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Abstract

Arboreal primateshawe distinctive intrinsic hand proportionscomparedwith many other mammals.Within Euarchontaplatyrrhinesand
strepsirrhineshawe longer manualproximal phalangeselative to metacarpalengththan colugosandterrestrialtree shravs. This trait is part
of acomplexof featuresallowing primatesto graspsmall-diametearborealsubstratedn additionto mary living andEoceneprimatesrelative
elongationof proximal manualphalangess alsopresentn mostplesiadapiformsln orderto evaluatethe functionalandevolutionaryimplica-
tions of manualsimilarities betweencrown primatesand plesiadapiformswe measuredhe lengthsof the metacarpalproximal phalanx,and
intermediatephalanxof manualray Il for 132 extantmammalspeciegn! 702 individuals). Thesedatawere comparedwith measurements
of handsin six plesiadapiformspeciesusingternarydiagramsandphalangeaindices.Our analysegeveal thatmanyarboreamammalg(includ-
ing sometree shravs, rodents,marsupialsand carnivorans)have manualray |1l proportionssimilar to thoseof variousarborealprimates.By
contrastterrestrialtree shravs have handproportionsmostsimilar to thoseof otherterrestrialmammalsandcolugosarehighly derived in hav-
ing relatively long intermediatephalangesPhalangeaindicesof arborealspeciesaresignibcantlygreaterthanthoseof the terrestrialspeciesn
our sample reRBectingthe utility of havingrelatively long digits in an arborealcontet. Although mammalsknown to be capableof prehensile
grips demonstratéong digits relative to palm length, this featureis not uniquely associatedvith manualprehensiorand shouldbe interpreted
with cautionin fossil taxa. Among plesiadapiformsCarpolestesNannodectedgnacius and Dryomomyshave manualray Il proportionsthat
areunlike thoseof mostterrestrialspeciesand mostsimilar to thoseof variousarborealspeciesof primates tree shravs, androdents.Within
Euarchontalgnaciusand Carpolestefiawe intrinsic handproportionsmostcomparableao thoseof living arborealprimateswhile Nannodectes
is very similar to thearborealreeshrav Tupaiaminor. Theseresultsprovideadditionalevidencethatplesiadapiformsverearborealandsupport
the hypothesighat Euarchontaoriginatedin an arborealmilieu.
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Introduction

The intrinsic propotions of primaté handsdiffer from
thoseof many othe living mamnals. Specibcdy, compara-
tive analyseshaw indicatedthat the Prgers of arborealpri-
matesare long relative to palm length (Lemdin, 1996,1999;
Lemelin andGrafton,1998;Hamrick 20013. Suchelongation
of manualdigits in primatescanprimarily be attributedto the
presenceof long proximal phalangesrelative to metacarph
length (Hamiick, 20014. Rdative elongation of marual digits
is also chalcteristicof all Eocene primatesfor which ade-
quatefossils are known, including Nothardus Adapis Pro-
nycticdous Europokemur, and an adapifom from Messl
(Godinot and Beard, 1991; Joufroy et al., 1991; Godinot,
1992;Hamiick and Alexander 1996;Hamiick, 20013. These
compardive datasuggesthat long digits relative to meta@ar-
pal lengthwere presentin the last common ancestorof living
primaes (Joufroy et al., 1991; Godinot 1992; Hamrick and
Alexander 1996).

Relative elongaton of marual digitsin primatesis typically
explainedas an adaptaibn for arboeal locomotion in a bre-
branch milieu (Naper, 1967, 1993; Lemelin, 1996, 1999;
Hamiick, 2001a;Lemelin and Schmit, 2007). According to
this modd, digital elongation facilitates gragping of arboreal
substrées by permitting brgersto wrap completely around
slenderbrandes and vines (Lemelin, 1996, 1999; Lemelin
andSchnitt, 2007). Primatsarethusableto geneatetorques
with their graspinghandsin orderto couneractpitching and
rolling of the body®cener of massduringlocomoion on nar-
row arborealsuppots (Napier, 1967; Cartmill, 1974a,1985;
Preushoft et al., 1995 Lemdin and Schnitt, 2007). Rela-
tively long Prgershawe alsobeenidertipedashelpng to con-
fer manualprehansility, which by dePnitionis the ability to
retain an object with a single hand (Napier, 1993; Lemelin,
1996,1999; Lemelin and Grafton, 1998; Hamrick 20013.

This functionalmodelis consstentwith currentecolbgical
theories of primate origins, which propo® that graging ex-
tremities evolved in primatesasan adaptatiorfor arboreallo-
comotion on small-dameterbranchegCarmill, 1972, 1974b,
1985; Rasmussen1990; Sussman1991). Sucha functional

1 Ordinal boundariesare traditionally recognizedon the basisof key mor-
phological features associatedwith major adaptve shifts (e.g., Cartmill,
1974b;SzalayandDecker 1974. In the caseof primatesfeaturesuchasfor-
ward-facingeyes, lateral enclosureof the orbit by bone,graspinghandsand
feet, and nailed digits are generallyconsidereddiagnosticof the order (Cart-
mill, 1992. However, when characterisc traits of crown groupsevolve in
a mosaicfashion, the applicabilty of standardtaxonomic nomencléure to
membersof a stemlineageis often the subjectof debate(e.g., Rowe and
Gauthier 1992. Whetheror not to formally include plesiadagorms within
the order Primatesis a taxonomicquestionbeyord the scopeof this paper
To awid confusion @primatébere refers specibcdy to living and fossil
membersof the primate crown group. @Plesiad#prms@are treatedas eu-
archontansand membersof the primate stemlineagein accordwith recent
phylogenet analyses(Silcox, 2001; Bloch and Boyer, 2003; Silcox et al.,
2005; Bloch and Silcox, 2006; Bloch et al., 2007). Furthermore although
we use the term @plesiadapifor@as a matter of corvenienceconsistent
with its commonusagewe acknavledgethat this groupmay be paraphylet
(Silcox et al., 2005;Bloch et al., 2007).

assocition betweenrelatve digital elongaion, marual grasp-
ing abilities, and bPre-brancharboreality is supportel by com-
paratve data from non-primaé mammas. In progyonid
carnvoransanddidelphid marsupialsarboreakpeciesapaltbe
of prehansile grips [e.g., kinkajous (Potos) and woolly opos-
sums(Caluronys)] haw intrinsic handproportionsmorecom-
parableto thoseof somearborealprimatesthan to those of
terrestrid close phyletic relatves (McClearn,1992 Lemdin,
1996,1999; Lemelin and Grafton, 1998.

The distinctivenessof primate intrinsic hand propotions
makegelaive elongationof marual digits apotentialy impor-
tantfeaturein phylogeneit analysesln particular manualray
proportionscanbe usedto discriminateboth living and fossil
primates from many non-primate euarchorans (Hamiick,
2001a;Lemelin and Grafton, 1998. Comparedto the terres-
trial tree shrevs Tupaiatana and Tupda longipes primaes
hawe longer proximal phalangegelative to meta@arpal length
(Hamiick, 20013. By contras, colugos (Cynocephals and
Galeoperug differ from both primatesandtree shrevs in ex-
hibiting extreme relative elongaion of intermedate phalanges
as an adaptationfor mitten gliding (Beard, 199; Hamrick
20013. However, it is currently unknown whethertheintrinsic
hand propotions of arborealtree shrevs (e.g., Ptilocercus
lowii and Tupaia mina) arecompar#éle to those of terrestrid
relatives.

Although the hand propotions of extantprimates may be
distinct from those of manyliving euarchordns,the sequence
of chamacterchangesn the primate stemlineageis still poorly
understod. In an analysisof an unusudly conplete fossl
skeleton,Bloch and Boyer (2002) demonstatedthat the ple-
siadapifom Carpolestessimpson exhibits intrinsic handpro-
portions that are similar to those of primates. Carpolestes
simpson further resenbles primatesin possessing grasping
foot with an abduced and nail-bearing hallux (Bloch and
Boyer, 2002; Sagis etal., 2007). This discovery is of greatin-
terestnot only becaseit demonstatesthatat leastoneplesia-
dapiform speciesprobaly occupieda bne-brancharboeal
niche, but becauserecentphylogeneticanalysessugges that
carpolestids, plesiadapis, and saxondlids (Plesiadapoiden
may conprise the sister taxon of the primate crown group’
(Bloch andBoyer, 2003;Silcox etal., 2005;Bloch andSilcox,
2006; Bloch et al., 2007. From a phylogenet standpoint,
similaritiesin limb anabmy betweea primatesand carmles-
tids beg the question of whethe theseresemblanes are the
productof functional convergenceor sharedancesty (Bloch
andBoyer, 2002 2003,2007;Kirk etal.,2003. This queston
is further complicated by the fact that Plesiadapisioesnot re-
sembleprimatesor more primitive membaes of the Plesadapi-
daein various aspectsof its cheiridial anatony (Gingerid,
1976;Szalayet al., 1987; Szalayand Dagosb, 1988; Godinot
andBeard,1991;Boyeretal., 2004). For example Plesiadpis
differsfrom bothprimatesandCarpolestesin lackinga compa-
rable degee of relative elongaion of the proximal marual

2 Bloch et al. (2007) hawe formally designatedhis group (plesiadapils"
crown primates)the @EuprimatefaresO.
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phalangegGingeiich, 1976; Godinotand Beard,1991; Ham-
rick, 2001a;Bloch and Boyer, 2002. Nonethdess, total evi-
dence phylogenetic analysessugges that elongation of the
Pngersrelative to the palmis a shaed derived featureof pri-
matesandplesiadapfiorms geneally (Bloch andBoyer, 2003;
Bloch et al., 2007). If this conclusionis correct, thenthe evo-
lution of intrinsic handproportionssuitabk for manualgrag-
ing in a bPne-branh niche could represat one of the earliest
adaptve shifts in the origin of a primae" plesialapiform
clade (Bloch and Boyer, 2003; Bloch et al., 2007).

In this paper we providea detailedconparisonof intrinsic
handpropotionsin alargesampleof living mammas andfos-
sil represatativesof four plesadapiformfamilies(Carpolesti-
dae, Plesiadpidae, Micromonyidae, and Paronomyidae).
This analyss expandson prior work by Hamiick (2001a)
and Bloch and Boyer (2002) and has three primary goals.
First, we seekto determire the extent to which the intrinsic
handpropotions of plesiadadiorms resenble thos of extant
euarchordns.Secondwe examinethe intrinsic handpropor-
tions of carnivorans, marsupials, and roderts to deternine
how closely euarchoran hand proportionsresemtite those of
arborealmammalsgeneally. Third, we examinethe relation-
ship betweenintrinsic handproportionsand substrée prefer
ence within the extant compardéive sanple to detemine
whethe the relaive lenghs of the meta@arpds andphaknges
provide a clear indication of locomotorbehavior. If primaes
and plesiadapfiorms shae intrinsic hand propotions asso¢
atedwith Pne-banchlocomotion that are not found in other
euarchordns, the hypothess that these proportins ref3ed
a closephyletic relationsip betweenprimatesand plesiadapi
forms would be strengthené. However, if othe living mam-
mals hawe also evolved primate-lke manual proportions
thenthe hypothess of corvergencebetwee primatesandple-
siadapiormswould remaina viable possiblity. Morphologcal
cornvergencein the extantcomparsive sanple could alsohelp
to clarify the functionalimplications of primate-like intrinsic
handproportions.If intrinsichandpropotionsproweto beare-
liable indicator of substate preferance, then the fosdl hand
skelebnsincluded in this analysis may shedfurther light on
the validity of currentecologtal hypothesesof primate and
plesiadapiform origins.

Methods
Data collection for extantspecies

Articulated handskeletams were meauredfor awide range
of extant speciesn the osteolaical collections of the follow-
ing institutions: National Museum of Natural History
(Washingbn), American Museum of Natural History (New
York), Field Museum of Natural History (Chicago) Museum
of Compaative Zoology (Cambridge) CarnegieMuseum of
Natural History (Pittsbugh), Duke University PrimateCente
(Durham), British Museum of Natural History (Londan),
Anthropologisdes Institut und Museum der Universitg
Zurich-Irchel (Zarich), Museaum National dOHistae Naturelle
(Paris), Musaum fur Natutkunde der Humboldt Universita

(Berlin), and Rijksmuseunvan Natuutijke Historie (Leiden)
For most specimens,the maxmum lengh of the metaarpal,
proximal phalanx, and intermediate phalanx of manual ray
Il was measuredusing digital calipers.Maximum lengh is
debnedasthe chordfrom the mostproximal to the mog distal
point on eachelement, andwasmeasued parallel to the mid-
line sagittal plane of the diaphysis. In a restrictedsubseé of
specimensmeauremats were takenfrom X-rays of manual
skeletonspresrvedin musum pelts. Summay datafor all
measurerantsare providedin Appendk 1.

The extanteuachontansampleincludes platyrhines,strep-
sirrhines scaneéntians anddermopéerans .The primate sanple
thusincludesspeciesthat are primarily arboreal,but of very
different body mass, ecology and locomotor adaptatios.
This diverseprimae sampe waschose in an attemptto doc-
ument the range of variation in intrinsic hand propotions
foundamongliving arboeal primates.Additional compargive
groupswerechosa on the basisof several criteria, including:
(1) the retentionof most manualdigits (i.e., pentadatyly or
tetradactyy), (2) the presenceof both arborealandterregrial
members,(3) the inclusion of membes known to be bPne
branchspecialiss (e.g.,Caluronys Rasmusse, 1990; Leme-
lin, 1999; Lemelin and Schnitt, 2007), (4) the inclusion of
membersknown to hawe more primate-like marual propor-
tions and/orto be capalke of marual preheasion (e.g., Potos
McCleamn, 1992; Lemelin and Grafton, 1998, and (5) thein-
clusion of membes known to hawe a divergenthallux and/or
a nailed hallux or pollex (e.g., Chiropadomys Mus<r,
1979. Thesecriteriawereappiedin anattemptto sampleadi-
versearray of non-pimate cladesthatinclude somemembers
with gragping autopalia. Substrag¢ preferencesor most spe-
ciesfollow Fleggle (1999) and Nowak (1999) All taxawere
classibedas either @arboa@or @tewstrialdOaccordig to
the predominantsubstate usedin locomotion This dichoto-
mousclassibcadbn obscuresa large amouri of real variation
in locomotor ecology, but is macde necessar by the relative
paucityof quantitaive dataon substrée useundernaturalcon-
ditions for most species The total comparatve samplein-
cludes55 carrivorans(seven specie}, 12 dermoperans(two
species),84 marsupiad (17 specie}, 370 primaes (45 spe-
cies), 59 non-sciuid roderts (16 specie¥, 90 sciurid rodents
(36 specie¥ and 17 scanentians (Pve species Becaug
sciuridsare particulaly well-representedthis cladeis treated
separatsl from otherroderts in mostcomparisongo awoid bi-
asingthe total rodentsanple.

Fossil sample

Associatedhandskeletas of seven plesialapiform species
andthreespecimensof Notharduswereanalyzedor this anal-
ysis. Measurenentswere taken either directy with calipers,
using a microscopereticle, or from photagraphsusing the
compute software Sigma ScanPro 5.0. All included fossl
specimensvererecoweredfrom locdities in the westerninte-
rior of North America.All specinensof Nothardus measured
for this analysisarehousedn the colledions of the American
Museum of Natural History. These specmensinclude (1)
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AMNH 11478:Nothardustenebosus (2) AMNH 11474:No-
tharctus sp. (describedin Gregory 1920; and (3) a partially
preparedspecinen of Nothardus sp. (not yet assgneda cata-
log numker).

The plesiadadiorm specmens measuredfor this study
range in age from the Early-Late Paleocene boundary
(w 61.9 million yearsago; USNM 442229)to just prior to
the Paleocene-Eocenbounday (w 55.4 million yearsago;
UM 41870) Plesiadam specimensinclude Nannogkctesin-
termedus (USNM 442229)from the Bangtal locality of south
central Montana (Gingeiich et al., 1983; Beard, 1990, 1993;
Runesad and Ruff, 1995, Namodeces gidleyi (AMNH
17379)from the Masm Pocketlocdity of souhernColorado
(Simpson,1935; Szalayet al., 1975, and Plesadapiscooke
(UM 87990)from the SC-117limestmelocality of northwest
ernWyoming (GunnellandGingeiich, 1987;Hamiick, 2001a;
Gingeiich and Gunnell, 2005; Bloch and Boyer, 2007). Other
specinensfrom northwesternWyoming include the paromo-
myids Acidomomgs hebetcus (UM 108207; Bloch et al.,
2002; Boyer andBloch, in pres) and Ignaciusclarkforkensis
(UM 10810; Bloch and Silcox, 2001; Bloch et al., 2007;
BoyerandBloch, in pres) from the SC-62limestonelocality;
the carplestid Carpolestessimpsoni(UM 101963;Bloch and
Boyer, 2002; Bloch and Silcox, 2006 from the SC-62lime-
stone locdity; and the micromomyid Dryomomys szalayi
(UM 41580;Bloch andBoyer, 2007;Bloch etal., 2007;Boyer
andBloch, in pres) from the SC-3Z limestonelocdity.

All plesiadapiform specimensexcet AMNH 17379(Nan
nodecesgidleyi) wererecoweredthroughpreparatbn of fresh-
water limestaesusing acid redudion techriques(Bloch and
Boyer, 2001, 2007; Bowen and Bloch, 2002. The remains
of eachskelebnwereasso@tedwith craniodemal mateial at-
tributedto a singleindividual. Bonepostionsandassociatios
weredocurrentedusing digital photayraphyandsketcheglur-
ing the preparatn processfor mostlimestae-denved speci-
mens (Bloch and Boyer, 2001, 2002, 2007; Bloch et al.,
2007; Boyer and Bloch, in pres$. The skelebns of Acidom
omys Ignacius, and Dryomamysproved to be particularly im-
portantfor attribution of phakngesto the handor foot. These
specinensweresemi-artculated with proximalandintermed-
ate phakngesclusteredarourd the forelimbs and skull. The
Dryomanys skelebn also had semi-artculated hindlimbs
with closely asso@ted phalangeghat were morphobgically
distinguishable from those associted with the forelimbs.
While the Acidomomyskeletonlackedarticulaed hind limbs,
somephalangesassocited with the skelebn clearly differed
from those asso@ted specikeally with the forelimb and
werethusconstderedto be pedalin origin. In bothDryomanys
andAcidomanys pedalphalangesppea to hawe beenlonge
thanmarual phalanges Among phalangegpreservedor Ple-
siadapis and Nannodedas intermedius some are distincty
longer than others.The longe phalangesvere, therebre, at-
tributed to the foot and the shorteronesto the hand. There

3 SeeBloch and Boyer (2007) and Boyer and Bloch (in press)for a more
thoroughdiscussbn.

alsoappea to be bimodal lenghs in the phalngespreserved
near the skull and other skeletal elements of Carpolestes
However, in the caseof this carpolestid, bone distributions
seemto sugges longe marual phakngesthan pedalphalan-
ges. While this bPrding makesextrapolationof the paromo-
myid/micromomyid patten to pledadapics less robust, the

fact that thesethree groupsare more similar to eachothe in

most aspectf foot morphobgy thanto carpolestids (Bloch

and Boyer, 2007; Sargiset al., 2007 justibPesour attributions
in the absenceof contrary evidenceregarding handfoot pro-

portions in plesialapids.

Although the Acidanomysskeleton was useful in helpng
to idertify skeletl elements of othe taxa UM 108207was
excluded from our quantitaive analysesbecawse it lacked
a third metaarpal. In no casewas the articulation of a ple-
siadapifom skeleto so predse asto allow conbdeh identi-
bcation of a third manual ray, specbcally Accordingly,
when more than one non-pdlical manual intermedate or
proximal phalanxwas idertibed for a plesadapiform speci-
men, we usedthe averagelengthsof thes elementsin com-
parisons with extant taxa. We consicer these methods
conserative in evaluating Bloch and Boyer® (2002) conclu-
sion that most plesiadapiiorms resembled primatesin having
long Pngersrelaive to metacarpk length. In other words,
by aweraging a subsampm of the shorter (presunptively
manua) phalangesattributed to an individud, the recon-
structedPngerlengthsmug be shorterthanif all phalanges
(manual and pedal) from the sample were used. Further-
more, the awerage lengh of an element will always be
shorter than the longest individud phalanx of the subsan-
ple. Becausewe may hawe misidentibedsone of the longer
manual phakngesas pedal phabngesand the longest man-
ual phalangegnay well hawe beenthoseof the third ray, er-
ror in this methodwould tend to refute the hypothesisthat
plesiadafiorms are chamacterizel by relatively long bPrgers.
Thus, the opposite Pnding—that plesadapiform digits are
long relative to metaarpal length—cannot result from the
mis-attribution of phalanges(except in the caseof Carpo-
leste$. It is also importantto note there is relatively little
differencein the lenghs of the phalangesattributedto the
foot versusthe hand in the plesialapiform specmens that
preserveboth elements. Similady, the range of variation in
manual phalanx lengh is relaively small in plesialapiform
specimendor which multiple phalangellengthswere aver-
aged. Accordingly, the conclusionsof this paperregarding
plesiadafiorms do not change subsantially if phalanges
identibed as pedal are subsituted for those identibed as
manua) or if individual manual phalangeh lenghs are
substitued for the meanvaluesusedin our anayses.

Data analysis

Qualitatve comparisos of intergpecibcvariation in hand
morphobgy were undetakenusingternay diagamsof thein-
trinsic propotions of manualray Il (cf. Joufroy etal., 1991;
Godinot, 1992; Hamiick, 20013. Ray Ill was measued be-
causeit is either the longestor secom longestray in the
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speciesconsideed in this analysis. Accordingly, if a species
exhibitselongationof its manualdigits relative to its meta@r-

pals,this featue shouldbe evidentin the intrinsic proportions
of ray lll. Manud ray lll hasalso beenthefocusof prior stud

ies that addresse the phyletic implications of variationin in-

trinsic hand proportions (e.g., Hamrick 2001a; Bloch and
Boyer, 2009. The ternary diagramsshovn in this analysis
presenthe lenghs of the third meta@rpal, proximal phalanx,
andintermedate phalanxaspercentagesf thetotal combined
length of the three elements. Extart primates and plesialapi-

form fosdls were compare with the following groups (1)

scanéntiansand dermoperans,(2) carrivorans, (3) marsu-
pials, (4) non-sciuid roderts, and(5) sciurid roderts. Individ-

ual specimensvereplotted ratherthanspeciesmeansin order
to betterrepresentthe full rangeof intragpecibcvariation. To

facilitate comparisos, separatecorvex polygons were bt
arourd extant primates,arboreal non-primaée groups andter-

restrialnon-primae groups In the metatheian comparison,an

individud specinmen of Petauradesvolanswasexcludedfrom

the arborealmetatheian polygon asan extreme outlier. Addi-

tionally, becawse we were only able to measue two arboreal
tree shravs (one Ptilocercuslowii and one Tupaia minor),

thesespecinenswere idertibedindividually in the euachon-
tan comparison

PROXIMAL
PHALANX Il
LENGTH

Notharctus

Tupaia

Quantitative comparisos of intrinsic handproportionsvere
undertalen by calculating phalangehindicesfor marual ray
Il (cf. Napier 1993;Lemelin, 1996,1999 Lemdin andGraf-
ton, 1998. The phalangehindexis calculaed asthe sum of
the lengthsof the proximal andintermediatephalange# 100,
divided by the length of the metacarpk This index thus esi-
matesthe lengh of the digit relative to the meta@rpal, and
is functionally correlated with manual prehendity in some
species(Lemelin, 1996, 1999; Lemelin and Grafton, 1998.
To further exanine proximal and intermedate phabnx size
relative to meta@rpal length, proximal phakngeal indices
(proximal phalanxlength/metacapal lengh # 100) andinter-
mediatephalangebindices(intermediatephalnxlengthimeta-
carpal length# 100) were also calculted. Statigical
comparisos of indicesfor differentgroupswere mace using
two-tailed Wilcoxon rank-sumtestson speciesneans.

Results
Ternarycommrisons
Euarchontas: Figure 1 shaws the intrinsic proportionsof

manualray Il for extanteuachontansand plesiacgpiforms.
The living speciesncluded in this diagramcluger into three

METACARPAL Il
LENGTH

EXTANT
PRIMATES

Tupaia tana
Tupaia glis
Tupaia longipes

40%

30%

20%

INTERMEDIATE PHALANX Ill LENGTH

Fig. 1. Intrinsic manualray Il proportionsin euarchontansThis ternarydiagramshaws the relative lengthsof the metacapal, proximal phalanx,and intermediag¢
phalanxof manualray lll for individual specimes of living euarchontanglesiadagorms, andNotharctus Thelengthsof thethird metacarpalproximalphalanx,
andintermediaé phalanxareshavn on their respectie axes as a percentag®f the combinel lengthof the threeelemens. Convex polygonshave beenbt around
(1) extant primates, (2) terrestrialscandentins(Tupaiatana T. glis, andT. longipe$, and (3) dermopteras (Cynocepalusvolansand Galeopterus/ariegatu$.
Living primatespecimes arerepresentecssmall blled squaresterrestrialtree shravs as blled circles,and arborealtree shravs and dermoperars as blled tri-
angles.Fossil specimensreshavn asdiamondslic! Ignaciusclarkforkensis Cs! CarpolestesimpsoniDs! Dryomomysszalayi Ng! Nannodectegidleyi

Ni! NannodectestermediusPc! Plesiadapiscookei
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nonoerlapping groups (1) terrestrid tree shravs (Tupaia
tana T. glis, andT. longipe$, (2) dermopteans(Cynocepha-
lus volans and Galeopterus variegatug, and (3) prima

tes" arboeal tree shravs (Tupda minor and Ptilocercus
lowii). Within thelatter group,Ptilocercusplots within the pri-

mate polygon near specimensof Callithrix, Lemur, and Sai-
miri, while Tupaia minor falls immediatdy outside the

primae polygon. Nonedheles, primates and arboeal tree
shravs are distinct from othereuarchontansn having shorter
metaa@rpals(< 48% of the combined sggment length)andlon-

ger proximal phaknges(>31% of the conmbined segment
length) Terrestrialtree shravs are distingushed from other

living euarchordnsin havingrelatively long third meta@rpals
that comprise betwea& w 50—-55% of the comkined segment
length. Similary, dermopteans are distinguishedfrom othe

living euarchorainsin possessig relatively long intermedate

phalangesthat comprise w 35% of the combinel segment
length.

Body sizeandarboeal locomotor patterndo not appea to
hawe a strong inBuence on the placenent of primae taxa
within the ternay diagram.Arboreal quadupedsand vertical
clingers and leapersare eachbroady distributed acrossthe
primate polygon Similarly, both large-bodied(>1 kg body
mass)andsmall-balied (< 1 kg) specesarewidely distributed
acrosgthe primatepolygon. By contras, phylogenyappeas to
hawe asomevhat greder inBuenceon the placementof various
primae taxa. Within the primate polygon, thereis extensie
overlapbetwee the hapbrhineandstrepsirhine distributions.
However, within the haplorhne sanple, most platyrrhines
hawe relatively longermeta@rpalsthantarsiers Among strep-
sirrhines lorisiforms tend to hawe relaively shortermeta@ar
pals and longer proximal phaknges than lemuiiforms.
Lemuiforms asa groupthusbeara greder generalsimilarity
to platyrrhinesthanto lorisiformsin their intrinsic manualray
Il propotions (seealso Joufroy et al., 1991). However, this
resemkance betweenlemuriforms and platyrrhinesis by no
meansexact,andthereis extensive overlapbetwea the distri-
butionsof lemuiiforms andlorisiforms. Therearealsoseveral
strepsirhine speciesthat do not bt the generalzations made
here.For exanple, the lemuiiform Daubentora hasrelatively
long proximal phalangesand the lorisiform Arctocelus has
relatively long metacarpbs.

Four plesiadapiform genea (Ignacius, Carpolestes Dryom-
omys and Namodeceg mostclosel resanble primatesand
arborealtree shravs in the intrinsic proportiors of marual
ray lll. Ignacuus and Carpolestesplot well within the extant
primae distribution adjacentto a diverse array of extant
taxa.Specbcally Ignaciusplotsnearspecinensof Callicebus,
Galagq Galagodes Loris, and Tarsius while Carpolestes
plots near specinens of Aotus Callicebus Cheirogaleus
Lemur, and Microcebus By contast, both Dryomamys and
Nannalecteshawe slightly shorter proximal phalangesand
thusfall immediatelyoutsideof the primatepolygon.Dryom-
omysplots closestto specmensof Microcebusand Saimiii,
andboth speciesf Nanrodectesarevery similar to the single
specinen of Tupaiaminor included in this analyss. Plesiac-
pis falls even farther outside the extant primate distribution,
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andplots betwee the extantprimateandterregrial treeshrav
polygons.Plesadapisthusdiffers from othe plesialapiforms
and most primaes in having relatively shorter proximal
phalangeg< 30% of the combinal segmentength) andlonger
metacarps (> 45% of the combined segmentengh). Plesia-
dapis also differs from terrestrid tree shravs in having rela-
tively shorter meta@rpds and slightly longe intermedate
phalangesNone of the plesiadagfiorms included in this anal-
ysis resembledermopteansin exhibiting relatve elongation
of the intermedate phalnx.

Thethreespecinensof Nothardusdiffer from the plesiala-
piformsin thisanalyssin havingrelaively muchlonge proxi-
mal phalangeg> 40% of the combined segmentiengh) and
shortermeta@rpals(< 35% of the combinal segment length).
Two specinensof Notharctusplot within the extremeupper
left region of the primate polygon, while the third specimen
(AMNH 11474)fallsimmedigely outsde the primatepolygon.
Theintrinsic handpropotionsof thesespecimensremod sim-
ilar to someaye-ayegDaubentoim) andtarsiers(Tarsius).

Carnvorans: Figure 2 shows the intrinsic proportions of
manualray 1l for primates plesiadapiorms, and carrivorans.
The living speciesincluddd in this diagramclusterinto three
groups: (1) terredrial carrivorans,(2) arborealcarnivorans,
and (3) primaes. These groups are primaily differentiated
alongthe meta@rpalaxis, with primatesarborealcarrnivorans,
andterredrial carrivoranshaving metacarpbs that constitue
about30—-45%, 45—50%, and 50—60% of the combined sey-
mentlength, resgectively. Although the terredrial carnivoran
distribution doesnot overlap any othe group, thereis partial
overlap betweenthe arboreal carnvoran and primae poly-
gons.Most of this overlap canbe attributedto kinkajous (Po-
tog) and African palm civets (Nandina), which plot almost
entirely within the primate distribution. Other arboeal taxa,
including binturongs (Arctictis) and Asian palm civets (Para-
doxurug, plot outsideof the primatedistribution.

Among plesadapiforms, Ignacus Carpolestes and
Dryomanysdo not exhibit any particular resembkanceto ex-
tant carnivoransin their intrinsic handpropotions. However,
both speciesof Namodecesplot adjacentto the arborealcar
nivoran distribution,and Plesadapisplots within the arboreal
carnvorandistribution nearspecmensof Paradbxurus.

Marsupiab: Figure 3 shavs the intrinsic propotions of
manualray Il for primates plesiadapiorms, and marsupals.
The living speciesincluded in this diagramform three clus-
ters: (1) terrestrid didelphids,(2) terrestral macropalids (in-
cluding two genen of @ratkanganosO:Aepyprymus and
Potoros), and (3) primates' arboweal marsupals. Arboreal
marsupias plot entirdy within the primate distribution, and
haw relatively shortermeta@rpds andlonger proximal pha-
langesghanmog terestrialmarsupials.The oneincludedspec-
imen of a greaterglider (Petauradeg differs consideably
from otherarborealmarsupals (including glidersof the genus
Petaurws) in having much shorter metacarps and longer
proximal phalnges.In this respect,Petaurades hasintrinsic
hand proportionsmost similar to someaye-ayes(Daubento-
nia), tarsers (Tarsiws), and Nothardus (hot shavn). The ter-
restrial maaopodids Aepyprymus and Potorows differ from
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terrestial didephids in having relatively longer metacarpks
and shorterproximal phalangesDespitethe similarities be-
tweenarborealmarsupias and someprimates,all plesadapi-
form genen plot outsideof the distributionsof marsupals.
Non-sciuid roderts: Figure 4 shaws the intrinsic propor-
tions of marual ray Il for primates plesiadapiforms and
non-giurid rodents. Extant groups in Fig. 4 denonstrate
much more overlap in their distributionsthan groupsin pre-
vious comparisos. Nonegheless,primatesand terrestial ro-
dents are fairly well-differenfated along the metacarph
axis, with metaarpals that constitue w 30-45% and
w 45-55% of the combined segmentlength, respedtvely.
The smdl degreeof overlap of the primate andterrestial ro-
dent distributions is largely attributable to the position of
springhaes (Pecetes, which are primarily bipedal and salta-
tory but use their handsboth for slow quadupedallocomo-
tion and for excavation of burrovs (Nowak, 199).
Arboreal roderts overlap both the primate and terrestial ro-
dent distributions extensvely. Same arborealtaxa such as
climbing mice (Dendronus), bamba rats (Dactylomy$, and
cloud rats (Phloeomyg, hawe relatively short metacarpks
and long proximal phakngeslike primates. Other arboreal
taxa, suchas harvestmice (Micromy$ and penciltailed tree
mice (Chiropadomy3, exhibit a broaderrange of variation

in their intrinsic hand proportionsand overlap both the pri-
mate and terrestral rodert distributions.

Both Ignacius and Carpolestesplot within the arboeal
rodent polygon and hawe intrinsic hand propotions most
similar to Dendomus Dryomanys plots outsideboth rodert
polygons. The two speciesof Namodeces plot within or
near the region of overlap betweenthe arborealand terres-
trial rodent polygons, and are most conparableto arbokeal
New World porcipines (Coendou Brazilian porciine; Ere-
thizon North American porcipine). Plesiadajs also plots
within the region of overlap between the arboeal and
terrestrid rodent polygons, and has intrinsic hand pro-
portions that are very similar to some specinens of Aplo-
dontia (mountain beaser; terregrial) and Chiropodomys
(arboreal)

Sdurid roderts: Figure 5 shaws the intrinsic proportionsof
manualray Il for primates, plesiadagiorms, and sciurid ro-
dents.The living speciesincluded in this diag.am form two
main clusters: (1) terredrial sciurids and (2) prima-
tes" arborealsciurids. Terrestrial sciurids are distinct from
most other taxa in having relatvely longe metaarpalsand
shorter proximal phalanges By contras, arboreal sciurids
form a denseclusterthat is almostentirely contained within
the primate polygon. Degite this similarity, the distribution
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of arborealsciuridsin this plot is morerestriced thanthat of
primates. Although many primateshavwe metaarpalsthat con-
stitute more thanw 38% of the total segment lengthandinter-
mediatephalangeghat compriselessthanw 22% of the total
segmentength,there areno arboeal sciuridswith conparable
handproportions

Most plesadapiforms, including Ignacus Carpolestes
Dryomanys andNannodeats haw intrinsic handproportiors
thatarevery similar to multiple gener of arborealsciurids.In
particdar, Ignacius Carpolestes andNannodeatsgidleyi plot
within thearborealsciurid distributionclosest(respetively) to
specinens of Myosciuruspumilio (pygmy squirrel) Nanno-
sciuris melanois (black-earedsquirrel) and Sciuus niger
(easten fox squirel). Although outdde the arborealsciurid
distribution, Dryomomysand Namodectesintermedius plot
closest(respetively) to specimensof Sciums aberi (Abert®
squirrd) and Tamasciurusdouglssii (Douglas@quirel). By
contras, Plesadapisplots immediately outsidethe terrestrid
sciurid distribution, and has intrinsic hand proportiors mog
compardle to specinens of Sciurotanms davidiarus (Pae
David® rock squirrd) and Tamias amoewus (yellow-pine
chipmurk).

Manual indices

A conparisonof mean phalangehindicesfor extant pri-
mates(Appendix2) with publishel dataon body mass (Smith
and Junges, 1997 revealsthat the two variables are nega-
tively correlted (Speaman® rho! $0.50; p< 0.001) In
other words, as primate body mas increags, the phakngeal
index of marual ray lll tendsto decreasdseealso Lemdin
and Jungers,2007). However, a least-squees regression of
log'® phakngeal index on log'® body mass (p< 0.001;
F! 14.86;n! 45)revealsthatthe amauntof variationin pha-
langealindicesexplainedby body mas in our primate sanple
is relatively small (25.799. By contras, comparisos of spe-
ciesbasedon substrée preference demonstrag that this vari-
able hasa major infBuence on phalangehindex. Specibcally
extantarboreal specieawe sigribcantlyhigherphalangehin-
dicesthan terrestrid species(Fig. 6; Appendk 2; Wilcoxon
rank-sum: p< 0.001; Z! $8.668; arboreal mean! 149.3,
n! 93; terredrial meaa! 99.0,n! 37). In otherwords, the
arborealmamnalsin this sanple tendto hawe longermarual
digits relative to palmlengh thantheterregrial mamnals. Ex-
tant arborealand terrestial taxa also demonstate minimal
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overlap in mean phabngealindices with terrestrid species
ranging from 56.6 to 132.2, and arboral speciesranging
from 107.4to 209.2.Compaisonsof proximal andintermed-
atephalangehindicesfor arborealandterrestral specieyield
very similar results (Appendik 2). Thesetwo indices reveal
thatextantarborealspeceshawe long proximal phakngesrel-
ative to meta@rpal length (Wilcoxon ranksum: p< 0.001;
Z! $8.546; arboreal mean' 89.3, n! 94; terrestrid
mean! 59.9,n! 37) aswell aslong intermedate phalanges
relatve to metacarph lengh (Wilcoxon rank-sum
p< 0.001;Z! $8.297;arborealmean! 60.1,n! 93;terres
trial mean! 39.1,n! 37). Becauseall three marual indices
demongtate similar pattens of variation,the proximal andin-
termedide phalangekindiceswill not be consideredurther.
The resultsfor phalangehindicesacrasall taxaare rein-
forced by intragroup comparisos (Table 1). In carrivorans,
marsupias, non-giurid roderts, and sciurid roderts, arboreal
specieshawe signibcatly highe phabngealindicesthanter-
restrial species The rangesof arborealandterrestial species
are nonoerlapping in carnvoransand marsupialsand mini-
mally overlappig in both rodert groups Although arboreal
scanéntiansalo haw highe meanphalangehindicesthan
terrestral scandenans, thes differencesare not statistcally
signibcat due to smdl samplesize (n! 5 specied. Extart

arborealprimates hawe signibcantly highe phalangehindices
thanall groupsof terrestrid speciesas well asarborealcarri-

vorans, arboreal scan@ntians and arboreal non-<iurid ro-

dents(Table 1). However, the phakngealindices of arboeal
primatesdo not differ signibcantly from thoseof arboreaimar-
supialsandarborealsciurids. Theserestits arethusconcodant
with ternay comparisons which denonstratethat arboeal
primates arborealmarsupias, and arborealsciurids hawe ex-
tensie overlapin their distributions(Figs. 3 and5). The pha-
langeal indices of arboreal primates also do not differ
signibcatly from thoseof dermoperans(Table 1), but these
two cladesare easily distingushedin ternay comparisos
(Fig. 1).

All of the plesiadapiorms includedin this analysis hawe
phalangehindicesthatfall within the rangeof extantarboeal
mammal species(Table 2; Appedix 2; Fig. 6). Carpolestes
Dryomanys and Ignacius plot exclusiely in the rangeof ar
boreal speces, while both speciesof Nannodeats also plot
within the extreme upper end of the terrestial range
(Fig. 6). However, of theterrestrid speciesn the extantsam-
ple, only springhtares(Pecktes hawe higherphalangehindices
than Namodectes Accordingly, Carpolestes Dryomomys
Ignacius and Namodeces all hawe phabkngealindices that
are mog compardle to thoe of extant arborealtaxa. By
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contras, Plesiadapisplots at the extremelower end of the ex-
tantarborealrangeandwell within the rangeof extantterres
trial species(Fig. 6). Theseresluts are further illustrated in
Table 2, which lists the four extantspeciesvith phalngealin-
dices most similar to those of each plesiadaffiorm species
Carpolestes Dryomanys Ignacius and Nannodedas hawe
phalangehindicesthat are mogs comparale to thoseof vari-
ous arborealprimates rodents,scan@ntians,and marsupials.
However, Plesiadapidas phalangebindicesthatarevery sim-
ilar to both living arboreal(e.g., Arctictis, Paradoxuus) and
terrestial (e.g.,Aplodontia Tamiag taxa

In contrastto the plesadapiforms,the three specmensof
Nothardus included in this analyss hawe exceptionallyhigh
phalangehindices The meanphalangebkindexfor Nothardus
falls abowe the ranges of both extantprimatesandextantarbo-
real mammas (Fig. 6; Table 2; Appendix 2). In this respect,
the phalangehindex of Nothardus is most comparable to
thatof tarsers(Tarsius spp.)andtwo speciesof gliding mam-
mals—the greaterglider (Petaurades volang and the com
plex-toothedRying squirrd (Trogoperusxanthpes Table 2).
Thesedatasuggesthat Nothardus is derived in having very
long Pngersrelative to palm length.

Discussion
Living primates and the extantcomprative sample

Theconmparative datapresentedh this analyss hawe impor-
tant implications for the use of intrinsic hand proportionsin
functional and phylogenetic studes (cf. Lemelin, 1996,
1999; Hamiick, 2001a;Bloch and Boyer, 2003. First, many
extant arboreal primaes hawe intrinsic ray Il propotions
that are essatially identical to those of nhumeous speciesof
arborealnon-pimate mammas. Non-primate mammas with
intrinsic hand proportionscompardle to thos of variousar-
boreal primates include arborealrepresentatres of the Scan-
dentia (e.g., Ptilocercu3, Procyonidae (e.g., Poto3,
Viverridae(e.g.,Nandinig), Didelphidae(e.g.,Caluronys), Di-
protodonia (e.g., Trichosurug, Nesomyidae (e.g., Dendro-
mug, Echimyidae (e.g., Dactylanyy, Muridae (e.qg.,
Phloeomyys and Sciuridae(e.g., Microsciuus). In many of
thesenon-primae clades, terredrial specieslack the propor-
tionally long proximal phalangesand short metacarpk char-
acteristic of their arboreal relatves. These data sugges
either that intrinsic hand propotions like those of arboreal
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Fig. 6. Phalangeaindicesof extart andfossilmammals Thesebox plotscom-
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tant terrestrialmammals,and fossil taxa. Phalangeaindiceswere calculated
as: [(proximal phalanx length" intermedia¢ phalanx length)/metacarpal
length]# 100.

primaes hawe evolved a minimum of ten times in separate
mammaian lineages, or that suchhandproportionsare prim-
itive for theiian mammals.Regardles®f which evolutionary
scenam is correct” thesedataclearly demonstate that arbo-
realprimatesasa grouparenot unusudamongarborealmam-
malsin their intrinsic handpropotions.

Second, it is alo evident that sone primates (notably
Tarsius Daubkentona, Nyctiebus Perodidicus Loris, Euoti-
cus and Notharctug are derived comparedto most other
mammas in having very long proximal phakngesand short
metaa@rpalsas a propotion of marual ray Il length (Figs.
1-5). Compaable intrinsic marual proportins are preent
in somearborealnon-primae taxa[e.g., greatergliders (Pe-
tauroideg, comgdex-toothed Rying squirrds (Trogoperug,
and woolly mous opossms (Micoureug], but appea to
be relatively uncomnon amongmammals geneally.> These
Pnding for Tarsius and Daubentonia are perhas less sur-
prising given the fact that both generahawe exceptionally

4 Note that whetherthe last commonancestomf therianmammalshadin-
trinsic handproportionsmostcomparale to extart arborealmammals extart
terrestrialmammals or taxawith intermedia¢ morphology eachof theseal-
ternatves implies penasive homoplasyin the evolution of therian hand
proportions.

5 SeealsoWeisbeckermndWarton (2006) who reportvery high phalangeal
indicesfor Petauroids volansin agreementvith the presentanalysis.
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long third manualdigits relative to body size and are highly
dependenbn specializd modes of manualprey acqusition
(Lemdin and Junges, 2007). Such specialiation suggests
that primates with very long proximal phalanges (i.e.,
>40% of the combinal segment length in Fig. 1) are de-
rived compare to the crown primae morphoype. Indeed,
most of the primate specmensconsideed here hawe proxi-
mal phalangesthat are betwea appraimately 40% and
33% of the combined segmentlengh in Fig. 1, and meta-
carpalsthat are betweenabout 33% and 45% of the com-
bined segmentlength in Fig. 1. Similar intrinsic hand
proportions are also presentin Ptilocercus Ignacius and
Carpolestes and all othe non-primae euachontanshawe
proximal phalangesthat comprise <40% of the combinel
segment length (Fig. 1). Theseresults sugges that the last
common ancestorof living primates probaly had intrinsic
hand propotions mod comparale to those of more gener-
alized living arboeal primates such as cheirogaeids. How-
ever, the possibility that the last conmon ancesor of living
primateshad derived hand propotions like Tarsius and No-
tharctus cannotbe ruled out basedon the current evidence.

Third, the living euarchordns analyzed here may be di-
vided into three groupson the bass of the intrinsic propor-
tions of marual ray lll: (1) arboeal primates' arboeal
scandenans, (2) terestrial scan@éntians,and (3) dermoper
ans (Fig. 1). Although arboreal primates and arborealtree
shravs (Ptilocercusand Tupaia minor) are not idertical in
their intrinsic hand proportions the two groupsare clearly
more similar to one anoher than they are to terredrial
tree shravs and colugos. Indeed, both arboeal primates
and arboreal tree shravs resemble many other arboeal
mammas in having relatively long proximal phalanges
and short meta@rpals.By contrast,terredrial tree shravs re-
semblemany other terredrial mamrmals in having relatvely
short proximal phalangesand long meta@arpals(Figs. 1-5).
The phakngea indices of termestrial tree shravs (range:
90.2-98.8; Appendk 2) are also compar®le to valuesre-
portedfor baboons(Papo! 91.6;Junges et al., 2005), sug-
gesting that terrestrid scaneéntians and sone terregrial
cercopitheoids may shae similar intrinsic hand proportions
Although both Cynocepalus and Galeoperus (colugog are
arboreal,thesegeneraare highly derived in having long in-
termedide phalangesas an adaptabn for mitten gliding
(Beard, 1993; Hamiick, 20013.

Fourth, intrinsic hand propotions appearto be strongly
inBuencedby substrée prefereice among extant mamnals.
In scandenans,carnvorans,marsupals,androderts, arboeal
speciegendto have relatively longerproximal phalangesnd
shorter metacarpks than terrestrid close relaives. Accord-
ingly, arboral specestendto hawe highe phabngealindices
thanterrestial specieqFig. 6). ThesebPndngsagreewell with
the resultsof mog previous studes of mammnalian intrinsic
hand propotions, and supportthe use of phakngealindices
andternarydiagramsastools for recanstructirg the locomotor
behaviorof fosdl taxa(Hamrick and Alexander 1996;Leme-
lin andGrafton,1998;Lemelin, 1999;Hamrick, 2001a;Bloch
andBoyer, 2002;Jungersetal., 2005;Weisbecke andWarton,
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Statisticalcomparison®f phalangealndices.All statisticalcomparisonsre two-tailed Wilcoxon rank-sumtestson speciesneansa! numberof arborealnon-
primatespeciest! numberof terrestrialnon-primate speciespr! numberof primatespecies

Group Arborealvs. terrestrial Arborealvs. primates Terrestrialvs. primates
Carnivorans *p[ 0.05 *p< 0.01 *p< 0.01

Z! $1.945(a! 4,t! 3) Z! $3.195(a! 4, pr! 45) Z! $2.854(t! 3,pr! 45)
Marsupiab *** p< 0.001 NS (p! 0.21) *** p< 0.001

Z! $3.416(a! 9,t! 8) Z! $1.253(a! 9, pr! 45) Z! $4.460(t! 8,pr! 45)
Non-sciuridrodents **p< 0.01 *p< 0.01 *** p< 0.001

Z! 2.990(a! 7,t! 11) Z! $2.815(a! 7,pr! 45) Z! $5.011(t! 11,pr! 45)
Sciurid rodents *** p< 0.001 NS (p! 0.06) *** pn< 0.001

Z! $4.3816(a! 24,t! 12) Z! $1.846(a! 24,pr! 45) Z! $5.236(t! 12,pr! 45)
Scandentians NS (p! 0.15) *p[ 0.05 *p< 0.01

Z! 1.443(a! 2,t! 3) Z! $1.924(a! 2,pr! 45) Z! $2.854(t! 3,pr! 45)
Dermopterans N/A NS (p! 0.48) N/A

Z! $0.712(a! 2, pr! 45)

2006. However, the utility of intrinsic handproportionsasan
indicator of substrée preferencds dependentiponthe clade
in questian. In sone clades(e.g.,Metatheria), extant arboreal
andterredrial taxa are well-differeniated, with no overlapin

the distributions of locomotor subgroups(Fig. 3). In other
clades(e.g.,Muridag), thereis partid overlapbetweenthe ar-
borealandterrestrid distributions(Fig. 4). ThesebPndingsare
consisent with thoseof Weisbecke and colleagues,who re-
port that manualphalangehindicesperformwell in discrimi-

nating betwee arboreal and terrestial diprotodontian
marsupals, but perform poorly in disaiminating betwea ar-
boreal and terrestrid hysticognathroderts (Weisbecke and
Warton, 2006; Weisbecke and Schmid,2007).° Theseresuls
for non-giurid roderts could be partly attributableto an effect
of small body mass.In otherwords, smaller-bodiedarboreal
andterredrial speciesmay be more likely to hawe similar in-

trinsic hand proportiors due to the mechants of locomotion
at small body size. For very smdl-bodied arboeal species
most arboreal substrées will be large relative to hand size
and difbcult or impossble to grasp.Corversely very small
terrestial speciesnayrequiremarual adaptabnsfor scansr-

iality in orderto traverseobstacksandsmadl-scalediscontinu-
ities on terrestral substrées (Jenkins,1974). Nonethdess, it

seemdikely that clade-pecibcfactors otherthan body mass
inBuenceintrinsic handpropotions giventhe pronownceddif-

ferencs betwee small-balied arboreal and terrestral mem-
bersof some clades (e.g., Sciuridae and Scandetia). Based
on the presentanalysis,we concludeonly that intrinsic hand

8 WeisbeckeandWarton(2006)alsofoundthatthe @interphahgealratio®
(intermedia¢ phalanxiength/proxmal phalanxiength# 100)usedby somere-
searcherso reconstrucsubstratereferene in fossil taxa(e.g.,Ji etal., 2002;
Luo etal., 2003 did notsuccessfullyiscriminatebetweerarborealndterres-
trial diprotodontans.This resultis supportedy our datasetWhendermopte-
ansareexcluled,thearboreabndterrestrialtaxaincludedin this analysishave
very similarinterphalangdaratios(arboreamean 66.7,s.d.! 8.0;terrestrial
mean 65.6,s.d.! 9.1) and are not signibcantlydifferent (Wilcoxon rank-
sum,p! 0.58,Z! $0.557).

proportionsmay be usedto infer the substate preferancesof
somegroups(e.g., marsupals) with a higher degee of conb-
dencethanis possibe for othe groups(e.g., murid roderts).
Fifth, althoughdata on locomotion and substrée prefer-

ence are limited for many mamnals, primate-like intrinsic
hand propotions do not appearto be strictly associted
with the useof bne-branb arborealsubstatesor the marip-

ulation of objectswith single-handd (i.e., prehendk) grips.
In particula, tree squirrds hawe intrinsic hand propotions
compardle to those of many arboreal primaes (Fig. 5;

seealn Lemelin and Grafton, 1998 but are generaly de-
scribed as awiding small diameer branches(Garber and
Sussman,1984). Arboreal sciuridsalso typically marpulate
food items using two-handed (i.e., non-prehenge) grips
(Bishop 1964; Whishawet al., 1998. Accordingly, relative
elongaion of proximal phalangesand shortening of the
metacarp should not be consideed debniive evidence
of prehemile abilities or habitud use of smdl diametr ar

boreal substatesin fossl taxa. As noted by Lemelin and
Grafton (1998) relative elongaion of the digits represats
only one of the numeous phenoypic featues that make
a hand (or a foot for that matter) capalte of gragping small
objects.In addition, it is importantto stressthat the hands
and feet of tree squirrds differ dramatially from those of

primates and didelphids despite the similarities in marual
ray Il propotions descibed here (Cartmill, 197493. For ex-
ample, Sciuus carolinensishasa diminutive pollex, a nondi

vergent hallux, and much shorer pedal digits (i.e., lower
pedal phakngealindices) comparedto primatesand arboreal
opossins (Lemeln, unpubished datg. Nevertheless,the
fact remans that speciesknown to be capalke of grasping
small diameer suppots and achieving singe-handedgrips
(e.g.,Ptilocercus Tupaiaminor, Potos Caluronys, Microce-
bus Mirza Chdrogaleus and Saguius) all hawe relatvely
long proximal phakngesand short metaarpals (Figs. 1—6;

McClean, 1992; Lemdin, 1996, 1999; Lemelin and
Grafton, 1998; Hamick, 2001a; Sagis, 2001; Lemdin and
Schmitt, 2007). These data suggets that although some
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Table2

Phalangeaindices of fossil taxa and the four extant specieswith the most
similar indices.The numberin parenthesess the meanphalangealndex for
the speciesshavn

Fossil taxon Extantspecieswith closestphalangealndices

Plesiadaps cookei Arctictis binturong (108.3) binturong

(108.6) Tamiasamoenug109.8) yellow-pine chipmunk
Paradoxurushermaphoditus (107.4),Asian palm
civet
Aplodontiarufa (106.7),mountainbeaver

Nannodetes Paraxeruscepapi(128.9), Smith®bushsquirrel

intermediug128.9)  Saguinusmidas(129.9),golden-hadedtamarin
Funisciurts pyrropus(127.6),bre-footel rope
squirrel

Tupaiaminor (127.3),pygmy tree shrev

Nannodetesgidleyi
(131.3)

Funisciurs lemniscatug131.3),ribbonedrope
squirrel
Paraxerusochraceug131.5),ochrebushsquirrel
Marmosarobinsoni(131.7) Robinson&mouse
opossum
Arctocebuscalabarensig131.7),angwantito

Carpolests simpsoni ~ Tamiopsswinhoei(156.2), Swinhoe€striped

(156.1) squirrel
Dryomomysszalayi Aotustrivirgatus (154.6),northernowl monkey
(156.2) Nannosciuas melanotig154.4) black-eareygmy
squirrel
Micoureusdemerarag158.7),woolly mouse
opossum
Ignacius Dendromugnystacalig178.8) chestnutclimbing
clarkforkensis mouse
(179.4) Galagoide demidoff(180.4), Demidof®@ dwarf
bustbaby

Nycticebugpygmaeug182.0), pygmy slow loris
Euoticuselegantulug175.2),needle-claved
bustbaby

Notharctussp.(216.9) Tarsiusbancans (209.2),westerntarsier
Petauroides/olans(205.6),greaterglider
Trogopters xanthipes(194.8),comple-toothed
Rying squirrel

Tarsiusspectrum (187.6),spectraltarsier

specieswith relative elongation of manualdigits are not ca-
pable of manual prehasion (at least basedon current be-

havioral evidence), primate-like intrinsic hand proportions
may nonehelessbe a necessarycomponentof marual pre-
hensility (Catmill, 1985; Naper, 1993; Lemelin, 1996,
1999; Lemdin and Grafton, 1998; Lemelin and Schnitt,

2007. Thesedata also reinforce the concluson that claw
lossis not necessar for achieving prehende grips (Lemelin
and Grafton, 1998; Sargis, 2001, althoudh Pne-banch ar-
boreality is clearly associted with claw redudion and volar
pad expansionin callitrichines and didelphids (Hamiick,

1998, 2001a,h 2003.

Plesadapiformsand the euarchamtan momhotype

The compargive data presentd here on the intrinsic
proportiors of marual ray Il indicate that mog plesiadapi
forms hawe hand propotions that are more similar to those

of various extantarboreal mammas than to thos of terres-
trial mammals (Figs. 1—6; Bloch and Boyer, 2002, 2003.

Of the taxa included in this analyss, Ignacius Carpolestes
Dryomanys and Nannodeas all hawe relatively long prox-

imal phalangesand short metacarps compare to mog liv-

ing terrestrid species In the presentcomparative sample

these plesiadapiform generahawe ray Ill propotions that

more closely resenble those of somearborealprimates ar-

boreal tree shravs (Ptilocercus and Tupaia minor), and ar-

boreal rodents (e.g., sciurids, Dendomus and

Dactylanyg. By analogy Ignacius Carpolestes Dryom-

omys and Namodecteswvere almostcertanly committedar-

borealiss. Although it is not certan whether all of these
plesiadafiorms were bPne-banchspeciaists capalle of man-
ual prehansion, the intrinsic hand propotions of the four

generado not reject this possbility (Bloch and Boyer,

2003. If plesialapifoms are indeed nestedwithin Euarch-
onta (Silcox, 2001; Bloch and Boyer, 2003; Silcox et al.,

2005; Bloch and Silcox, 2006; Bloch et al., 2007, then
the fact that arboreal scan@ntiansand primateswith similar

hand proportionsare capableof marual preheasion (Leme-
lin and Grafton, 1998; Sargis,2001) may suggestthat mog

plesiadafdiorms also had prehansile hands.In this conext, it

is notavorthy that other postcraial featuresof Carpolestes
simpson (e.g., an abducted grasping hallux) suggestthat
this specieswas a Pne-branh arborealst (Bloch and Boyer,

2002. Additionally, it is clear that none of the plesialapi-

forms consicered here (including Ignaciug) resemie living

dermopteansin having relative elongation of the intermed-

ate phalanx (Fig. 1). These data thus provide further evi-

dencethat paromonyids were not mitten gliders (Runestad
and Ruff, 1995; Hamiick et al., 1999; Boyer et al., 2001,
Bloch et al., 2007; Boyer and Bloch, in press.

In contrast to other plesialapiforms the marual propor-
tions of Plesiadais are lessclearly indicative of arboeality.
In ternay diagrams, Plesadapis plots closest to arboeal
carnivorans (Fig. 2) and termestrial sciurids (Fig. 5). Simi-
larly, the phalangehindicesof Plesadapisare mostcompa-
rable to those of some arboreal carnivorans and terredrial
rodents (Table 2). The apparentambiguity of theseresults
may in part be attributed to our simpliped dichotomous
classipcabn of speciesin the extant compargéive sample
as either @arbo@@or @terrestrid For example,the pha-
langealindex of Plesiadapiscookeiis very similar to that of
the yellow-pine chipmurk (Tamiasamoenus Table 2). Al-
though Tamias is here classbed as terrestial, most chip-
munk speciesspenda consideable amountof time in the
trees and are readily capable of arboreal locomotion
(Nowak, 1999; Essner2007). Given the inherentlimitations
of the current methodsand compargive sample,it is worth
emphasizig that intrinsic hand proportions provide only
one meansof assesing the substrée preferencesof fossl
taxa. Fortunatelythe postcraial anatony of Plesadapis is
relatively well known, and most previous researchsupports
the conclusion that this genuswas arboreal.In particula,
Gunnell and Gingerich noted that the shap and laterally
compresed distal phalangesof Plesadapis cookei suggest
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that this North American specieswas a @sbng climberQ
(1987: 206). Likewise, Godinot and Beard (1991) concluced
that Europen Plesiadapis tricuspidenshad long handswith
sharp claws that facilitated arborealclimbing. Youlatosand
Godinot (2004 p. 352) concured with this interpretation,
suggesing that the postcraium of Plesadapis tricuspidens
was adaped for @arbom quadupedal walking and claw
clinging@®. These conclusions are also suppoted by Bloch
and Boyer (2007) who suggestd that Plesiadapiscookei
may hawe utilized suspesory behaviors on the bass of
postcraial comparisons with fruit bats (Pteropws) and
two-toed sloths (Choloepws). Additionally, Boyer and Bloch
(in press)demongtated that the intermedate phabkngesof
Plesadapis codkei hawe proximal articular surfaces that
are similar in shapeto those of sloths and dermopérans.
Compaative analysesof hindlimb momhology hawe also
provided evidence that Plesadapis was arboreal (Szalay
and Decker 1974; Szahy et al., 1975; Szahy and Dagosto,
1988; Sargiset al., 2007). Thesestudieshelp to resolvethe
ambiguty of the current resuts for Plesadapis cookei
and strongly favor the conclusion that this speces was
arboreal

The totality of theseresuts suggets that the lag com
mon ancestor of pledadapiforms was arboreal. If Sargis
(2002) is correct that the forelimb anatony of Ptilocercus
most closely apprximatesthe ancestal condtion for Scan-
dentia, then the broadly similar intrinsic hand proportiors
shared by many strepsirrhines and platyrrhines, arboreal
tree shravs, and mog plesadapiforms are likely primitive
for Euardionta. The close functional asso@tion between
such hand proportions and arboeality in extant mamrmals
is consistentwith the suggetion that Euardionta originated
in an arborealmilieu (Szalayand Drawhorn,1980. Accord-
ing to this scenario,the last conmon ancesor of euachon-
tans would hawe been arboeal and possessedands with
relatively long proximal phalangesand short metacarpks
like many living arborealmammals. The preence of such
intrinsic manwl propotions would, therebre, be expected
for basal membes of all euarchordn orders, but would
not be informative regarding phylogenetic relationsips
within Euardionta. As euachontansdiversipal and the an-
cestorsof colugos evolved adapations for mitten gliding,
this lineage would have evolved its characeristically long
intermedate phalangesn concet with an interdigitd pata-
gium. Corversely as the ancestorf tupaiid tree shravs be-
came more terrestrid this lineage would hawe evolved
shorterdigits relaive to palm lengh. Accordingly, the puta
tive last common ancesor of plesiadapiorms and primates
would hawe retained handswith relatively long digits and
potentally exhibited some capacity for manual prehasion.
The subsequenbrigin of the primae crovn group would
hawe been associted with the evolution of nails on all
digits, preaimably as an adaptaibn for the habtual use of
small-diameter arboeal substates (Cartmill, 1972, 1974a,
1985; Hamiick, 1998. Although this sequenceof changes
represats the most parsmonious interpretaion of the data
presentd here, the strong functional asso@tion between
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relatively long marual digits and arborealty leawes open
the possibility that similar intrinsic hand proportionsevolved
independatly in arboral primates arboreal tree shrevs,
and plesiadafiorms.

Conclusions

1. Many arboreaimammas hawe intrinsicmarual ray Il pro-
portions thataresimilar to those of variousliving arboreal
primates

2. Within Euardonta, dermopteransand terrestial scan-
dentiars hawe marual ray Il proportions that differ
from those of extant arboeal primates and arboeal
scandenans.

3. Arboreal mamnals tend to hawe handswith relaively
longer proximal phalbnges and shorter meta@arpds
than terrestral close relatives. Accordingly, manual ray
Il proportions may be used to distingush arboeal
and terrestial membes of many mammnalian highe-
level clades.

4. Longerdigits relative to palmlength may be necessar for
achieving prehensilg(i.e., singe-handel) grips. However,
not all speces with relatively long manual digits (e.g.,
sciurids) hawe prehende hands(at least basedon current
behavioralevidence).

5. Ignacius CarpolestesDryomanys andNannodeashawe
intrinsic handproportionsconsstentwith habituall arbo-
real locomotion.

6. The intrinsic hand propotions of Plesiadgis cookeiare
ambiguas with regardto substate preference. However,
other postranial featules suggestthat this specieswas
arboreal.

7. Intrinsic handproportionsbroady comparableto thos of
strepsirrhines, platyrrhines,arboseal tree shravs, and ple-
siadapifomsprobaly prstevolvedin thelag commonan-
cestor of euarchorans. This euachontan common
ancestowaslikely arborealandmay hawe hadwell-devel-
opedmarual graspingabilities.
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Appendix 1. Summary measurementsfor all speces

Order Species Common Subgroup  Sub-stratt n® MC3° MC3s.d. PP3 PP3sd. IPF¥ IP3s.d'
name mean  (mm) mean (mm) mean (mm)
Primates Aotustrivirgatus Northernowl monkey  Platyrrhini a 5 17 1.09 155 0.58 10.8 0.39
Primates Arctocdus Angwantbo Lorisiformes a 11 8.06 0.39 6.89 0.34 3.73 0.32
calabarensis
Primates Avahilaniger Easternwoolly lemur  Lemuriformes a 10 22 1.42 18.2 119 114 0.95
Primates Callicebusmoloch Dusky titi Platyrrhini a 6 16 0.8 15.6 0.7 10.5 0.82
Primates Callithrix jacchus Commonmarmoset  Platyrrhini a 8 11.7 0.57 9.53 0.62 6.29 091
Primates Cheirogaleis major Greaterdwarflemur  Lemuriformes a 8 10.7 1.25 951 0.74 594 0.38
Primates Cheirogaleis medius  Fattaileddwarflemur Lemuriformes a 6 7.52 0.36 6.73 0.37 4.44  0.32
Primates Daubentoia Aye-aye Lemuriformes a 9 35.9 2.7 42.1 1.62 18.7 1.38
madagasariensis
Primates Eulemurcoronatus Crownedlemur Lemuriformes a 2 179 141 15.8 129 106 0.66
Primates Eulemurfulvus Brown lemur Lemuriformes a 13 21 1.74 18.2 164 118 0.96
Primates Eulemurmacaco Black lemur Lemuriformes a 7 218 1.85 19.2 132 126 0.99
Primates Eulemurmongoz Mongooseemur Lemuriformes a 7 194 1.22 16.9 146 114 0.83
Primates Eulemurrubriventer  Red-belliedlemur Lemuriformes a 2 221 0.57 20 0.3 12.8 0.49
Primates Euoticuselegantulus Needle-claved Lorisiformes a 11 11 0.61 12 0.38 7.27 042
bustbaby
Primates Galagomoholi SouthAfrican Lorisiformes a 7 8.26 0.3 8.18 0.27 571 0.1
bustbaby
Primates Galagosenegkensis  Seneal bushbaby Lorisiformes a 14 83 0.74 854 0.7 5.77 0.59
Primates Galagozanzibaritis ~ Zanzibarbushbaby Lorisiformes a 1 894 - 8.67 - 6.23 -
Primates Galagoide alleni Allen® bushbaby Lorisiformes a 5 104 0.33 10.8 0.23 7.02 061
Primates Galagoide demidoff  Demidof® bushbaby Lorisiformes a 11  6.05 0.28 6.48 0.34 442 0.19
Primates Hapalemurgriseus Lesserbamboolemur Lemuriformes a 12 16 0.94 14.6 0.7 9.41 0.55
Primates Hapalemursimus Greaterbamboo Lemuriformes a 2 195 4.67 17.7 426 117 3.15
lemur
Primates Indri indri Indri Lemuriformes a 8 516 0.7 43 1.38 26 1.53
Primates Lemurcatta Ring-tailedlemur Lemuriformes a 12 211 1.81 17.9 1.68 12.1 1.18
Primates Leontopitheus Goldenlion tamarin  Platyrrhini a 7 21.6 1.13 15.1 0.42 10 0.53
rosalia
Primates Lepilenur leucopus  White-footel sportve  Lemuriformes a 7 13.2 0.55 12.9 0.51 8.24 0.52
lemur
Primates Lepilenur mustelinus Weaselsportve lemur Lemuriformes a 5 174 0.64 16.4 0.72 9.98 0.42
Primates Lepilenur Red-tailedsportive Lemuriformes a 1 123 — 13.1 - 7.71 -
rubcaudtus lemur
Primates Loris tardigradus Slenderloris Lorisiformes a 12 784 0.53 8.43 0.38 5.06 0.57
Primates Microcelus murinus  Gray mouselemur Lemuriformes a 17 5.48 0.35 5.04 031 379 034
Primates Mirza coquereli Coquereldwarf Lemuriformes a 1 105 — 9.71 - 5.75 -
lemur
Primates Nycticelus coucang  Slow loris Lorisiformes a 17 119 0.63 12.7 0.79 7.07 0.88
Primates Nycticelus pygmaeus Pygmyslow loris Lorisiformes a 5 9.96 0.29 11.4 0.13 6.77 0.17
Primates Otolenur Fattailed bushbaby  Lorisiformes a 9 134 0.78 13.6 0.79 8.64 0.79
crassicaidatus
Primates Otolenur garnettii Garnett&bustbaby Lorisiformes a 7 13.6 0.44 14.5 0.27 8.75 0.29
(or galago)
Primates Perodictias potto Potto Lorisiformes a 13 146 1.24 15.5 1.15 8.09 0.8
Primates Phanerfurcifer Fork-markedlemur Lemuriformes a 1 111 - 10.5 - 6.61 -
Primates Propithezis diadema Diademedsifaka Lemuriformes a 7 40.7 1.78 34.7 209 219 1.31
Primates Propitheais verreauxi  Verreaux€sifaka Lemuriformes a 12 30.7 2.46 26.4 209 164 1.66
Primates Saguinugmidas Golden-handd Platyrrhini a 8 141 0.95 11.3 0.6 7.07 0.39
tamarin
Primates Saguinusedipus Cotton-toptamarin Platyrrhini a 13 14.2 0.65 11.8 0.62 6.95 0.46
Primates Saimiri sciureus Commonsquirrel Platyrrhini a 5 14.8 0.36 12.3 0.55 9.25 0.49
monkey
Primates Tarsiusbancanus Westerntarsier Tarsiidae a 13 118 0.72 14.3 1.03 104 112
Primates Tarsiusspectrum Spectraltarsier Tarsiidae a 11 103 0.97 11.6 1.34 787 141
Primates Tarsiussyrichta Philippinetarsier Tarsiidae a 12 11 0.54 12 0.61 8.47 0.38
Primates Vareciavariegata Ruffed lemur Lemuriformes a 10 28 0.95 251 092 157 0.89
Carnvora Arctictis binturong Binturong Viverridae a 3 341 2.01 225 157 144 0.17
Carnvora Nandini binotata African palm civet Viverridae a 8 19.8 2.88 14 2.14 994 1.25



E.C.Kirk etal. / Journal of HumanEvolution55 (2008)278-299 293
Appendix1 (continued
Order Species Common Subgroup  Sub-straté n° MC3® MC3s.d. PP3 PP3s.d. IPF¥ IP3s.d'
name mean  (mm) mean (mm) mean (mm)
Carnvora Nasuanasua SouthAmerican Prog/onidae t 8 222 1.28 10.8 0.98 8.74 0.79
coatimundl
Carnvora Paradoxuus Asian Pam civet Viverridae a 8 17.9 15 11 1.13 8.28 1.35
hermaphoditus
Carnvora PotosRavus Kinkajou Prog/onidae a 6 222 1.53 16 0.74 101 0.4
Carnvora Procyonlotor Northernraccoon Prog/onidae t 16 30.6 1.67 14.4 0.82 9.85 0.44
Carnvora Viverratangalunga  Malayancivet Viverridae t 6 29.6 3.54 12 1.44 8.28 1.26
Dermoptera Galeopteus MalayanRying lemur Dermatera a 7 2438 2.18 14.9 1.01 20.8 2.12
variegatus
Dermoptera  Cynocepalusvolans  Philippine Rying Dermatera a 5 239 0.95 15.3 143 204 1.72
lemur
Metatheria Aepyprymus Rufousrat kangaroo  Potoroidae t 2 112 1.2 4.7 0.14 3.65 0.64
rufescens
Metatheria Caluromysderbianus  Central American Didelphidae a 4 8.16 1.27 731 0.93 425 0.6
woolly opossum
Metatheria Caluromysphilander  Bare-tailedwoolly Didelphidae a 10 7.67 0.89 6.79 0.73 3.85 0.33
opossum
Metatheria Caluromysops Black-shoul@red Didelphidae a 2 9.09 0.56 855 0.31 4.37 0.18
irrupta opossum
Metatheria Chironects minimus ~ Wateropossum Didelphidae t 2 16.7 0.52 11.1 0.64 6.74 0.21
Metatheria Didelphismarsupialis Southernopossum Didelphidae t 7 16.9 1.27 10.5 0.5 549 0.37
Metatheria Didelphisvirginiana  Virginia opossum Didelphidae t 10 17.8 1.53 10.7 0.83 529 05
Metatheria Marmosarobinsoni Robinson®mouse Didelphidae a 11 48 0.74 4.08 0.72 225 0.36
opossum
Metatheria Micoureusdemerarae Long-furredwoolly Didelphidae a 1 463 - 4.72 - 2.63 -
mouseopossum
Metatheria Monodelpls Red-lgggedshort- Didelphidae t 10 4.56 0.45 2.9 0.33 1.42 0.17
brevicaudsa tailed opossum
Metatheria Monodelpls Gray short-tailed Didelphidae t 5 5.18 0.23 3.1 0.13 1.83 0.07
domestica opossum
Metatheria Petauroids volans Greaterglider Pseudocheidae a 2 10.6 2.19 14.6 2.97 6 -
Metatheria Petaurusaustralis Yellow-bellied glider  Petauride a 1 10.2 - 9.7 - 5.6 -
Metatheria Petaurusbreviceps Sugarblider Petauride a 2 6.25 0.49 6 0.28 3.3 0
Metatheria Philanderopossum  Gray four-eyed Didelphidae t 10 11 0.83 7.04 0.61 355 0.27
opossum
Metatheria Potoroustridactylus Long-nosedpotoroo  Potoroidae t 1 123 - 4.9 - 4 -
Metatheria Pseudoheirus Queenslanding- Pseudocheidae a 2 995 0.92 9.65 0.92 - -
peregrinus tailed possum
Metatheria Trichosurusvulpecula Silver-gray brushtail  Phalangedae a 5 181 1.63 155 1.3 9.86 0.62
possum
Rodentia Akodonboliviensis Bolivian grassnouse  Sigmodatinae t 1 32 - 1.9 - 1.3 -
Rodentia Akodoncursor Cursorgrassmouse  Sigmodatinae t 1 43 - 2.6 - 1.7 -
Rodentia Akodonlongipilis Long-hairedgrass Sigmodatinae t 1 4 - 2.6 - 15 -
mouse
Rodentia Akodonurichi Northerngrassmouse Sigmodatinae t 1 37 - 2.2 - 1.4 -
Rodentia Ammospenophilus White-tailed antelope Sciurina t 4 7.03 0.1 462 0.25 3.23 0.26
leucurus squirrel
Rodentia Aplodontiarufa Mountainbeaver Aplodortidae t 2 11.8 0.85 7.13 0.22 548 0.52
Rodentia Apodemusylvaticus  Long-tailedbeld Murinae t 7 41 0.31 266 0.13 1.64 0.18
mouse
Rodentia Callosciurus Palas®squirrel Sciurina a 4 10.8 0.29 9.1 0.34 6.65 0.41
erythraeus
Rodentia Chiropodonys Pabwan pencil-tailel  Murinae a 9 429 0.39 3.26 043 2.08 0.31
calamianasis treemouse
Rodentia Coendowrehensilis  Brazilian porcupine  Erethizoridae a 4 17.65 0.50 12.4 0.30 9.67 0.22
Rodentia Cynomydudovicianus Black-tailedprairie Sciurinae t 4 13.2 0.66 7.83 0.39 5.45 0.26
dog
Rodentia Dactylomyg dactylinus Amazonbamboorat ~ Echimyicae a 1 97 — 7.6 — 5.8 —
Rodentia Dendromus Chestnutclimbing Dendromuinae a 5 219 0.12 224 017 1.66 0.13
mystacak mouse
Rodentia Dremonys pernyi Perny@ long-nose Sciurinae a 6 9.62 0.37 755 0.46 583 0.27
squirrel
Rodentia Erethizondorsatum  North American Erethizoridae a 6 18.17 0.83 12.84 1.08 9.68 0.74
porcupine
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294

Appendix1 (continuedl

E.C.Kirk etal. / Journal of HumanEvolution55 (2008)278—-299

Order Species Common Subgroup  Sub-stratt n° MC3° MC3s.d. PP3 PP3s.d. IPF¥ IP3s.d
name mean  (mm) mean (mm) mean (mm)
Rodentia Funisciurs Ribbonedrope Sciurinae a 1 8 - 6.3 - 4.2 -
lemniscats squirrel
Rodentia Funisciurws pyrropus  Fire-footedrope Sciurinae a 2 96 0.14 725 0.35 5 0.14
squirrel
Rodentia Glaucomy sabrinus  NorthernRying Pteromyinae a 4  6.07 0.21 565 0.13 445 0.21
squirrel
Rodentia Heliosciuus Red-lgggedsun Sciurinae a 4 11.1 0.19 9.07 0.17 6.28 0.22
rufobrachium squirrel
Rodentia Lariscushosei Fou-stiped ground  Sciurinae t 1 10.2 - 7.2 - 5.3 -
squirrel
Rodentia Liomyspictus Painted spiny pocket Heteromyidae t 4 385 0.39 238 0.22 127 0.22
mouse
Rodentia Marmotacaligata Hoary marmot Sciurinae t 2 232 0.21 14.8 0.92 9.05 0.35
Rodentia Marmotahimalayam Himalayanmarmot Sciurinae t 1 247 - 15.5 - 7.6 -
Rodentia Marmotamonax Woodchuck Sciurinae t 1 213 - 13.7 - 8.6 -
Rodentia Menetesherdmorei Indochineseground Sciurinae t 1 86 — 6.3 - 4.6 -
squirrel
Rodentia Micromys minutus Eurasianhanest Murinae a 6 227 0.17 1.65 0.16 1.03 01
mouse
Rodentia Microsciurs alfari CentralAmerican Sciurinae a 1 76 — 7.3 - 5.7 -
dwarf squirrel
Rodentia Microsciurs Amazondwarf Sciurinae a 1 67 - 6.2 - 4.9 —
Ravivente squirrel
Rodentia Mus musculus Housemouse Murinae t 4 27 0.18 1.7 0.14 112 0.13
Rodentia Myosciurs pumilio African pygmy Sciurinae a 1 36 - 3.6 - 2.7 -
squirrel
Rodentia Nannosiurus Black-earel pygmy Sciurinae a 1 57 - 5.2 - 3.6 -
melanotis squirrel
Rodentia Paraxeris cepapi Smith@bushsquirrel ~ Sciurinae a 2 83 0 6.35 0.07 435 0.07
Rodentia Paraxeris ochraceus Ochrebushsquirrel Sciurinae a 1 73 - 5.6 - 4 -
Rodentia Pedetesapensis Springhae Pedetidae t 2 915 0.07 6.65 0.49 545 0.49
Rodentia Perognatlis amplus  Arizonapocketmouse Heteromyidae t 4 295 0.21 1.62 0.05 1.18 0.1
Rodentia Phloeomygumingi SouthernLuzon giant Murinae a 1 16.5 - 12.5 - 8.5 -
cloudrat
Rodentia Rattusrattus Houserat Murinae t 4 6.77 0.48 422 0.1 25 0.2
Rodentia Ratufabicolor Black giant squirrel Sciurinae a 1 148 - 14.1 - 9.6 -
Rodentia Ratufamacroura Sri Lankangiant Sciurinae a 1 133 - 11.4 - 8.3 -
squirrel
Rodentia Ratufasp. Giant squirrel Sciurinae a 1 16.3 — 13.8 - 10.1 -
Rodentia Sciurotanias Pae David® rock Sciurinae t 4 11 0.34 7.03 021 5.15 0.13
davidiarus squirrel
Rodentia Sciurusaberti Abert®@squirrel Sciurinae a 4 13.8 0.4 11.3 0.29 9.15 0.26
Rodentia Sciuruscarolinensis  Easterngray squirrel ~ Sciurinae a 14 12 0.99 9.5 0.86 7.48 0.7
Rodentia Sciurusniger Easternfox squirrel Sciurinae a 6 15.2 0.65 11.6 0.38 895 04
Rodentia Spermoptus Richardsorg€yround  Sciurinae t 4 975 0.52 583 041 3.67 0.1
richardsonii squirrel
Rodentia Sundasitrus lowii Low@ squirrel Sciurinae a 2 77 0.28 6.2 0.14 4.2 0.14
Rodentia Sundasitirus Samarsquirrel Sciurinae a 2 9.65 0.49 8 0 5.5 0.14
samarend
Rodentia Tamiasamoenus Yellow-pine Sciurinae t 4 6.15 0.29 3.92 0.26 2.83 0.13
chipmunk
Rodentia Tamias@rus Douglas@quirre Sciurinae a 2 101 0.28 755 0.49 6.2 0.42
douglasii
Rodentia Tamias@rus Redsquirrel Sciurinae a 2 91 0.14 7.2 0.14 575 0.21
hudsonias
Rodentia Tamiopsswinhoei Swinhoe$striped Sciurinae a 3 713 0.25 6.43 0.21 4.7 0.1
squirrel
Rodentia Trogoperusxanthipes Comple-toothed Pteromyinae a 2 95 0.28 104 0.49 8.1 —
RBying squirrel
Rodentia Xeruserythrgpus Stripedground Sciurinae t 1 12 — 7.7 - 5.1 -
squirrel
Rodentia Xerusinauris SouthAfrican (or Sciurinae t 1 123 - 7 - 4.4 -

Cape)groundsquirrel
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Order Species Common Subgroup  Sub-straté n° MC3® MC3s.d. PP3 PP3s.d. IPF¥ IP3s.d'
name mean  (mm) mean (mm) mean (mm)
Scandentia Ptiloceras lowii Pen-tailedtreeshrev  Ptilocerénae a 1 6.1 — 4.8 — 35 —
Scandentia Tupaiaglis Commontreeshrav ~ Tupaiinae t 10 95 1.04 513 041 3.43 0.46
Scandentia Tupaialongipes Long-footal tree Tupaiinae t 2 103 0.28 585 0.24 423 0.28
shrev
Scandentia Tupaiaminor Pygmytree shrav Tupaiinae a 1 6.85 - 4.89 - 3.83 -
Scandentia Tupaiatana Large tree shrav Tupaiinae t 3 10.6 0.7 6.26 0.5 423 0.28
Plesiadap Carpolests Carpolestae ? 1 7.18 — 6.61 — 4.6
iformes simpsoni
Plesiadapi Dryomomys Micromomyidae ? 1 372 - 3.05 - 2.76
formes szalayi
Plesiadapi Ignacius Paomomyidae ? 1 103 - 10.6 - 7.88
formes clarkforkensis
Plesiadapi Nannodetes Plesiadaidae ? 1 12 — 8.9 — 6.88
formes gidleyi
Plesiadapi Nannodetes Plesiadpidae ? 1 115 - 8.1 - 6.72
formes intermedus
Plesiadapi Plesiadaps Plesiadpidae ? 1 2354 - 14.36 - 11.21
formes cookei
Primates Notharctussp. Nothartidae ? 3 19.0 2.48 26.7 0.8 14.1 1.41
@ al arborealit! terrestrial.
® n! numberof specimens.
¢ MC3! lengthof third metacarpa{mm).
9 PP3! lengthof third proximal phalanx(mm).
¢ IP3! lengthof third intermediatephalanx(mm).
f s.d.! standarddeviation.
Appendix 2. Summary manual indices for all species
Order Species n? PP Pl s.d. PPF PPIs.d P9 IPI s.d®
Primates Aotustrivirgatus 5 155 5.85 91.1 3.86 63.5 2.08
Primates Arctocéus calabarensis 11 132 5.77 85.5 4.41 46.2 3.68
Primates Avabhilaniger 10 134 3.95 82.7 2.22 51.5 2.7
Primates Callicebusmoloch 6 164 10.1 98.2 5.43 66.2 5.88
Primates Callithrix jacchus 8 135 7.39 81.1 2.34 53.5 6.17
Primates Cheirogaleis major 8 146 10.9 89.7 7.39 56 4.08
Primates Cheirogaleis medius 6 149 4.79 89.5 2.28 59 2.62
Primates Daubentmia madagascariesis 9 170 17.1 118 11.3 52.5 6.05
Primates Eulemurcoronatus 2 148 0.66 88.5 0.28 59.1 0.94
Primates Eulemurfulvus 13 143 2.85 86.9 1.93 56.4 1.92
Primates Eulemurmacaco 7 146 4.33 87.9 1.79 57.9 2.9
Primates Eulemurmongoz 7 146 3.74 87.1 2.86 58.8 1.11
Primates Eulemurrubriventer 2 148 0.21 90.4 0.94 57.9 0.72
Primates Euoticuselegantulus 11 175 3.88 109 3.78 65.9 1.28
Primates Galagomoholi 7 168 4.96 99.1 3.26 69.2 2.27
Primates Galagosenegaletis 14 172 5.9 103 4.53 69.5 3.3
Primates Galagozanzibarits 1 167 - 97 - 69.7 -
Primates Galagoide alleni 5 172 5.04 104 2.18 67.4 4.46
Primates Galagoide demidoff 11 180 8.36 107 5.17 73.2 4
Primates Hapalemurgriseus 12 151 5.95 91.7 3.48 58.9 2.81
Primates Hapalemursimus 2 151 1.91 90.7 0.13 59.9 1.78
Primates Indri indri 8 134 5.97 83.3 3.29 50.4 3.1
Primates Lemurcatta 12 141 7.19 85 4.05 56.3 3.66
Primates Leontopitheusrosalia 7 116 3.84 69.7 2.39 46.4 1.95
Primates Lepilenur leucopus 7 161 4.67 98.4 3.65 62.7 3.61
Primates Lepilenur mustelinus 5 151 1.38 94.2 2.15 57.3 1.16
Primates Lepilenur rubcaudatus 1 169 - 106 - 62.7 -
Primates Loris tardigradus 12 172 9.32 108 6.29 64.5 5.72
Primates Microcehus murinus 17 161 10.6 92.1 5 69.3 6.44
Primates Mirza coquereli 1 148 - 92.8 - 55 -
Primates Nycticelus coucang 17 166 12.4 107 5.7 59.4 6.96
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Order Species n® PP Pl s.d. PPF PPIs.d IPd IPI s.d®
Primates Nycticelus pygmaeus 5 182 5.71 114 3.77 68 2.47
Primates Otolenur crassicaudatus 9 167 5.9 102 3.63 64.7 4.28
Primates Otolenur garnettii 7 171 3.57 107 2.29 64.4 1.53
Primates Perodictias potto 13 162 7.47 106 453 55.3 4.43
Primates Phanerfurcifer 1 154 - 94.3 — 59.3 —
Primates Propithecusdiadema 7 139 3.7 85.2 2.14 53.7 1.68
Primates Propithecusverreauxi 12 139 5.55 85.9 2.88 53.5 2.83
Primates Saguinusnidas 8 130 5.42 79.8 3.03 50.1 2.56
Primates Saguinusoedipus 13 132 4.73 83 2.46 49 3.08
Primates Saimiri sciureus 5 145 5.95 82.9 2.93 62.3 3.93
Primates Tarsiusbancanus 13 209 9.99 121 6.68 87.5 7.22
Primates Tarsiusspectrum 11 188 11.6 112 6.96 75.7 7.53
Primates Tarsiussyrichta 12 186 4.4 109 3.13 77 2.28
Primates Vareciavariegata 10 146 8.08 89.7 4.32 56.2 3.93
Carnvora Arctictis binturong 3 108 1.75 66 1.3 42.3 2.15
Carnvora Nandini binotata 8 121 2.61 70.6 2.2 50.3 1.84
Carnvora Paradoxuus hermaphrodits 8 107 6.78 61.5 3.28 45.9 4.45
Carnvora PotosRavus 6 118 5.35 71.9 3.46 45.6 2.34
Carnivora Nasuanasua 8 87.6 5.15 48.3 2.77 39.3 2.95
Carnvora Procyonlotor 16 79.3 2.38 47.1 1.54 32.2 1.14
Carnvora Viverratangalun@g 6 68.6 2.33 40.7 0.65 27.9 1.82
Dermoptera Galeopteus variegatus 7 144 5.72 60 2.48 83.9 4.13
Dermoptera Cynocepalusvolans 5 150 7.35 64.2 4.57 85.5 4.55
Metathera Caluromys derbianus 4 142 6.97 90 3.69 52.3 3.54
Metathera Caluromys philander 10 139 5.13 88.6 3.04 50.4 2.97
Metathera Caluromysiopsirrupta 2 142 7.34 94.1 2.36 48.2 4.98
Metathera Marmosarobinsoni 11 132 5.77 84.7 4.25 a7 3.45
Metathera Micoureusdemeraae 1 159 - 102 — 56.8 —
Metathera Petauroids volans 2 206 - 138 0.62 66.7 -
Metathera Petaurusaustralis 1 150 - 95.1 - 54.9 —
Metathera Petaurusbreviceps 2 149 7.28 96.1 3.09 53 4.19
Metathera Pseudoheirusperegrnus 2 — - 97 0.28 - -
Metathera Trichosurus vulpecula 5 140 6.38 85.8 3.3 54.7 3.38
Metathera Aepyprynnusrufescens 2 75.1 3.66 42.5 5.85 32.6 2.19
Metathera Chironects minimus 2 106 1.79 66.1 181 40.4 0.02
Metathera Didelphismarsupialis 7 93.1 5.84 62.2 4.19 31.9 2.9
Metathera Didelphisvirginiana 10 90.2 2.87 60.3 1.53 29.8 1.62
Metathera Monodelpls brevicaudsa 10 94.8 2.31 63.6 3.08 31.2 2.16
Metathera Monodelplis domestica 5 95.2 3.63 60 2.54 35.3 1.16
Metathera Philanderopossum 10 96.5 3.07 64.1 2.17 32.3 1.27
Metathera Potoroustridactylus 1 72.4 - 39.8 — 325 —
Rodentia Chiropadomyscalamianasis 9 125 14.7 76.6 11.6 48.5 5.88
Rodentia Coendouwprehensilis 4 125 2.04 70.3 1.64 54.8 0.42
Rodentia Dactylomg dactylinus 1 138 - 78.4 — 59.8 —
Rodentia Dendromusnystacab 5 179 17.8 103 9.35 76.2 9.48
Rodentia Erethizondorsatum 6 124 6.63 70.6 4.18 53.3 3.04
Rodentia Micromys minutus 6 119 15.7 73.3 111 45.9 6.44
Rodentia Phloeomy<umingi 1 127 - 75.8 — 51.5 —
Rodentia Callosdurus erythreeus 4 147 6.04 84.7 2.17 61.9 3.91
Rodentia Dremonys pernyi 6 139 2.73 78.5 2.22 60.7 1.65
Rodentia Funisciurws lemniscatis 1 131 - 78.8 - 52.5 -
Rodentia Funisciurs pyrropus 2 128 3.28 75.5 2.57 52.1 0.71
Rodentia Glaucomy sabrinus 4 166 6.15 93.1 2.65 73.3 3.79
Rodentia Heliosciuus rufobrachium 4 138 2.61 81.4 0.76 56.3 1.86
Rodentia Microsciurs alfari 1 171 — 96.1 - 75 -
Rodentia Microsciurws Bavivente 1 166 - 92.5 — 73.1 —
Rodentia Myosciurts pumilio 1 175 - 100 — 75 —
Rodentia Nannosiurus melanotis 1 154 - 91.2 — 63.2 —
Rodentia Paraxeris cepapi 2 129 1.7 76.5 0.85 52.4 0.85
Rodentia Paraxerws ochraceus 1 132 - 76.7 - 54.8 -
Rodentia Ratufabicolor 1 160 — 95.3 — 64.9 -
Rodentia Ratufamacroura 1 148 - 85.7 — 62.4 —
Rodentia Ratufasp. 1 147 - 84.7 — 62 -
Rodentia Sciurusaberti 4 149 4.58 82 1.26 66.6 3.61
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Order Species n® PP Pl s.d. PPF PPIs.d. IPd IPI s.d®
Rodentia Sciuruscarolinensis 14 141 4.74 79.1 2.98 62.3 2.65
Rodentia Sciurusniger 6 135 3.63 76.3 2.56 59 1.73
Rodentia Sundasiurus lowii 2 135 4.96 80.5 1.12 54.6 3.84
Rodentia Sundasitrus samarens 2 140 8.65 83 4.26 57.1 4.39
Rodentia Tamiasarus douglasii 2 136 5.29 74.7 2.81 61.4 2.48
Rodentia Tamiasarus hudsonicus 2 142 1.67 79.1 0.32 63.2 1.35
Rodentia Tamiopsswinhoei 3 156 7.75 90.3 5.69 65.9 2.14
Rodentia Trogoperusxanthipes 2 195 — 110 1.94 83.5 -
Rodentia Akodonboliviensis 1 100 - 59.4 - 40.6 -
Rodentia Akodoncursor 1 100 — 60.5 - 39.5 -
Rodentia Akodonlongipilis 1 102 - 65 — 375 —
Rodentia Akodonurichi 1 97.3 - 59.5 — 37.8 —
Rodentia Aplodontiarufa 4 107 451 60.4 2.44 46.3 3.51
Rodentia Apodemusylvaticus 7 105 7.55 65.1 6.03 40.1 3.44
Rodentia Liomyspictus 4 94.9 5.94 61.8 411 33.1 4.3
Rodentia Mus musculus 4 105 4.28 62.9 221 41.6 2.51
Rodentia Pedetesapensis 2 132 1.02 72.7 4.85 59.6 5.87
Rodentia Perognatlis amplus 4 95.2 5.36 55.3 4.42 39.9 2.72
Rodentia Rattusrattus 4 99.5 4 62.5 3.08 36.9 2.04
Rodentia Ammospenophilusleucurus 4 112 5.6 65.8 2.75 45.9 3.19
Rodentia Cynomydudovidanus 4 100 2.03 59.2 1.47 41.2 0.56
Rodentia Lariscushosei 1 123 - 70.6 — 52 —
Rodentia Marmotacaligata 2 103 4.54 63.9 3.37 38.9 1.17
Rodentia Marmotahimalayama 1 93.5 — 62.8 - 30.8 -
Rodentia Marmotamonax 1 105 - 64.3 - 40.4 -
Rodentia Menetesderdmorei 1 127 - 73.3 — 53.5 —
Rodentia Sciurotanias davidianus 4 111 3.35 64.2 1.78 47.1 2.21
Rodentia Spermoptius richardsonii 4 97.5 4.1 59.8 3.28 37.8 2.17
Rodentia Tamiasamoenus 4 110 3.83 63.8 2.53 46 1.93
Rodentia Xeruserythropus 1 107 - 64.2 — 42.5 —
Rodentia Xerusinauris 1 92.7 — 56.9 - 35.8 -
Scandentia Ptiloceras lowii 1 136 - 78.7 - 57.4 —
Scandentia Tupaiaminor 1 127 - 71.4 - 55.9 -
Scandentia Tupaiaglis 10 90.2 2.21 54.1 2.88 36.1 1.42
Scandentia Tupaialongipes 2 97.5 2.39 56.6 0.82 41 1.58
Scandentia Tupaiatana 3 98.8 2.65 58.9 15 39.8 1.3
Plesiadapifomes Carpolests simpsoni 1 156 - 92.1 - 64.1 -
Plesiadapifomes Dryomonys szalayi 1 156 - 82 — 74.2 —
Plesiadapifomes Ignaciusclarkforkensis 1 179 - 103 - 76.5 -
Plesiadapifomes Nannodetesgidleyi 1 131 - 74 — 57.2 —
Plesiadapifomes Nannodetesintermedius 1 129 - 70.4 — 58.4 —
Plesiadapifomes Plesiadaps cookei 1 109 - 61 — 47.6 —
Primates Notharctussp. 3 217 21.2 142 16.3 74.7 5.89

2 n! numberof specimens.

b PIl phalangeaindex.

¢ PPI! proximd phalangealndex.

9 IPI! intermedia¢ phalangealndex.

e
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