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Abstract

Arboreal primateshave distinctive intrinsic handproportionscomparedwith many other mammals.Within Euarchonta,platyrrhinesand
strepsirrhineshave longermanualproximal phalangesrelative to metacarpallength thancolugosand terrestrialtreeshrews. This trait is part
of a complexof featuresallowing primatesto graspsmall-diameterarborealsubstrates.In additionto many living andEoceneprimates,relative
elongationof proximal manualphalangesis alsopresentin mostplesiadapiforms.In orderto evaluatethe functionalandevolutionaryimplica-
tions of manualsimilarities betweencrown primatesandplesiadapiforms,we measuredthe lengthsof the metacarpal,proximal phalanx,and
intermediatephalanxof manualray III for 132 extantmammalspecies(n ! 702 individuals).Thesedatawerecomparedwith measurements
of handsin six plesiadapiformspeciesusingternarydiagramsandphalangealindices.Our analysesreveal thatmanyarborealmammals(includ-
ing sometreeshrews, rodents,marsupials,andcarnivorans)have manualray III proportionssimilar to thoseof variousarborealprimates.By
contrast,terrestrialtreeshrews have handproportionsmostsimilar to thoseof otherterrestrialmammals,andcolugosarehighly derived in hav-
ing relatively long intermediatephalanges.Phalangealindicesof arborealspeciesaresigniÞcantlygreaterthanthoseof theterrestrialspeciesin
our sample,reßectingthe utility of havingrelatively long digits in an arborealcontext. Although mammalsknown to be capableof prehensile
grips demonstratelong digits relative to palm length,this featureis not uniquelyassociatedwith manualprehensionandshouldbe interpreted
with cautionin fossil taxa.Amongplesiadapiforms,Carpolestes, Nannodectes, Ignacius, andDryomomyshave manualray III proportionsthat
areunlike thoseof mostterrestrialspeciesandmostsimilar to thoseof variousarborealspeciesof primates,treeshrews, androdents.Within
Euarchonta,IgnaciusandCarpolesteshave intrinsic handproportionsmostcomparableto thoseof living arborealprimates,while Nannodectes
is verysimilar to thearborealtreeshrew Tupaiaminor. Theseresultsprovideadditionalevidencethatplesiadapiformswerearborealandsupport
the hypothesisthat Euarchontaoriginatedin an arborealmilieu.
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Introduction

The intrinsic proportions of primate1 hands differ from
thoseof many other living mammals. SpeciÞcally, compara-
tive analyseshave indicatedthat the Þngersof arborealpri-
matesare long relative to palm length (Lemelin, 1996,1999;
Lemelin andGrafton,1998;Hamrick, 2001a). Suchelongation
of manualdigits in primatescanprimarily beattributedto the
presenceof long proximal phalangesrelative to metacarpal
length(Hamrick, 2001a). Relative elongationof manual digits
is also characteristicof all Eoceneprimatesfor which ade-
quatefossils are known, including Notharctus, Adapis, Pro-
nycticebus, Europolemur, and an adapiform from Messel
(Godinot and Beard, 1991; Jouffroy et al., 1991; Godinot,
1992;Hamrick andAlexander, 1996;Hamrick, 2001a). These
comparative datasuggest that long digits relative to metacar-
pal lengthwere presentin the last common ancestorof living
primates (Jouffroy et al., 1991; Godinot, 1992; Hamrick and
Alexander, 1996).

Relativeelongation of manual digits in primatesis typically
explainedasan adaptation for arboreal locomotion in a Þne-
branch milieu (Napier, 1967, 1993; Lemelin, 1996, 1999;
Hamrick, 2001a;Lemelin and Schmitt, 2007). According to
this model, digital elongation facilitatesgrasping of arboreal
substrates by permitting Þngers to wrap completely around
slenderbranches and vines (Lemelin, 1996, 1999; Lemelin
andSchmitt, 2007). Primatesarethusableto generatetorques
with their graspinghandsin order to counteractpitching and
rolling of thebodyÕs center of massduringlocomotion on nar-
row arborealsupports (Napier, 1967; Cartmill, 1974a,1985;
Preuschoft et al., 1995; Lemelin and Schmitt, 2007). Rela-
tively long Þngershave alsobeenidentiÞedashelping to con-
fer manualprehensility, which by deÞnitionis the ability to
retain an object with a single hand (Napier, 1993; Lemelin,
1996,1999;Lemelin andGrafton,1998;Hamrick, 2001a).

This functionalmodel is consistentwith current ecological
theories of primate origins, which propose that grasping ex-
tremitiesevolved in primatesasan adaptationfor arboreallo-
comotion on small-diameterbranches(Cartmill, 1972, 1974b,
1985; Rasmussen, 1990; Sussman,1991). Such a functional

association betweenrelative digital elongation, manual grasp-
ing abilities,andÞne-brancharboreality is supported by com-
parative data from non-primate mammals. In procyonid
carnivoransanddidelphidmarsupials,arborealspeciescapable
of prehensile grips [e.g., kinkajous (Potos) and woolly opos-
sums(Caluromys)] have intrinsic handproportionsmorecom-
parableto thoseof somearborealprimatesthan to thoseof
terrestrial closephyletic relatives(McClearn,1992; Lemelin,
1996,1999; Lemelin andGrafton, 1998).

The distinctivenessof primate intrinsic hand proportions
makesrelativeelongationof manualdigitsapotentially impor-
tant featurein phylogenetic analyses. In particular, manualray
proportionscanbe usedto discriminateboth living andfossil
primates from many non-primate euarchontans (Hamrick,
2001a;Lemelin and Grafton,1998). Comparedto the terres-
trial tree shrews Tupaia tana and Tupaia longipes, primates
have longerproximal phalangesrelative to metacarpal length
(Hamrick, 2001a). By contrast, colugos (Cynocephalus and
Galeopterus) differ from both primatesandtreeshrews in ex-
hibiting extreme relative elongation of intermediatephalanges
as an adaptationfor mitten gliding (Beard, 1993; Hamrick,
2001a). However, it is currently unknown whethertheintrinsic
hand proportions of arboreal tree shrews (e.g., Ptilocercus
lowii andTupaia minor) arecomparable to those of terrestrial
relatives.

Although the handproportions of extantprimates may be
distinct from those of manyliving euarchontans,thesequence
of characterchangesin theprimate stemlineageis still poorly
understood. In an analysisof an unusually complete fossil
skeleton,Bloch and Boyer (2002) demonstratedthat the ple-
siadapiform Carpolestessimpsoni exhibits intrinsic handpro-
portions that are similar to those of primates. Carpolestes
simpsoni further resemblesprimatesin possessinga grasping
foot with an abducted and nail-bearing hallux (Bloch and
Boyer, 2002;Sargis et al., 2007). This discovery is of greatin-
terestnot only becauseit demonstratesthatat leastoneplesia-
dapiform speciesprobably occupied a Þne-brancharboreal
niche, but becauserecentphylogeneticanalysessuggest that
carpolestids, plesiadapids, and saxonellids (Plesiadapoidea)
may comprise the sister taxon of the primate crown group2

(Bloch andBoyer, 2003;Silcox et al., 2005;Bloch andSilcox,
2006; Bloch et al., 2007). From a phylogenetic standpoint,
similarities in limb anatomy between primatesand carpoles-
tids beg the questionof whether theseresemblances are the
productof functional convergenceor sharedancestry (Bloch
andBoyer, 2002, 2003,2007;Kirk et al., 2003). This question
is furthercomplicatedby thefact thatPlesiadapisdoesnot re-
sembleprimatesor moreprimitive members of thePlesiadapi-
dae in various aspectsof its cheiridial anatomy (Gingerich,
1976;Szalayet al., 1987; SzalayandDagosto, 1988;Godinot
andBeard,1991;Boyeretal., 2004). For example,Plesiadapis
differsfrom bothprimatesandCarpolestesin lackingacompa-
rable degree of relative elongation of the proximal manual

1 Ordinal boundariesare traditionally recognizedon the basisof key mor-
phological features associatedwith major adaptive shifts (e.g., Cartmill,
1974b;SzalayandDecker, 1974). In thecaseof primates,featuressuchasfor-
ward-facingeyes, lateral enclosureof the orbit by bone,graspinghandsand
feet, andnaileddigits aregenerallyconsidereddiagnosticof the order(Cart-
mill, 1992). However, when characteristic traits of crown groupsevolve in
a mosaic fashion, the applicability of standardtaxonomicnomenclature to
membersof a stem lineage is often the subjectof debate(e.g., Rowe and
Gauthier, 1992). Whetheror not to formally include plesiadapiforms within
the order Primatesis a taxonomicquestionbeyond the scopeof this paper.
To avoid confusion, ÔÔprimateÕÕhere refers speciÞcally to living and fossil
membersof the primatecrown group.ÔÔPlesiadapiformsÕÕare treatedas eu-
archontansand membersof the primatestemlineagein accordwith recent
phylogenetic 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 ÔÔplesiadapiformÕÕas a matter of convenienceconsistent
with its commonusage,we acknowledgethat this groupmay be paraphyletic
(Silcox et al., 2005;Bloch et al., 2007).

2 Bloch et al. (2007)have formally designatedthis group(plesiadapoids"
crown primates)the ÔÔEuprimateformesÕÕ.

279E.C. Kirk et al. / Journalof HumanEvolution55 (2008)278e299



phalanges(Gingerich, 1976;GodinotandBeard,1991; Ham-
rick, 2001a;Bloch and Boyer, 2002). Nonetheless,total evi-
dencephylogenetic analysessuggest that elongation of the
Þngersrelative to the palm is a shared derived featureof pri-
matesandplesiadapiformsgenerally (Bloch andBoyer, 2003;
Bloch et al., 2007). If this conclusionis correct, thenthe evo-
lution of intrinsichandproportionssuitable for manualgrasp-
ing in a Þne-branch niche could represent one of the earliest
adaptive shifts in the origin of a primate" plesiadapiform
clade(Bloch andBoyer, 2003;Bloch et al., 2007).

In this paper, we providea detailedcomparisonof intrinsic
handproportionsin a largesampleof living mammalsandfos-
sil representativesof four plesiadapiformfamilies(Carpolesti-
dae, Plesiadapidae, Micromomyidae, and Paromomyidae).
This analysis expandson prior work by Hamrick (2001a)
and Bloch and Boyer (2002) and has three primary goals.
First, we seekto determine the extent to which the intrinsic
handproportions of plesiadapiforms resemble those of extant
euarchontans.Second,we examinethe intrinsic handpropor-
tions of carnivorans, marsupials, and rodents to determine
how closely euarchontan handproportionsresemble those of
arborealmammalsgenerally. Third, we examinethe relation-
ship betweenintrinsic handproportionsand substrate prefer-
ence within the extant comparative sample to determine
whether the relative lengths of the metacarpals andphalanges
provide a clear indication of locomotorbehavior. If primates
and plesiadapiforms share intrinsic hand proportions associ-
atedwith Þne-branchlocomotion that are not found in other
euarchontans, the hypothesis that these proportions reßect
a closephyletic relationship betweenprimatesandplesiadapi-
forms would be strengthened. However, if other living mam-
mals have also evolved primate-like manual proportions,
thenthehypothesis of convergencebetween primatesandple-
siadapiformswould remainaviablepossibility. Morphological
convergencein theextantcomparative sample couldalsohelp
to clarify the functional implications of primate-like intrinsic
handproportions.If intrinsichandproportionsprove to beare-
liable indicator of substrate preference, then the fossil hand
skeletons included in this analysis may shedfurther light on
the validity of current ecological hypothesesof primate and
plesiadapiformorigins.

Methods

Data collection for extantspecies

Articulatedhandskeletonswere measuredfor a wide range
of extant speciesin the osteological collectionsof the follow-
ing institutions: National Museum of Natural History
(Washington), American Museum of Natural History (New
York), Field Museum of Natural History (Chicago), Museum
of Comparative Zoology (Cambridge), CarnegieMuseumof
Natural History (Pittsburgh), Duke University PrimateCenter
(Durham), British Museum of Natural History (London),
Anthropologisches Institut und Museum der Universita¬t
Zu¬rich-Irchel (Zu¬rich), Muse«um NationaldÕHistoire Naturelle
(Paris), Museum fu¬r Naturkunde der Humboldt Universita¬t

(Berlin), andRijksmuseumvan Natuurlijke Historie (Leiden).
For most specimens,the maximum length of the metacarpal,
proximal phalanx,and intermediate phalanx of manual ray
III was measuredusing digital calipers.Maximum length is
deÞnedasthechordfrom themostproximal to themost distal
point on eachelement, andwasmeasured parallel to the mid-
line sagittal plane of the diaphysis. In a restrictedsubset of
specimens,measurements were takenfrom X-rays of manual
skeletonspreserved in museum pelts. Summary data for all
measurementsareprovidedin Appendix 1.

The extanteuarchontansampleincludes platyrrhines,strep-
sirrhines, scandentians,anddermopterans.Theprimatesample
thus includesspeciesthat are primarily arboreal,but of very
different body mass, ecology, and locomotor adaptations.
This diverseprimate sample waschosen in an attemptto doc-
ument the range of variation in intrinsic hand proportions
foundamongliving arborealprimates.Additional comparative
groupswerechosen on thebasisof several criteria, including:
(1) the retentionof most manualdigits (i.e., pentadactyly or
tetradactyly), (2) the presenceof both arborealandterrestrial
members,(3) the inclusion of members known to be Þne
branchspecialists (e.g.,Caluromys; Rasmussen, 1990;Leme-
lin, 1999; Lemelin and Schmitt, 2007), (4) the inclusion of
membersknown to have more primate-like manual propor-
tions and/orto be capable of manual prehension(e.g.,Potos;
McClearn, 1992;Lemelin andGrafton,1998), and(5) the in-
clusionof members known to have a divergenthallux and/or
a nailed hallux or pollex (e.g., Chiropodomys; Musser,
1979). Thesecriteriawereapplied in anattemptto sampleadi-
versearrayof non-primatecladesthat includesomemembers
with grasping autopodia. Substrate preferencesfor most spe-
cies follow Fleagle (1999) and Nowak (1999). All taxa were
classiÞedas either ÔÔarborealÕÕor ÔÔterrestrialÕÕaccording to
the predominantsubstrate usedin locomotion. This dichoto-
mousclassiÞcation obscuresa large amount of real variation
in locomotor ecology, but is made necessary by the relative
paucityof quantitativedataonsubstrate useundernaturalcon-
ditions for most species. The total comparative sample in-
cludes55 carnivorans(seven species), 12 dermopterans(two
species),84 marsupials (17 species), 370 primates (45 spe-
cies), 59 non-sciurid rodents (16 species), 90 sciurid rodents
(36 species), and 17 scandentians (Þve species). Because
sciuridsareparticularly well-represented,this cladeis treated
separately from otherrodents in mostcomparisonsto avoid bi-
asingthe total rodentsample.

Fossil sample

Associatedhandskeletons of seven plesiadapiformspecies
andthreespecimensof Notharctuswereanalyzedfor thisanal-
ysis. Measurementswere taken either directly with calipers,
using a microscopereticle, or from photographsusing the
computer softwareSigma ScanPro 5.0. All included fossil
specimenswererecoveredfrom localities in the westerninte-
rior of North America.All specimensof Notharctusmeasured
for this analysisarehousedin thecollectionsof theAmerican
Museum of Natural History. These specimens include: (1)
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AMNH 11478:Notharctustenebrosus; (2) AMNH 11474:No-
tharctus sp. (describedin Gregory, 1920); and (3) a partially
preparedspecimen of Notharctussp. (not yet assigneda cata-
log number).

The plesiadapiform specimens measuredfor this study
range in age from the Early-Late Paleocene boundary
(w 61.9 milli on yearsago; USNM 442229) to just prior to
the Paleocene-Eoceneboundary (w 55.4 million years ago;
UM 41870). Plesiadapid specimensinclude Nannodectesin-
termedius(USNM 442229)from theBangtail locality of south
centralMontana(Gingerich et al., 1983; Beard,1990, 1993;
Runestad and Ruff, 1995), Nannodectes gidleyi (AMNH
17379)from the Mason Pocketlocality of southernColorado
(Simpson,1935; Szalayet al., 1975), and Plesiadapiscookei
(UM 87990)from theSC-117limestonelocality of northwest-
ernWyoming(GunnellandGingerich, 1987;Hamrick, 2001a;
Gingerich andGunnell,2005;Bloch andBoyer, 2007). Other
specimensfrom northwesternWyoming include the paromo-
myids Acidomomys hebeticus (UM 108207; Bloch et al.,
2002;Boyer andBloch, in press) and Ignaciusclarkforkensis
(UM 108210; Bloch and Silcox, 2001; Bloch et al., 2007;
BoyerandBloch, in press) from theSC-62limestonelocality;
the carpolestidCarpolestessimpsoni(UM 101963;Bloch and
Boyer, 2002; Bloch and Silcox, 2006) from the SC-62lime-
stone locality; and the micromomyid Dryomomysszalayi
(UM 41580;Bloch andBoyer, 2007;Bloch et al., 2007;Boyer
andBloch, in press) from the SC-327 limestonelocality.

All plesiadapiform specimensexcept AMNH 17379(Nan-
nodectesgidleyi) wererecoveredthroughpreparation of fresh-
water limestonesusing acid reduction techniques(Bloch and
Boyer, 2001, 2007; Bowen and Bloch, 2002). The remains
of eachskeletonwereassociatedwith craniodental material at-
tributedto a singleindividual.Bonepositionsandassociations
weredocumentedusing digital photographyandsketchesdur-
ing the preparation processfor most limestone-derived speci-
mens (Bloch and Boyer, 2001, 2002, 2007; Bloch et al.,
2007; Boyer and Bloch, in press). The skeletons of Acidom-
omys, Ignacius, andDryomomysproved to be particularly im-
portantfor attributionof phalangesto the handor foot. These
specimensweresemi-articulated with proximalandintermedi-
ate phalangesclusteredaround the forelimbs and skull. The
Dryomomys skeleton also had semi-articulated hindlimbs
with closely associated phalangesthat were morphologically
distinguishable from those associated with the forelimbs.
While theAcidomomysskeletonlackedarticulatedhind limbs,
somephalangesassociated with the skeleton clearly differed
from those associated speciÞcally with the forelimb and
werethusconsideredto bepedalin origin. In bothDryomomys
andAcidomomys, pedalphalangesappear to have beenlonger
thanmanual phalanges.3 Among phalangespreservedfor Ple-
siadapis and Nannodectes intermedius, some are distinctly
longer than others.The longer phalangeswere, therefore, at-
tributed to the foot and the shorteronesto the hand.There

alsoappear to be bimodal lengths in the phalangespreserved
near the skull and other skeletal elements of Carpolestes.
However, in the caseof this carpolestid, bone distributions
seemto suggest longer manual phalangesthan pedalphalan-
ges.While this Þnding makesextrapolationof the paromo-
myid/micromomyid pattern to plesiadapids less robust, the
fact that thesethreegroupsaremoresimilar to eachother in
most aspectsof foot morphology than to carpolestids (Bloch
andBoyer, 2007;Sargiset al., 2007) justiÞesour attributions
in the absenceof contraryevidenceregardinghand-foot pro-
portions in plesiadapids.

Although the Acidomomysskeleton was useful in helping
to identify skeletal elements of other taxa, UM 108207was
excluded from our quantitative analysesbecause it lacked
a third metacarpal. In no casewas the articulation of a ple-
siadapiform skeleton so precise as to allow conÞdent identi-
Þcation of a third manual ray, speciÞcally. Accordingly,
when more than one non-pollical manual intermediate or
proximal phalanxwas identiÞed for a plesiadapiform speci-
men,we usedthe averagelengthsof these elementsin com-
parisons with extant taxa. We consider these methods
conservative in evaluatingBloch and BoyerÕs (2002) conclu-
sion that most plesiadapiforms resembled primatesin having
long Þngersrelative to metacarpal length. In other words,
by averaging a subsample of the shorter (presumptively
manual) phalangesattributed to an individual, the recon-
structedÞngerlengthsmust be shorterthan if all phalanges
(manual and pedal) from the sample were used. Further-
more, the average length of an element will always be
shorter than the longest individual phalanx of the subsam-
ple. Becausewe may have misidentiÞedsome of the longer
manualphalangesas pedal phalangesand the longest man-
ual phalangesmay well have beenthoseof the third ray, er-
ror in this methodwould tend to refute the hypothesisthat
plesiadapiforms are characterized by relatively long Þngers.
Thus, the opposite Þndingdthat plesiadapiform digits are
long relative to metacarpal lengthdcannot result from the
mis-attribution of phalanges(except in the caseof Carpo-
lestes). It is also important to note there is relatively little
difference in the lengths of the phalangesattributed to the
foot versusthe hand in the plesiadapiform specimens that
preserveboth elements. Similarly, the rangeof variation in
manualphalanx length is relatively small in plesiadapiform
specimensfor which multiple phalangeal lengthswere aver-
aged. Accordingly, the conclusionsof this paper regarding
plesiadapiforms do not change substantially if phalanges
identiÞed as pedal are substituted for those identiÞed as
manual, or if individual manual phalangeal lengths are
substituted for the meanvaluesused in our analyses.

Data analysis

Qualitative comparisons of interspeciÞcvariation in hand
morphologywereundertakenusingternary diagramsof thein-
trinsic proportionsof manualray III (cf. Jouffroy et al., 1991;
Godinot, 1992; Hamrick, 2001a). Ray III was measured be-
causeit is either the longest or second longest ray in the

3 SeeBloch andBoyer (2007)andBoyer andBloch (in press)for a more
thoroughdiscussion.
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speciesconsidered in this analysis. Accordingly, if a species
exhibitselongationof its manualdigits relative to its metacar-
pals,this feature shouldbeevident in the intrinsic proportions
of ray III. Manual ray III hasalso beenthefocusof prior stud-
ies that addressed the phyletic implications of variation in in-
trinsic hand proportions (e.g., Hamrick, 2001a; Bloch and
Boyer, 2002). The ternary diagramsshown in this analysis
presentthe lengths of the third metacarpal,proximal phalanx,
andintermediatephalanxaspercentagesof thetotal combined
length of the threeelements. Extant primatesandplesiadapi-
form fossils were compared with the following groups: (1)
scandentiansand dermopterans,(2) carnivorans, (3) marsu-
pials, (4) non-sciurid rodents, and(5) sciurid rodents. Individ-
ual specimenswereplotted ratherthanspeciesmeans in order
to betterrepresentthe full rangeof intraspeciÞcvariation.To
facilitate comparisons, separateconvex polygons were Þt
around extant primates,arboreal non-primate groups, andter-
restrialnon-primategroups. In themetatherian comparison,an
individual specimenof Petauroidesvolanswasexcludedfrom
the arborealmetatherian polygon asan extreme outlier. Addi-
tionally, becausewe were only able to measure two arboreal
tree shrews (one Ptilocercus lowii and one Tupaia minor),
thesespecimenswere identiÞed individually in the euarchon-
tan comparison.

Quantitativecomparisonsof intrinsic handproportionswere
undertaken by calculating phalangeal indices for manual ray
III (cf. Napier, 1993;Lemelin,1996,1999; Lemelin andGraf-
ton, 1998). The phalangeal index is calculated as the sum of
the lengthsof theproximal andintermediatephalanges# 100,
divided by the lengthof the metacarpal. This index thusesti-
matesthe length of the digit relative to the metacarpal, and
is functionally correlated with manual prehensility in some
species(Lemelin, 1996, 1999; Lemelin and Grafton, 1998).
To further examine proximal and intermediate phalanx size
relative to metacarpal length, proximal phalangeal indices
(proximal phalanxlength/metacarpal length # 100) and inter-
mediatephalangeal indices(intermediatephalanxlength/meta-
carpal length# 100) were also calculated. Statistical
comparisons of indicesfor different groupsweremade using
two-tailed Wilcoxon rank-sumtestson speciesmeans.

Results

Ternarycomparisons

Euarchontans: Figure 1 shows the intrinsic proportionsof
manualray III for extant euarchontansand plesiadapiforms.
The living speciesincluded in this diagramcluster into three

Fig. 1. Intrinsic manualray III proportionsin euarchontans.This ternarydiagramshows therelative lengthsof themetacarpal,proximalphalanx,and intermediate
phalanxof manualray III for individual specimensof living euarchontans,plesiadapiforms,andNotharctus. Thelengthsof thethird metacarpal,proximalphalanx,
andintermediate phalanxareshown on their respective axes as a percentageof thecombined lengthof the threeelements. Convex polygonshave beenÞt around
(1) extant primates, (2) terrestrialscandentians(Tupaiatana, T. glis, andT. longipes), and(3) dermopterans (CynocephalusvolansandGaleopterusvariegatus).
Living primatespecimens arerepresentedassmall Þlled squares,terrestrialtreeshrews asÞlled circles,andarborealtreeshrews anddermopterans as Þlled tri-
angles.Fossil specimensareshown asdiamonds.Ic ! Ignaciusclarkforkensis; Cs! Carpolestessimpsoni; Ds! Dryomomysszalayi; Ng ! Nannodectesgidleyi;
Ni ! Nannodectesintermedius; Pc ! Plesiadapiscookei.
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nonoverlapping groups: (1) terrestrial tree shrews (Tupaia
tana, T. glis, andT. longipes), (2) dermopterans(Cynocepha-
lus volans and Galeopterus variegatus), and (3) prima-
tes" arboreal tree shrews (Tupaia minor and Ptilocercus
lowii). Within thelattergroup,Ptilocercusplots within thepri-
matepolygon nearspecimensof Callithrix, Lemur, and Sai-
miri, while Tupaia minor falls immediately outside the
primate polygon. Nonetheless, primates and arboreal tree
shrews aredistinct from othereuarchontansin havingshorter
metacarpals(< 48%of thecombinedsegment length)andlon-
ger proximal phalanges(> 31% of the combined segment
length). Terrestrial tree shrews are distinguished from other
living euarchontansin havingrelatively long third metacarpals
that comprise between w 50e55% of the combined segment
length. Similarly, dermopteransare distinguishedfrom other
living euarchontansin possessing relatively long intermediate
phalangesthat comprise w 35% of the combined segment
length.

Body sizeandarboreal locomotor patterndo not appear to
have a strong inßuence on the placement of primate taxa
within the ternary diagram.Arboreal quadrupedsandvertical
clingers and leapersare eachbroadly distributedacrossthe
primate polygon. Similarly, both large-bodied(> 1 kg body
mass)andsmall-bodied(< 1 kg) speciesarewidely distributed
acrosstheprimatepolygon.By contrast, phylogenyappears to
haveasomewhat greater inßuenceon theplacementof various
primate taxa. Within the primatepolygon, there is extensive
overlapbetween thehaplorhineandstrepsirrhinedistributions.
However, within the haplorhine sample, most platyrrhines
have relatively longermetacarpalsthantarsiers. Amongstrep-
sirrhines, lorisiforms tend to have relatively shortermetacar-
pals and longer proximal phalanges than lemuriforms.
Lemuriforms asa groupthusbeara greater generalsimilarity
to platyrrhinesthanto lorisiformsin their intrinsic manualray
III proportions (seealsoJouffroy et al., 1991). However, this
resemblance betweenlemuriforms and platyrrhines is by no
meansexact,andthereis extensive overlapbetween thedistri-
butionsof lemuriforms andlorisiforms.Therearealsoseveral
strepsirrhine speciesthat do not Þt the generalizationsmade
here.For example, the lemuriform Daubentonia hasrelatively
long proximal phalangesand the lorisiform Arctocebus has
relatively long metacarpals.

Four plesiadapiform genera (Ignacius, Carpolestes, Dryom-
omys, and Nannodectes) most closely resemble primatesand
arboreal tree shrews in the intrinsic proportions of manual
ray III. Ignacius and Carpolestesplot well within the extant
primate distribution adjacent to a diverse array of extant
taxa.SpeciÞcally, Ignaciusplotsnearspecimensof Callicebus,
Galago, Galagoides, Loris, and Tarsius, while Carpolestes
plots near specimens of Aotus, Callicebus, Cheirogaleus,
Lemur, and Microcebus. By contrast, both Dryomomys and
Nannodecteshave slightly shorter proximal phalangesand
thusfall immediatelyoutsideof the primatepolygon.Dryom-
omysplots closestto specimensof Microcebusand Saimiri,
andbothspeciesof Nannodectesarevery similar to thesingle
specimenof Tupaiaminor included in this analysis. Plesiada-
pis falls even farther outside the extantprimate distribution,

andplotsbetween theextantprimateandterrestrial treeshrew
polygons.Plesiadapisthusdiffers from other plesiadapiforms
and most primates in having relatively shorter proximal
phalanges(< 30%of thecombined segmentlength) andlonger
metacarpals (> 45% of the combinedsegmentlength). Plesia-
dapis also differs from terrestrial tree shrews in having rela-
tively shorter metacarpals and slightly longer intermediate
phalanges. Noneof the plesiadapiforms included in this anal-
ysis resembledermopterans in exhibiting relative elongation
of the intermediate phalanx.

Thethreespecimensof Notharctusdiffer from theplesiada-
piformsin thisanalysis in havingrelatively muchlonger proxi-
mal phalanges(> 40% of the combined segmentlength) and
shortermetacarpals(< 35% of the combined segment length).
Two specimensof Notharctusplot within the extremeupper
left region of the primate polygon, while the third specimen
(AMNH 11474)falls immediately outsidetheprimatepolygon.
Theintrinsichandproportionsof thesespecimensaremost sim-
ilar to someaye-ayes(Daubentonia) andtarsiers(Tarsius).

Carnivorans:Figure 2 shows the intrinsic proportionsof
manualray III for primates,plesiadapiforms,andcarnivorans.
The living speciesincluded in this diagramclusterinto three
groups: (1) terrestrial carnivorans, (2) arborealcarnivorans,
and (3) primates. These groups are primarily differentiated
alongthemetacarpalaxis,with primates,arborealcarnivorans,
and terrestrial carnivoranshaving metacarpals that constitute
about30e45%,45e50%,and50e60% of the combinedseg-
ment length, respectively. Although the terrestrial carnivoran
distributiondoesnot overlapany other group,thereis partial
overlap betweenthe arborealcarnivoran and primate poly-
gons.Most of this overlapcanbe attributedto kinkajous (Po-
tos) and African palm civets (Nandinia), which plot almost
entirely within the primate distribution. Other arboreal taxa,
including binturongs(Arctictis) andAsian palm civets(Para-
doxurus), plot outsideof the primatedistribution.

Among plesiadapiforms, Ignacius, Carpolestes, and
Dryomomysdo not exhibit any particular resemblanceto ex-
tant carnivoransin their intrinsic handproportions. However,
both speciesof Nannodectesplot adjacentto the arborealcar-
nivoran distribution,andPlesiadapisplots within the arboreal
carnivorandistribution nearspecimensof Paradoxurus.

Marsupials: Figure 3 shows the intrinsic proportions of
manualray III for primates, plesiadapiforms, andmarsupials.
The living speciesincluded in this diagramform threeclus-
ters: (1) terrestrial didelphids,(2) terrestrial macropodids (in-
cluding two genera of ÔÔratkangaroosÕÕ:Aepyprymnus and
Potorous), and (3) primates" arboreal marsupials. Arboreal
marsupials plot entirely within the primate distribution, and
have relatively shortermetacarpals and longer proximal pha-
langesthanmost terrestrialmarsupials.Theoneincludedspec-
imen of a greaterglider (Petauroides) differs considerably
from otherarborealmarsupials (includingglidersof thegenus
Petaurus) in having much shorter metacarpals and longer
proximal phalanges.In this respect,Petauroideshasintrinsic
handproportionsmost similar to someaye-ayes(Daubento-
nia), tarsiers (Tarsius), and Notharctus (not shown). The ter-
restrial macropodidsAepyprymnus and Potorous differ from
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terrestrial didelphids in having relatively longer metacarpals
and shorterproximal phalanges. Despite the similarities be-
tweenarborealmarsupials andsomeprimates,all plesiadapi-
form genera plot outsideof the distributionsof marsupials.

Non-sciurid rodents: Figure 4 shows the intrinsic propor-
tions of manual ray III for primates, plesiadapiforms, and
non-sciurid rodents. Extant groups in Fig. 4 demonstrate
much more overlap in their distributionsthan groupsin pre-
vious comparisons. Nonetheless,primatesand terrestrial ro-
dents are fairly well-differentiated along the metacarpal
axis, with metacarpals that constitute w 30e45% and
w 45e55% of the combined segmentlength, respectively.
The small degreeof overlapof the primate andterrestrial ro-
dent distributions is largely attributable to the position of
springhares (Pedetes), which are primarily bipedal and salta-
tory but use their handsboth for slow quadrupedallocomo-
tion and for excavation of burrows (Nowak, 1999).
Arboreal rodents overlap both the primateand terrestrial ro-
dent distributions extensively. Some arboreal taxa, such as
climbing mice (Dendromus), bamboo rats (Dactylomys), and
cloud rats (Phloeomys), have relatively short metacarpals
and long proximal phalangeslike primates. Other arboreal
taxa, suchas harvestmice (Micromys) and pencil-tailed tree
mice (Chiropodomys), exhibit a broader range of variation

in their intrinsic hand proportionsand overlap both the pri-
mateand terrestrial rodent distributions.

Both Ignacius and Carpolestesplot within the arboreal
rodent polygon and have intrinsic hand proportions most
similar to Dendromus. Dryomomysplots outsideboth rodent
polygons. The two speciesof Nannodectes plot within or
near the region of overlap betweenthe arborealand terres-
trial rodent polygons, and are most comparableto arboreal
New World porcupines (Coendou, Brazilian porcupine; Ere-
thizon, North American porcupine). Plesiadapis also plots
within the region of overlap between the arboreal and
terrestrial rodent polygons, and has intrinsic hand pro-
portions that are very similar to some specimens of Aplo-
dontia (mountain beaver; terrestrial) and Chiropodomys
(arboreal).

Sciurid rodents: Figure 5 shows the intrinsic proportionsof
manualray III for primates,plesiadapiforms, and sciurid ro-
dents.The living speciesincluded in this diagram form two
main clusters: (1) terrestrial sciurids and (2) prima-
tes" arborealsciurids. Terrestrial sciurids are distinct from
most other taxa in having relatively longer metacarpalsand
shorter proximal phalanges. By contrast, arboreal sciurids
form a densecluster that is almostentirely containedwithin
the primate polygon. Despite this similarity, the distribution

Fig. 2. Intrinsic manualray III proportionsin primatesandcarnivorans.This ternarydiagramshows therelative lengthsof themetacarpal,proximal phalanx,and
intermediate phalanxof manualray III for individual specimensof living primates,carnivorans,andplesiadapiforms.Thelengthsof thethird metacarpal,proximal
phalanx,andintermediatephalanxareshown on their respectiveaxes as a percentageof thecombinedlengthof thethreeelements.Convex polygonshavebeenÞt
around(1) extant primates, (2) arborealcarnivorans,and (3) terrestrialcarnivorans.Living primate specimensare representedassmall Þlled squares,arboreal
carnivoransasÞlledtriangles,andterrestrialcarnivoransasÞlledcircles.Fossilspecimens areshown asdiamonds.Ic ! Ignaciusclarkforkensis; Cs! Carpolestes
simpsoni; Ds! Dryomomysszalayi; Ng ! Nannodectesgidleyi; Ni ! Nannodectesintermedius; Pc ! Plesiadapis cookei.
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of arborealsciuridsin this plot is morerestricted thanthat of
primates.Althoughmanyprimateshave metacarpalsthat con-
stitutemore thanw 38%of thetotal segment lengthandinter-
mediatephalangesthat compriselessthanw 22% of the total
segmentlength,therearenoarborealsciuridswith comparable
handproportions.

Most plesiadapiforms, including Ignacius, Carpolestes,
Dryomomys, andNannodectes, have intrinsic handproportions
thatarevery similar to multiple genera of arborealsciurids.In
particular, Ignacius, Carpolestes, andNannodectesgidleyi plot
within thearborealsciurid distributionclosest(respectively) to
specimens of Myosciuruspumilio (pygmy squirrel), Nanno-
sciurus melanotis (black-earedsquirrel), and Sciurus niger
(eastern fox squirrel). Al though outside the arborealsciurid
distribution, Dryomomysand Nannodectesintermedius plot
closest(respectively) to specimensof Sciurus aberti (AbertÕs
squirrel) and Tamiasciurusdouglasii (DouglasÕsquirrel). By
contrast, Plesiadapisplots immediately outsidethe terrestrial
sciurid distribution, and has intrinsic hand proportions most
comparable to specimens of Sciurotamias davidianus (Père
DavidÕs rock squirrel) and Tamias amoenus (yellow-pine
chipmunk).

Manual indices

A comparisonof mean phalangeal indices for extant pri-
mates(Appendix2) with published dataon bodymass (Smith
and Jungers, 1997) reveals that the two variables are nega-
tively correlated (SpearmanÕs rho! $ 0.50; p < 0.001). In
other words,as primatebody mass increases, the phalangeal
index of manual ray III tendsto decrease(seealso Lemelin
and Jungers,2007). However, a least-squares regression of
log10 phalangeal index on log10 body mass ( p < 0.001;
F ! 14.86;n ! 45) revealsthat theamount of variationin pha-
langealindicesexplainedby bodymass in our primate sample
is relatively small (25.7%). By contrast, comparisons of spe-
ciesbasedon substrate preferencedemonstrate that this vari-
able hasa major inßuence on phalangeal index. SpeciÞcally,
extantarborealspecieshavesigniÞcantlyhigherphalangeal in-
dices than terrestrial species(Fig. 6; Appendix 2; Wilcoxon
rank-sum: p < 0.001; Z ! $ 8.668; arboreal mean ! 149.3,
n ! 93; terrestrial mean ! 99.0, n ! 37). In other words, the
arborealmammals in this sample tendto have longermanual
digits relative to palmlength thantheterrestrial mammals.Ex-
tant arborealand terrestrial taxa also demonstrate minimal

Fig. 3. Intrinsic manualray III proportions in primatesandmarsupials.This ternarydiagramshows the relative lengthsof themetacarpal,proximal phalanx,and
intermediate phalanxof manualray III for individual specimens of living primates,marsupials,andplesiadapiforms.Thelengthsof thethird metacarpal,proximal
phalanx,andintermediatephalanxareshown on their respectiveaxes as a percentageof thecombinedlengthof thethreeelements.Convex polygonshavebeenÞt
around(1) extantprimates,(2) arborealmarsupials(excluding Petauroides), (3) terrestrialdidelphids,and(4) theterrestrialmacropodidsPotorousandAepyprym-
nus. Living primatespecimensare representedas small Þlled squares,arborealmarsupialsasÞlled triangles,and terrestrialmarsupialsasÞlled circles. Fossil
specimens are shown as diamonds. Ic ! Ignacius clarkforkensis; Cs! Carpolestes simpsoni; Ds! Dryomomys szalayi; Ng ! Nannodectes gidleyi;
Ni ! Nannodectesintermedius; Pc ! Plesiadapis cookei.
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overlap in mean phalangealindices, with terrestrial species
ranging from 56.6 to 132.2, and arboreal speciesranging
from 107.4 to 209.2.Comparisonsof proximal andintermedi-
atephalangeal indicesfor arborealandterrestrial speciesyield
very similar results(Appendix 2). Thesetwo indices reveal
thatextantarborealspecieshave long proximal phalangesrel-
ative to metacarpal length (Wilcoxon rank-sum: p < 0.001;
Z ! $ 8.546; arboreal mean! 89.3, n ! 94; terrestrial
mean! 59.9, n ! 37) as well as long intermediate phalanges
relative to metacarpal length (Wilcoxon rank-sum:
p < 0.001;Z ! $ 8.297;arborealmean ! 60.1,n ! 93; terres-
trial mean ! 39.1, n ! 37). Becauseall threemanual indices
demonstratesimilar patternsof variation,theproximal andin-
termediate phalangeal indiceswill not be consideredfurther.

The resultsfor phalangeal indicesacrossall taxaare rein-
forced by intragroup comparisons (Table 1). In carnivorans,
marsupials, non-sciurid rodents, andsciurid rodents, arboreal
specieshave signiÞcantly higher phalangealindicesthan ter-
restrial species. The rangesof arborealand terrestrial species
are nonoverlapping in carnivoransand marsupials,and mini-
mally overlapping in both rodent groups. Although arboreal
scandentiansalso have higher meanphalangeal indices than
terrestrial scandentians, these differencesare not statistically
signiÞcant due to small samplesize (n ! 5 species). Extant

arborealprimateshave signiÞcantlyhigher phalangeal indices
thanall groupsof terrestrial species, as well asarborealcarni-
vorans, arboreal scandentians, and arboreal non-sciurid ro-
dents(Table 1). However, the phalangealindicesof arboreal
primatesdonotdiffer signiÞcantly from thoseof arborealmar-
supialsandarborealsciurids.Theseresults arethusconcordant
with ternary comparisons, which demonstratethat arboreal
primates, arborealmarsupials, and arborealsciurids have ex-
tensive overlapin their distributions(Figs.3 and5). The pha-
langeal indices of arboreal primates also do not differ
signiÞcantly from thoseof dermopterans(Table 1), but these
two cladesare easily distinguished in ternary comparisons
(Fig. 1).

Al l of the plesiadapiforms included in this analysis have
phalangeal indicesthat fall within therangeof extantarboreal
mammalspecies(Table 2; Appedix 2; Fig. 6). Carpolestes,
Dryomomys, andIgnacius plot exclusively in the rangeof ar-
boreal species, while both speciesof Nannodectes also plot
within the extreme upper end of the terrestrial range
(Fig. 6). However, of the terrestrial speciesin the extantsam-
ple, only springhares(Pedetes) have higherphalangeal indices
than Nannodectes. Accordingly, Carpolestes, Dryomomys,
Ignacius, and Nannodectes all have phalangeal indices that
are most comparable to those of extant arboreal taxa. By

Fig. 4. Intrinsic manualray III proportions in primatesandnon-sciuridrodents.This ternarydiagramshows the relative lengthsof themetacarpal,proximal pha-
lanx, andintermediate phalanxof manualray III for individual specimens of living primates,non-sciurid rodents,andplesiadapiforms. The lengths of the third
metacarpal,proximal phalanx,andintermediatephalanxareshown on their respective axesasa percentage of thecombined lengthof the threeelements.Convex
polygonshave beenÞtaround(1) extantprimates,(2) arborealrodents,and(3) terrestrialrodents.Living primatespecimensarerepresentedassmall Þlledsquares,
arborealrodentsasÞlledtriangles,andterrestrialrodentsasÞlledcircles.Fossilspecimensareshown asdiamonds.Ic ! Ignaciusclarkforkensis; Cs! Carpolestes
simpsoni; Ds! Dryomomysszalayi; Ng ! Nannodectesgidleyi; Ni ! Nannodectesintermedius; Pc ! Plesiadapis cookei.
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contrast, Plesiadapisplotsat theextremelower endof theex-
tant arborealrangeandwell within the rangeof extantterres-
trial species(Fig. 6). Theseresults are further illustrated in
Table2, which lists thefour extantspecieswith phalangealin-
dices most similar to thoseof eachplesiadapiform species.
Carpolestes, Dryomomys, Ignacius, and Nannodectes have
phalangeal indicesthat aremost comparable to thoseof vari-
ousarborealprimates, rodents,scandentians,and marsupials.
However, Plesiadapishasphalangeal indicesthatareverysim-
ilar to both living arboreal(e.g., Arctictis, Paradoxurus) and
terrestrial (e.g.,Aplodontia, Tamias) taxa.

In contrast to the plesiadapiforms,the threespecimensof
Notharctus included in this analysis have exceptionallyhigh
phalangeal indices. The meanphalangeal indexfor Notharctus
falls above theranges of bothextantprimatesandextantarbo-
real mammals (Fig. 6; Table 2; Appendix 2). In this respect,
the phalangeal index of Notharctus is most comparable to
thatof tarsiers(Tarsiusspp.)andtwo speciesof gliding mam-
malsdthe greaterglider (Petauroides volans) and the com-
plex-toothedßying squirrel (Trogopterusxanthipes; Table2).
Thesedatasuggestthat Notharctus is derived in havingvery
long Þngersrelative to palm length.

Discussion

Living primatesand the extantcomparative sample

Thecomparativedatapresentedin thisanalysishave impor-
tant implications for the useof intrinsic handproportionsin
functional and phylogenetic studies (cf. Lemelin, 1996,
1999; Hamrick, 2001a;Bloch and Boyer, 2003). First, many
extant arboreal primates have intrinsic ray III proportions
that are essentially identical to those of numerous speciesof
arborealnon-primate mammals. Non-primate mammals with
intrinsic handproportionscomparable to those of variousar-
borealprimates include arborealrepresentatives of the Scan-
dentia (e.g., Ptilocercus), Procyonidae (e.g., Potos),
Viverridae(e.g.,Nandinia), Didelphidae(e.g.,Caluromys), Di-
protodontia (e.g., Trichosurus), Nesomyidae (e.g., Dendro-
mus), Echimyidae (e.g., Dactylomys), Muridae (e.g.,
Phloeomys), and Sciuridae(e.g., Microsciurus). In many of
thesenon-primate clades,terrestrial specieslack the propor-
tionally long proximal phalangesandshortmetacarpals char-
acteristic of their arboreal relatives. These data suggest
either that intrinsic hand proportions like thoseof arboreal

Fig. 5. Intrinsic manualray III proportions in primates andsciurid rodents.This ternarydiagramshows the relative lengthsof the metacarpal,proximal phalanx,
andintermediatephalanxof manualray III for individual specimens of living primates,sciurid rodents,andplesiadapiforms. The lengthsof the third metacarpal,
proximal phalanx,andintermediatephalanxareshown on their respective axesasa percentageof the combined lengthof the threeelements.Convex polygons
havebeenÞtaround(1) extantprimates,(2) arborealsciurids,and(3) terrestrialsciurids.Living primatespecimensarerepresentedassmallÞlled squares,arboreal
sciuridsasÞlled triangles,andterrestrialsciuridsasÞlledcircles.Fossil specimens areshown asdiamonds.Ic ! Ignaciusclarkforkensis; Cs! Carpolestes simp-
soni; Ds! Dryomomysszalayi; Ng ! Nannodectesgidleyi; Ni ! Nannodectesintermedius; Pc ! Plesiadapis cookei.
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primates have evolved a minimum of ten times in separate
mammalian lineages, or that suchhandproportionsareprim-
itive for therian mammals.Regardlessof which evolutionary
scenario is correct,4 thesedataclearly demonstrate that arbo-
realprimatesasa grouparenot unusual amongarborealmam-
mals in their intrinsic handproportions.

Second, it is also evident that some primates (notably
Tarsius, Daubentonia, Nycticebus, Perodicticus, Loris, Euoti-
cus, and Notharctus) are derived comparedto most other
mammals in having very long proximal phalangesand short
metacarpalsas a proportion of manual ray III length (Figs.
1e5). Comparable intrinsic manual proportions are present
in somearborealnon-primate taxa [e.g., greatergliders (Pe-
tauroides), complex-toothed ßying squirrels (Trogopterus),
and woolly mouse opossums (Micoureus)], but appear to
be relatively uncommon amongmammals generally.5 These
Þndings for Tarsius and Daubentonia are perhaps less sur-
prising given the fact that both generahave exceptionally

long third manualdigits relative to body size and are highly
dependenton specialized modes of manualprey acquisition
(Lemelin and Jungers, 2007). Such specialization suggests
that primates with very long proximal phalanges (i.e.,
> 40% of the combined segment length in Fig. 1) are de-
rived compared to the crown primate morphotype. Indeed,
most of the primate specimensconsidered here have proxi-
mal phalangesthat are between approximately 40% and
33% of the combined segmentlength in Fig. 1, and meta-
carpalsthat are betweenabout 33% and 45% of the com-
bined segment length in Fig. 1. Similar intrinsic hand
proportions are also present in Ptilocercus, Ignacius, and
Carpolestes, and all other non-primate euarchontanshave
proximal phalangesthat comprise < 40% of the combined
segment length (Fig. 1). These resultssuggest that the last
common ancestorof living primates probably had intrinsic
hand proportions most comparable to those of more gener-
alized living arboreal primates, suchas cheirogaleids. How-
ever, the possibility that the last common ancestor of living
primateshad derived handproportions like Tarsius and No-
tharctuscannotbe ruled out basedon the current evidence.

Third, the living euarchontans analyzed here may be di-
vided into three groupson the basis of the intrinsic propor-
tions of manual ray III : (1) arboreal primates" arboreal
scandentians, (2) terrestrial scandentians,and (3) dermopter-
ans (Fig. 1). Although arborealprimates and arboreal tree
shrews (Ptilocercusand Tupaia minor) are not identical in
their intrinsic hand proportions, the two groups are clearly
more similar to one another than they are to terrestrial
tree shrews and colugos. Indeed, both arboreal primates
and arboreal tree shrews resemble many other arboreal
mammals in having relatively long proximal phalanges
andshortmetacarpals.By contrast,terrestrial tree shrews re-
semblemany other terrestrial mammals in having relatively
short proximal phalangesand long metacarpals(Figs. 1e5).
The phalangeal indices of terrestrial tree shrews (range:
90.2e98.8; Appendix 2) are also comparable to values re-
portedfor baboons(Papio ! 91.6; Jungers et al., 2005), sug-
gesting that terrestrial scandentians and some terrestrial
cercopithecoidsmay share similar intrinsic handproportions.
Although both Cynocephalus and Galeopterus (colugos) are
arboreal,thesegeneraare highly derived in having long in-
termediate phalangesas an adaptation for mitten gliding
(Beard, 1993; Hamrick, 2001a).

Fourth, intrinsic hand proportions appearto be strongly
inßuencedby substrate preference among extant mammals.
In scandentians,carnivorans,marsupials,androdents,arboreal
speciestendto have relatively longerproximal phalangesand
shorter metacarpals than terrestrial close relatives. Accord-
ingly, arboreal speciestendto have higher phalangealindices
thanterrestrial species(Fig. 6). TheseÞndingsagreewell with
the resultsof most previous studies of mammalian intrinsic
handproportions, and supportthe use of phalangealindices
andternarydiagramsastools for reconstructing the locomotor
behaviorof fossil taxa(Hamrick andAlexander, 1996;Leme-
lin andGrafton,1998;Lemelin,1999;Hamrick, 2001a;Bloch
andBoyer, 2002;Jungerset al., 2005;Weisbecker andWarton,

Fig. 6. Phalangealindicesof extant andfossilmammals. Theseboxplotscom-
parethespeciesmeansof phalangealindicesfor extantarborealmammals, ex-
tant terrestrialmammals,and fossil taxa.Phalangealindiceswerecalculated
as: [(proximal phalanx length" intermediate phalanx length)/metacarpal
length]# 100.

4 Note that whetherthe last commonancestorof therianmammalshad in-
trinsic handproportionsmostcomparable to extant arborealmammals, extant
terrestrialmammals, or taxawith intermediate morphology, eachof theseal-
ternatives implies pervasive homoplasy in the evolution of therian hand
proportions.

5 SeealsoWeisbeckerandWarton(2006), who reportvery high phalangeal
indicesfor Petauroides volansin agreementwith the presentanalysis.
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2006). However, theutilit y of intrinsic handproportionsasan
indicator of substrate preferenceis dependentupon the clade
in question. In some clades(e.g.,Metatheria),extant arboreal
andterrestrial taxaarewell-differentiated,with no overlap in
the distributions of locomotor subgroups(Fig. 3). In other
clades(e.g.,Muridae), thereis partial overlapbetweenthe ar-
borealandterrestrial distributions(Fig. 4). TheseÞndingsare
consistent with thoseof Weisbecker and colleagues,who re-
port that manualphalangeal indicesperformwell in discrimi-
nating between arboreal and terrestrial diprotodontian
marsupials, but performpoorly in discriminating between ar-
boreal and terrestrial hystricognathrodents (Weisbecker and
Warton,2006;Weisbecker andSchmid,2007).6 Theseresults
for non-sciurid rodents could be partly attributableto aneffect
of small body mass.In other words,smaller-bodiedarboreal
andterrestrial speciesmay be more likely to have similar in-
trinsic hand proportions due to the mechanics of locomotion
at small body size. For very small-bodied arboreal species,
most arborealsubstrates will be large relative to hand size
and difÞcult or impossible to grasp.Conversely, very small
terrestrial speciesmayrequiremanual adaptationsfor scansor-
iality in orderto traverseobstaclesandsmall-scalediscontinu-
ities on terrestrial substrates (Jenkins,1974). Nonetheless, it
seemslikely that clade-speciÞcfactors other than body mass
inßuenceintrinsic handproportionsgiventhepronounceddif-
ferences between small-bodied arboreal and terrestrial mem-
bersof some clades (e.g., Sciuridae and Scandentia). Based
on the presentanalysis,we concludeonly that intrinsic hand

proportionsmay be usedto infer the substratepreferencesof
somegroups(e.g.,marsupials) with a higherdegreeof conÞ-
dencethan is possible for other groups(e.g.,murid rodents).

Fifth, although data on locomotion and substrate prefer-
ence are limited for many mammals, primate-like intrinsic
hand proportions do not appear to be strictly associated
with the useof Þne-branch arborealsubstratesor the manip-
ulation of objectswith single-handed (i.e., prehensile) grips.
In particular, tree squirrels have intrinsic hand proportions
comparable to those of many arboreal primates (Fig. 5;
see also Lemelin and Grafton, 1998) but are generally de-
scribed as avoiding small diameter branches(Garber and
Sussman,1984). Arboreal sciurids also typically manipulate
food items using two-handed (i.e., non-prehensile) grips
(Bishop, 1964; Whishaw et al., 1998). Accordingly, relative
elongation of proximal phalangesand shortening of the
metacarpals should not be considered deÞnitive evidence
of prehensile abilities or habitual use of small diameter ar-
boreal substrates in fossil taxa. As noted by Lemelin and
Grafton (1998), relative elongation of the digits represents
only one of the numerous phenotypic features that make
a hand(or a foot for that matter) capable of grasping small
objects. In addition, it is important to stressthat the hands
and feet of tree squirrels differ dramatically from those of
primates and didelphids despite the similarities in manual
ray III proportions described here(Cartmill, 1974a). For ex-
ample,Sciurus carolinensishasa diminutive pollex, a nondi-
vergent hallux, and much shorter pedal digits (i.e., lower
pedalphalangealindices)comparedto primatesand arboreal
opossums (Lemelin, unpublished data). Nevertheless, the
fact remains that speciesknown to be capable of grasping
small diameter supports and achieving single-handedgrips
(e.g.,Ptilocercus, Tupaiaminor, Potos, Caluromys, Microce-
bus, Mirza, Cheirogaleus, and Saguinus) all have relatively
long proximal phalangesand short metacarpals (Figs. 1e6;
McClearn, 1992; Lemelin, 1996, 1999; Lemelin and
Grafton, 1998; Hamrick, 2001a;Sargis, 2001; Lemelin and
Schmitt, 2007). These data suggest that although some

Table1
Statisticalcomparisonsof phalangealindices.All statisticalcomparisonsaretwo-tailedWilcoxon rank-sumtestson speciesmeans.a! numberof arborealnon-
primatespecies;t ! numberof terrestrialnon-primatespecies;pr ! 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)

Marsupials *** 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) *** p < 0.001
Z ! $ 4.816(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)

6 WeisbeckerandWarton(2006)alsofoundthat theÔÔinterphalangealratioÕÕ
(intermediatephalanxlength/proximal phalanxlength# 100)usedby somere-
searchersto reconstructsubstratepreference in fossil taxa(e.g.,Ji et al., 2002;
Luo etal., 2003) did notsuccessfullydiscriminatebetweenarborealandterres-
trial diprotodontians.This resultis supportedby our dataset.Whendermopter-
ansareexcluded,thearborealandterrestrialtaxaincludedin thisanalysishave
very similar interphalangeal ratios(arborealmean! 66.7,s.d.! 8.0;terrestrial
mean! 65.6, s.d.! 9.1) and are not signiÞcantlydifferent (Wilcoxon rank-
sum,p ! 0.58,Z ! $ 0.557).
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specieswith relative elongation of manualdigits are not ca-
pable of manual prehension (at least basedon current be-
havioral evidence), primate-like intrinsic hand proportions
may nonethelessbe a necessarycomponentof manual pre-
hensility (Cartmill, 1985; Napier, 1993; Lemelin, 1996,
1999; Lemelin and Grafton, 1998; Lemelin and Schmitt,
2007). These data also reinforce the conclusion that claw
loss is not necessary for achieving prehensile grips (Lemelin
and Grafton, 1998; Sargis, 2001), although Þne-branch ar-
boreality is clearly associated with claw reduction and volar
pad expansion in callitrichines and didelphids (Hamrick,
1998, 2001a,b, 2003).

Plesiadapiformsand the euarchontan morphotype

The comparative data presented here on the intrinsic
proportions of manual ray III indicate that most plesiadapi-
forms have hand proportions that are more similar to those

of various extant arboreal mammals than to those of terres-
trial mammals (Figs. 1e6; Bloch and Boyer, 2002, 2003).
Of the taxa included in this analysis, Ignacius, Carpolestes,
Dryomomys, and Nannodectes all have relatively long prox-
imal phalangesand short metacarpals compared to most liv-
ing terrestrial species. In the presentcomparative sample,
these plesiadapiform genera have ray III proportions that
more closely resemble thoseof somearborealprimates, ar-
boreal tree shrews (Ptilocercus and Tupaia minor), and ar-
boreal rodents (e.g., sciurids, Dendromus, and
Dactylomys). By analogy, Ignacius, Carpolestes, Dryom-
omys, and Nannodecteswere almostcertainly committedar-
borealists. Although it is not certain whether all of these
plesiadapiforms were Þne-branchspecialists capable of man-
ual prehension, the intrinsic hand proportions of the four
genera do not reject this possibility (Bloch and Boyer,
2003). If plesiadapiforms 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 scandentiansand primateswith similar
hand proportionsare capableof manual prehension (Leme-
lin and Grafton, 1998; Sargis,2001) may suggestthat most
plesiadapiforms also had prehensile hands.In this context, it
is noteworthy that other postcranial featuresof Carpolestes
simpsoni (e.g., an abductedgrasping hallux) suggest that
this specieswas a Þne-branch arborealist (Bloch and Boyer,
2002). Additionally, it is clear that none of the plesiadapi-
forms considered here (including Ignacius) resemble living
dermopterans in having relative elongation of the intermedi-
ate phalanx (Fig. 1). These data thus provide further evi-
dencethat paromomyids were not mitten gliders (Runestad
and Ruff, 1995; Hamrick et al., 1999; Boyer et al., 2001;
Bloch et al., 2007; Boyer and Bloch, in press).

In contrast to other plesiadapiforms, the manual propor-
tions of Plesiadapis are lessclearly indicative of arboreality.
In ternary diagrams, Plesiadapis plots closest to arboreal
carnivorans (Fig. 2) and terrestrial sciurids (Fig. 5). Simi-
larly, the phalangeal indicesof Plesiadapisare most compa-
rable to those of some arboreal carnivorans and terrestrial
rodents(Table 2). The apparentambiguity of theseresults
may in part be attributed to our simpliÞed dichotomous
classiÞcation of speciesin the extant comparative sample
as either ÔÔarborealÕÕor ÔÔterrestrialÕÕ. For example,the pha-
langealindex of Plesiadapiscookeiis very similar to that of
the yellow-pine chipmunk (Tamias amoenus; Table 2). Al-
though Tamias is here classiÞed as terrestrial, most chip-
munk speciesspenda considerable amount of time in the
trees and are readily capable of arboreal locomotion
(Nowak, 1999; Essner, 2007). Given the inherentlimitations
of the current methodsand comparative sample,it is worth
emphasizing that intrinsic hand proportions provide only
one meansof assessing the substrate preferencesof fossil
taxa. Fortunately the postcranial anatomy of Plesiadapis is
relatively well known, and most previous researchsupports
the conclusion that this genus was arboreal. In particular,
Gunnell and Gingerich noted that the sharp and laterally
compressed distal phalangesof Plesiadapis cookei suggest

Table2
Phalangealindices of fossil taxa and the four extant specieswith the most
similar indices.The numberin parenthesesis the meanphalangealindex for
the speciesshown

Fossil taxon Extantspecieswith closestphalangealindices

Plesiadapis cookei
(108.6)

Arctictis binturong(108.3), binturong
Tamiasamoenus(109.8), yellow-pine chipmunk
Paradoxurushermaphroditus(107.4),Asian palm
civet
Aplodontiarufa (106.7),mountainbeaver

Nannodectes
intermedius(128.9)

Paraxeruscepapi(128.9),SmithÕs bushsquirrel
Saguinusmidas(129.9),golden-handedtamarin
Funisciurus pyrropus(127.6),Þre-footed rope
squirrel
Tupaiaminor (127.3),pygmy treeshrew

Nannodectesgidleyi
(131.3)

Funisciurus lemniscatus(131.3),ribbonedrope
squirrel
Paraxerusochraceus(131.5),ochrebushsquirrel
Marmosarobinsoni(131.7), RobinsonÕs mouse
opossum
Arctocebuscalabarensis(131.7),angwantibo

Carpolestes simpsoni
(156.1)

Dryomomysszalayi
(156.2)

Tamiopsswinhoei(156.2),SwinhoeÕs striped
squirrel
Aotustrivirgatus (154.6),northernowl monkey
Nannosciurusmelanotis(154.4), black-earedpygmy
squirrel
Micoureusdemerarae(158.7),woolly mouse
opossum

Ignacius
clarkforkensis
(179.4)

Dendromusmystacalis(178.8), chestnutclimbing
mouse
Galagoides demidoff(180.4),DemidoffÕs dwarf
bushbaby
Nycticebuspygmaeus(182.0),pygmy slow loris
Euoticuselegantulus(175.2),needle-clawed
bushbaby

Notharctussp.(216.9) Tarsiusbancanus (209.2),westerntarsier
Petauroidesvolans(205.6),greaterglider
Trogopterus xanthipes(194.8),complex-toothed
ßying squirrel
Tarsiusspectrum (187.6),spectraltarsier
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that this North American specieswas a ÔÔstrong climberÕÕ
(1987: 206). Likewise,Godinot and Beard (1991) concluded
that European Plesiadapis tricuspidenshad long handswith
sharpclaws that facilitated arborealclimbing. Youlatosand
Godinot (2004, p. 352) concurred with this interpretation,
suggesting that the postcranium of Plesiadapis tricuspidens
was adapted for ÔÔarboreal quadrupedal walking and claw
clingingÕÕ.These conclusions are also supported by Bloch
and Boyer (2007), who suggested that Plesiadapiscookei
may have utilized suspensory behaviors on the basis of
postcranial comparisons with fruit bats (Pteropus) and
two-toed sloths (Choloepus). Additionally, Boyer and Bloch
(in press)demonstrated that the intermediate phalangesof
Plesiadapis cookei have proximal articular surfaces that
are similar in shapeto those of sloths and dermopterans.
Comparative analysesof hindlimb morphology have also
provided evidence that Plesiadapis was arboreal (Szalay
and Decker, 1974; Szalay et al., 1975; Szalay and Dagosto,
1988; Sargiset al., 2007). Thesestudieshelp to resolvethe
ambiguity of the current results for Plesiadapis cookei,
and strongly favor the conclusion that this species was
arboreal.

The totality of theseresults suggests that the last com-
mon ancestor of plesiadapiforms was arboreal. If Sargis
(2002) is correct that the forelimb anatomy of Ptilocercus
most closely approximatesthe ancestral condition for Scan-
dentia, then the broadly similar intrinsic hand proportions
shared by many strepsirrhines and platyrrhines, arboreal
tree shrews, and most plesiadapiforms are likely primitive
for Euarchonta. The close functional association between
such hand proportions and arboreality in extant mammals
is consistentwith the suggestion that Euarchonta originated
in an arborealmilieu (Szalayand Drawhorn,1980). Accord-
ing to this scenario,the last common ancestor of euarchon-
tans would have been arboreal and possessedhands with
relatively long proximal phalangesand short metacarpals
like many living arborealmammals. The presence of such
intrinsic manual proportions would, therefore, be expected
for basal members of all euarchontan orders, but would
not be informative regarding phylogenetic relationships
within Euarchonta. As euarchontansdiversiÞed and the an-
cestorsof colugos evolved adaptations for mitten gliding,
this lineage would have evolved its characteristically long
intermediate phalangesin concert with an interdigital pata-
gium. Conversely, as the ancestorsof tupaiid tree shrews be-
came more terrestrial, this lineage would have evolved
shorterdigits relative to palm length. Accordingly, the puta-
tive last common ancestor of plesiadapiforms and primates
would have retained handswith relatively long digits and
potentially exhibited some capacity for manual prehension.
The subsequentorigin of the primate crown group would
have been associated with the evolution of nails on all
digits, presumably as an adaptation for the habitual use of
small-diameter arboreal substrates (Cartmill, 1972, 1974a,
1985; Hamrick, 1998). Although this sequenceof changes
represents the most parsimonious interpretation of the data
presented here, the strong functional association between

relatively long manual digits and arboreality leaves open
the possibility that similar intrinsic handproportionsevolved
independently in arboreal primates, arboreal tree shrews,
and plesiadapiforms.

Conclusions

1. Manyarborealmammalshave intrinsicmanual ray III pro-
portions thataresimilar to those of variousliving arboreal
primates.

2. Within Euarchonta, dermopteransand terrestrial scan-
dentians have manual ray III proportions that differ
from those of extant arboreal primates and arboreal
scandentians.

3. Arboreal mammals tend to have hands with relatively
longer proximal phalanges and shorter metacarpals
than terrestrial close relatives. Accordingly, manual ray
III proportions may be used to distinguish arboreal
and terrestrial members of many mammalian higher-
level clades.

4. Longerdigits relative to palmlength maybenecessary for
achieving prehensile(i.e., single-handed) grips. However,
not all species with relatively long manual digits (e.g.,
sciurids)have prehensile hands(at least basedon current
behavioralevidence).

5. Ignacius, Carpolestes, Dryomomys, andNannodecteshave
intrinsic handproportionsconsistentwith habitually arbo-
real locomotion.

6. The intrinsic handproportions of Plesiadapis cookeiare
ambiguous with regardto substrate preference.However,
other postcranial features suggestthat this specieswas
arboreal.

7. Intrinsic handproportionsbroadly comparableto those of
strepsirrhines,platyrrhines,arboreal treeshrews, andple-
siadapiformsprobably Þrstevolvedin thelast commonan-
cestor of euarchontans. This euarchontan common
ancestorwaslikely arborealandmayhave hadwell-devel-
opedmanual graspingabilities.
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Appendix 1. Summary measurementsfor all species

Order Species Common
name

Subgroup Sub-stratea nb MC3c

mean
MC3 s.d.

(mm)
PP3d

mean
PP3s.d.
(mm)

IP3e

mean
IP3 s.d.f

(mm)

Primates Aotustrivirgatus Northernowl monkey Platyrrhini a 5 17 1.09 15.5 0.58 10.8 0.39
Primates Arctocebus

calabarensis
Angwantibo Lorisiformes a 11 8.06 0.39 6.89 0.34 3.73 0.32

Primates Avahi laniger Easternwoolly lemur Lemuriformes a 10 22 1.42 18.2 1.19 11.4 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 0.91
Primates Cheirogaleus major Greaterdwarf lemur Lemuriformes a 8 10.7 1.25 9.51 0.74 5.94 0.38
Primates Cheirogaleus medius Fat-taileddwarf lemur Lemuriformes a 6 7.52 0.36 6.73 0.37 4.44 0.32
Primates Daubentonia

madagascariensis
Aye-aye Lemuriformes a 9 35.9 2.7 42.1 1.62 18.7 1.38

Primates Eulemurcoronatus Crownedlemur Lemuriformes a 2 17.9 1.41 15.8 1.29 10.6 0.66
Primates Eulemurfulvus Brown lemur Lemuriformes a 13 21 1.74 18.2 1.64 11.8 0.96
Primates Eulemurmacaco Black lemur Lemuriformes a 7 21.8 1.85 19.2 1.32 12.6 0.99
Primates Eulemurmongoz Mongooselemur Lemuriformes a 7 19.4 1.22 16.9 1.46 11.4 0.83
Primates Eulemurrubriventer Red-belliedlemur Lemuriformes a 2 22.1 0.57 20 0.3 12.8 0.49
Primates Euoticuselegantulus Needle-clawed

bushbaby
Lorisiformes a 11 11 0.61 12 0.38 7.27 0.42

Primates Galagomoholi SouthAfrican
bushbaby

Lorisiformes a 7 8.26 0.3 8.18 0.27 5.71 0.1

Primates Galagosenegalensis Senegal bushbaby Lorisiformes a 14 8.3 0.74 8.54 0.7 5.77 0.59
Primates Galagozanzibaricus Zanzibarbushbaby Lorisiformes a 1 8.94 e 8.67 e 6.23 e
Primates Galagoides alleni AllenÕs bushbaby Lorisiformes a 5 10.4 0.33 10.8 0.23 7.02 0.61
Primates Galagoides demidoff DemidoffÕs bushbaby Lorisiformes a 11 6.05 0.28 6.48 0.34 4.42 0.19
Primates Hapalemurgriseus Lesserbamboolemur Lemuriformes a 12 16 0.94 14.6 0.7 9.41 0.55
Primates Hapalemursimus Greaterbamboo

lemur
Lemuriformes a 2 19.5 4.67 17.7 4.26 11.7 3.15

Primates Indri indri Indri Lemuriformes a 8 51.6 0.7 43 1.38 26 1.53
Primates Lemurcatta Ring-tailedlemur Lemuriformes a 12 21.1 1.81 17.9 1.68 12.1 1.18
Primates Leontopithecus

rosalia
Goldenlion tamarin Platyrrhini a 7 21.6 1.13 15.1 0.42 10 0.53

Primates Lepilemur leucopus White-footed sportive
lemur

Lemuriformes a 7 13.2 0.55 12.9 0.51 8.24 0.52

Primates Lepilemur mustelinus Weaselsportive lemur Lemuriformes a 5 17.4 0.64 16.4 0.72 9.98 0.42
Primates Lepilemur

ruÞcaudatus
Red-tailedsportive
lemur

Lemuriformes a 1 12.3 e 13.1 e 7.71 e

Primates Loris tardigradus Slenderloris Lorisiformes a 12 7.84 0.53 8.43 0.38 5.06 0.57
Primates Microcebus murinus Gray mouselemur Lemuriformes a 17 5.48 0.35 5.04 0.31 3.79 0.34
Primates Mirza coquereli CoquerelÕs dwarf

lemur
Lemuriformes a 1 10.5 e 9.71 e 5.75 e

Primates Nycticebus coucang Slow loris Lorisiformes a 17 11.9 0.63 12.7 0.79 7.07 0.88
Primates Nycticebus pygmaeus Pygmyslow loris Lorisiformes a 5 9.96 0.29 11.4 0.13 6.77 0.17
Primates Otolemur

crassicaudatus
Fat-tailed bushbaby Lorisiformes a 9 13.4 0.78 13.6 0.79 8.64 0.79

Primates Otolemur garnettii GarnettÕs bushbaby
(or galago)

Lorisiformes a 7 13.6 0.44 14.5 0.27 8.75 0.29

Primates Perodicticus potto Potto Lorisiformes a 13 14.6 1.24 15.5 1.15 8.09 0.8
Primates Phanerfurcifer Fork-markedlemur Lemuriformes a 1 11.1 e 10.5 e 6.61 e
Primates Propithecus diadema Diademedsifaka Lemuriformes a 7 40.7 1.78 34.7 2.09 21.9 1.31
Primates Propithecus verreauxi VerreauxÕs sifaka Lemuriformes a 12 30.7 2.46 26.4 2.09 16.4 1.66
Primates Saguinusmidas Golden-handed

tamarin
Platyrrhini a 8 14.1 0.95 11.3 0.6 7.07 0.39

Primates Saguinusoedipus Cotton-toptamarin Platyrrhini a 13 14.2 0.65 11.8 0.62 6.95 0.46
Primates Saimiri sciureus Commonsquirrel

monkey
Platyrrhini a 5 14.8 0.36 12.3 0.55 9.25 0.49

Primates Tarsiusbancanus Westerntarsier Tarsiidae a 13 11.8 0.72 14.3 1.03 10.4 1.12
Primates Tarsiusspectrum Spectraltarsier Tarsiidae a 11 10.3 0.97 11.6 1.34 7.87 1.41
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 25.1 0.92 15.7 0.89
Carnivora Arctictis binturong Binturong Viverridae a 3 34.1 2.01 22.5 1.57 14.4 0.17
Carnivora Nandinia binotata African palm civet Viverridae a 8 19.8 2.88 14 2.14 9.94 1.25
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Appendix1 (continued)

Order Species Common
name

Subgroup Sub-stratea nb MC3c

mean
MC3 s.d.

(mm)
PP3d

mean
PP3s.d.
(mm)

IP3e

mean
IP3 s.d.f

(mm)

Carnivora Nasuanasua SouthAmerican
coatimundi

Procyonidae t 8 22.2 1.28 10.8 0.98 8.74 0.79

Carnivora Paradoxurus
hermaphroditus

Asian Palm civet Viverridae a 8 17.9 1.5 11 1.13 8.28 1.35

Carnivora Potosßavus Kinkajou Procyonidae a 6 22.2 1.53 16 0.74 10.1 0.4
Carnivora Procyonlotor Northernraccoon Procyonidae t 16 30.6 1.67 14.4 0.82 9.85 0.44
Carnivora Viverra tangalunga Malayancivet Viverridae t 6 29.6 3.54 12 1.44 8.28 1.26
Dermoptera Galeopterus

variegatus
Malayanßying lemur Dermoptera a 7 24.8 2.18 14.9 1.01 20.8 2.12

Dermoptera Cynocephalusvolans Philippineßying
lemur

Dermoptera a 5 23.9 0.95 15.3 1.43 20.4 1.72

Metatheria Aepyprymnus
rufescens

Rufousrat kangaroo Potoroidae t 2 11.2 1.2 4.7 0.14 3.65 0.64

Metatheria Caluromysderbianus CentralAmerican
woolly opossum

Didelphidae a 4 8.16 1.27 7.31 0.93 4.25 0.6

Metatheria Caluromysphilander Bare-tailedwoolly
opossum

Didelphidae a 10 7.67 0.89 6.79 0.73 3.85 0.33

Metatheria Caluromysiops
irrupta

Black-shouldered
opossum

Didelphidae a 2 9.09 0.56 8.55 0.31 4.37 0.18

Metatheria Chironectes 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 5.49 0.37
Metatheria Didelphisvirginiana Virginia opossum Didelphidae t 10 17.8 1.53 10.7 0.83 5.29 0.5
Metatheria Marmosarobinsoni RobinsonÕs mouse

opossum
Didelphidae a 11 4.8 0.74 4.08 0.72 2.25 0.36

Metatheria Micoureusdemerarae Long-furredwoolly
mouseopossum

Didelphidae a 1 4.63 e 4.72 e 2.63 e

Metatheria Monodelphis
brevicaudata

Red-leggedshort-
tailed opossum

Didelphidae t 10 4.56 0.45 2.9 0.33 1.42 0.17

Metatheria Monodelphis
domestica

Gray short-tailed
opossum

Didelphidae t 5 5.18 0.23 3.1 0.13 1.83 0.07

Metatheria Petauroides volans Greaterglider Pseudocheiridae a 2 10.6 2.19 14.6 2.97 6 e
Metatheria Petaurusaustralis Yellow-bellied glider Petauridae a 1 10.2 e 9.7 e 5.6 e
Metatheria Petaurusbreviceps Sugarblider Petauridae a 2 6.25 0.49 6 0.28 3.3 0
Metatheria Philanderopossum Gray four-eyed

opossum
Didelphidae t 10 11 0.83 7.04 0.61 3.55 0.27

Metatheria Potoroustridactylus Long-nosedpotoroo Potoroidae t 1 12.3 e 4.9 e 4 e
Metatheria Pseudocheirus

peregrinus
Queenslandring-
tailed possum

Pseudocheiridae a 2 9.95 0.92 9.65 0.92 e e

Metatheria Trichosurusvulpecula Silver-gray brushtail
possum

Phalangeridae a 5 18.1 1.63 15.5 1.3 9.86 0.62

Rodentia Akodonboliviensis Bolivian grassnouse Sigmodontinae t 1 3.2 e 1.9 e 1.3 e
Rodentia Akodoncursor Cursorgrassmouse Sigmodontinae t 1 4.3 e 2.6 e 1.7 e
Rodentia Akodonlongipilis Long-hairedgrass

mouse
Sigmodontinae t 1 4 e 2.6 e 1.5 e

Rodentia Akodonurichi Northerngrassmouse Sigmodontinae t 1 3.7 e 2.2 e 1.4 e
Rodentia Ammospermophilus

leucurus
White-tailed antelope
squirrel

Sciurinae t 4 7.03 0.1 4.62 0.25 3.23 0.26

Rodentia Aplodontiarufa Mountainbeaver Aplodontidae t 2 11.8 0.85 7.13 0.22 5.48 0.52
Rodentia Apodemussylvaticus Long-tailedÞeld

mouse
Murinae t 7 4.1 0.31 2.66 0.13 1.64 0.18

Rodentia Callosciurus
erythraeus

PallasÕs squirrel Sciurinae a 4 10.8 0.29 9.1 0.34 6.65 0.41

Rodentia Chiropodomys
calamianensis

Palawan pencil-tailed
treemouse

Murinae a 9 4.29 0.39 3.26 0.43 2.08 0.31

Rodentia Coendouprehensilis Brazilian porcupine Erethizontidae a 4 17.65 0.50 12.4 0.30 9.67 0.22
Rodentia Cynomysludovicianus Black-tailedprairie

dog
Sciurinae t 4 13.2 0.66 7.83 0.39 5.45 0.26

Rodentia Dactylomys dactylinus Amazonbamboorat Echimyidae a 1 9.7 e 7.6 e 5.8 e
Rodentia Dendromus

mystacalis
Chestnutclimbing
mouse

Dendromurinae a 5 2.19 0.12 2.24 0.17 1.66 0.13

Rodentia Dremomys pernyi PernyÕs long-nosed
squirrel

Sciurinae a 6 9.62 0.37 7.55 0.46 5.83 0.27

Rodentia Erethizondorsatum North American
porcupine

Erethizontidae a 6 18.17 0.83 12.84 1.08 9.68 0.74

(continuedon nextpage)
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Appendix1 (continued)

Order Species Common
name

Subgroup Sub-stratea nb MC3c

mean
MC3 s.d.

(mm)
PP3d

mean
PP3s.d.
(mm)

IP3e

mean
IP3 s.d.f

(mm)

Rodentia Funisciurus
lemniscatus

Ribbonedrope
squirrel

Sciurinae a 1 8 e 6.3 e 4.2 e

Rodentia Funisciurus pyrropus Fire-footedrope
squirrel

Sciurinae a 2 9.6 0.14 7.25 0.35 5 0.14

Rodentia Glaucomys sabrinus Northernßying
squirrel

Pteromyinae a 4 6.07 0.21 5.65 0.13 4.45 0.21

Rodentia Heliosciurus
rufobrachium

Red-leggedsun
squirrel

Sciurinae a 4 11.1 0.19 9.07 0.17 6.28 0.22

Rodentia Lariscushosei Four-striped ground
squirrel

Sciurinae t 1 10.2 e 7.2 e 5.3 e

Rodentia Liomyspictus Paintedspiny pocket
mouse

Heteromyidae t 4 3.85 0.39 2.38 0.22 1.27 0.22

Rodentia Marmotacaligata Hoary marmot Sciurinae t 2 23.2 0.21 14.8 0.92 9.05 0.35
Rodentia Marmotahimalayana Himalayanmarmot Sciurinae t 1 24.7 e 15.5 e 7.6 e
Rodentia Marmotamonax Woodchuck Sciurinae t 1 21.3 e 13.7 e 8.6 e
Rodentia Menetesberdmorei Indochineseground

squirrel
Sciurinae t 1 8.6 e 6.3 e 4.6 e

Rodentia Micromys minutus Eurasianharvest
mouse

Murinae a 6 2.27 0.17 1.65 0.16 1.03 0.1

Rodentia Microsciurus alfari CentralAmerican
dwarf squirrel

Sciurinae a 1 7.6 e 7.3 e 5.7 e

Rodentia Microsciurus
ßaviventer

Amazondwarf
squirrel

Sciurinae a 1 6.7 e 6.2 e 4.9 e

Rodentia Mus musculus Housemouse Murinae t 4 2.7 0.18 1.7 0.14 1.12 0.13
Rodentia Myosciurus pumilio African pygmy

squirrel
Sciurinae a 1 3.6 e 3.6 e 2.7 e

Rodentia Nannosciurus
melanotis

Black-eared pygmy
squirrel

Sciurinae a 1 5.7 e 5.2 e 3.6 e

Rodentia Paraxerus cepapi SmithÕs bushsquirrel Sciurinae a 2 8.3 0 6.35 0.07 4.35 0.07
Rodentia Paraxerus ochraceus Ochrebushsquirrel Sciurinae a 1 7.3 e 5.6 e 4 e
Rodentia Pedetescapensis Springhare Pedetidae t 2 9.15 0.07 6.65 0.49 5.45 0.49
Rodentia Perognathus amplus Arizonapocketmouse Heteromyidae t 4 2.95 0.21 1.62 0.05 1.18 0.1
Rodentia Phloeomyscumingi SouthernLuzon giant

cloud rat
Murinae a 1 16.5 e 12.5 e 8.5 e

Rodentia Rattusrattus Houserat Murinae t 4 6.77 0.48 4.22 0.1 2.5 0.2
Rodentia Ratufabicolor Black giant squirrel Sciurinae a 1 14.8 e 14.1 e 9.6 e
Rodentia Ratufamacroura Sri Lankangiant

squirrel
Sciurinae a 1 13.3 e 11.4 e 8.3 e

Rodentia Ratufasp. Giant squirrel Sciurinae a 1 16.3 e 13.8 e 10.1 e
Rodentia Sciurotamias

davidianus
Père DavidÕs rock
squirrel

Sciurinae t 4 11 0.34 7.03 0.21 5.15 0.13

Rodentia Sciurusaberti AbertÕs 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 8.95 0.4
Rodentia Spermophilus

richardsonii
RichardsonÕs ground
squirrel

Sciurinae t 4 9.75 0.52 5.83 0.41 3.67 0.1

Rodentia Sundasciurus lowii LowÕs squirrel Sciurinae a 2 7.7 0.28 6.2 0.14 4.2 0.14
Rodentia Sundasciurus

samarensis
Samarsquirrel Sciurinae a 2 9.65 0.49 8 0 5.5 0.14

Rodentia Tamiasamoenus Yellow-pine
chipmunk

Sciurinae t 4 6.15 0.29 3.92 0.26 2.83 0.13

Rodentia Tamiasciurus
douglasii

DouglasÕsquirrel Sciurinae a 2 10.1 0.28 7.55 0.49 6.2 0.42

Rodentia Tamiasciurus
hudsonicus

Redsquirrel Sciurinae a 2 9.1 0.14 7.2 0.14 5.75 0.21

Rodentia Tamiopsswinhoei SwinhoeÕs striped
squirrel

Sciurinae a 3 7.13 0.25 6.43 0.21 4.7 0.1

Rodentia Trogopterusxanthipes Complex-toothed
ßying squirrel

Pteromyinae a 2 9.5 0.28 10.4 0.49 8.1 e

Rodentia Xeruserythropus Stripedground
squirrel

Sciurinae t 1 12 e 7.7 e 5.1 e

Rodentia Xerusinauris SouthAfrican (or
Cape)groundsquirrel

Sciurinae t 1 12.3 e 7 e 4.4 e
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Appendix1 (continued)

Order Species Common
name

Subgroup Sub-stratea nb MC3c

mean
MC3 s.d.

(mm)
PP3d

mean
PP3s.d.
(mm)

IP3e

mean
IP3 s.d.f

(mm)

Scandentia Ptilocercus lowii Pen-tailedtreeshrew Ptilocercinae a 1 6.1 e 4.8 e 3.5 e
Scandentia Tupaiaglis Commontreeshrew Tupaiinae t 10 9.5 1.04 5.13 0.41 3.43 0.46
Scandentia Tupaialongipes Long-footed tree

shrew
Tupaiinae t 2 10.3 0.28 5.85 0.24 4.23 0.28

Scandentia Tupaiaminor Pygmytreeshrew Tupaiinae a 1 6.85 e 4.89 e 3.83 e
Scandentia Tupaiatana Large treeshrew Tupaiinae t 3 10.6 0.7 6.26 0.5 4.23 0.28
Plesiadap

iformes
Carpolestes
simpsoni

Carpolestidae ? 1 7.18 e 6.61 e 4.6

Plesiadapi
formes

Dryomomys
szalayi

Micromomyidae ? 1 3.72 e 3.05 e 2.76

Plesiadapi
formes

Ignacius
clarkforkensis

Paromomyidae ? 1 10.3 e 10.6 e 7.88

Plesiadapi
formes

Nannodectes
gidleyi

Plesiadapidae ? 1 12 e 8.9 e 6.88

Plesiadapi
formes

Nannodectes
intermedius

Plesiadapidae ? 1 11.5 e 8.1 e 6.72

Plesiadapi
formes

Plesiadapis
cookei

Plesiadapidae ? 1 23.54 e 14.36 e 11.21

Primates Notharctussp. Notharctidae ? 3 19.0 2.48 26.7 0.8 14.1 1.41
a a! arboreal;t ! terrestrial.
b n ! numberof specimens.
c MC3 ! lengthof third metacarpal(mm).
d PP3! lengthof third proximal phalanx(mm).
e IP3! lengthof third intermediatephalanx(mm).
f s.d.! standarddeviation.

Appendix 2. Summary manual indices for all species

Order Species na PIb PI s.d. PPIc PPI s.d. IPId IPI s.d.e

Primates Aotustrivirgatus 5 155 5.85 91.1 3.86 63.5 2.08
Primates Arctocebuscalabarensis 11 132 5.77 85.5 4.41 46.2 3.68
Primates Avahi laniger 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 Cheirogaleus major 8 146 10.9 89.7 7.39 56 4.08
Primates Cheirogaleus medius 6 149 4.79 89.5 2.28 59 2.62
Primates Daubentonia madagascariensis 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 Galagosenegalensis 14 172 5.9 103 4.53 69.5 3.3
Primates Galagozanzibaricus 1 167 e 97 e 69.7 e
Primates Galagoides alleni 5 172 5.04 104 2.18 67.4 4.46
Primates Galagoides 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 Leontopithecusrosalia 7 116 3.84 69.7 2.39 46.4 1.95
Primates Lepilemur leucopus 7 161 4.67 98.4 3.65 62.7 3.61
Primates Lepilemur mustelinus 5 151 1.38 94.2 2.15 57.3 1.16
Primates Lepilemur ruÞcaudatus 1 169 e 106 e 62.7 e
Primates Loris tardigradus 12 172 9.32 108 6.29 64.5 5.72
Primates Microcebus murinus 17 161 10.6 92.1 5 69.3 6.44
Primates Mirza coquereli 1 148 e 92.8 e 55 e
Primates Nycticebus coucang 17 166 12.4 107 5.7 59.4 6.96

(continuedon nextpage)

295E.C. Kirk et al. / Journalof HumanEvolution55 (2008)278e299



Appendix2 (continued)

Order Species na PIb PI s.d. PPIc PPI s.d. IPId IPI s.d.e

Primates Nycticebus pygmaeus 5 182 5.71 114 3.77 68 2.47
Primates Otolemur crassicaudatus 9 167 5.9 102 3.63 64.7 4.28
Primates Otolemur garnettii 7 171 3.57 107 2.29 64.4 1.53
Primates Perodicticus potto 13 162 7.47 106 4.53 55.3 4.43
Primates Phanerfurcifer 1 154 e 94.3 e 59.3 e
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 Saguinusmidas 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
Carnivora Arctictis binturong 3 108 1.75 66 1.3 42.3 2.15
Carnivora Nandinia binotata 8 121 2.61 70.6 2.2 50.3 1.84
Carnivora Paradoxurus hermaphroditus 8 107 6.78 61.5 3.28 45.9 4.45
Carnivora Potosßavus 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
Carnivora Procyonlotor 16 79.3 2.38 47.1 1.54 32.2 1.14
Carnivora Viverra tangalunga 6 68.6 2.33 40.7 0.65 27.9 1.82
Dermoptera Galeopterus variegatus 7 144 5.72 60 2.48 83.9 4.13
Dermoptera Cynocephalusvolans 5 150 7.35 64.2 4.57 85.5 4.55
Metatheria Caluromys derbianus 4 142 6.97 90 3.69 52.3 3.54
Metatheria Caluromys philander 10 139 5.13 88.6 3.04 50.4 2.97
Metatheria Caluromysiopsirrupta 2 142 7.34 94.1 2.36 48.2 4.98
Metatheria Marmosarobinsoni 11 132 5.77 84.7 4.25 47 3.45
Metatheria Micoureusdemerarae 1 159 e 102 e 56.8 e
Metatheria Petauroides volans 2 206 e 138 0.62 66.7 e
Metatheria Petaurusaustralis 1 150 e 95.1 e 54.9 e
Metatheria Petaurusbreviceps 2 149 7.28 96.1 3.09 53 4.19
Metatheria Pseudocheirusperegrinus 2 e e 97 0.28 e e
Metatheria Trichosurus vulpecula 5 140 6.38 85.8 3.3 54.7 3.38
Metatheria Aepyprymnusrufescens 2 75.1 3.66 42.5 5.85 32.6 2.19
Metatheria Chironectes minimus 2 106 1.79 66.1 1.81 40.4 0.02
Metatheria Didelphismarsupialis 7 93.1 5.84 62.2 4.19 31.9 2.9
Metatheria Didelphisvirginiana 10 90.2 2.87 60.3 1.53 29.8 1.62
Metatheria Monodelphis brevicaudata 10 94.8 2.31 63.6 3.08 31.2 2.16
Metatheria Monodelphis domestica 5 95.2 3.63 60 2.54 35.3 1.16
Metatheria Philanderopossum 10 96.5 3.07 64.1 2.17 32.3 1.27
Metatheria Potoroustridactylus 1 72.4 e 39.8 e 32.5 e
Rodentia Chiropodomyscalamianensis 9 125 14.7 76.6 11.6 48.5 5.88
Rodentia Coendouprehensilis 4 125 2.04 70.3 1.64 54.8 0.42
Rodentia Dactylomys dactylinus 1 138 e 78.4 e 59.8 e
Rodentia Dendromusmystacalis 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 11.1 45.9 6.44
Rodentia Phloeomyscumingi 1 127 e 75.8 e 51.5 e
Rodentia Callosciurus erythraeus 4 147 6.04 84.7 2.17 61.9 3.91
Rodentia Dremomys pernyi 6 139 2.73 78.5 2.22 60.7 1.65
Rodentia Funisciurus lemniscatus 1 131 e 78.8 e 52.5 e
Rodentia Funisciurus pyrropus 2 128 3.28 75.5 2.57 52.1 0.71
Rodentia Glaucomys sabrinus 4 166 6.15 93.1 2.65 73.3 3.79
Rodentia Heliosciurus rufobrachium 4 138 2.61 81.4 0.76 56.3 1.86
Rodentia Microsciurus alfari 1 171 e 96.1 e 75 e
Rodentia Microsciurus ßaviventer 1 166 e 92.5 e 73.1 e
Rodentia Myosciurus pumilio 1 175 e 100 e 75 e
Rodentia Nannosciurus melanotis 1 154 e 91.2 e 63.2 e
Rodentia Paraxerus cepapi 2 129 1.7 76.5 0.85 52.4 0.85
Rodentia Paraxerus ochraceus 1 132 e 76.7 e 54.8 e
Rodentia Ratufabicolor 1 160 e 95.3 e 64.9 e
Rodentia Ratufamacroura 1 148 e 85.7 e 62.4 e
Rodentia Ratufasp. 1 147 e 84.7 e 62 e
Rodentia Sciurusaberti 4 149 4.58 82 1.26 66.6 3.61
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Order Species na PIb PI s.d. PPIc PPI s.d. IPId IPI s.d.e

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
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Rodentia Tamiopsswinhoei 3 156 7.75 90.3 5.69 65.9 2.14
Rodentia Trogopterusxanthipes 2 195 e 110 1.94 83.5 e
Rodentia Akodonboliviensis 1 100 e 59.4 e 40.6 e
Rodentia Akodoncursor 1 100 e 60.5 e 39.5 e
Rodentia Akodonlongipilis 1 102 e 65 e 37.5 e
Rodentia Akodonurichi 1 97.3 e 59.5 e 37.8 e
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Rodentia Mus musculus 4 105 4.28 62.9 2.21 41.6 2.51
Rodentia Pedetescapensis 2 132 1.02 72.7 4.85 59.6 5.87
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Rodentia Rattusrattus 4 99.5 4 62.5 3.08 36.9 2.04
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b PI ! phalangealindex.
c PPI! proximal phalangealindex.
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e s.d.! standarddeviation.
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