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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 Morite 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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HEWTZSHER RGO R NG I RS0 L R Ge w2kl o] & 28R Ak A e
SR A A A B R S8 O S HE B — LR — TR L, ARG R R
IR . SR OB SEE th &, R 2REM R R LR, XPKRA
BN A B AR, 1 E AR E R AR R A T i 45 R (A i i 2
PR B LS B oSR5SR, MEAAEARIR &, I e/ MK 7 (Laurin,
2004) 5 A5 R A HE (Brusatte et al., 2008)8f & B H N ERYT SB35 ] . S5/ MK 24 Y
9 5 A S AT R4 — A~ B T AR ARG s r s ] 5 177 A5 PR AR VR DU A 2 7 i 3]
Jer AT AR ) ) P SR R ST AR ] 2R T AR, AT DA e pH SR A A
EAPIE ERFE AR L, A5G b — D HERT I R AR . X R 2D R Oy AR
EULS BTS2 PR 70 (Wang and Lloyd, 2016), XTI, IZRMSAF/EIE 200G, B
Se, BEAEE 2N T W AT e, RN AN L o S LRI SRR IR
Ay HW GBI AR T 5B E R, Ew e B ASRHE, R
FMEAAEA; K R A AR U, XA B A3 AR e, HANE a2k
s on, BRI AR G ESE, TN AN R AR R B A TR

VT B AR T & ) U1 i 52 52 41 (Bayesian tip dating) (Ronquist et al., 2012;
Gavryushkina et al., 2014; Zhang et ‘al.{2016)fR i3 5a Ik 1 FIRRIE, DI i3 =2 ARk
A TE S TR S A A — R SS M B T, ARSI AT et R HER (S B, A
N U 7eE AT e N o N ST T e DY LR AW Al i P 9 R e 1 BU S
THERDRFE IR RHE A AL . SR A K DA W REAT LERR, 08 B AE X g2 ) Dl i
B SR T ok A T S EAGTHRIRERe E . (EZ TR R DL B A 2, 2
BEZMGETTRAR, St AR O A AR ME T EL AR A T, i EMEE A AR5 A S e
EETR S RS EOE STk (Gavryushkina and Zhang, 2020), 7 3C0% 2 il S i e
LR R, AR B EEA SR L, B RE Lo EYER
PSRRI RS

AR A AR I R AR ) A A KA F2 (fossilized birth-death process)f5i#d(Stadler,
2010), RGN RRAE AL R TERNE A (relaxed clock)fRAY , 45 M- AR RHIE
RSB MKERY (Lewis, 2001), P ik DU A 20H0 FIRBIRIE Rk, Fa N4l
T S8UE 5010 ) 5 [R5 45~ & (Markov chain Monte Carlo, MCMC)%7: . [ff s 42 it
TSRS 2885 (Zhang and Wang, 2019)#MrBayesfii &

2 Jr5mE]

A [RI B (timetree) (R RIS BY R G R AT TR, B BRS040l DL A ks
Kid#i(Stadler, 2010)4 45 1 o Zad BRHA T M IX SO A S5 300 36 [FIAH Je (BHAR) TR 46
IySE. KA REMAFERFEIA X — RAVF LA, X T— R e A (&
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Fig. JenExample timetree generated from the

fossilized birth-death process

A. compete tree by keepingall branches; B. sampled tree by only keeping branches leading to two
extant taxa (red dots) and two fossils (blue dots)
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I XA SR PR B (e R O FITEST )s A
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VA — 35 A 45 B Rl R A ZETHER
T B AR A SR B R AR LBl (p) . BRAE
FERERT LA WIRIRAL RS, — R S BENLRAE
(random), % —FhiE ZHEAL K AEE (diversity) (Zhang
etal., 2016), il LIRHESCPREUE Y B0 A 174,
J& T BE AT W T Y SR AR A L (e
BB AR RS A B — M RY
Flye XFFors . KGEFREAREER, BTN
TWEERIE, THSBAd =2 -, v=u/
A s =yl (uty). diERINCE NAEE G GEE A
0FITC55), vAIsIYERIA S A 14050 4341 (Y5 FE O F]
1, B oy DU 3 A ) o 3XAE, I AR A 45 23
S IR SE S SE 00 o AT B A 2 T o
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AR = {1y, 1y, 13, 74, 15}
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 ;= 100 Ma and ¢, = 50 Ma
The root age is ¢, and the remaining
divergence times are #,and #,. Denote t = {¢,,
b, t;, 1y, ts}. The evolutionary rates on the
branches are r = {r, 15, 'y, 7'y, I's}
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A ZEHEANIE SR FH T AR A SR W RN L A5 (R P BRI R 1.0), BB AR ER] . Akl T
MrBayes 4 BBR ], FeAF 52 BIREAS S s o BAE A (B R] R 0), PR I 75 22 AR
VR T AR P35, B8 100 St TRl ARG A AR R X HURSE R
TR B R AR R TR A R R (R ZERRA B S X A [R) )

Br 1T AAAE X RRZ AN, MrBayesid Ry i AR AL T — 3459 4347 (9 56 52 (Ronquist
et al., 2012), BWAERKFRAEXEESH, HAM TR ]z, P 5 3 & 17 S g
A o B A E AR A (F B RS, HEShr LA AR ES, TEE
AERAN AR b, S o SR AT AR KRR SR, (HS2kR b
WEATLABRTE. BN, 555 RYFARAEHRART LARERT IR f, FEAS R A [a]
BN 4% H 57 (Gavryushkina et al., 2014; Zhang et al., 2016), X A] fEE A LA W) 2f it
Bt [RES A BRI v b S SR A A R SR BT ] A8 A

3 R

TEASRHAIE (0 A 52 18 B A T AR B FRAE B 0 A A R B, T 45 2 1 — Bt
], AR, AR 2B RO 2 . — R4 IR S
B, ik (K12), PR N IS A e T S, 2 LT AR o B
I 73 BB, A% (strict clook)BERUMELAL T fb B AR 2 A HARARIA] , A
EHTIEAEAE, SR 75 i SErA S (relaxed clock)BAY . FEbABIBEAITT L) 43
AW, —JONMSIER, 53200 A A C (adtodertelated)iH 3, X HITE T rAYMERR S04
PN

M ST R AR A b AT A R At Sy, BT RO A [] i) B R 53
Aii o HFHBIBER A AL 45 00 5 534 (Lepage et al., 2007) MIXFALIE A5G4 (Drimmond et al.,
2006) 73 HSA{EAL BEFR hy HEvE 3 % (base rate), [ T4 A48 HH R AN @9 A1 1 J7 22
W)z ot A SR AR AR TR AL R R ZURR B . 7 22/ NI A R A 2E AR, @k
AL HORTERE R A WA 2555 W7 2580, N [RIAAS b 30 1 2 S ] Wl €

I R D AR AR A A 5 i AR A A T A S AR AR T 1 30 +EL S IR A b g s 32 (43
Hlr A, s Rl ARG ) o M TARAS L 1) 38— P A IR A XS 5 E 24543415 (Kiishino et
al., 2001; Thorne and Kishino, 2002), HA{E Ml AT S A EER, [FHE, a2
o, 52 e A R AN AS 2 (B 2B AR TR ZU R

T 2 S AR AN AE 6 43 S I (R A A 52, X FE B P [ R DG SR AR A
A0 I T AR AR AR I, T ST A AR YA SRR, 2 TR I 3T A [
AL HRIZL RGO o X ATEAR B UL, M SRR AT GRS

BRI OUT , BB B v A R e AR 2 g b g A 38, PR, X
A BAR R T A R I O o W 2% RO R RRAE i A s 32 0 S o, ok
T BRRFESEA T 53 X o — AT L% BEOR R R 2R R SO [) SRR s D ek 4, A
I3 XN AR L — A A 8, 43 X2 AR A ek 3R g A O b s Y, X Rt
AT DAHE KA [6] BB 07 B BEAH SRR BN [R] 23 & A (B ALY 22 4k (Lee, 2016; Zhang and Wang,
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2019). THEBEMIE, HXKEZ, B0 XANMRAEECR i, IR A THE
REPNE R, 23807 2R ESH O RO S BOe kT S 8h
e PHIL, B PRI AR S B A DR 2 ] i — AU

4 FHEREAEAL

AT ok SIS AR A A, en] LATHSEAE 45 7 I [R] BOoMs AL B r I B0 T, B
BFFIEN— RSN 75— DIRE IR PO F R AR) o XA i MK RS (Lewis,
2001)%5 Hi o MKKERYZA A RFEIR AR A B (] B AUASEAY , B BB A 2 TR 48t ) il 2 2
HARFERY . X R RIPASRAS BRAE B, I Poo(r, R AR OIRFFAE IR, Poy(r, 1)
AR MNOZERN LR, Pio(r, D3RR NVERIORIERS, P (r, ORISR VRFFA YT
B NP (7, ©) = Pyy(r, 1) = 1/2 + 1/2 x exp(=2rt), Py, (r, t) = P,o(7, 1) = 1/2 — 1/2 x exp(-271).
NPT DUZ B, I ] A e S IRARE U B, Pk, et ARG R
W, PESEARLUNY o BRITEE, BRI SRR AR, B AR Ay I ] 0 A
AR, RIEERES, (P RAE I R R AL B . FUA [ A A A T 2SR AR AU
oA BERE o3-S I TR] AR R A B Al ok

LA, AATF FIE, JTRAEIRZE 0, BLAESERES, FIS, HURAIEIRZ 1, BRI ARy
FFAEIRA R FI X0, x1, X, 875 o F AES IR [8) 72531 5 100 MaffiS0 Ma. AR AR ML,
ZERTIR T = {7, y FERri, FEIEARAFM001 1 HE SR Hy
P0O11|7, r) = zxolezrszoxl(tl_tze rl)lexz(tZ_t4> r2)Px21(t4’ r3) szo (tts, ”4)Px11(t25 Vs)Pxoo (1113, 7%)

FOh P B AT S AR A AR AEAE N Y s T A T REIRGS AR A ol T SR A
AR DAL S PR AORRAE , R MR R DL A ARSI 3, BIP(0011 | 7, )/
[1—P(0000 | T, r)— P(1111 | 7, r)]. A X —AIE MK MRy AL ewis, 2001).

TRV ASHE B B R AE ARt ST, IR AT LA 54— S AR fEh b i 3
PHER LR . X DRI PR R, Fm WP | T, v), HADRSS
TERE R &t

5 MR

TEGEHEWTI , SHCE R ARIBENLE &, & 2RI R AT EA TR A, ]I
HWRP(T, v, 0| D), A RIRS AT, HAT = {o, 6 IR, oAb, oftk
HESBTEL, 1, va5). BRIEDZNMETAK, AIRP(T,r, 0| D)= P(D| T, x) P(r) P(T| 0)
PO)P(D). 5o, SB—IUUUR RACAEAE U 25 28 — I AL i 5 A Se e 7y
AGLEEE =G, 20 = IVURIES DUISU I ()4 S H SR S0 o A 72 — A g it o Xk
KA LR T o PO RFFIEEER RIBER , X EITRM A S a2
HARGY, SEbr BAEATCA S AT R, RS B A T ol BT DL 4t
AR ZHUB O S S RS R A
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O REE SRR P (MCMO) Bl i A SR B EE, PR A Al 114 5 56
3. X By T, RU—ZESBNEIE AR BI(E3) . SR, S8R
ARz, t, v, 0), At SE A EALZ N

MCMCK H i) Metropolis-Hastings . :(Metropolis et al., 1953; Hastings, 1970)0] 434
WL
- NOREAT TR E ;

L BETOSETRE, HEI—NHTEG’, N0 ~ uniform(0 — w/2, 6 + w/2);
- Ra(0°) > 2(0), HA%Z 6 W, LESa=n(0") / n(0) 125267,
CWEROWHEZ, WO = 07 mN, PREFOAE;

ICSROME, Il E205Rb,

VRS Bl TETT AR oI, SRR AL, X5 565341 o3 BE R &R 4
AT, SR . WU, REREAE I IS AT SRR,
MCMCH AT DUAEHPRAS A S8 5 56504 1

HREHRSE, R Lo FEA . th TSP IIR S LB E . MCMCRE
PR A WESEN 5 S R A ERL A = 1 7, DRI E Al T I 9 53 A (R s fige 23 45 5
WG —LERE R (burn-in), HIMCMCEEIRGETS 10 % IREASK AL 1T 5 50534 . MrBayes#k
INEFERI25%MFEA, [Alf, MCMCHEEAZEIRE S 2R, DISUIER 9% 2 1A A
A2 . — R EA AR R IMESS) K 17100,

PR, ML ETT 2/ PIRMCMC, VARG ) 25 B —2800 . A B
FERAE, sUE AR B REARR PG50 XK, A28 s f A —3
X JREEMCMC Y 15 5 2 5 AR AT RE S M CM CHRLVE A i s g o fili
Metropolis-coupled MCMCt, /2 &5 #k Z2 16537 1Y F-Bt (Lakner et al., 2008) . 281 [A]
Iisf7 2 ZAMCMCHE, — 2 A%k (cold chain), HAY Jyfidif(hot chains), PAGEHIEBEZIB]
AL E A, HARMCMCHEEAR H A H R
AR, IR FUE HORTS B B 2 0% (1) . MrBayes
BRI R I A S IB AT PRI, B s A I Y 2%
B, Hh SR EE, Ha =4 it
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o o o o
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AAE TG FRAVE IR R 5 . KA SRR REALI AR, HA SR R G 1
AT ZAERGA A R85 2 Ab . I ZBE R RAE DT AT LURREALAY SRR, X PR
JE T REAR MR, ECSEISRAEB R BB T Z 8], SE A 1S REBEYLRAE, A1
KRB EHACREE, (HHETE A BRI GRS SRR L . 72 S A R T & ok 2
HI, TR H BRI AR R R R A A L — BRSNS . X FP AR By S AR 2R LD
SURAKA B — M BRI, 46, iR KR A AR A] DL o B
T BRI AR A, AN AERl R BN, BT R R, X T AN S R I
Z F e R AR R S A7 I SE P B R R SR 0L, 4% 3 R4 Bami AR ] 2 Be i)
i (Barido-Sottani et al., 2020) ] GEHE A, HARIX —FBAUAR AT HARR S, it
B, AR KGR FURAE N BRI e A, R e LR B (A A R Y
AR AR DL Y AR IR SR A S B ), B AR AT b ke S S E R M S s
Wik, (HRSEPRIE DR R 2, BB AR AR, KB 8RR SE 56 1 520
TN 2

AL AR AR, RIS o 2 R B AR ELAE A, A5 i 4o e 28-S i
151 O o0 16 A 1 55 T S o o A o 0 W I N W 2 R T A e e 3 S
AT A s AR T B A0 8 (R R S R A AR A O, HE Ay st 1] R 3ok 56 1) e
(LEEPUT) . YAt SR s AL R (5 8, IR ax T RIFER IR, W]
DIRAR o (] 3 ARG, th ] DIRARA Bl (0 s R AR, ELARE (B N BB i)
(BT AL R SE 00 T o X T RE L S R RN RS B B R R sl /N, H SO ek
MO, AT LATE 3 S I P07 A AR ARG T 20 Ak A5 B A B AY sf [14f 11O Reilly and
Donoghue, 2016), 1£5¢4%A b HA A IR L SR i (O — BE 1)
(Yang and Rannala, 2006) 5 J&3 4 {5 1] P9 &85 A 5 1E 20 A RETCAR e

AT S FRAE RS AR L A R A AR K eheadb 2 (], Herp b T 22 ) AR R Bt L
BUAE TAE, ARAMRE S, X B HFE RS — T MR & A Al GER S#am . Mk
BB RRAE A RS (B FE AR 1 R B R A SR 1Y o XA TP AR T Z AR =
A KL RS AR ) . ToF R AE T DL B3 N — RS2 AT B AR S (i WO L
AR hy3), AT 7 FR FEIE R AR AR NG TR AS A] LR fR (A0 1, JA1Z2, FEMA2E3),
IR, Ay 2 YRR K IR ED A R Y ARSI SRAIRAS, Btk
XA TP AR T (AR A IR B . SR 2 A, A5 AR (R G AR 1)
ARG EL AR ZZIR 2, At LR DollofF ik H: R AN AT 0 Y o S NPl HTMKASE A 2 38
BB AL TR 2E o AETT IR MBI AN [FIARIE Z RIS 1Y, AR SRR BRI
FHOEE, W2 SHOELIE R A m Al . Frmies], BEE e ntml AR R, Hikfetbn
(B[Rl )R 4= & A BRARE LT, P 2 A 0 2 2 2 B (A 80 f s 23R 7 % S5 ik [ s
M/, AEJEA T SEPR BRI 2 o A Je— 8t | B LR BRI AT . MRSy TAER R /b
(Klopfstein et al., 2019), 75 2 0 £ J5 LA 57 K FE RN IS 4%

B $E 2] DU R AU MCMC R s o % B0k 0 3R I 5 187 24 A RISk 345
WA 293 AR A R AR N, USRS 3R A2 AU SR S5 KT S H Ak
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THEVERASAR) o BRI AR BT A4 R Oy e, AT g P b 4% 21 e O 1 A gl
ATLAT o MCMCHELE R TS BRI a0, EAUUE— 5, MESE
[E] . PRI MCMCHE 2 RER B K B S (convergence) FITR A5 (mixing) BB 47 . WELETE
MCMCk B 7 A BEAR 25 B v 1 X, TR G SRR MCMCRB MR/ A A THURE . P20
WCSSGH AR 25 5, T LA S A 294 1) T 7 O SOR D R B 26 K A9 (Zhang et
al., 2020), HEERA T RME, T2 A0 E I (proposal) J5 i, 32 DU i3y
A EAE

S, UL S AR E RS T TS, R A A AT S AR B LA
W& o= 5 I 77N | e e 7 T s e A SN S S M s o 12 1 - R b S 1
TN . a3t AR DL A AR RN T . (EZOT A TR R
PIE, BORFNEL RS 2 R R oe, INIEATRZ TAERR 248

References

Barido-Sottani J, Vaughan T G, Stadler T, 2020. A Multi-Type Birth-Death model for Bayesian inference of lineage-specific
birth and death rates. Syst Biol, 69: 973-986

Brusatte S L, Benton M J, Ruta M et al., 2008, Superiority, competition, and opportunism in the evolutionary radiation of
dinosaurs. Science, 321: 1485-1488

Drummond A, Ho S, Phillips M et al., 2006. Relaxed phylogeneficsiand dating with confidence. Plos Biol, 4: e88

Gavryushkina A, Welch D, Stadler T et al., 2014. Bayesian inferénce of sampled ancestor trees for epidemiology and fossil
calibration. Plos Comput Biol, 10: €1003919

Gavryushkina A, Zhang C, 2020. Total-Evidence Dating and the Fossilized Birth-DeathyModel. In: Ho S Y W ed. The
Molecular Evolutionary Clock. Switzerland: Springer Nature. 175-193

Hastings W K, 1970. Monte Carlo sampling methods using Markov chains and their applications! Biometrika, 57: 97—
109

Kishino H, Thorne J L, Bruno W J, 2001. Performance of a divergence time estimation method under a probabilistic model
of rate evolution. Mol Biol Evol, 18: 352-361

Klopfstein S, Ryer R, Coiro M et al., 2019. Mismatch of the morphology model is mostly unproblematic in total-evidence
dating: insights from an extensive simulation study. bioRxiv, 679084

Lakner C, van der Mark P, Huelsenbeck et al., 2008. Efficiency of Markov chain Monte Carlo tree proposals in Bayesian
phylogenetics. Syst Biol, 57: 86-103

Laurin M, 2004. The evolution of body size, Cope’s rule and the origin of amniotes. Syst Biol, 53: 594-622

Lee M S'Y, 2016. Multiple morphological clocks and total-evidence tip-dating in mammals. Biol Lett, 12: 20160033

Lepage T, Bryant D, Philippe H et al., 2007. A general comparison of relaxed molecular clock models. Mol Biol Evol, 24:
2669-2680

Lewis P O, 2001. A likelihood approach to estimating phylogeny from discrete morphological character data. Syst Biol, 50:
913-925

Metropolis N, Rosenbluth A W, Rosenbluth M N et al., 1953. Equation of state calculations by fast computing machines. J
Chem Phys, 21: 1087-1092



Zhang - Using Bayesian tip-dating method 9

O’Reilly J E, Donoghue P C J, 2016. Tips and nodes are complementary not competing approaches to the calibration of
molecular clocks. Biol Lett, 12: 20150975

Ronquist F, Klopfstein S, Vilhelmsen L et al., 2012. A total-evidence approach to dating with fossils, applied to the early
radiation of the Hymenoptera. Syst Biol, 61: 973-999

Stadler T, 2010. Sampling-through-time in birth-death trees. J Theor Biol, 267: 396-404

Thorne J L, Kishino H, 2002. Divergence time and evolutionary rate estimation with multilocus data. Syst Biol, 51: 689—
702

Wang M, Lloyd G T, 2016. Rates of morphological evolution are heterogeneous in Early Cretaceous birds. Proc Royal Soc
B Biol Sci, 283: 20160214

Yang Z, Rannala B, 2006. Bayesian estimation of species divergence times under a molecular clock using multiple fossil
calibrations with soft bounds. Mol Biol Evol, 23: 212-226

Zhang C, Huelsenbeck J P, Ronquist F, 2020. Using parsimony-guided tree proposals to accelerate convergence in Bayesian
phylogenetic inference. Syst Biol, 69: 1016-1032

Zhang C, Stadler T, Klopfstein S et al., 2016. Total-evidence dating under the fossilized birth-death process. Syst Biol, 65:
228-249

Zhang C, Wang M, 2019. Bayesian tip dating reveals heterogeneous morphological clocks in Mesozoic birds. Roy Soc Open
Sci, 6: 182062





