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WK (A% BB P BB R ) B2 0.1 mm (B 1) . HEBUSE/RBEX 3
BRATEN R MBMEBLERETHEGTH (R 1-3) DBREREIEME, HTHER
TR LB H 3 RE BB P, Z/5H A DeltaGraph S B4 3 P A B4 P47 527145 &

( Ig 2_ 5) o
*1 BREHETEX REENREEHRILR
Table 1 Comparison of hindlimb bone proportions of basal and enantiornithine birds
from the Early Cretaceous (mm)
Species Locality Femur Tibiotarsus  Tarsometatarsus Proportion Sour.ce of
SPECIMEHS
Jeholornis Chaoyang, Liaoning 75 88 47 1.00:1.17:0.63 IVPP V 13274
prima
Sapeornis Chaoyang, Liaoning 80 83 44 1.00:1.04:0.55 IVPP V 12698
chaoyangensis
2"""?"”‘6’” Solnhofen, Germany 70 90 48 1.00:1.29:0.69  Soinhofen
avara specimen
Confuciusornis Beipiao, Liaoning 47 54 25 1.00:1.15:0.53 IVPP V 11619
sanctus
Longipteryx Chaoyang, Liaoning 29 32 21 1.00:1.10:0.72  IVPP V 12325
chaoyangensis
Vescornis Fengning, Hebei 23.3 29.4 12.2 1.00:1.26:0.52 NJGP No 130722
hebeiensis
h“;Zf"os"“”“ Yixian, Liaoning 20 25.5 14 1.00:1.28:0.70 IVPP V 11309
Dapingfangornis . L . )
S Dapingfang, Liaoning 23 29 16 1.00:1.26:0.70  LPM 00039
sentisorhinus
Sinoris Chaoyang, Liaoning  17.6  22.4 1.2 1.00:1.27:0.75  BPV 538a
santensis
Euenantiornithes i . CAGS -G -
gon et sp. indet, | Changma, Gansu 24 29.2 20.3 1.00:1.22:0.85 (2" O

R2 ROEHSHERPERERLEER
Table 2 Coroparison of hindlimb bone proportions of omithurine birds from the Early Cretaceous (mm)

Specics Locality Femur Tibiotarsus  Tarsometatarsus Proportion Sountce of
specimens

Liaoningornis - . . .

longiditns Beipiao, Liaoning 26.4  32.6 14.2 1.00:1.24:0.54 IVPP V 11303

Yanornis Chaoyang, Liaoning  52.0  78.0 38.0 1.00:1.50:0.73 IVPP V 12558

marint

Yixianomis Yixian, Liaoning 42.0 54.0 26.0 1.00:1.27:0.63 IVPP V 1263]

grabaui

Hongshanomis Ningcheng, 22.0 38.0 22.0 1.00:1.73:1.00 IVPP V 14533

longicresia Nei Mongol

Archacorhynchus Yixian, Liaoning 37.0 42.0 20.0 1.00:1.14:0.54 IVPP V 14287

spathulo
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Table 3 Comparison of hindlimb bone proportions of birds from the Cenozoic (mm)
Species Classification L()Call.l'y and Femur Tibiotarsus Tarsome- Proportion .Suume ,.0 {
hocizon tatarsus information
Shandongomnis | by o nidae Shamwang, s o 56 34.0  1.00:1.24:0.76 Yeh, 1977
shanwanensis Shandong
Miocene
Sinanas Anatidae Shanwang, 5, o gg ¢ 40.0  1.00:1.76:0.80 Yeh, 1980
diatomas Shandong
Miocene
Yourgornis Rallidae Shanwang, 5 475 27.0  1.00:1.36:0.77 Yeh, 1981
gracilis Shandong
Miocene
Songzia . Songzi, . )
heidaneh . Gruiformes Hubei 19.0 34.0 24.0 1.00:1.79:1.26 Hou, 1990
Eocene
Pumiliornis | ¢ itomes 7 TS0, 108 1gg 9.9 1.00:1.73:0.92  Mayr, 1999
tessellatus Germany
Charadrifformes Middle Eocene 12 17.7 8.9 1.00:1.48:0.74
Qiluornis o Shanwang, . X Hou et al.,
taishanensis Accipitidae Shandong 12.3 18.3 12.0 1.00:1.49:0.98 2000
Miocene
Eocoracias Coraciiformes Querey, 35 | 413 18.2  1.00:1.29:0.57 Mayr and
brachyptera France
Mourer-Chauvire,
Late Eocene 2000
Primobucco | (v iiformes LTS Basin, g o6 4 131 1.00:1.41:0.69  Mayretal,
megrewi France 2004
P. perneri Eoccpe 18.4 24.0 13.1 1.00:1.30:0.72
Fluvioviridavis | Fluviovitdavi- Messel , 1.00:1.16 ~
platyrhamphus | dae Germany 25.029.0~36.0 15.4 1.44:0.62 Mayr, 2005a
Middle Eocene 24.3 34.2 13.5 1.00:1.41:0.56
Limnofregata . Wyoming, . . Olson and
azygosternon Fregatidae USA 55.0 67.0 26.7 1.00:1.22:0.49 Matsuoka, 2005
Early Eocene 56.0 67.9 27.3 1.00:1.21:0.49
56.8 67.0 26.8 1.00:1.18:0.47
Parvigrus Gruidae Southern o) g 99,2 71.9  1.00:1.58:1.15 Mayr,2005b
pohli France
Early Oligocene
CGallinuloides . Wyoming, R . Mayr and Weidig,
wyomingensis Galliformes USA 39.7 56.0 34.0 1.00:1.41:0.86 2004
Early Eocene 41.0  56.4 34.2 1.00:1.38:0.83
Messelirrisor | 1 e Messel, 110 19.0 10.4  1.00:1.73:0.95 Mayr, 2000
parvus Germany
Middle Eocene
Tynskya Accipitridae Messel, 9.0 45.4 24.6  1,00:1.57:0.85  Mayr, 2005¢
€ocaena Cermany
Middle Eocene
Strigogyps Phorusrhaci- France g5 ¢ 1s5.3 81.9  1.00:1.62:0.86  Mayr, 2005d
sapea dae Germany

Early Tertiary
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3 RS0

BIAESEMWMET NS, TER AR, 208 b 15 F1 A B E =38 (Hopson,
2001) . %txf 137 5 18 H 59 B R AW G RIFIE L 3 BB BB 1 Lu Bl 04 (Fk &0k
%,2008) , 18 tH A0 M ISR :

TEFF A BEMAT, TR B MER/NER B R ASEMBIIARR, BN G
3 REBBKEFIEHFEE —EHORE. TAEMEMTZE, FERE#HTIRMETE3
RERTARK, DMWBHETTER FERER 528, AR EEE T H & ;L
RIWIER S T EBRER ATEME K, BRERKTHEEE. I, AENEE T HER UMM
R T, AR5 E 2 (raptatores ) B # 53 #A0 FR o WA 09 > 14, B J5 B 3 SRA B K A
At 43 31 5 07 B9 B ST AR B

M 2 8 S A KR LUE A B3R G 03 REE S 3 REREK
KB X IEE : BN 16% ~36% A2 M B9 38% ~55% ,MiEAE A 16% ~42% . M
WA LIS BT A S5 1 3 B A KA A, IS M B MBS B 88K, T
& HER A B A o b B AL O BRI . B R B B A BE A 43 Lb 2 B A AR 1k T T R
R, IANEERATESHRITWHEARAR X, A EEATHAEMNDE, £E 2 KR KE
b AR B 20 ] LUE R R S 2578 3 RE A KB A LA LR EE R,
HEE—ENIE, Hb WlSRMRERENE S LLEBHE R THMSE, E S
SEhZERMZE M, AT B FEE B 25% ~36% , TR S 25 A K S 2t iR
B S ERERKAN, TETIEEN 16% ~30% , 5B AT B AR #2260
M ER BB A At B B R TR 28 REAEF RN AN, BEEFEER
26% ~37% , RSB ER B KB 4 A B R E T ER AN, FEAWEE
H16% ~28% , $LAh, T H R 3 E S HARBE R AR [ LSRR 528,
AP U EATEERRAE S, M E 2 TRTBIS, KB 2 PR UERB A
W, BT BER S LA MR SR = TR BT R 210 L. K, s KE R
R 3 B KRR E 4 HiA I 33% , B AV T R B2 808 s 4R Hh X3 ; Bt R
KERGER3 RERKERERXE SR E 42% 557 QE Tl S X8 SE T K.
WRICHEWTHE— D18 MR S B A R 026 2L, A s R 283

YERT SR PN R HET 52, KRB 0A IR 38 20T 5 (Jeholornis
prima) (Zhou and Zhang, 2002a, 2003a) \¥APB < 2 ( Sapeornis chaoyangensis) ( Zhou and
Zhang, 2002b, 2003b) f1 & % fL. F 2 ( Confuciusornis sanctus ) ( Hou et al., 1996, 2003;
Martin and Zhou, 1998) , £ 4 X bb B2 2 35 B 7 48 B i) B2 1%, FU W0 33 1 2 ( Archaeopteryx ba-
varica) (Wellnhofer, 1992) , TE[E 2 e BRi 4 FIFEARF K3 EHRP = TREETD
TEFTA R KB 2T, X i ES, X 4 IR TESEE3 REBHKEAS
RRIER AL, BENEKEALELN 34% ~39% , M EHNKE G S TR
20% ~24% IS S RCERT & G 3 B kMt Bl Bk, B AR E i6 1 S FR 1R
AT 2 B BB LU ARE T A K. 4 BIE T B3 = u e S TR S 2K X8R,
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Bl b —r m R SRR T B AR e R SRR M B TR, T
RISk B S SREMET K ERFAEATO XA MBEREER, ZET 568
B A EMEE TR SR, A USRS SR REAESE KL, X528
ST - BRI 89 2T PRI ( Zhou,2006) , Tt - 25 R 15 26 AT YA A
AR
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Fig.2 Proportions of hindlimb bones of living birds and basal birds in temary morphospace (left) and the
close-up view (right)

KT UM ALt 6 Bl , IR EIFHK B 2 ( Longipteryx chaoyangensis) { Zhang et
al., 2001) . db 445 5 ( Vescornis hebeiensis) (Zhang et al., 2004 ) (5 XK ¥ = ( Longirostra-
vis hani) (Hou et al., 2004) 8 K 5 ( Dapingfangornis sentisorhinus) ( Li et al., 2006) |
=¥ b [E 3 (Sinornis santensis) (Sereno and Rao, 1992 ) #l Euenantiornithes gen. et sp. indet
(Lamanna et al., 2006) , 7EK 3 M=t E+F,6 B LHEE [RETEBAE ZERE K
RA T, KPRESKE QBN 34% ~36% , Hia & HKE T B HR19% ~
26% ., BTG Bn B L 448 & E fr & /5 Ak 3 BRE & ARG HL 95 K, Euenantior-
nithes gen. et sp. indet &t Bfi B Ff &7 J5 I 3 B #E A0 Lol & K. B PR 3 5 F0 Euenantior-
nithes gen. et sp. indet BIRB M BRI HERTLEMIEE 2P, KA 3 #1586 F
BEHRARMMSENABELES HRKESSMARTFEFENREAEE , KPR EE
BAERME M, A HE S SRS LY QES , B ToRERN S
SR, A RH B ) M B B S v R B B A IR R DR
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Tibiotarsus100%
x terrestrial birds = Longipteryx chaoyangensis
+ arboreal birds ¢ Vescornis hebeiensis
o raptatores 4 Longirostravis hani
s uncertain * Dapingfangornis sentisorhinus

« Sinornis santensis > Euenantiornithes gen.et sp.indet.
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Fig.3 Proportions of hindlimb bones of living birds and enantiornithines in ternary morphospace (left) and

the close-up view (right)

(53 551 e PR 604 5 SOREATT 5 1, 5 B2 K BT 5 8 ( Liaoningornis
longiditris) (Hou, 1997; &%, 2003) . L KIS ( Yanornis martini) ( Zhou and Zhang,
2001) . B K X B & ( Yixianornis grabaui) ( Zhou and Zhang, 2001) . & 747 1t & ( Hong-
shanornis longicresta) ( Zhou and Zhang, 2005 ) 1 2t W 7y % & ( Archaeorhynchus spathula)
(Zhou and Zhang, 2006b) , 7EE 4 F=JCEF,5 05 5 HEE QUIETERE LM
RE A DX 3SR A 0 B AR 2 X8R, AR 4 26 )5 i 3 SRB BRI B LUl & A 1 284k, AT
FEHRE RABATRESR, #MERASLEIMEIHEEAELEREL LI F. HF
BB B EH 4 LA R 26% ~38% , M BR B HIK BT 43 b AR 19% ~27% o BHIK
KGRI BRI 5 S R B O 5 I 3 SRE B LB B K, & S A L 2 BB B T o S A 3
HeEHwrpliE R, HhRI TS EREBRORER R QEERT S LA
B MERLESER M SMMESENBRAES, IRBESNLTRERESZH. &
TELL LS B B B A EL BB R NS , R AR BA M I 2 B B B K BT BB AE A, [RIBS TE TR
B b B 3R R N S 38 MR R R R Tl W S B R LB ST 3Bl T ER o
TEE=TTREAE,

ARG ELREEL) SEEAMUBES RiFTE, MBEEMEME S
e ES5WAE L LR, Aefd A P E RS SRIEFEA EFEFETXR ARG
21 BIREA ST IR R 23 BRI A 2 28 R T R 43669, 437 S T e R S R BRNG
FLUER R EE EMSR SR MRS AR RS, KPR S BREEA,
HARH 16 Bk 5 4 (rE#FEZE, 1977, 1980, 1981; ®iZE#H, 1990; EiEi#ESF, 2000;
Mayr, 1999, 2000, 2005a, b, c,d; Mayr and Mourer-Chauvire, 2000; Mayr and Weidig,
2004 ; Mayr et al., 2004 ; Olson and Matsuoka, 2005) , &5 & 21 MR SO MALEEAR
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Fig.4 Proportions of hindlimb bones of living birds and omithurines in ternary morphospace (left) and the

close-up view ( right)

EFESRAESE -, EAARKME, MEEPREOARRE, HAMS TR ERE
WEHMS R, RPREOKE AL HELN 24% ~38% , #ifa AR EH 4 bR
18% ~32% . XA REA BT BB A U SR NS AT 0 Bh A SRR S 2, A S
B RY, b AR AR BE I, ELE S SE23 4 FRISEKEH I REBKE
B ABE RS, PEPENE ZEME IS BITTEEL L 458 BB T3
ARG, BRI E TR, M E M B LTS 5225 5 UK B EL A 340 JL
BESHERSEEN B, WP UAPENS LR ERNE SLXBABRMFELE
KR

M EIR 4 KA 5P S EATH R B 3 P B E LB AR AL RN Lo rp Al LU
(Bs5.6): ETSE RSERERKESEREHOLAB R, 25K 34% ~39% M
34% ~36% , T BAAMTEREIBOA G ;4 B ISHET A UG I BB BE o Ja B # B LU () 22
BN, 535 A 26% ~38% F124% ~38% (BARMTEREITEARY Ko 523N BYR S GRFH
RSB RKE SRR A B LLBIZE K, 73504 19% ~27% 71 18% ~32% ;i
ET 52 SRR E KBS 5 RS #HetEl o5 20% ~24% F 19% ~26% 82
JBCE BT o L BIAE /N, BB T 2 2R 5 268 5 R B B O A S A TE AR 8L, T EL 2R BT
PUAEA A 36, 3T 2 oy SR (DI B AR M & 2R BRI ST M, TR S5 3 I 2 el T L AR
W52 4 526 FAENSLMME I+ 0 E DB A 526, BEA WE R, duh M
B AR BRIV, BRIE R B B R LR H B B 3 A B 4T S S KR 2K B
B R S 2 T B AHIE AT A8 4510 EL R — (K B0 FHBEFH,2006) o fFR%EE BEME S
PR IETI = , 5 15 3 B B0 Ly R IREER A R B Lo
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Tibiotarsus100%

% terrestrial birds a uncertain
+ arboreal birds « Cenozoic birds

o raptatores
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Fig.5 Proportions of hindlimb bones of living birds and Cenozoic birds in ternary morphospace (left) and
the close-up view (right)

4 T AR S R R 2T R o

MR 5 5 285 B A B BB b AR AR S 20 B ) AT AL R ST A R &R AR
(HELAHEL) MBAEAFR L SROWENWER IR M E, AR —ERA T
P, B IR B B S B B Al MR AR

AR o T 05 T SIS A L &2, DL By M & 538, SR B fi i
B OB RFIE BT S BR BRI BB AT LI SR B B SR AL T B e s 1 55, FR@ i LA
JRRE 32 IR SRS o 3 BB BRI | BRGSO 52K B R OR B -7, I T (T ARATY S5 26707 6L
AT AN RTE AN T B (AR AR S 2 X B A SR I B . XS AR AR 52
B B BORFAETE AP A AR MW 2 26 R R Bk B, B A R 1 B R B R IE S R F i
TIEPRAE IX 26 S 2R DU (B 5) A EE AR T e

FAE RN 53609 IR S50 -5E HABTEASRRIE (058 1 BE & AL B A RIBE Y KR
A Ak FRBERRFAL B BB B 55 ) BLATAE 2 BN 1S H ORIl 2RI Ze B — 3w, IR W R 0h
IS A S 2B T SERET EROMBIT NTRELD T HEEEZH m W >
PRI R, MZE MM R/ SE MR A S M5 S KV S N2 SR AR
8%, SETERMEME, ENERREIHE R 1 BEFAEET HARLEER TR
AR R (RS A R, 20062) . B KERT 5 R SRR TSR FELHEY
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Fig. 6  Proportions of hindlimb bones of basal birds .enantiomithines SRR A B A, AT AT 7R

and omithurines in ternary morphospace BT R sl P B R B AR B 1Y

e, A FI T SRR KR, LW

VRER TR RER PR MR & —AERERTEX 1T, AL, SN THE

RN R IIE N, F BUE BCE # R A R B e, — R IEA B 43 th BRI ¥ 19
BfEn & b (Engels, 1938) , it —P {2 UM SR MMER B E K TRE .

HK, A BRI SCE G L0115 3B & 4 4 A, kB 597255 i B 28 3 08N
HXEFHIPSHFIENBNESS S L ABERMBRE EENXR, BN BB
FRARFRIR , T B REAS 72 T Wl ) 32 1 A 0 , 6078 4 22880 23070 Vi BB RN A 7 2 (B AR BT 3
KO B KRB, 2006a) , B M K EEN R EFR TR ZEN LR, WHAEEL
BPSEEMB AN ECELRERBEHMRELZ, BN THELERSSFHILTEM
= NIRRT E R AT (Hou et al.,, 1996) , {BI-F- L BEAS I A1 4 5 20 B I PR e AR K
ATERELRY. WA BT 285 SR W RAE MPER T A SEBRRIE N
R EFNEYRIR, B S BRI o IR AT A BN, ShA R sk
AP ER AL SRR L XF I A4 152 B A EE S (Zhou, 2004, 2006; Zhou et al.,
2004 ; JESEHFNFKARBL, 2006a) ,

BRIz AN, B2 )5 A 3 BB h i K AR B &, TE PN AR R 28 B ) 5 28
KBS EEEABOMLIARIE . J2 0 & 7E 2 I 53 3 (AR ) /9 B ik
FHRIA MEM . BT MULAHLSERES [T Wm0 R, ANUE TR iR
G E A BRI LR AT LR S B AR EL SR TIFIREER,

/
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HINDLIMB BONE PROPORTIONS OF CHINESE MESOZOIC BIRDS
AND THEIR IMPLICATIONS FOR PERCHING HABITS
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Abstract

Statistic analyses of the proportions of the three major bones of the hindlimb (femur, tibio-
tarsus and tarsometatarsus) from 137 skeletons belonging to 59 families of 18 orders of living
birds with different perching habits show that they can be used as a good indicator of their living
styles. Measurements of the length of the hindlimb bones indicated that the tibiotarsus is invari-
ably the largest among the three major leg bones. We also found that the femur is shorter than
the tarsometatarsus in terrestrial birds while the reverse is true in arboreal birds. We also ana-
lyzed the leg bone proportions of 14 species of Mesozoic birds from the Early Cretaceous of China
by using ternary diagrams and comparison with 21 specimens of Cenozoic ( Paleogene and Neo-
gene ) birds, and concluded that the Early Cretaceous enantiornithines are typical arboreal
birds, more basal birds from the Mesozoic are mainly arboreal with some adapted for scansorial
life, and the ornithurines are characterized by both arboreal and terrestrial adaptations. Our
work, combined with the phylogenetical framework of bird evolution, confirms that the arboreal
adaptation represents a primitive condition for early birds, which provides further evidence for
the arboreal hypothesis of the origin of bird flight. The differentiation of the perching habits of
early birds demonstrates that they expanded their ecological niches and food resources during
the competitions among themselves and with contemporaneous vertebrates.
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