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Abstract Bayesian tip dating is a recently developed method to estimate divergence times and
evolutionary rates. It overcomes several drawbacks in traditional stepwise approach. However, it
also requires more knowledge about statistics. This paper hierarchically explains the theory and
computation in the Bayesian tip-dating approach, and divides the whole process into prior for the
divergence times, prior for the evolutionary rates, model for the character changes and Markov
chain Monte Carlo algorithm, which are key components in this method. The aim is to provide a
general guidance for paleontologists in empirical data analyses.
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1 gy

HEWTAE 1) RGO R AN S )2 7 LR GE e o i Bkt anfer & BRI A A A 19 JE
AL B 0 B A 58 O ST — R — DR TR R, AL SE e B R
SRR . ESGEM MOE S E R e, R AEMEENRGE LR, XPLERA
AR A B RIAE S, 1 H S AR B A R A N R R as R (R ATy
AR BB ) o SRS B X ARG, IWAA AR K, R B/ IMBHK 5 (Laurin,
2004) 5 A5 A R (Brusatte et al., 2008)8f i B HNFRY B 73 S if ] . SR MK A Y
9 S I AT R4 A T AR AR S s ] 5 T A AR 2 DU AR S s 3
JEARCTS SR I 8] 8 v R A ST A TR] o 2 T AR, AT DU i A SR A R
A EAFIE AR, 456 B D HERTR I AR Al . X R e DR T R
FW, I T2 PR idie 734 (Wang and Lloyd, 2016). ST, IZKMAFIEIEZ 0GB
e, ER—EAN T HERT AR EYE, GRERIRENGRY o ST RFIH SRR R
&y Hk, B2 RRH T 8080 EE, e HBDESRE, R ]
FMLAFAL; FRR, EAER AR U, XA B i AR BURR,  HORGE TR AE 2R
s mo, AR — R GETELE , ORISR BB AU B A TR

W BEAE T A& 1Y) DL nE 37 57 o o 4E 15 (Bayesian tip dating) (Ronquist et al., 2012;
Gavryushkina et al., 2014; Zhang et al., 2016)fR & 5a Ik 1 FIRRIE, DI i-3r =7 o g AE 1k
L ATE S FAERBHR L A7 — R SSRGS R, eI Reb A SRR, [
N N U 7eE ATt N 2 N TR T 2 AP S & P S o AW N Al P 7 e 1 B U S
THERDRFRRHE A AL . SRR A K DL A W RS R, 1A B A g ) Dl it
WG HEAR T ok A T S EUGTHFERE BE . (EZ ) AR R B LU A 2, 7 e
LGN, ST A2 FOR R E T H AL, i ELAEAT 2R 40 A S
AR S R 2 B0 S SCHk (Gavryushkina and Zhang, 2020), 7K S22 58T 32 v &
AR R AR, R B R R SR L, B — B R O AR R
AT bR R S

ARSCE A R B TRIAR () £ f A I R (fossilized birth-death process)ii7(Stadler,
2010), SRJG AT AR FAIETE AL BRI SEANE A8 (relaxed clock)fEAR, 4545 A IR FHIE
RSB MK AL (Lewis, 2001), F ik DB 202040 FIRBIRIR REk, &5 -4l
TFS UG 505340 19 5 FRsE 545K % (Markov chain Monte Carlo, MCMC)5Hii% [l st
T RS 255 (Zhang and Wang, 2019)MrBayesfir % .

2 ST

I [A] 44 (timetree) R ISHERY R GEC R A St 6], B BOREAR 70 A0 T DL s i A1 4 A=
Kl #i(Stadler, 2010)K 45 H o P FRFIA T X LESEHE Y e i L R AL S (RAR) T 46
Or5E . KE L SREAAFERAFBUA X — RVSFRY A A, FEXHRE T —BR 52 R (1&]
1A)o (B SEBRBE BT R JCIEHE WX A S8 B, HREHEWTRIRE A AR SC TR, RIS
BI(EIB) IC BRI 7 S A (Y SRR 3R) M A, K Y A A, W BRSO AE A R
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Ay, A SRR R AR (BORAE L)) Jp, T8N IR — RGN E o R,
TSGR EL, w1, y, pBE, FEARFRIRT = {z, §AOBERIM, IC NPT | 4, 1w, p), Herbiz

RIS, R LU T4 0 BAAL A 73S 1]

A

kn

L ik KT
A HE R R 5
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-
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HER

B. R B AREAMISCH) 2 SR BRI REARY G0 P AR SRR (L) P4 (I AT

Fig. 1 Example timetree generated from the fossilized birth-death process

A. compete tree by keeping all branches; B. sampled tree by only keeping branches leading to two

extant taxa (red dots) and two fossils (blue dots)

fEMrBayes#E, Az Kot B AR AR B ]
t R IRAAAE(EI2), TH RS 1 i S5 50 .
T XA SIS (B G O EI TE55), A
i — BB MBI ST B E A — > BB 7B R
i, HTFREASR TRt EamER. ba
P4 FsF () AT LA [ Sk ELAA B BB (A 0 AR i), o]
DAL — 350 0 An 45 BRI R A ZETHE RS
T BRI A TR B R LBl (p) . BRAE
HKHFAT LA PR RAE NS, — PRI ) R HLRAE
(random), Y —Fhf&: 2 AL KA (diversity) (Zhang
etal,, 2016), Al IR FESEBREAR RO TS B0 A 17184,
J& 75 AT e AT A B s 2 B R AR AR X (an B
BEH B MR 8 808 BB B — R
e XFFoar5 . KGR AREER, BTN
TERE T, ERSEhd=1-puv=u/1,
s =y /[ (uty). diJERINSEE R B0 1 (T O
FNTC5T), vIsHTERIASE I A 3550 43 A (i LML ORI 1,
B — e Ry DU 3 A ) o 3XAE, I TRIR G 45 43
A B S S SE 00 5 A A e T

T RN PR BN R, A SBUEE RS TiA
M AT AR . K i — el i 2 K PR AR R
B3R I A ) [] S A 2R LA K 4 T o Bl

S, :1

F2 TR A S R )
B AT F FIE B IEIR S A0,
IRAEZERES IS YRR I 1,

BB A A IEARAS g, X0, X, 3808
AR 3R = 100 Ma, £, = 50 Ma,
REAR B 5] Ay, oAb S i 1] Ay, e,
JBt= {4y, by, b, by, b5} o SR L ORRAET AL
MR = {r), 1y, 13, 14, 75}

Fig. 2 Example parameters and symbols
used in the probability distributions
The character states for fossils F, and F, are

0, for extant taxa S, and S, are 1, for internal

nodes are x,, X, X,. The ages of fossils F, and
F, are t; = 100 Ma and ¢, = 50 Ma

The root age is ¢, and the remaining
divergence times are #,and #,. Denote t = {¢,,
t,, 5, ty, ts}. The evolutionary rates on the
branches are r = {r, r,, 13, 7'y, I's}
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HEZAEANTE SR AT SR A SR e 0 LU A5 (R P BRI 1.0), AR FEADE RS2, At T
MrBayes 4 BIBR S, FeAFFR PIREAS SBE s S BA: 2R (B[R] R 0), DRI 5 2 A AR
VA T AR A%, B8 100 St TR ARG A ARG X RSG5 R
R R A E AR P T R R U SERUAC KB 25X A R] ) .

B T A IS R Z A, MrBayesid I RIRIEE A T —AN3415) 53045 i Je 5 (Ronquist
et al, 2012), BEAEKFREXLESE, HAM TRARE T, P R 3 5
O3 o B A E AR IR B SEL, HE SR B AR ES, 758
AERXAN R b, S o St AT A AR K RE SR 2, (HEEkR L
WEFTLRRG . Flan, 555 KREF A RAE AT LARERTE 224k, ZEAS ] R E]
BN 4% E 257 (Gavryushkina et al., 2014; Zhang et al., 2016), X A] fE 7S LA P2f 0t
T, (RIS B 4 o 3R A SR SR B s ] ) A2 A

3 mfkEeR

TE SRR A 3 fb 248 B9 0 AR R AR E B I A AR X 45 1 — B i
], EALER, WARAIE R 2RO 2 . — R4 R — N R S
B, 30 (K12), IR T S8 i e PR T 2S48, 28 1 T FIAE 2 T4
IF A 20 TR AL . Fh B (strict clock YRR s v Ak e 7E A MR AR AR TR, CGlH AN
WA TIREEAE, SRR BT  H FE A S (relaxed clock)f AL, FEAABIEEAY AT L)
WS, —ZOphsr M, U —20 F AH G (autocorrelated) MU, X ITE T HEER 40 A1
P(r) A

T ST AR AB R RRASE E A R 0% e ST, B TR AR DA XA A [ B AR 43
fii o HFHEIBER A A5 0 5 704 (Lepage et al., 2007)MIXELIEZS /34 (Drummond et al.,
2006). J3 A HYEEARL AR N FEMEHR (base rate), 2 WV BRI ALER RN AT 7 22
U J52 W A T R A AR 2 () AR AL BRI SRR B« T 22N R A 22 AN K, XR S
AL R E AR FYAA R A 225 M 2580k, SRR TR i 22 Sl i

A R S 23R R {2 i AR A 19 YA ol S A 11 30 R S IR 1 s 3R (43
FilrERHCAS R FA ) o SIS I B3R — (B il MBI 25 4347 (Kishino et
al., 2001; Thorne and Kishino, 2002), H.I4{E Ml AT S AR, RFE, A0 22
2 T Ak T AR A 2 (B AR TR R TR B R

X A S T RA AL A A X 43 S Ik () A A T A R, X TR R DR O [ R G R R AR A
e TR AR 0 AR AR Y, T S R AR A SRR, 2 I S AR A ]
RAE R B L o AT EE UL, Il S s AR ] T

BN BT, BB M A R R = AR A fe R, ik, i
AR R IR A FHE Y1 0L o W TE 228 SRR R RRAF AL 3R 0 S o, ok
T EERFIE AT 3 X o — M AT DA REOAS [ R AR 2R AL sl A [m] SRR A sl Th ek 4y, B
43 DX PN BRI e S — 2 AR 36, T X 2 [ RRAE i fh o R A R ST ), SRR
AT AT )50 457 S D R AH SRR Bl of (7] 25 %2 A= B RE 148 fk(Lee, 2016; Zhang and Wang,
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2019). FWEBMIE, HXEZ, B XAMRIEECR D, IR G THE
RSHAGERIOBD, 253 07 2RI B2 HN 0B I RO B0 I T S5
e PRI, B BT AR S T A DX R 2 [ i — AU

4 FRIEREZEL

AT or SRS A A, on] LAHAE 45 5 I [R] BOAA AL R r B DL T, B
BRHAE N —AREAE R 55— D IRZS AL PO RS AS) o X At MKASE Y (Lewis,
2001451 o MKASEALZF AR RAAE IR S A8 A f AT B AR, B BRSP4 ) R 4
AHAFA . X HUR REASIRZS BORIE ], T Poo(r, DFASIREEORAFAERIMER, Poy(r, 0)
TR MR TR, Po(r, RS NIZRNORIHERR, P (r, RS TRFEAZ I
R MP(r, 0) = Py(r, ) = 1/2 + 1/2 X exp(=2rt), Py,(r, £) = P,o(r, £) = 1/2 — 1/2 x exp(-2rt).
AT LU, i [a] A e r S LSRR IE U 3L, P, 7EiA A4S R
i, PIERAATPUNR . SR The, SRR I B AR A B A DAy o i) 4
MR, BIEEEY, DR MRAEIEE RSB B . FA ] A A A B S AR AR
P74 B 70 S ) TR R Al AR B A T ok

VL2 R, AAF FIE R RHERS 0, BAEZSHES RIS, A RFERS J 1, PIEBT A
FRUERS AR A xo, x,, 0,878 o FAIF I E] 735024 100H150 Ma, IR AMRAEMKARL, 25
SEIFRIRET = {7, t} FIERriE, RAEARASFN0011 ARy
P(0011|7, r) = ZOZX]Zszxorl(tl_tZ’ rl)PX]xz(tZ_t4> rZ)szl(t45 r3) szo (155, V4)Px11(t2: rs)Pxoo (113, 7)o

Horh P AS B A S A R X R AEAE N TR ST T RERAS HSR AN il TR AR
AL R & AR RFE, PRG-I EARE ZERR DUTA AT AR RS R4, BIP(001T | T, 1)/
[1-P(0000 | T, r)— P(1111 | T, r)]o A X — IEAIMKESRIFR A MkvRi Y (Lewis, 2001).

RV SR R AEER AB e ST, IR A8 PT LA B — R R ZEAS b ROES
PHEX SRS . XM FR IR R, R NP(D | T, v), K DRFTEESF
TR RS AR

5 DM

TEGCHEWT , SRR R AMBIBENLE &, & 2RI R A TR A, R
HWRP(T, v, 0| D), iz IR AT, AT = {z, 6, AR, rohEfbssR, oftk
HESH(EEL, u, v WRIEZ I A, WP(T, v, 0| D) = P(D | T, r) P(r) P(T
| 0) P(O)/P(D), 55 M1, 2B—IRl R R ETEER U2 5 I A AR A 5
B ATAESE —I aR Y, S IR DU I TR S OHSR SE R Ao a1
ARG T A IR AT LI T o /0 BEP(D R IR AR, X 2T P 25
MZ BRIy, Sbr LIATER g TRk, HABE A BUERE A T BreA Dl
Wit A KBGO T 2 S RS R P 5k
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6 KBS RY AL

L CEESFR 2 (MCMOC) SRl o 43 Sh /R ] S, i HP AR A Al 5 3
I3 XN T, R —SHE L AR FI(E3) . SRttt , S8
(e, t, v, 0), At EE A EAUZ RN

MCMCK H f\JMetropolis-Hastings . :(Metropolis et al., 1953; Hastings, 1970)1] 434
WHJL:

(1) HOVEAE BRI ;

(2) FET ORI, HIL—AHHEE’, F1a16° ~ uniform(0 — w/2, 6 + w/2);

(3) WRa(0) > =(0), $hALEZO; W, VthHa=m(0") / n(0) $:520";

4 RO WHEZ, MEHO =0 /W, (REFOAE;

(5) wlsEomfE, MEILER(2).

HER, AR o, SRR ML, XS 55040 o3 BEA &R 4
AT, BFEG A n . Wlgul, HEREMEIH IS b Rk,
MCMCH ] LU R A TS BN E 300 A0 1 .

WRATHIGE, SRR Lo, TS EMIRIRSAE 2, MCMCH
PR Z A WEEN 5 S 3% LU A 0y, DR Al T I 9 43 A (R s fige 23 4 5
WIGH I — LR (burn-in), HHMCMCEESU i sk IIFEASRA TS 505341 . MrBayes#k
INEFEHT25%MFEA . R, MCMCEERZE R 2R, UMRIER RS2 AR
KA ST . — T EEA AR R/IMESS) K T7100,

bR, RGN iETT 2/ PIIRMCMC, PABLR IR 25 R 2 —307) . A B
FERAE, sUE AR R REARF G0 X, &SR8 R A —2
X JREEMCMCHY 15 5 2 5 AR AT GBS BIMCM CHRLVE A 45 0T A i slcig o i
Metropolis-coupled MCMCHL /24 &5 #k 22 167371 1Y F-Bt (Lakner et al., 2008), 125.1:[A]
WHEFTZ AMCMCHE, — 2% %4k (cold chain), HA A #E(hot chains), FAHEFIVE 52 [1]
NP E A, IRMCMCEEAR H 4% R
O =10 e, Bt FURHIR R BIBS U W) . MrBayes

(0") > n(6), accept 6’ RN [FI B A S A8 AT PR, R UkE Sl U 5%
B, Hh SR EE, Ha =4 it

(@) < (0), f

accept 6’ with

AN

prob. 7(0)/m(6) NN
L, il 7 v
e B B 7R S DL G 0 B Ay SR b

VR R AR i SRR D >
IS THICRESS KB St | o s RERAITHL AR, DU
BRONG A (O T BbRainge) P AL SR A R RLR ek, AP el A
Fig. 3 Illustration of the MCMC algorithm for & AN T BLL4H B R4S . 4 A a) i b 5o 245
one dimensional parameter . N .S i 22 AR Y
The posterior distribution 7() of parameter 6 is o, E/—\E SEOPHTR LR, R AR
the target distribution to be estimated (curve) PR F2 2L % o
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A TGS AN IR IR o 7 . KRR RN R, BB RGN
A ZBRA AR 2 A . AR RAE I 0T DUR REALA s 2 A, X A
JE N REAR Rt , ELCHRAEBICTTREA TIE 2], aliE A 0 SC RERELREE, A1
X ERREZFACRFE, (HH AR BA AR S RX PR Ol . 7R AP BRI T A ok 2
HI, 7THE N BRI A R R A A I —FlCRAE SRS o X FP Ay A BRI LD
BURABA B — BN, T34h, s Riige | RAHRAEAT R A] DR o B
Ty I AR A, A TER—IRIBN, AR R, X T AR S R B
2 BB AR R S DA SE B PR S AR A O, 4% 3 R s Brimi i i) 23 Be iy
F5 7 (Barido-Sottani et al., 2020) AT AEET 5, R ARIX — SR RUA Bt A7 HABRR M . A
ERE, A G RR FORAE N ISR e oA, SR e LRI (B 45 A A 7E A i1
Sy AR RE AR DL SR SRR AR Ao B ), Rl b 2k = A E I Je e i 5
Mapgat sl o ABJESERRIEUAEAE LA 2, Bl A S AR, X5 R Je 50 1 52
ML,

HALHCRA SRR, BB, oS FIEtRIAHEAE R, DI 52w X 5 283 53 i
[ AG T XA 7E A A B S A A TER B A ARAN Y I X 2R
A R 1 B 2 05 5 (R R I 28 0 28 A v k), HE Ay B ] 7R 28 232 1) e FR
QLAY YE/beant, SEERIMEER S AERT (2, B2 TRAEMER, ]
DIJRARAC I [A] R ARNE , A 7] DIJR AR A [ s AR, BB X RE e T 1
(] A A AR 0 Je e 1o X TR S F A A A S B0 e R R )N, H OB AR
FEIE B, AT LAIE A 78 00 PR Y9 s ARG 1 207 A5 21 5 5 B A I [E] /571 (O Reilly and
Donoghue, 2016). 7£5¢ 4B A b WA A HERT, 9 508 k(O —RBE A R)
(Yang and Rannala, 2006) 50238 42 {5 P35 5 RS E 4341 R 58 T o

FEIRTE SRR AR A BRI AT AR KA btk 2 ], FLrb il S0 22 iy s RS R Bt L
BUAE TAE, ARAMFRE S, X5 H RS — T MR & 4F AT BERSZI . Mk
BEARUE B RFAE A RS [R5 7228 0 S R AR AT S5 1 o X G A8 T e AR Ty Z 40RO =
AU FARASIFRE) o TCIF 248 FEE 0] DL B N — SRS AR A B AR A (O .
AR 3), MiA PR d5 FEE S REAE IR TR ] B AR b (An ALORI 1, JA1E2, FEMN2513),
IR, A T 2 YR AR K IR ED A RE M Y AIPRASAE A SR RS, Btk
XA F IR R TO) P AL AR PR S . A 2 IR OS2, A A IRAS TG AR ) ok
WA R A 2R Z , B LR Dollo R Rk HE 2 SR AN RT3 1) o 33X Bt FHMKASR AU 25 3
BB T I 2% . ZETHR AT I BN [ Z (AR Y, A RAT SRR A B 1
M, W& FEOEAEE & A . ArmEEs], B Rt RIAER AR, HkEfef
(I TAE BVR =& M ERARIE OO T, B B8 1) O 25 25 2 BRI B8 A b T8 7% 43 St ) [ 5
M/ e AESE M S PRER G I 25 B A Z%— 2k, B ELIR [ EAR BT A TAEIR 3>
(Klopfstein et al., 2019), 5 B 2 J5 ZL0F 7 K AN A 4%

e Je PR E) DL HE Rl HAMCMCH 2 o %58 (M SR 5 ] 293 AL SR VA A B I
AN o T8 2995 TR 2 T LR S/ NEIAR , BUSR L SR R USRI e KB S Al
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(BRI R AR ) o PRIAE BT AP R DT L, ST RE R s 45 2] foe DL (A gl mT L
T o MCMCREEREN TSR AT, AR — s, MRS =,
K IEMCMC A (3% K8 (convergence) FIlE A (mixing) B 43 IBIUEHEMCMC
T8 B0 40 A ME R B = 1 X8R, TR A SRR MCMCRERS MR 43 A E AT BURE o 4 e i 8t
AR A 5y, AT LA 3o 0 ) 248K w5 4 7 2OR PR $R B AR AR (Zhang et al.,
2020), FEERA WS RME, BT (proposal) vk, 32 DU H5 iy B
AL AE

B, DU SO e AR AR A B G I M T ik, RERS AN B AL A S AR AU LA
LA R AL S T BRI RGOC R, IR [R5
TGRSR oy St AR A AR AT E . (EIZT5 R ATIAE TR
I3, BERURISE BT 2 05 TR R 563, IR IR ARG 2.

Supplementary material can be found on the website of Vertebrata PalAsiatica (http://www.vertpala.ac.cn/

EN/2096-9899/home.shtml) in Vol. 59, Issue 4.
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