 4.2: MII Dorsal NRC 



Figure 4.3: MI1 VennVl)onrl NRC 
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Figure 4.5 MII &scores for Donil Arc Lciigth 



Figure 4.7: Regremion of MII D o d  k Lcngth v e n u  
Metacarpal Compooitt 

1 

Figure 4.8: MIII Ventral NRC 
t 



Figure 4.9: MJII D o d  NRC 
I 

Figure 4.10: Mm Ventril to D o d  NRC 
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Figure 4.1 1 
Mlll NRC 

4 gorilia 
+ chimp 
-P bOnobO 
-v- human 
+ p o w  
4 gibbon 
+ TQ 
+ AQ 

I I 1 

venthren t ven tldors 

Segment 



Figure 4.12: Mlll Zrrcorir for D o d  Arc hnntb 

Figure 4.13: MIII D o d  Arc/Metamrprl Composite 

L 



Figure 114: Rcgeisioa ot Mm Donil Are Leam 
venus Metacarpal Composite 
I 



Figure 4.16: M W  D.nd NRC 
I 

Figure 4.17: MIV Ventral to Donal NRC 
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Figure 4.1 8 
MIV NRC 

+- gorilia 
+ chimp 
4 bonobo 

human 
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Figure 4J9: MW Z-scom for D o d  Arc Lcagtb 

Figure 4.20: MW Ventd  ACC/Metacarpil Composite 

1 



Fi yce 4.21: MIV Regcrrion of Doml Are Lcngth 
versus Metacamal Cornmite 



Figure 4.22: MV Ventril NRC 



Figure 4.24 MV VtnW to Donrl NRC 
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Figure 4.26 
MV NRC 

4 gorilla 
+ chimp 
+ bonobo 
Y human 
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Figure 4.26: MV Z-seom Cor Donil An Lcngth 

a 

Figure 1.27: M V  DOW Arc Ltagth I Metacarpal 



Figum 438: MV Regmsion of D a d  Arc lengtb venus M e t a 4  
Composite 

Log Metacarpal Composite 



Figure 4.29 
Ventral Cunrature 
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Figure 4.30 
Dorsal Cuntature 
MII-MV 
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Figure 4.31 
Ratio of Ventral-Dorsal 
Cuwature For MII-MV 
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Figure 4.32: h i m a i  Phahor Proxhnrl Articdar 

Figure 4.33: Proximaî Phaians Prosimal Articuhr 



Figure 4.35: Prosimai Philanx Proximal Articular 
Surface A m  k a d t h  / Widtb 





One of the g d s  ofthis study bas been to quanti@ hominoid foreümb joint airhce 

proportions and geometry thpt heretofon hr ody been iccomplishd through ünear 

measunment of dismeet charactem. The purpose has bcen to ducidote, using new 

meawement techniques, cbaracters hown to difFcfmong hominoids, as weiî as idaitify 

novel tnits and patems of variation that rnay be hctionaüy Med  to alternative loading 

regimes across the fonümb. SpecNcaliy, the primuy thnut has b a n  to tease out subtk 

differences in great ape forelimb morphology that refiect knuckle-wilking as an habituai 

mode of locomotion in Afiican apes. 

Swartz (1989) bas stated that species specific locomotor specializations may not 

differ sisnificandy enough to result in profound modifications of joint surfiice desim and that 

only certain types of locomotor patterns may be rdected in joint morphology. In iight of the 

evidence presenteâ in this study, 1 would have to agree with this staternent. Living hominoids, 

by Wnie of thcir sked positionai npertoite (such as banghg and verticai clirnbiig), mua 

ais0 share cuuin traits that wül fwctionaiiy dow them to engage in gmikr behvioufs. 

Howevtt, it is dso truc that gros disparitics in o d  body miss aist within the 

Hmi~i&a, rad these bave msulted in Umqut locomotor diptations and forcümb loading 

patterns. Hence, ciiffierences in joint d h c e  mo~bology my k subtle, but they are d c i e m  

to distinguuh rpes h m  other non-hominoid mtbmpoids. In addition, a amdl mnber of 

hrures can k d d d  to the list of known tmits c&ncteriPng louicklc-wallcing A f n m  apes. ' 



The second goai of this project is to cluify the rdations&ip offosaii taxa to mant 

homùioids and thtir locomotor panaas. To this ad, Tabie 5.1 (page n) summiriÿes a 

numkr ofcharacters dipnd among gnu apes, Afncan apes, humans and selected fossii taxa. 

The traits listd in Table 5.1 rdtr only ta those fbum cnilyEed in this study, with the 

wdecstuiding that numerous other charactm miewd in the pubfishaî litmature exist to 

discrimimate among anthropoids. Bivuiate plots (fi- 5.1 -5.5) of seIected variables 

iiiustrate the dationship of fossil taxa to extant primates. Individual fossil species an 

discussed separateiy. 

Summcny of Gtmî A p  and Afiean Ape Chataciers 

Results fiom this midy have shown that structurai modifications of the distal humas 

and proximal ulna in extant hornhoids are dinctly ünked to maximally stabilipng the elbw 

during ail positions of flexion - extension andlor pronation - supination. These wied f o m n  

positions are typid wmponcnts of daily activity of luge apes in an prboreai milieu, and are 

ais0 integrai to maintainhg joint stsbility in knucWe-walking postures adopted by Mcan 

am. Godbcy et a1 (1991) bave statd tht thaa ir a tdency among bomiaoids towards a 

mediai Jhift in the transmission of fora b u &  the dbow. Hominoids, t h d o m ,  have b e r  

h u m d  trochlear aidbs dative to capitulurn sucfbs, aich that much of the I d  is 

borne througû the humercdw joint. Tbt oppositt is tnie ofmpithecoids, w&rrin the 

ccipituhunueiiscnl~cdridledbeuingiaiirrdw~ennlybetw~~bumaIulnir 



Tabk 5.1: Summa y of Great Ape and African ape S l u d  Cbuictm 

chamter absent; 

and humcro-miid joints. 



Tbis analysis has demonstrated the folowing chatacters ofthe dbow: 

I . Increase in trochlea and capitulum areas b corroiated with i n m i n g  body size, but 

trocblea ana increases at a Wer rate than capitulwn ma. 

2. The "trochlafomi" nature of the humerai trochlea, npreseated as the angie between 

the medul and lateral keels, is not stnctly a fiinction of incnrUng body sUc. It U best 

expressed in those species engaging in cîimbiag and suspauory khaviours, 

suggesting a pater need for stsbüity at the humao-ulw joint. 

3. Reorientation of the trochlear notch of the ulna in a more cranid direction is 

functionaliy rekted to the need for i n c d  flexion/extension capab'üities in large 

arboreal species, nther than svictiy a M o n  of increasing body size. 

Al1 great apes possess an enlarged distal articujar d a c e  of the radius. However, 

interspecific scaiing patterns r d  tbat godas, humans ciad tcmesbiil qurdnipeds d e  

closest to isometry of radius distal area. Chirnps, bonobos and omgs have much lower dope 

vdues for this featute. Hence, there is a distinction between tenemial and arboreal species. 

The fipter rate of inmase in d a c e  am acts to reduce joint stress in those taxa habituaüy 

loading the fonlimb in compression. The lower dopes of more u b o r d  species is indicative 

of a greatet m d b ' i  requirements necc#suy for climbhg, and su~p~llsory d t i e s .  



For the entire sample representing a broad m y  of catarrhines differing greatiy in 

body size and locomotor pattems, the scaphoid proximal articutar surÊice a m  incr#see at a 

lower rate tha tbit of the lunate. Luaite Surace am is isometric with body sire for a wide 

mge of species, which supports W e y  et ah (1991) statement regardhg emphasis on 

ulnar loading in larger animals in g e n d  and hominoids in prrticular. Howwer, evaluation of 

intertaxonal cornparisons of scaling patteras across the proximal carpal row m J s  tbat 

scaphoid uea inmeases at a fàster rate than lunate area in godas, chimps and humans. 

Ail African apes have relatively and absoluteIy larger scaphoid proximal articuîar 

surface areas than Asian apes, and scaphoid uea is larger thui lunate area. In the ratio of 

scaphoid to lunate ara the pattern is as foiiows: Bonobo > chimplgor > human > omg ; 

within cercopithecines arboreal quadrupeds > terrestrial qiiridnipeds. Thus, then is a 

progressive increase in size of the lunate uwith increasing body site. Tbis conaus with 

Godfkey et al (1991) with respect to ulnar loading patterns. A luge lunate, in conjundon 

with a reduced ulnat styloid and developanent of the interartiocuiar menisas, aibances 

mobility of the wrist by enabling a pa ter  range of ulnsr deviation. Wrist mobility and a 

stable humero-uinar joint are necceSSary adaptations for large primates engaging in vertical 

climbing and suspensory behavhn. At the same the, a rdrtively larger lunate in tmestriai 

digitigrade qudnipeds acts in concert with the extensive ulao-arpal articulation to mmhize 

joint aabiIity and dissipate forces, thus duchg joint stress. 

Deputiag from this gcneral trend, a SM occurs in the erilurged size of the scaphoid 

pmximat artiailu suffice in Afncan rpes. Hace, empMs on lodùig on the mdiai aide of 

the fonlimb is iadicated not ody by fuson of the os centraie, but ais0 by o v d  scaphoid . 



proximal d à c e  sUe increase and a change in the pattern of scaling whemby scaphoid a m  

increases a a tiister rate t h  lunate ana Observations of chimp hwciûe-willring k i n d c s  

have demonstrated that as the body moves over the supporthg hb, trammission of we@t is 

shifted fiom betwcen digits three and four toward the radiai side. Bonobos do aot conform to 

this pattern of scaphoid relative to lunate scaüng exhiibited by other Afiicm apes and humans. 

Howmr the low dope values of bonobo scaphoid ueu meteiy indicate thit at ail sizes, they 

have eniarged d a c e  areas. 

AU great apes typicaîly have eniarged distal articuiar d a c e s  of the capitate and 

hamate. Clearly, this serves as a joint stress reduction mechanism. but does not distinguish 

between knuckle-walkers and slow cümbers. Humans shre with large hominoids an 

expanded distd hamate surface, but capitate distal m a  does not show the sum d m  o f  

enlargement. Human hands are de'gned for d m u m  maipulatory capaôüity and possess a 

numkr of unique anatomid characters. The morphology of the distal hunue has a conva 

contour rather than one that is concave as in apes. A broad conva surfàce accords the fourth 

and nfth digits the abüüty to oppose the tbumb. Artidating with the distal capitate, the base 

of the (hird metacarpal bas a proxhaily projccting d o d  styloid proccss which ükdy acts to 

stabüize the capitatt - Mm joint without increastog the conjoiaingjoht surfrce ucu. 

Afiican apes hve nlasiveiy iacger saphoid frcct areas on the capitate compareci to  

humans and other hominoids. The scaphoid, situated l a t d y  and extending dorsoventrally in. 



an obliqw mumers utinilatm with both the Iunate aad the capitate. By nmie of its latemi 

position between the centa of rotation of the capitate and lunate and in conjuacton with 

numaous ligamentous connections, the scaphoid acts as a mdd stmt s t a b W g  the 

midcarpd joint. I i i d  surface am contact between tbe scaphoid and capitate net oniy 

enhances nidcarpal stability, but dso enublcs more &CCtive tnnsmisaion offorces directeci 

thmugh these two bones. This feature, in conjunction with those describeci aboves d a c t s  a 

pater  emphasis on loading across the radiai aspect ofthe fonlimb typicd ofknuckle- 

walkers. 

Al1 great apes have enlarged articular suIf.ELces joiaing the capitate with the hamate. 

An expandeci joint surfâce betwcen these two boaes Lürdy scmo to stabilize the midurpal 

joint and d u c e  fnaional stress. Sott tissue structures may act as shock a ô s o ~  to either 

tensile or compressive loads placed on the ulnar aspect of the foreiïmb, transmitting forces to 

the more stable cepitate via the well developed harnatocapitate ligaments. It is possiile that a 

large, flat articulation bctween the capitate and hamate, in addition to strongly developed 

ligaments, may d e  these two bones to fùnction as a singie bone, linking the proximal 

carpai mw to the metacafpals. Humans are simiiar to gnrt apes in having an ucpmded 

capitate - hmate arti*culation, likely as a rcsponse to extensive forces generated through the 

human hmd fiom various mim*pulatory activitics mch as tml-milring. 



Large hominoids and humans dl have q d e d  proximal uticulu surhees of the 

proximal phlanges relative to m i d s m  brcadtb* These b e r  f h a t s  rccomdate the much 

larger metacarpd heaâs of gmt apes as compareci to lesscr rpes and monkcys, rnd 

maximizes joint mobiiity at the metacillpophalaageal joint. AU large apes, gorülas included, 

are adept chnôers and requin p o w d  gmping i b i  as well as enhancd joint examion in 

order to mucouver efficiently in an ubored setting. Having Siid h t ,  godas and chimps 

possess proximal facets that are much more elongated or ovd in dupe than thoa of orangs. 

M c a n  apes (chimps and gorilias especiaüy) are unique in hving metacarpai heads that are 

widest dong the dorsal aspect, as opposed to broder ventral surfaces typical of ail oher 

taxa. in knuckle-walking stance, the metacarpophalangeal joint reaches closbpacked 

positioning when the proximal phslanx is hyperextended and the d o m  of the metacarpal 

head achieves maximum congrwncy with the W. The luse size ofthe proximal airhica of 

the phalemc raiuces stresses incwted during habituai compressive loading, and its 04 shape 

aïds in pmenting a ~ i a i  rotation of the phalam dwing weight M g ,  t&nby stab'üizing the 

joint. Its ovai shape refiects movement t h  isprim:ipIiy binge-iike in nature. Hwnins &are 

this type of morphology with gorülu and chimps, as do moaLyr Temestriai quadnipeds in 

partidar bive cxttcmcly elongated fàccts, ho- cercopithecint proximal airbca arc of a 

wholly difkent mîwe dui tht of homhoids. For example, the fiscet in monkeys is d o d y  

deflccted whur in rpes the s u r f i  f k s  direcüy proxidly. Bonobos, on the otha hanci, 

resemble omgq gibbons and siaman@ in hvhg more d d  prorcimrl actinilr aUnar. 



This indicutes -ter rotationai capabilitics at the ~ p ) i i l l . n g d  joint, mxamcy in a 

large, slow cümbing d o r  suspensory primate gmsping branches of v q h g  sizes and 

moving in a vatiety ofdvections. 

Finaüy, the joint swhce topography of Mcan ape tbird and fourth m e t m q d  heads 

is unique among hominoids. It is danonstrateci that knuckie-waks have a high disparity in 

ventral to donal curvatun of the tbkd and fouth mctrcivpil heads, and thme feptesc~lt the 

primiry weight beacing rays of  the bud. Highly niMd dorsal Mpects of MiII and MIV 

auticdu surfaces permit sliding translation of the proximai phalam and extreme mees of 

hypefextension at the metacarpophalangeal joint of Afncan apes. The bctional signifiace 

of hypaextension to knuckle-waikers is that it hcreases the mechanid efIiciency of the 

foreiimb acting as a supporting prop, and serves to increase -*de Iength during the 

propulsive phase. Cercopithecines exhibit a pattern of dorsai curvature thut is somewhat 

sidar to that of Afncan apeq reflecting habituai loading of the metacarpal heacî in 

hyperextension that is typicai pcvticulariy of digitigde terrestrial quadrupeds. 

Tbe ihrrc @es of fhxnuwI includd in this analysh (P.q@mms, P.kseImis rad 

P.nyru~w) are motphofogidy similu ad Win be r d h d  to h p i y  by genus name. Tkrr 

bas ban somc d&a& in the litCratWG as to the actual ruhtrt of fmcmwi locomotion. Most 

ftsedtchers argue that it h a gencnlizcd palmigrade rrboml qudniped (Clark ad Leakeys . 



1951; CIark, 1%8a,b, 19494b; Comccini et al, 1975,1976; McHemy and ComcCini. 1983; 

Morbeck, 1975,1977; Napier and Davis, 1959; Napier, 1967; O'Connor, 1975,1976; 

Preuschofi, 1973; Rose, l983,l988,1993, 1994, 1997; Schon and Ziemer, 1973; Straus, 1949; 

Wmhbum, 1968; Wacd, 1993; Walker et al, 1993). Othn suggcst t most closeiy d i e s  

a tertestntal quadrupeci and may even have beai an incipient ImicMawalker (Conroy and 

Fieagle, 1972; Zweli and Conroy, 1973). Lewis (lWI,l972,l989) believes that PmmnsuJ is 

a bnchiator. This taon d a s  present a mosaic of fm~ires in the foreiimb, howevcr it d a s  

not sban  any anatomical afEnities with hylobatids indicative of brachiation, nor does it 

possess any knuckle-wdlang characteristics. 

Despite numerous primitive, monkey-üke characters of the Prococ~sui fonlimb, the 

distal humerus is said to have some hominoid-like traits (Rose, 1983,1988,1993,1994,1997; 

Waker, 1997). As ülustrated in Table 5.1, Prucoi~sul shares very fm traits 4 t h  exîant large 

horninoids. The conformation of the humeral trocka is most similu to monlreys in its degree 

of constriction (fig. 5 . 6  5.7), however in the ratio of trochlea am to capitulum uea 

Proconsui does resemble living apes (fig. 5.8- 5.9). Prexrwrnl also bas an enlargeci lunate. Xn 

standardid z-scores for scaphoid and lunate surface areas, as well as ratio of scaphoid to 

lunate am, PruconsziI most closeiy resembles temestrial monkys (figs 5.10-5.12). As 

discussed d e r ,  huute arca d e s  immetridy with body size, and ulnu loacbq is 

mipbiisized us animais get bissa, Pr-1 departs Igcaly b m  the pattan sœn in laser 

apes and uborcai moakys. ûther characters of the of the forrlimb and wrist in particular 

attest to the frct tht this f o d  taon w u  wt a d a n  hominoid (see Rose, 1983 and q). 

In addition, Begun et d (1994) note that ProsirmnrI M powasul grasping haQ, howcva - 



on large supports the hmd position may have ban dightiy hyperextended at the 

metacapphalangeal joint. Morphologid charactets of the proxmiil phaiangeal base susest 

the ptesence of strong flacors and possible weight bearing at the met~cafpophalangeai joint 

(Begun et d. 1994). This d y s h  shows that the metrcupal heads of PrmomI am quite 

aimd d o d y  and very SW to living digjtigde tetrestrial quudmpeds (fig 5.13-5.14). 

Several features point to i n d  loadiag across the ulnif aspect of the Prorrowl 

forelimb. The greater sizc of the humerd trochiea dative to the size of the capituim, u w d  

as an ailargeci lunate proximal surface relative to the scaphoid. Accordhg to Rose (1983 and 

sq.), the olecranon fosse is deep, suggesting extensive forelimb extension, however the - 

olecmon process of the ulna projects proximopostetiorly as in t m d  quadfllpeds. He 

clpims that this may also be associated with overhead use of the forelimb during uboteai 

activities (Rose, 1993, 1997). Indeed, trochlear notch mgk of the prorQmsl u h  ir not 

cranialiy oriented as in great apes (fig 5.15), however neither is that of hylobatids. 

These traits combimd s e m  to indicate that Praomu1 wu a large bodied primate 

with powemil gnsping abüity (Begun et al. 19941, but with closer aflhities to lmag 

termuid digitigrade quadmpeds. 

Postcraniai nmiins of Afiopithecw are scaat, howmr avaiIabIe hrelimb elewats 

indicatc v a y  simiiar sire anâ mrpholoay to Ihccumf, partiCailrrty P . n j m m  fiom Riigaga 

I 5 n d  (Andrews et ah 1997). The trochlea of the distal hummis h thou* to cesemble that - 



of smail apes (Rose, 1997 and scq.), but Begun el al (1997; and Begun, 1992) consda 

Afiopithecus to be much more primitive than hylobatids. Evidence pmentai hem consists of 

a scaphoid, lunate, capitate and proximal p h l u a  Saphoid p r o M  aufacc ana is siightly 

lmger than PrtxoltsuI, and lunate ana is wiiblli the SV!' range of boaobo values. So, 

Afipitkcus bas an extnmeiy enlargecl lunate nlam to the scaphoid, and fig 5.12 clurty 

illustntes tbrit for this feature it approaches the ratio of onags. Otha aspects of dw available 

carpals do not nsemble hominoids in any way, nor does the proximal articuîur ana of the 

proximai phdam In relative phalangeal &àce am and shape, Afiipitkcus is most similu 

to tmearial quadrupeds. 

The available data for Afiopithecurrs shows no afhities with üWig hominoids. The 

enfarged lunate sudke a m  is consistent with a pattern of incrasecl u k  lordiag in Iarga 

animals, partidarly terrestrial quadrupeds. Pro- phlangeal morphology suggests weight 

bearing and a stereotypic pattern of loading consistant with digitigrady. In light of these 

factors and Afrpitkctls' nlotiwly large size, it is M y  that this taxon engaged in higher 

fkquencies of terrestriai rather thsn arboreal behaviours, and iikdy used kss pcrlmigrade hand 

postures. 

k ~ * t k c u s  wickn' fiom Fort Ternan is similar to Prw:oltsuI and A w i t k c t l s  in 

retahhg maryprimitive charactcrs ofthe dbow (Rose, 1983 and seq.), and it sbirrs with 



postures (McCmssin and Bemfit, 1997). Only the distal humcm wu available for anal* 

in this study, and details of its anatomy meal that Iüre large hominoids, Kenyirpiikcus does 

have a large trochlea relative to capitukun area. Howa.  canba McCrossin and Ben& 

(1997). it d a s  not nsanble large hominoids in having a w d  d e v e p c d  latenl kal. The 

mo~hology of the tiochlea in Ke~pqpitkms is essentidy the same as in a temestriai 

Diyopthecus is a Late Miocene fom from Europe poseessing a number of 

characters of the elbow, for- and hand that are apüke, but without the locomotor 

speciakations seen in living brachiators, slow chbers and huickle-walkers (Beeun, 1988, 

l992qb, 1993,1994, 1995; Begun and Kordos, 1997; Morkck, 1975,1983; Rose 

1983,1988,19933 1993b, 1994,1997). Great ape fatuns chatacterizhg Dypithems 

indude a spool dia@ humerai trochlea with well developd medial and l a t d  keels, large 

and deep wronoid fossa, b r d  trochka, cutain aspects ofthe lunate and hamate (Begun, 

1992; Morbeclr, 1975.1983; Rose, 1983 and soq.). The proXimil phalanges am strongiy 

awed and more nmüar in overali morphology to large bodied arbonrl monkeys (Beeun, 

1993; Rose, 1997). 

W t s  fbm this study indiate that trocbku morphology of the d i d  humms is not 

grcat apc liLe in most mpccu, but closdy resernbles @bons in degrœ of constriction of the 

johk puticubtiy distaliy. Trocbleu angle vcntraUy is somcwhrt lesa constmid, su~esting - 



tbot s tab i ion  of the elbw in adaideci positions w u  ofgreater importance. The ntio of 

trochlear width relative to capituium width is rimilu to liviag gmt apes. Lunate proximal 

area is ucpandcd, which follows a pattern typid ofmost large bodid p h t e s  studid so 

fw, and fds intermediate between the sügbtly d e r  Piollc~ltsuI and niimmilly b e r  

Afiophems sspecllaens. In Dryopitisecus, the dative area of the capitate distai iuticuhr 

surfàce does not nwmble iiving gnat W. Mea~utwnents of the hamute distai am and 

capitate focet on the hamate demonstrate that Dr)opithecus is intermediate between hrge 

cercopithecines and great apes. 2-scores for proximal artjdar aufiice ami of the proximal 

phalanx Udicate that Dryopikcus values fall within the range of gibbons rather than 

monkeys. The s h s p  ofthe pidangl pro* facet is oval, and Ws within the range of 

arboreai monkeys, M c a n  apes (excluding bnobs) and humons in d e p e  of dongation. 

These r d t s  support the wnclusions of Bcgun (1992, 1993; Begm and Kordos, 

1997; Rose, 1983 and seq.) that Lbppitkecs was ükely an u b o d  quadrupeci, but dso 

enpging in generalized octhograde suspaisory Mirviours. The degre of stabiitioa of the 

humero-ulnar joint, and expansion of the trochica dative to the capituhim (ammg other 

characters) sugeest thut below bmch suspensory postures with Ailly extendai eibow were 

i n d d  poss1ile in inryipithectls. Furthermore, the sbe and shape of the  pro^ p h l u a  

articular airfimce are indicative of i large, iiibonrl quadniped nthm thn a highiy derived 

suspensory ape or an haôitdy tcrrc~tn*al digitigrade moaly. 



The proximal phaîanx of LufrqpMec11s h s î d a r  to Siwqpithecw according to 

Begun et ai (1997) and Rose (1997). These two taxa tham wdl dmlopd basal tubercles as 

well as an oval shaped proximal artidtu surhice @bkmg et al, 1986). Rwuhs fiom this 

mdy indiate tht Lufengpitkcus fds within the 5û% range of chimps in prorcimil articulat 

size, and is War to goriIlas, humans and arboreal monkeys in ovedi articular shapc. It iIso 

closely resembles Dryopithecus in breadthlwidth dimensions of the proximal surth, but not 

Siwpithecus. 

The shaft of the L~cfen&pitkcus proximai phalamr is quite long and cumd, with weii 

developeâ fibrous sheath r i d p  (Rukang et ai, 1986). The morphology of the shA and 

proximal sniailar surface suggests that this mon was a large atboteal primate &ey 

enga@ng in clorne klow bruich wspcnsory behaviows, but without the sp*alitntions seen 

in extant hylobaîids or Pongo. 

Shqpithems presmts a mosaic of prirnitivc monkcy-lilre fcr(urrs as w d  u some 

hominoid cbaractcrs (Pilbearn et 4 1980,1990; Rwq l984,1986,I989,l997; Spoor et al 

199 1; Wtuâ, 1997). Traits such as a sornewbat dongated hunail head, a pmxhî h u m n l  

shaft that is retrofiexcd. tnd a Bu antcroIrtarUy Wag dettoid plane arc c t r c o p ~  Iüre 

in nanite. The distal hurntnis is said to bo more sUnii.t to bomirioids d its overall 

239 



morpbology suggests a stable humeroubut articulation. The distai capititt tcSOmb10~ that of 

great apes in hving an imgular surâoe. and the head is moderately intlated, niggesting 

considenMe movemait at the midaupal joint. The banuite is b r d  mcdiolatdy, the 

hrmulus is di, the triquemi facet fâces more pmximaiiy than malialïy and is tluncated, 

and the d i d  acticular surtaa h inegulu in shape. The conformation of the hamate in totai is 

similsr to that of rnonkeys and gorillas, and is suggestive of stabiity ntha thui mobüity, 

reflecting considerabie lord transf'ér through the ulnar aspect of the wrist. nie Sïwpitkcus 

pmximai phalanges are relatively long with well developcd sewndary featuces. The proXimol 

uticular surfâce faces proximodoMUy, and is rnedioiateraîly brod u in ampithecine 

monkeys. G e n d y ,  it is consideml that Siuqithecus was a qurdniped and iacks .aitomid 

traits associatecl with nispensory bchaviours (Rose. 1986; P h a m  et al, 1990; S p r  et al, 

1991; Geôo, 1996; Walka, 1997). 

This midy shows that Siv~pithems does shn with great apes enlarged upitate distai 

ares, scaphoid firct on the capitate, hamate distal a m ,  and clpitate-hamate articulation. AU 

these fertures act as joint stress reduaion mechanisms and are indicatm of high levds of 

weight transmission through the carpus. It is interesting to note that the capitate w u  

recovered fiom the Chinji Formation of Pakistan and is somewbat olda (1 1.55-1 1.73 mya) 

than the hamate and proximal phaianges tccovend from the Seth N@ Formition (- 8.8 

myi) (Kappelrnan et ai, 1991). The latter hve ken mbuted to Splinrrrlr (Pübam et ai, 

1990; Spoor et al, 1991). The proximal aiitiWcular surhee area of  the phrlua is unliLe uia of 

gmt apes in beibg dativdy much d e r ,  and its aansndy doagated sbapc most do* 

rcsembles that of tenemial cerwpithecii#s. These lïndings support condusions tbat 



Snirpithect~s was a quadrupeci, Wely wmi-tanstrial, and lacking any anatomid traits 

associated high fiequencies of u b o d s m  (Rose, 1986; Piîbeam et ai, 1990; Spoor et al, 

i99i; Geb, 19%; Walker, 1997). 

There is some debate in tbe literature as to whether Plia-Pleistocene hominids were 

not habitual bipods and engaged in high fiequenci'es of uboreal activity ( Berger and Tobias, 

1996; Clarke and Tobias, 1995; Day, 1978; Koy, 1973; Leakey, 1971; McHairy and 

Temerin, 1979; McHenry and Berger, 1996; Robinson, 1972; Senut, 198 1qb; Senut and 

Tardieu, 1985; Jungers, 1982; Jungers and Stem, 1983; Stem and Susman, 1983; Susman 

and Stem, 1984; Lape and Jungers, 1996), or whether &y honiinids wen fUy adapted 

and cornmitteci to bipeddism utilipng an upnght gait that w u  kinematically indistinct âom 

that of modem humans @art, 1958; Latimer et al, 1987,1989,l~90a,b; Latimer, 1991; 

Lovejoy et al, 1973; Lovejoy l974,l975,1978; White, 1980,198 1). A compnhensive rcvim 

of early hominid lowmotor fùnctionai anatomy is beyond the scope ofthis paper, and 

discussion is limited to upper limb comparative morphology as it pertains to aflGNtics with 

living gmt apes rad infkred ninctionrl qacities fOr climbiig, aispensory rctmtics, and 

knucklewallring. 

Disui h m  avajlable for analysis hem d u d e  A.mbuslirs (TM 15 In, A.&isi 

(KNM-ER 1504 ad 739)- but WC mt rnd Juagm, 1996 for an aitcsllllte view of the 

taxonomie status ofthese qmhem, A.@o1ensis ("Lucyn), iad the rpcQmcn hmKanapoi . 



(KNM KP 271) attniuted to A.mme11~1s @dcey et ai.. 1995). Some researchers consider 

the A.m~m411sis humerus to k very humui-like (Aidb rad Dean, 1990; Day, 1978; 

McHenry and Comccini, 1975; M c H q ,  1975,1976, SW; Senut, 1980,198 lqb; Sesiut 

and TudKy 19851, whik othen (Hiil and W u 4  1988; Pattason and Howeilq 1967; Lagut 

anâ Jungers, 1996) Meve it has closer afIinitiea with othcr bown species of 

austraiopithecints. 

Figure 5.7 demonstrates that A.robtcrtus, A.boiseï and A.anamensàs JI fill weil within 

the range of Afncan apes in the degree of consaiaion of the distal trochlea. These thra 

fossil taxa do not overlap with modern humans who have wider trochlear angles and, 

thmefore, less constrained humero-ulnar joints. Ventrally, measurements for A. hisei are 

unavailable, however the position of A.rohsl~s does not change. Kwpoi arhibits a 

somewhat larger angle ventrally, however it stiN fills within the uppa 50% range of Afncan 

apes. 

The contention by Senut (1981qb) and Senut and Tardieu (1985) that robust 

austraiopithecines (A.kisei specifically) are homo Po^ üke is difEicuIt to addrcss, since 

human trochlear morphology is whoiiy unüke that of oranp. These iuithoro state that shaced 

iiffrnitics with great apcs, to the exclusion of hwnuy include greater robusticity, mon 

pronounad mediaJ and laterai epicondyles, and 1-er muscle insertions. T&y dm assert that 

A.boi$ei lacks the stecp l a t d  mirgin of the o ~ ~ n  fosrr typid ofMcan apes, but 

conclude that ovarll distai humerai morphology d e c t s  aome use of the foceiimb in 

locomotion. -sis of üochiar constngction presented bere d that môust 

austnlopithecines rn Whully indistingtishabIe ffom gmt apcq howevtr it is uniikdy tht - 



the forehb was used in locomotion in the same mumer as extant gnat a p .  S d  trochlear 

mgies indiate a higb degree of humeroulnat joint stab'ity w u  ofsome importance, and 

it is possible that roôust wsmlopithecines wcre using the fonhb fbr som degree of 

ciimbimg d o r  hoisting ôehavioufs (see aiso Lape  and Jungen, 19%). Uaüke the 

conclusions of McHenry (1975, W76), Senut (19814b) and Senut and Tardieu (1985), 

A.QDYU)I~~WS is not more humpn-üke and is not distinct fkom robust ~Jtnlopithecines in 

aspects oftrodilear morphology considered here. 

Many beiieve that A.@wemis engaged in considede ahoreal cümbiig activity (sa 

referenm above). Examination of distal humerus trochlear morphology howmr, roveals that 

"Lucy" shares no afbities with great e p  in distd trochlear rngk and is very simiiar to 

modem humnns in having a les constraind hurnero-ulnar joint. Even in cornpuison to 

bonobos, the smsllest of gmt apes, A.@QT~I)SI's is  quite distinct. The trochlear ingle 

vmtrally d a s  till within the range of gnrt apes and is similar to Kanapi, but unlike humam. 

This implies greater humero-uinar joint stabüity with flexed arrn positions. This pattern is not 

consistent with tbat of g m t  apes wherein maximum stability is required with artended 

fonlimbs eithcr for suspcnsory bdiaviours or knuckiewalking. 

Great apes are also chmcteriwd by having cranially orientcd trochlear notcbcs of the 

proximal uina. This is an & î v e  zncchanism for increasing the range of flexion and 

hyperextension of the forelimb auxemy for a large pMIte aigagi~g in slow dmibing and 

suspensory activities, or knuckie-walking. A.4fim's does not rbue thbs tnit with gr- 

apcs (fig. 5.15). Otkr great ipe chstacters not ducd with A . @ m ~ s  inchide eniarged: 

radius distal rrticular suifice cuu; capitaîe diseil ucl; capitate area on the hsmatt; pmximai . 



p h d m  pmxbd mi~lar surfire inr. A.ajt01ensi'Ir dso kcLs Afiican ape charactcts mch as 

an enlarged scaphoid k t  on the capitate. AL 333 is a considerably l u g a  individuai than AL 

288-1 (for exampie see Jungers and Stem, 1983 among ohm). The fornier is simiiar to lgut 

apes in the relative size of the distaî cipitate and distai hmae  areas. Whai taken together, 

howmr, the average for these two s j m h c ~ l s  is mon similar to humans thui great apes. 

Only the hamate of the larger individuai is available, hena it b uacleu what the pattern is for 

this bone. 

Of the ctiaracters mentiond above, A.ojiiensis diBen fiom humans in craNal 

orientation of the ulnar trochiw notch, and capitate-hamate artjcular airfaa. Modem human 

forelimbs are not u d  in locomotion and are not adapted for any kind of ahonal activity. 

Cranhl orientation of the u l w  trochlear notch may be convergent on great apes and adaptive 

for increased ranges of flexion-extension requirements neccesaq for enhanceci manipulatory 

capacities. Simiiariy, the cipitate-hamate articulation ükely mes as a rnidcarpa! stab ' ig  

mechanism. Humans do have expandeci distal hamate surfàces, but the facet has a Merent 

conformation than that of gnat apes, in king convex Uistead of concave. A convex harnate 

distil d a c e  pamits opposition of the f i fb  digit with the thumb, criticai in precision and 

power grips (for cxample, rra Manke, 1983). Any abject gripped fidy and manipulateci in 

some way (as in tooi making, or dimg) would genemte considemblc stressa across the 

d m  aspect of the wrist and fiom the hmrte to the capitatc. Since A . a j i ~ ~ e ~ ' s  does not have 

an qanded apitatehamatt articulation, it is possible that modern humans are convergent 

on geat apes fbr tbis charactcr, ind that it my bive uisen out of the nad to duce joint 

stress ffsulting h m  manipuIrtory iÙnctionsliS 



Canonid discriminant fuaction analyds iacluding a subset of variables Born the 

elbow, wrist ad proximal phalamc was undertalcen to iwieu, the relationship of A.cijmons 

(AL 2884) to axtiat species. Homogeneity of variance tests udicatc tht quai variance can 

be assumecl for trochlear angle ventdly, the ntio of trochlea to capituium am vcllfrally, 

ulaar notch angle, the ratio of scaphoid to lunate of the d i d  nidius, and proximal rnDCUIar 

breadth to width ntio of the proximal phalam. AU variables wnsidered are not highiy 

correlateâ. The discriminant function adysis using aü the avrilable fomlimb dements of 

"Lucy" clearly demonstates the intennediate position of this mon beniveen laser apes and 

chimps/humans (Fig 5.16). AL 288-1 is transitional between these two groups based on 

ftnction 1 ( d u s  distal ana, capitate distal adtota l  laigth, ulnar notch angle, munting 

for 61 .Th of total variation), however it is not distinguished from these groups on the basis 

of fùnction 2 (trochlear angle distally and ventraily, proximal phalanx proXimai rrticular 

surtace shape, accuunting for 21.8% of total vantation). 

Traits d e s c r i i  here for A.q$ibre~'s show very few aftinities with great apes that can 

be associateci with vertical climbing, suspension, or knucklewalking. Granteci, characters 

under cohoidaston in this study are limited in nihue and any accurate assessment of 

locmotor bbaviour in f o d  taxa must be based on morphoiogic and met& analyses of a 

variety of fore ancl hindhb elcments. The wcaith of puMished informiton of aich analyses 

c l d y  indicates that A.î#aenBs w u  a predornhtly, if- completely, bipebl hominid. 

Rcwilts fiom this study add to our knowledge ofthis mon, and fivoun the view that it was 

not cngaging in bebaviom s h k  to gnit apcs ad that is  wu, not an dept cümkr. 



Pomibüitk For Future Rclcrrcb 

Anatomid descriptions ôased on o b m a t i o ~  iinear meraimncnts and 2-D image 

anaiysis ue Rtha iimited in their abüity to assess movemait capaôilities within the est. 

Research into human mist dystiuiction has been successfirl in visuaiiy nprducing the 

dywnic kinemitics of individual carpal bones (i!Jicodernus et al, 1994; Viegas et al, 1993). 

Using a process of CT sain imaging and optalcctronic s t e m  chephotogrammetcy, it is 

possible to reconstruct carpal elements 3-dimensiody and daennine intra and intercarpal 

movements within the wntext of global wrist motion. Adysis of extant primate foreiimbs 

using this rnettiodology would greatly enhance our understanding of h s t  joint klliematics 

and associated limb usage. We aiready know that iiving anthropoids Mer considerably in 

forelimb size, proportions and gross anatomid details. Using this new method of 

comparative d y s i s  would aid immensely in our ability to evaluate the relationship between 

morphology and fiinction. 







Figure 5.5: P d m a î  Phaians Articulir Surface to Midrbafk 

Log Proximal ?haîan% Miâshdt Bnrdth 



Figure 5.6: Boxplot of Vennl TeOcblea 
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*Box represents interquartile range which contains Sû?! of total values. 

Figure 5.7: Boxplot oCDbtaî Trorhh 
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Fi~ore 5.9: Boxplot of Troehlea to Capitrlum 
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Figure 5.10: %scom For Seipboid h s i m a i  
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Figure 5.11: Z-scores for Lunite Pmrimil A m  
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Figum 5.13: Error Plot of Mm Bcid Curwtum 

Figure 5.12: Ratio of Serpboid to Lunate A m  
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Figure 5.14: E m r  Pîot of MIV Head Cumture 
Ratio 

Figure 5.15: Boxplot OF U l n u  Troeblear Nokh 
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Figure 5.16: Canonid MKrimiuat Function AidysU o f  dbw,  
wrist, and prori id pbdau vadbies for estant t u a  and 

AuflVCIlSiS (AL 288-1) 
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