Bl H3M HEHEIY ER ‘ pp. 197—217

19984 7 A VERTEBRATA PALASIATICA figs.1-3

hELEEFESGRTRARE
ST EL B R E

k&' A W.Crompton® FHE"’ C.R. Schaff’
| PEMERTHEDNYSHEALFRALT LR 100044
2 XERBRELEDYEYE SF MA 02138, USA
3 REFNEARFLHYEEERBYE KKE PA 15213, USA

WE HTHZIETRELANEGS b EREGEF AR TR ATk & AR5 8250
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1 featrAdicad

2 SCHE R W BN R B0 R B 2R 15 B (Sinoconodon sp.) 4 EE R L B 46 G (IVPP
8033,8083), BAXE —FENFTEZERFEAMATHNREN, WERUMRETREA
W42 L (Sinemurian £ Pliensbachian #, Luo & Wu 1994,1995),

EHRAERMEPEREELBFAG S, 554 IVPP 8033 B B/MY, R4 R 1R 155
KENBIRZEWA 4mm (B LB KER 20—22mm). EFFE (Fg. 1A, RETHA)
AEZATE @, BET—AMTIERE, HRRAFANIERE, XEHFGE. £ ERE©
HE—ZFHRK (CrHEEHER. IMRBHRNBLRLANRE. £—LABAGEECEDHE
Y, BR., FEHERENR, FREAGE, —NMER. BENNEEZEE — K8
W, TEHRZRAIFIAEAEBR K EEL. /A IVPP 8033 RA -1 LA
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% ML), BEAMER, X—REALETFRE.

P4 IVPP 8083 (Fig. IB) AW Z 5 53 17mm Gk K 24 26mm) . MEARA AR 4
IVPP 8033 K (%), REMYBMNRERAHNLIIR, EXWIIE LXK (O RA —F
BRER(Cr1). BANLATEE (P Ml P20 B —KHKRBIF. F—a8% (P1) AHE,
SREGEE—/MER. H/E % P2r) IRER, KR, — N ERMA—NDER. gk
IVPP 8083 M4 —RiH 5 B & K T4r4 IVPP 8033 M _#iA N, K EXSHMBAMR, H#
HETURK.

¥R IVPP 8083 B T 68 A /N1 (Fig. 2A, WHECEY), KA RIMEL. $
ZFIME 2 ZAEE —BREHER (20 HE. BEUTIRG@)EEHL =NKKT]
%G1, i2 A i3) WA EE S Z 11 (2r, i4) BT RIRR, RPBF FRAEZEYW. TREZ
BARE—-KMER. BETREBFE— MM, TEBEEFE - TRIANKNEE (pla), BEE
BB AR, MBI (Fig.2A). =ATRER B EEZEMER, BS LEER
Ho. EZTREEE)RZARMIURK, EHKEANE —THIEM 60%. E—TFAK
FIER,EZTHK IR,

hE RS S A LB IRA (IVPP 8033,8083) MWRTHIEB B AR THE. MiAKE
BENLE LRARHTHEAHASFENPEREZ K. X EE B % (decidous) BT
F3 i 9 4 & 475 4 BT A (Crompton and Sun, 1985; Crompton and Luo, 1993; Luo, 1994)
KEEFA, ,

FRA IVPP 8083 M L F 8T E th K/NAIL AL, 5 B4 Bt A S fm 83 IE 88 5F 47, B EA
RARERAMEN, F_ERTAN P2 WNR, EBEELEARTZARHTHE_GHEE (p2).
X tHIESE T LR (Crompton and Sun, 1985; Crompton and Luo, 1993) %X FHEHKR K&
B T RS 15 4 B 1E 7 5 & B HE BT

2 F U

(TRARE FEFERKESOES/MEE IVPP 8083 LM TR 2Rt FHk. &
TR EEE M EEHRANFTESR: FUTIIHEEHRZ P (Fg.2A). Nk#
TR RT B R TEAMARAE (IVPP 8683,4727) (Crompton and Luo, 1993). #HB#ET
FEKERN (Fg )&, SMIEBBRREARLP TR ELTHEREE NIRRT EE R
B9 R K DR (Crompton and Luo, 1993). H T/ IH L ERERMIIEX (Fe.
2A,2C), BULE K BRA (IVPP 4727) M /MiA (IVPP 8083) M TR K/NASAE. H
TEEXERT I, BEMEBMMEN THRRSHEEB K.

o 4 1 8 5 5 SR R A T 2 3 E B 9 4 B4R 1E (Patterson and Olson, 19615
Young, 1982), P HHEMR ¥ & (1994, 1995) 5 A THFERE B MW I THEAS B b E &,
ARSERARAR T TEHE RAR —BN, B ER R B o R EHEA.

BELFGAERRR, EREBFREEAARKRZE (Fg.1). BRET P, GHRE
EHEMMBAE, EREILKEHZERERERT. BRXRER)WLEIRE LKD)
BERERSBKG, EEEBHHNIEEY 3.8mm, HBR/DNLERE EHESRET I
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BER M (~1.6mm) K 145 L,

' AEE 7EB/MRA (VPP 8033) L, - LR R RN R/DEI Bk, (Fg.1A), &
BRIrA (IVPP 8083) L BE# — MK BRI (Fig. 1B), W F k54 IVPP 8683 L
HERT, BRATEEE (Fe.10). F—WANETESR, A THEMEERME IBIFE.
AEFHEHBREERFEN BNESEHSREMNE _MAKHEELN. B4 K
EHFESR, HRAEREME EXREN KM,

Hif EFABEHP. F—-LAKRREHKY, XER/RAE IVPP 8033 &,
BEKE S0mm W3k B LHEREF VPP 8683), HEFE Kind L% T (IVPP 8047).
%= FFAMTENRA IVPP 8083 EE B K, 7474 IVPP 4727 LR (R B %, BELBEKY
60mm KJ K454 (IVPP 8688,8692) LRLME% T. X AT AMMA R MR, B—, S4EME
ME—HE ARASERTNEE: S XWANESIAANEZEEHRY, HE
B 1 MEKRFIRR A RIS . BE TR BN RE, B R T8, (5 —
T sBHE BN ,

FhOMBEREFEHBZNELAS R, BHEC KRN T & L, BT EEHE
HIEFBRZI REABT RN K/ MEEES LN MERERAKN, Bk, ¥ TARRH
K/ ra BB B8 F s, HR/MIR RS LM ET, BIFRBN RS TF 8
Bt LR, ETXRE B, RATIAN, B T 187 (Crompton and Luo, 1993)‘5’?”&1199
RKEBRESHNII, PEREBNER=1EEFR2ERN.

—BRR, MY ZRANSRERYLARNE%E KRR (Fg.1). 54 IVPP
8683 Al IVPP 8047 5B =A % (M3) R =K, 5454 IVPP 4727 Ml IVPP 8688 L HI%A
B, BYIRAE K (MDA L. S0 LA G E RS HERA VPP 8683, Yk FKiA
50mm B BEF FE4r KK (IVPP 8047), FEAR A IVPP 4727 L8 K VU4 A # (Mdr) 08,
¥ IVPP 4727 LB K F (MS) EAZEH R 2 &, Rifi, XA & B /b Firag
IVPP 8692 L&/ # (M5r) (Crompton and Luo, 1993).

THFAERERACRMAMN. ELHERE CUPI I REHA) ERWREAE
(m3, Fig.2B) B =R BH, 8/, B BER L, MREHEHERK—HHFEE IVPP
4727 LR PURH (Fg.2C). HWTAY md ZE4RA IVPP 4727 £ MR K, B KSR
7 IVPP 8688 LE A MK, XEMHEHLH, A IVPP 8693 EEHERMEA
HH ZHE A% (mdr) {8 # (Crompton and Luo, 1993),

T E R 15 & 89 B R B 3 S 38R L AN F AL, Crompton Al Luo (1993) 5 H 7 4 fa] 4
KB, KB AE EREZABREN, IR THANREHELFIRCOEH
AMBISE, IndRA IVPP 4727 LAAH AT BER G145 454 IVPP 6693 THiA IATIBER G
W), EXBEKYPE, EEFHROA GRS EBEINER ELERAIHAY
AMEANEEHE L.

X— B RGBT B R SS Ue st B 78 418 P &%) ZF R ¥ (dental lamina groove)
Bt ik 3 (Crompton and Luo, 1993), KM FEWHEETH A UM LA YB 5 &
(Thrinaxodon, Crompton, 1963) 1 % % %5 8 (Probainognathus, Crompton and Luo,
1993).
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3 FRESHT

o R0 B A R BT A A v FL 31 Y (mammaliaforms) B9 1% K #¥ (Crompton and
Sun, 1985; Crompton and Luo, 1993; Luo, 1994), X MR LG R ZBE 2 MR THE
3 #¥ (Rowe, 1993; Hopson, 1994; Wible et al., 1995; Rougier et al., 1996). BT hE
R BER G E —uf 2L 3h Y B il 5 A7, 05T U 8 e i 8 itk R A vT AR R A 4 T
HshP i 8 Rk RAEZETH R .

FEARNERELERELMTELTEAN S RKELRZ EHFE, XMIEMAL
R U5 %, t0 8 5 ¥ (Thrinaxodon, Crompton, 1963; Osbon and Crompton, 1971), I i &
(diademodonts, Hopson, 1971; Crompton, 1972), % %X %7 & (Probainognathus, Crompton
and Lo, 1993), JE % % (Pachygenelus, Gow, 1980; Crompton and Luo, 1993) & —#EH).

T E R K& 4 bR A (IVPP 8083, 8088) BT H i FI A KBS AR, X 5RH#L K
WP 3 Y, E R & (Morganodondon, Kermack et al, 1973, 1981), Dinnetherium
(Jenkins et al, 1983; Crompton and Luo, 1993), X B & (Gobiconodon, Jenkins and
Schaff, 1988), ® t§ ® (Obdurodon, Acher et al, 1993), £ /& 5§ & (Clemens and
Kielan-Jaworowska, 1979) i — R R E B, PERKEMAHENE—KF, XE M
i) 8 25 2L B W AR AE (Luckett, 1993; Cifelli et al,, 1996).

*lkﬁ%ﬂﬂﬁl%ki‘fﬁﬁﬁ%"ﬁii?ﬁ% XARBHAT R EGEH LS, ﬁﬂﬁ)‘i
W AEXTE MEE. ZHNEE. EPERGEHEWIEWADIY S, IHIAR
e E R & 5B 8 K F & (Parrngton, 1971), R BEANF X & & 354 8 K 16 #1E
(Hopson, 1971; Osborn and Crompton, 1971). RAHEWAsHY, MBE=LHK AKX BE
BIH B K 5 05 5 2R B R AE, XA AR IRERR,

EPEKRKERALTEIRMKEAEHEBERHAREH G (Fg.2), X3
S5 IR 1k & h 72 7E (Hopson, 1971; Crompton, 1972). FER G B E SR E—#, B
B % RS 580, e B B, SR BRI S E RN R R ITRE. &t
ﬁﬂ@%%’é"ﬁ?lﬁiﬁ%qﬂ,ﬁﬁ*ﬂfi,ﬁ%%%%ﬂf?ﬁ%ﬁﬁ&ﬁ%%%ﬁkﬁﬁﬁﬁﬁ%
FEAKNETEMREREZXKELRN, METAGMAEE AR {UER—K, ANFEE
BRI R, B RE R8T KR D (Fig. 2B) H i #F KB B A (Fg.20)
RERET LHAER,

1% G W A (Kermack e al., 1973; Kermack and Kermack, 1984) A5, ZHIF R H
BRESHANYHEE—SHEATMATERNEZERMRENR. PEREENTE
MR LR, AN B8, XIEERAXFR GG T ey (eSS 8%
ERMMXTELZENAREE (Luo, 1994). &= Hiﬂ?%mtﬁﬂﬂﬁ?ﬁ'% 87 X
3154 B (Luo, 1994).

BT HEREEN REERNAENETFUNBREREEXEFLGHALIY
(Jenkins and Schaff, 1988). BARME T — Kk O EMFEKEY Aphadon F HFAEE
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BT BE (Cifelli et al, 1996), —NABHP M EREAHYRAREZHER, 8
Hif#—WK, At A, MARERIY .

Parrington (1971, 1973, 19) X Kk B X EREBE R —EMN M EN ER &
(“Eozostrodon” ) W1 1185, RIGMBTA K T F AR AWK, X—-FKEHFH D
—# A (Kermack et al., 1973, 1981; Gow, 1985; Crompton and Luo, 1993) #) ¥ #¥.

MTEREMAENERKRRIERELRER, REASYAERTERBNERHT.
8T R EREE K IESRE, Parington (1971) X FER EAG A B RN 5 H FHHE.
Parrington (1971) ¥ it A S A B R B R UHRA LEF N ERB TR FEREL: hEich
AEMMARE EMREAR (B L, THEKX) XKD EERBXR, K EARITRTR IR
NEEARR.

EPERNEELBEFRLTHLEERKAY (Fg.1,2)%, KEHEH KPS
TRURFRAOFE, SERMUKEE NN ERIEEYS. FHilk, MHAREERS
HXRGEEEHMERERK. A, RFEWERE (Young, 1982; Crompton and Luo, 1993)
MEBE M Dinnetherium (Jenkins et al., 1983; Crompton and Luo 1993) #) B HItR4 H HI
AERAAEXFTEKIEE. TREGwIS)BESERBREXRAONMELE
(Megazostrodon) 5 _HIF R H 8.

RELABHEERBNARBRGHESE L, HPEHREEMEEZHER T X
AR, NAKNESZEROE LR R HMIL Y E T KB (mammaliaforms of Rowe,
1988) M AR FF1E. WMRARLZ WA BFHREBEEKBEA S YHEARPRINEE, B
A3 P ) F5 A R 72 & 25 B (crown group) AW A RAER, XHLREENAINE
M.

EHRPATAEMAEE XRET A NEHEAN., AW E KR I &
M ARSI ET, MTERERRERRIER - KEEN; MERELEPRE -
B F 85 R B % 9 (Luckett, 1993; Cifelli et al., 1996). EXEZHMWAISY F (RiFEALW
WYAESEKEANTAKEEE 4. £ THE—-BRERRIETFHBRSH, TRTE N, 5
P LR =R PPN i

FPEARGEMAREMARERBEEESAR, B8RS # (M1—2 Fi5t), B KR
ZEHBRE. WRHESHTEREENTAEHMEIN YOG RE BAEKNTHEKR
FRMRE-FEHREY, ARMAIYHHAERNAGNES. e EHBERTE
i1, RAVBEEREE—vEI s &9, 61 B 3§78 5 A 833572 & 878 &K 5 5% 3
(Fig.3B), Z G M T & A th Bl (Fig. 30) . MBARAFREREA LA TRELH
ZRGE R MTGERBEENY F .,

4 H R

PEAEENTFRERRIIERELRLTLIEBRHE K, REARIA T HY
th—#E, ZKFIM BT (Crompton and Luo, 1993) BFFT i #3k B4 th Mk ok /NS FH
K: ERB/MLE (THER B/MY, IVPP 8033) 4K 22mm, MR KM (FR R B KM,
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IVPP 8692) 1K 62mm. kB 78178 1R 5 4 46 2 5 391 16 38 48 B4 24 K 40 5 & (Luo,
1994). E41kE LWB/MREAEERELF LEBEROKRE AR, ZHRE
LBMERERK, LFITRIIA KM S8R E AR RT Y FIEmEH. 30
Yy K V5 8 B9 $51E (Osbom and Crompton, 1971; Luo, 1994).

FEHREELERNPERBEERL (22—62mm), MMHKZ TERBMLEERERE
HEMED ESEANEITEHER ELE P, kKM 28mm £ 32mm (Rigney,
1963; Young, 1982; Crompton and Luo, 1993; Luo, 1994; Luo et al., 1995; 4230), X & H
ERBAREZERABKR, XERER—BRASRNBIR~HEN ETHEERSHR
R RENMEN, B R L4 M (Kermack e al., 1973; Parrington, 1971, 1978). & F ik,
Gow (1985) IR ER ERISEN B EERE, XMAZEF (Luo, 1994) 9 X F¥.

HEFAERXRAER B ENRE (BRETERIEE), BB RE kK 28—32mm)
MEREFERAEN, XRABMNWERTATHEELTAEREAY. MPEREEH
WEd, L EREARKRUCMNBRRINERPER AN, WRPEREBENFTE
HamAs Y (BREREERN)NEKRE BA, TUNEHERPEK TRBERESLN
WY (BRHRERE)SPEREESEHBEZEAHEH.

A7 ZF U B A i HE AR AN T B e K SR 0 2D R (] W LA o€ B 4% iE (Brink, 19565
Hopson, 1973; Pond, 1977) , Bk, FEREEMITEARGNEZZRELHAB RS TN
AU HE K78 3% (Crompton and Luo, 1993).

WEFEHRNEREAREWIAFHENHINY, XEMIAK LY, BAXERTH
YW EN. BAHASNYREHEREN, EREWHAIYH AN, BEESEREK
BEMKEASYRAEAN., SRAFEREIAIYRWELRKE, RTIEAEEE,
ERFEREEXHEN RIS YEREEH T AMNREEATEY. FEPEREE
RIEMWALN, UFRAABWUN, BAFEEANHIAVRMERBRLEWAX —RFEZ
Ey, A, AFEBSREATESE, PEREEHLREAERYEANYORRE., £
FTREAEHE—1EH (Zhang, 1984) R ERGEH HEHAL. AEENTEYFEAE
XE . XTMEMEAE LG, BAESEYE LHERTRWIAIYHNBEARGHERE LHE
B—SEFFEXY., PERGERRFARBINIYAN AT —BEFXNHFRT
H, ENEEERNXTRTOEX SAAWMAIYHE —Sb AR A, WY NET
ERATA? B HEN#E? WARKEEEARE? XBEREFRIBRKEE,

5 &  #®

(1) PEREERFERRIFE: TEELREOKESR, X HFARXEAN. X
WEHRIK. FEEMERKNEEM3—5)R—K. BEERTE & MR8 E S Mir—
MDAGEHEBRTTKABER, TEMKTREFHOEE. BRFLMREETFA, BEHEA
A REEH WK, ERE—RFHBRFPHERGEH BRI =A, BEREEA,

(2) MEMRK K IRGEE &R X, 58168 K HP & 6T X+ EHR K&K R
T, RUR BB EF RBH BB MR K 88T RO L RE.
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Q) ELEREREGEZEHNER (BEEREE) BER, SEWASYWET AR
(“mammaliaforms” ) # — R . '

(4) EHIAIVRALEELA, TUBRESHANYHEIAFEMETREER TR
MEERTEREESHSWAIY (BRERH)HULBZEA REM.

i A A Jenkins, LB A H R E = A HBAFRNA R HAIE G 6945 K 4E=T LA
%%, A.Henrici #= A. Tabrum ¥4 #21.%, M. Klingler % B, R. Cifelli # +f= £ L F K P F
RARBEREN, AALEFHATLUALLGRY. kLT BE R KA $5
F A4 (49672081); A.W.Crompton #5584k X % Putnam 22 FU B LBREFAFE L
(DEB 95278902, 9696227) #= £ B H £ 342 % £ X £ (Grant 5338—94) AR A X4
4% M.Graham Netting %42,

PATTERN OF DENTAL REPLACEMENT OF SINOCONODON AND
ITS IMPLICATION FOR EVOLUTION OF MAMMALS"

ZHANG Fakui' Alfred W.CROMPTON® LUO Zhexi"’ Charles R.SCHAFF’
1 Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences Beijing 100044
2 Museum of Comparative Zoology, Harvard University Cambridge MA 02138 USA
3 Section of Vertebrate Paleontology, Carnegie Museum of Natural History Pittsburgh PA 15213 USA

Abstract  This paper reports new features of the dentition of Sinoconodon, an Early
Jurassic mammal from the lower Lufeng Formation of Yunnan, China. Incisors and
canines were replaced multiple times in Sinoconodon as in many non-mammalian cynodonts.
New juvenile specimens of Sinoconodon have premolars which were replaced once before
being permanently lost in the larger (thus older) specimens. Differentiation of premolars
from molars and a single replacement of premolars are the derived features of modern
mammals. The anterior molars (MI— M2) were probably lost without replacement. The
posterior molars (M3—MS) were replaced once. The skull experienced indeterminate
growth while the teeth were being replaced in adult specimens. Sinoconodon is the sister
taxon to all other mammals. The dental replacement of Sinoconodon could be interpreted
as an intermediate stage in the character evolution from the primitive pattern of
polyphyodont replacement seen in most cynodonts to the derived diphyodont replacement
of mammals. From the polyphyodont replacement and the substantial growth of the adult
skulls of Sinoconodon, we infer that this taxon lacked the lactation and determinate
growth typical of living mammals,

1) Send Correspondence to:Zhexi Luo, Ph.D. Assistant Curator, Section of Vertebrate Paleontology,
Camegie Museum of Natural History, 4400 Forbes Avenue, Pittsburgh, PA 15213, USA. Tel: (412) 622-6578,
Fax: (412)622-8837, Email:luoz@ clpgh.org
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1 Introduction

Modern mammals have a diphyodont dentition that is characterized by a single

replacement of a deciduous (“milk”) dentition by permanent incisors,

canines and

premolars. The molars are part of the permanent dentition and are never replaced.

Eruption of the deciduous dentition is usually delayed for a variable period of time

after the birth. All deciduous premolars (“milk molars”) are replaced once

eutherians, whereas only the last premolar is replaced in marsupials (Luckett, 1993;

Cifelli er al.,, 1996).

A. IVPP 8033

B. IVPP 8083

C. IVPP 8683

D. IVPP 8047

E. IVPP un-catalogued

F. IVPP 8691

G. IVPP 4727
I. IVPP 8688

J. IVPP 8692

M5r Mdr M3

—tem | L/

Fig.1 Hypothesized sequence of
replacement of upper dentition in
Sinoconodon

Right upper dentition, stylistic
scheme modified from Crompton and
Luo(1993) based on the new
materials available for this study.
IVPP 8083 and IVPP 8692
represented by composite illustrations
from both sides of the skulls. IVPP
uncatalogued specimen and IVPP
8688 are reversed from the left side.
Abbreviations: C, canine; Crl—Cr5,
replacing canines of the second to
the sixth generations; MI—MS: dec-
iduous molars 1 to 5 from the first
generation; M3r—MS5r, replacing molars
1 to 5; P1—P2, deciduous premolars
land 2; PIr—P2r, replacing premo-
lars 1 and 2 (lost in older specimens).
The replacing premolars and molars
under  the alveolar  line are
hypothetical and are based on the
corresponding tooth in larger

specimens.

in



3 M HREREE. FEREET SRR RIS Y& X 205

A. IVPP 8083

Fig.2 Hypothetical sequence of
replacement of lower teeth in
Sinoconodon
Right lower dentition, stylistic
scheme modified from Crompton
and Luo (1993) based on the
new materials available for this
study. IVPP 8083, CUP 1, and
IVPP 8688 are reversed from
the left side. Abbreviations: C,
canine; il—i5, incisors 1 to 5;

D. IvPP 8688

ml—mS5 deciduous lower molars
1 to 5, m3r— m5r, replacing
molars 3 and 5; pla?, possible

alveolus of the first deciduous
E. IVPP 6693

.

premolar; p2, - the second

e deciduous premolar; plr— p2r,

replacing premolars 1 and 2

(lost in older specimens)

This pattern of eruption and replacement has been widely regarded as a major
mammalian apomorphy (Hopson and Crompton, 1969; Kermack and Kermack, 1984;
Crompton and Sun, 1985; Gow, 1995; Luo, 1994). By contrast, most non-mammalian
toothed amniotes are characterized by numerous dental replacements (polyphyodont). In
living diapsids, such as lizards, hatchlings have a full set of functional teeth that are
replaced in an alternating pattern throughout life (Osbomn, 1971).

The delay in the eruption of the deciduous dentition and only a single
replacement in mammals has been related to the fact that mammals suckle their young
(Brink, 1956; Hopson, 1973; Pond, 1977). Because the young are nourished by
maternal milk, rather than having to ingest hard food, as in the case of lizard
hatchlings, considerable cranial growth can take place in mammals between birth and
weaning,

Mammals are characterized by determinate growth, which is related to the
diphyodont dental ‘replacement in mammals (Pond, 1977). Prior to weaning the rate of
skull growth exceeds that of postcranial skeleton. After weaning the rate of skull
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growth slows down and eruption of the ultimate molars usually coincides with ‘the end
of the skeletal growth (Pond, 1977). Consequently, only some very limited skull
growth occurs between weaning and maturity, and this can be accommodated by a
single replacement of a deciduous dentition and the addition of non-replaced molars.

In all amniotes with teeth, the size and morphology of teeth are determined
before the eruption because the enamel on the tooth crown has formed before the
eruption. Continuous tooth replacement in non-mammalian toothed amniotes is
necessary to allow the smaller predecessor teeth to be replaced by larger succeeding
teeth, in order to match the dentition to the indeterminate growth of the skull..

Given this correspondence, the dental replacements in advanced cynodonts (e.g.,
Osborm and Crompton 1971) and early fossil mammals (e.g., Parrington, 1971) can
provide useful evidence for the growth pattern of their skulls. Patterns of dental
replacement among the major lineages of early fossil mammals would also allow an
indirect inference of lactation in extinct mammalian lineages.

In this paper, we describe the new juvenile specimens of Sinoconodon. The new
fossil provides the evidence for a revised interpretation of the dental morphology and
replacement in Sinoconodon from the previous studies (Patterson and Olson, 1961;
Young, 1982; Zhang and Cui, 1984; Crompton and Sun, 1985; Crompton and Luo,
1993; Luo, 1994). »

Institutional ~ abbreviations: IVPP,  Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences (Beijing); CUP, Catholic University
of Peking (Beijing), collection currently housed in Field Museum of Chicago (USA).

2 Description

Two incomplete juvenile skulls of Sinoconodon sp. (IVPP 8033, 8083) were
collected by the first author at the Dahuangtian Locality in Lufeng Basin, Yunnan
fx;om the upper Dark Red Beds of the lower Lufeng Formation (Sinemurian to
Pliensbachian, Luo and Wu, 1994, 1995). Among all known skull specimens of
Sinoconodon, TVPP 8033 is the smallest, with a length of 14mm from the rostrum to
the posterior end of the tooth row (skull length is estimated between 20 to 22 mm).
At least three upper incisors were present, two of which are represented by empty
alveoli. A small replacing upper canine (Crl) is erupting anterior to the functioning
upper canine (C). Two upper replacing premolars are present. Pl is conical, with a
single root. P2 is bicuspid with a recurved main cusp, and has a single root. The
two premolars are separated by a large diastema. As will be discussed below, both
premolars in IVPP 8033 are deciduous premolars. The only upper molar in IVPP
8033 has four cusps (Fig.1A). The lower dentition of this specimen is not preserved.

IVPP 8083 (Fig.1B) has a length of 17 mm from the rostrum to the posterior
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end of the tooth row (approximately 26 mm in skull length). The skull is larger (and
presumably older) than IVPP 8033. Only two upper incisors are preserved in the
damaged rostrum. Anterior to the large and functioning canine (C) is the emerging tip
of the replacing canine (Crl). Two upper premolars (Plr and P2r) are separated by a
large diastema. Pir is conical, separated from C by a small diastema. P2r is bicuspid,
with two roots, It has a main cusp and a smaller posterior cusp. P2r of IVPP 8083
is much larger than the P2 of the smaller skull of IVPP 8033 and very different from
the latter in crown morphology and in having two roots.

The mandible of IVPP 8083 has five incisors, four of which are functional. i2 is
being replaced by an emerging incisor (i2r). i4 is erupting (Fig. 2A). The three larger
incisors (il, i3, and i5) interspersed by two erupting incisors (i2r, i4r) suggest an
alternating pattern of replacement. A very large postcanine diastema is present. Posterior
to the canine is an alveolus for a premolar (?pla), which is partially filled by bone,
and thereby obscure (Fig. 2A). The three preserved postcanines show an increase in
size and in morphological complexity posteriorly. The lower p2 is tricuspid with two
roots, and its length is only about 60% that of ml. The ml is tricuspid and m2 is
tetracuspid.

The premolars (or premolariform postcanines) are clearly differentiated from the
molars (or molariform postcanines) in the new juvenile skulls of Sinocomodon (IVPP
8033, 8083). The absence of premolariform postcanines‘ in the larger skulls is caused
by the early loss of the premolars in the juveniles, which were not available for the
previous studies (Crompton and Sun, 1985; Crompton and Luo, 1993; Luo, 1994),

Premolars of IVPP 8083 have no occlusion. The upper and the lower do not
match in size and are slightly off-set in positions. The upper P2 is bicuspid and
morphologically different from the tricuspid lower p2. This corroborates a more general
observation that the upper and the lower molariform postcanines of Sinoconodon do
not occlude (Crompton and Sun, 1985; Crompton and Luo, 1993).

3 Pattern of replacement

Incisors and Canines -- The replacement of incisors had already occurred in the
small juvenile specimen (IVPP 8083). The existing lower i2 is being replaced by an
emerging tooth and i4 is erupting (Fig.2A). The erupting incisors at alternate positions
are also seen in much larger skulls of IVPP 8683 and IVPP 4727 (Crompton and Luo,
1993). Based on the growth series of the mandibles (Fig.2), there must have been
more than three replacements for each incisor, . confirming that multiple and alternate
replacements of the upper incisors occurred in Sinoconodon (Crompton and Luo, 1993).
The succeeding incisor is larger than the replaced incisor (Fig. 2A) and 2C). This has
contributed to the conspicuous difference in the size of incisors between the smaller
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(IVPP 8083) and larger (IVPP 4727) skuils. To accommodate the larger incisors in
older individuals, the symphyseal portion of the dentary of the larger individuals (e.g.,
IVPP 4727) is much larger than that of a smaller individual (e.g., IVPP 8083). .

Earlier literature on Sinoconodon used the incisor count as a diagnostic taxonomic
character (e.g., Patterson and Olson, 1961; Young, 1982). Luo and Wu (1994, 1995)
suggest that, due to the continuous replacement of the incisors at different growth
stages, the number of incisors is not consistent in all specimens of Sinoconodon and
should not be used as a taxonomic character for this taxon.

Based on the growth series of the upper dentition, the upper canines had up to
six replacements (Fig. 1). Each successive replacing canine- is slightly thicker in
diameter than its predecessor. As the result, the canine increases in size through
several replacements. The fully erupted and functioning canine in the largest (and
oldest) skull is about 3.8 mm in mesiodistal diameter at the base of the crown, more
than twice as thick a$ the fully erupted and functioning canine of the smallest
(youngest) skull (~1.6 mm).

Premolars -- The single-rooted and smaller upper P2 of the smallest IVPP 8033
(Fig.1A) is replaced by a much larger and double-rooted P2 in the larger IVPP 8083
(Fig. 1B). The replacing P2 is then lost without further replacement in IVPP 8683
(Fig. 1C). It remains to be confirmed if P1 had been replaced because of the damage
of the available specimens. However, it would be reasonable to suppose that P1 was
replaced, as both the upper canine and P2 in its neighborhood have been replaced. It
is evident that the replacing Pl in juvenile skulls of Sinoconodon is eventually lost in
older individuals.

Molars -- M1 is the first among all molars to erupt in the youngest skull (IVPP
8033). It is retained in the skulls up to about 50 mm in length (e.g., IVPP 8683),but
absent in the skulls larger than 50 mm (e.g., IVPP 8047). M2 has erupted in IVPP
8083, but is absent in the largest known specimens at about 60 mm in skull length.
Two alternative interpretations are possible. The first interpretation is that M1—2 of
the younger individuals are lost without replacement. The second is that M1—2 had
been replaced, but the second (the replacing) generation of M1—2 are not represented
in the skull growth series (Fig. 1) before they wegre lost permanently. Given the
currently available fossil materials of Sinoconodon, both interpretations are still possible,
although the latter is less probable.

It is well established that the enamel surface of a tooth is fully formed before a
tooth erupts, thus the size and cusp pattern of a fully erupted tooth do not show
ontogenetic change except for normal functional wears in due course of time. The best
interpretation for the teeth with different size and cusps but occupying the
corresponding positions of differently sized specimens is that these teeth have been
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Thrinaxodon
multiple & alternate 0 Diademodonts
replacement of al testh Traversodonts

Probainognathus
Tritylodonts
Tritheledonts
Sinoconodon

single replacement of postcanines
differentiation of premolars & molars

®

single replacement of incisors & canines
precise occlusion of molars

Morganucodontids
Gobiconodon
Triconodontids

Monotremes
non-replacement of molars

Muititubercuiates
Therians
Fig.3 Reduction of tooth replacement through the transition from nonmammalian
cynodonts to mammals (mammaliaforms)
The diphyodont replacement of living mammals were achieved through two
intermediate steps in this phylogeny: the single replacement of postcanines preceded
the single replacement of incisors and canines. A. Primitive condition of
nonmammalian cynodonts with multiple and alternate replacements of teeth; B.
Differentiation of premolars and molars and a single replacement of the postcanines;
C. Single replacement of the incisors and canines; The delayed eruption and reduced
replacement of incisors and canines are associated with lactation and determinate
growth of the skull in modern mammals; D. Permanent molars without replacement.
Armows represent alternative (z{nd controversial) placements of tritylodonts on the
cynodont phylogeny. The tree topology of cynodonts was modified from Kemp
(1983), Hopson and Barghusen (1986), Rowe (1988, 1993), Wible (1991) and Luo
(1994). Tree topology of mammals is modified from Crompton and Sun (1985),
Rowe (1988, 1993), Hopson (1994), Rougier er al. (1996), and Hu et al. (1997)

replaced. Based on this assumption, we suggest that three posterior molars are replaced,
adding to an earlier suggestion (Crompton and Luo, 1993) that at least the ultimate
molars have been replaced in Sinoconodon.

A general pattern is that a smaller tricuspid molar is replaced by a larger and
tetracuspid successor. The tricuspid M3 in IVPP 8683 and IVPP 8047 corresponds to
the tetracuspid and larger M3r in IVPP 4727 and IVPP 8688 (Fig.1). M4 first appears‘
in IVPP 8683 and has fully erupted in the skulls of approximately 50 mm in length
(IVPP 8047, 8691). It is most likely to be replaced by M4r, a larger and tetracuspid
tooth (IVPP 4727). The ultimate molar (M5) is in the process of erupting in IVPP
4727 (about 50 mm in skull length). However, this tooth is much smaller than the
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ultimate tooth in an older specimen (M5r of IVPP 8692) and has been replaced by
the latter (Crompton and Luo, 1993).

A similar pattern of replacement can be secen in the lower molars (Crompton and
Luo, 1993). The ultimate molar (m3) in a juvenile specimen (CUP 1, Fig.2B) is a
tricuspid tooth, smaller and morphologically simpler than the corresponding tetracuspid
m3r in the next larger specimen (IVPP 4727, Fig.2C). Lower m4 is in the process of
erupting in IVPP 4727 and has fully erupted in the next larger IVPP 8688. This
deciduous tooth is considered to be replaced by the larger and more complex mdr in
the corresponding position in IVPP 8693 (Crompton and Luo, 1993).

There are seven loci of upper premolars and molars in total. However, as noted
by Crompton and Luo (1993), there are only three functioning postcanines in most
specimens in any given stage due to the loss of the anterior postcanines (except for
two cases: the upper teeth of IVPP 4727, and lower teeth of IVPP 6693). At least
two premolars and two anterior molars are lost sequentially while the erupting molars
were successively added to the posterior end of the tooth row during the growth of
the skull. '

This hypothesis of molar replacement is corroborated by the presence of the
dental lamina groove on the mandible medial to the postcanine alveoli (Crompton and
Luo, 1993). A similar dental lamina groove for the development of replacing
postcanines is also present in Thrinaxodon (Crompton, 1963) and Probainognathus
(Crompton and Luo, 1993).

4 Character analysis

Sinoconodon has been considered to be the sister taxon to all other mammals (or
mammaliaforms) (Crompton and Sun, 1985; Crompton and Luo, 1993; Luo, 1994), a
hypothesis supported by a wide range of subsequent studies (e.g., Rowe, 1993;
Hopson, 1994; Wible et al., 1995; Rougier_ et al., 1996). Given its crucial position in
the cynodont-mammal transition, the 'mosaic features of dental replacement of
Sinoconodon may represent an intermediate stage before the evolution of the
diphyodont dentition of more derived mammals.

Multiple replacements of canines and the alternate and multiple replaceménts of
incisors in Sinoconodon are plesiomorphies of such nonmammalian cynodonts as
Thrinaxodon (Crompton, 1963; Osborn and Crompton, 1971), diademodonts (Hopson,
1971; Crompton 1972), Probainognathus (Crompton and Luo, 1993) and the
tritheledont Pachygenelus (Gow, 1980; Crompton and Luo, 1993).

The juvenile specimens (IVPP 8083, 8088) of Sinoconodon have morphologically
distinct premolars and molars. This is an apomorphy of more derived mammals, such
as Morganucodon (Kermack er al, 1973, 1981), Dinnetherium (Jenkins et al., 1983;
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Crompton and Luo, 1993), the amphilestid Gobiconodon (Jenkins and Schaff, 1988),
the monotreme Obdurodon (Archer et al., 1993), and multituberculates (see Clemens
and Kielan-Jaworowska, 1979). The single replacement of the premolars in the juvenile
specimens of Sinoconodon is typical of the therian mammals in which at least one
premolar has been replaced (Luckett, 1993; Cifelli er al, 1996).

The loss of anterior postcanines in the older specimens of Sinoconodon also
occurs in several cynodonts, including Thrinaxodon, Probainognathus, diademodonts,
and tritylodonts. Among more derived mammals than Siroconodon, this pattern of
losing the anterior postcanines only occurs in Morganucodon (Parrington, 1971)
although to a much less extent. This is a primitive feature as it is shared by some
cynodonts (Hopson, 1971; Osbom and Crompton, 1971). Few other mammals have
this pattern of losing anterior postcanines, except where it was presumably acquired
secondarily, as in proboscidians of the Tertiary.

The replacement of a smaller ultimate molar by a larger successor followed by
eruption of another ultimate molar in an _older individual (Fig.2) is observed only in
Sinoconodon and diademodonts (Hopson, 1971; Crompton, 1972). Sinoconodon also
resembles diademodonts in that the smaller deciduous postcanines with simpler crowns
are replaced by erupting postcanines that are larger and more molariform. By contrast,
in the replacement of premolars of more derived therian mammals, a deciduous
molariform tooth is usually replaced by a permanent premolar with less molariform
crown,

The co-existence of multiple replacements of the incisors and canines, and a
single replacement of all premolars and at least some molars in Sinoconodon suggest
that the reduced replacement of postcanines (Fig. 2B) preceded the reduction of the
incisor and canine replacement (Fig.2C). In other words, the suppression of dental
replacement occurred in the postcanines before it did in the anterior dentition.

The traditional view (Kermack et al, 1973; Kermack and Kermack, 1984)
suggests that the diphyodont replacement evolved in correlation with (or even before)
the dentary-squamosal craniomandibular joint in mammals. Evidence in Sinoconodon
(Crompton and Luo, 1993, this study) suggests that the “cynodont-like” multiple
replacements of the incisors and canines and partial replacements of molars are
retained after the development of the dentary/squamosal joint (Luo, 1994). This
indicates that the diphyodonty evolved after the establishment of the dentary/squamosal
joint (Luo, 1994). '

Other than Sinoconodon, Gobiconodon .is the only other mammal with
incontrovertible evidence of replacement among the molariform postcanines, as clearly
documented by Jenkins and Schaff (1988). It has been generally assumed that more
derived mammals of the Mesozoic have typical diphyodont replacement (i.e., premolars
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replaced once, and non-replacement of molars) as in modem therian mammals,
although there is only one study in which this type of replacement is documented for
the late Cretaceous marsupial Alphadon (Cifelli et al., 1996).

Parrington (1971, 1973, 1978) argues .that Morganucodon (“Eozostrodon™) from
the British Rhaeto-Liassic deposits had a typically mammalian neplacenient of the
incisors, canines and premolars. This observation has been supported by several
subsequent studies (Kermack et al, ’1973, 1981; Gow, 1985; Crompton and Luo,
1993).

It is still not clear if the molar replacement occurred in Morganucodon
(“Fozostrodon”) due to the lack of a well-established growth series of skulls.
Parrington’ s (1971) suggestion that molars were not replaced in Morganucodon invites
reassessment, in the wake of the new comparative evidence from Sinoconodon.
Parrington (1971) has described the groove for the replacing dental lamina in some
specimens of Morganucodon. He also showed that the ultimate molars were highly
variable in size in his samples of mandibles and ‘maxillaries. He attributed the size
variation of the wultimate molars to dimorphism or even polymorphism of
Morganucodon.

In the better established growth series of Sinoconodon (Figs.1 & 2), the size and
morphological variability of the ultimate molars and the presence of the dental lamina
groove are perfectly consistent with the replacement of the ultimate molars of the
young specimens. Therefore it is equally plausible that Morganucodon replaced its
ultimate molars based on similar evidence, as reported by Parrington (1971). However,
in the complete dental series of Morganucodon oehleri from Lufeng (Young, 1982;
Crompton and Luo, 1993) and Dinnetherium (Jenkins et al., 1983; Crompton and Luo,
1993) there is little evidence for replacement of ultimate molars. Gow (1986) suggests
that Megazostrodon, which is closely related to Morganucodon, may have replaced its
m2.

Despite the uncertainty in the possible replacement of molariform postcanines in
Morganucodon, the evidence from Sinoconodon and Gobiconodon raises the possibility
that limited replacement of the molars could be a primitive condition of early
mammalian stem groups (mammaliaforms of Rowe, 1988). If this partial replacement
could be confirmed in other mammalian lineages, then the single eruption of molars
without replacement, as seen in the crown group of the Mammalia, is probably a later
development in mammalian evolution than previously recognized.

The traditional definition of the premolars and molars is based on pattern of
replacement. In modern mammals, molars are the cheek teeth without any predecessors
and are never replaced. Premolars of placental mammals are the cheek teeth that have
been replaced once. In marsupials, the anterior premolars are not replaced, but the last
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premolarvis replaced (Luckett, 1993; Cifelli ez al., 1996). In the majority of therian
mammals (although not always), the molars usually have a more complex crown than
those of permanent premolars. Molars usually have the upper-to-lower occlusion, which
may be absent in the premolars, especially the anterior premolars.

Sinoconodon has morphologically distinct premolariforms and molariforms, and
replacements of both premolariforms and molariforms (except M1— 2). Molariforms
lack precise occlusion. Given Sinoconodon’ s position as the sister taxon to all other
mammals, it is suggested here that the dental growth series of Sinoconodon represents
the primitive conditions from which the morphological, occlusal, -and replacement
characteristics of modern mammalian premolars and molars could have evolved. We
hypothesize that, through the cynodont-mammal transition, the morphological distinction
of the premolariform versus molariform teeth was first to evolve (Fig. 3B), then
followed by development of precise molar occlusion (Fig.3C). The non-replacement of
molars was the last to occur in more derived triconodontines and the crown group of
mammals.

5 Inference for growth pattern

The growth series of Sinoconodon suggests that its skull experienced indeterminate
growth as in modern diapsid reptiles. The skulls examined here and in a previous
study (Crompton and Luo, 1993) have a wide range of ontogenetic variation: the
smallest skull (most likely the youngest, IVPP 8033) is about 22 mm in- length
whereas the largest skull (most likely the oldest, IVPP 8692) is about 62 mm in
length. The skull had an enormous growth in size while the incisors and canines were
continuously replaced (Luo, 1994). The replacement of the smaller ultimate molars in
younger skulls by larger successors in older specimens also implies that the skulls
continued to grow in adults. These are the characteristics of indeterminate growth of
the skull and continuous dental replacement in modem diapsid reptiles and
nonmammalian cynodonts (Osborn and Crompton, 1971; Luo, 1994).

By contrast to the wide variation in the skull size of Sinoconodon (22 to 62 mm
in length), a comparable sample of the skulls of Morganucodon shows far smaller
variability. The seven complete skulls of Morganucodon discovered so far range from
28 to 32 mm in length (Rigney, 1963; Young, 1982; Crompton and Luo, 1993; Luo,
1994; Luo, et al, 1995; this study). This indicates that the adult skulls did not grow.
Most maxillaries and mandibles of Morganucodon discovered from the Rhaeto-Liassic
fissure deposits of the Great Britain are adults, and few are juveniles (Kermack et al.,
1973, 1981; Parrington, 1971, 1978). Based on this Gow(1985) suggests that
Morganucodon probably had a very short juvenile stage, a view supported by Luo

(1994).
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The available evidence indicates (although far from proves) that Morg.anucodon
had a short and rapid growth to quickly reach its adult size (28 to 32 mm),
suggesting a determinate growth typical of living mammals. The continuous growth of
the adult skull while the ultimate molars are being replaced by larger successors
suggests that Sinoconodon lacked the determinate skull growth. Given Sinoconodon’ s
position as the sister taxon to more derived mammals including Morganucodon, it
would be reasonable to hypothesize that determinate growth evolved after Sinoconodon
had split from the more derived mammals .including Morganucodon.

Delayed eruption and reduced replacement of teeth are correlated to lactation
(Brink, 1956; Hopson, 1973; Pond, 1977). Therefore the frequent replacement of
incisors and canines strongly indicates that Sinoconodon did not suckle their young
(Crompton and Luo, 1993).

All living mammals have lactation. In view of the pattern of its dental
replacement, Sinoconodon probably lacked lactation. If so, an issue needs to be
resolved if Sinoconodon could be considered to be a mammal. Traditionally, the
Mammalia is defined by the dentary—squamosal craniomandibular joint, which is very
well developed in Sinoconodon, at least no less -developed than in many modern
mammals. However, as a corollary of our hypothesis that Sinoconodon lacked lactation,
this taxon may not be considered to be a mammal. Zhang (1984) removed
Sinoconodon from the Mammalia. An issue remains to be solved as to which
character would be more crucial for the biology of mammals, either the
dentary-squamosal  joint, or lactation, even though there is no problem about
placemeﬁt of Sinoconodon on the mammalian phylogenetic tree (Fig.3).

6 Conclusions

(1) Dental replacement in Sinoconodon is characterized by more than three
alternate replacements of the incisors, at least five replacements of the canines, and
one replacement of the premolars and the posterior molars (M3—MS5). The replacing
premolars and the anterior molars (M1 and M2) are permanently lost, enlarging the
postcanine diastema in the. older specimens. Even though there are seven postcanine
loci, there are four (or less) functioning postcanines at a given stage due to the loss
of anterior postcanines. :

(2) The mosaic of a primitive pattern of incisor and canine replacements,
combined with a derived pattern of premolar replacement in Sinoconodon suggests that
reduction in the postcanine replacement has a more ancient origin than reduction of
the incisor and canine replacement.

(3) The replacement of at least some posterior molars (or molariform postcanines)
may be a general condition in the stem groups of mammals (“mammaliaforms”).
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(4) Within the phylogenetic framework, it is hypothesized that the determinate
growth and lactation of mammals evolved after Sinoconodon had split from the more

derived mammals including Morganucodon.
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