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Abstract; The differences in the species richness among different biological taxonomic groups often vary greatly, which
is a phenomenon commonly observed in ecological and biological studies. However, the underlying mechanisms of this
pattern are still in hot debate. From the perspective of macroevolution, time-for speciation hypothesis and diversification
rate hypothesis are two popular hypotheses. Time-for speciation hypothesis suggesting that the time-for-speciation is the
primary driver of diversity variation among groups by species accumulation along time, while diversification rate
hypothesis suggesting that the groups with high species number resulted from their high net diversification rates. To test
these two hypotheses, we studied species variation among 15 families of order Saxifragales based on a fossil-calibrated
phylogenetic tree containing 1 539 species. We obtained the rates of speciation and extinction of 15 families and
calculated the average diversification rate of each family through macroevolutionary analysis. The results are as follows:
(1) The species diversification rate of order Saxifragales shows an increasing trend, and the increase of diversification
rate mainly occurred in temperate and alpine groups, such as Grossulariaceae, Crassulaceae and Paeoniaceae. (2) The
results of phylogenetic generalized least squares ( PGLS) and linear regression model (LM ) show that the species
richness of the 15 families is not significantly correlated with the age of family differentiation or the age of the most recent
common ancestor, but it is positively correlated with the net diversification rate ( R*=0.380, P<0.05). These results
support the diversification rate hypothesis, suggesting that the diversification rate is a primary evolutionary driver of the
variation of species richness among families of order Saxifragales. Global cooling may provide opportunities for the
expansion of distribution and rapid species diversification of herbaceous, deciduous trees and shrubs those can adapt to

cold conditions. The study show that in temperate and alpine spreading groups, the net diversification rate may be the

R S A o A 20 R A AR A I 5] % PR L R I 0 e 22 A 22 S B S ) 1731

(1. College of Life Sciences, Sichuan University, Chengdu 610065, China; 2. Key Laboratory of Bio-resource and Eco-environment of Ministry of

main reason for the differences in species numbers of different taxonomic groups.

Key words: Saxifragales, species diversity, phylogeny, diversification rate, macroevolution

A ERE Z 0] 1 ) e S BR ) 25 S5 R AL AR R
-3 A7 AE 1Y B (H 23X — 4 00 T8 AL AT 44
JE AN Z 3%k (Ricklefs & Renner, 1994 ; Barraclough &
Savolainen, 2010; Rabosky, 2010; Wiens, 2011;
Robosky & Adams, 2012; Mereau & Bell, 2013;
Machac, 2020; Li & Wiens, 2019) ., M =425 Ht
R 7% WL Ak BE Ok A, i Ak i R] R B ( time-for
speciation hypothesis ) Fl Z # fb # R i Ui
( diversification rate hypothesis ) & it 5 2 1 [a] ) Fh
ZHEE 22 5 P B N O B R B (Scholl &
Wiens, 2016; Li & Wiens, 2019) . i Ak [a] i3
A, BEALIS T BRAC  H Rh RE AR 2R A W) b 22 1
e, RLHHE A A I ] 22 S 2 S O RE () ) b 2 4
PEZE S R, B A an e, — SR IR 20
JERE, LT I S YR A 2R A A B A Y AR 1] A
BRI R EZ YA, 2l R R U,
T AW A s vh A T) 28 A A 3 8 R K 2
RS FE S 2L R 22 R 2L REY
Fi 2 8 1R 2 Ak i £ 25 (Scholl & Wiens,

2016) , WAl U5t , PRI i3 8 ey i < 4 3 ARG
PR EAE S WG 2 R NIRRT L
EHE7/EE N

H I, 2F Ak B 1] 4 156 1 22 R A R AR AR )
B B P2 B 1 A XA B A TE AR 2 il
( Marin et al.,2018) . Ak B TR 5 B8 57 ) i 4
AT TR T 2 AL R TE R [F] SR 22 0] T 22 5+
B ZE SN, AR OR B 22 1 BIF Y R B, ¥ 2 A
BRI FZE R Z A 22 57, FERE & it K
RUR S S5 A2 BE , A B H S 3R ORI, AT =
HWFh A AR K MR R B b i,
Rabosky 45 (2012) %f Z 4 s HAZ AW 1 397 1~
By WS K B, 4 3Ry A AR ] BD T 0
(stem age) , 5 XA YRR BN A B F
KR, HME € T LI EER L, Pyron F1 Wiens
(2013) KB, VF 2 & WG sh ) o0 SC B A B
Wb ZHEPE B R — AR R L AR Z Y
i, (HRZRIF A HERIEY M 2T S5 2
FEAL 3 % Z B 19 ¢ &, 1 McPeek Fil Brown
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(2007) X AR SR b Z2 AR 0 BIF 50 20 % B
O3 SCAF % 2 W) Bl 22 RE PR RS U E I ZR . Marin A
Hedges (2016) X} A [7] & BE 1) 56 8 ( crown age) 5
PiihF e B OC R MBS L R VI PR S ) | 5 25 R0
WL S A b o R A a0 G R A S Y AR
(age) W35 IEAHOC, Ay i — 20 56 GiE #F Ak B[R] 1 22
FEAL R A, Scholl Al Wiens (2016) i FIZE fir
B (tree of life) XA [ A= M) ZEREAN [F] 73 28 2 S5 Y
Ykh Z RV Ry 22 S AT TARSE . RS R I, TE
AR 2559, il an, 1] HAFLSE P Fh 2 46 1k
FEIE W 2L R Y S SR A R
MK ZR, B HMAMCLE R, 2L Y
Foft 22 A IG5 28 1) 22 A Al A i T
RERESFEOZI LW EE A, JF B, #Ent A5
Yy Toh 22 FEAL AR A OC R AE AN [R) 73 28 55 R FNAS [A] 7
YRR I 22 ] e T EBON B E R 2 AL
HRGY R ZREMER R, 25 L, R A Ul
2 R AL AR BB W) P 22 R PR 1 b 59 P AT
IRIFTEFL

EHEH ( Saxifragales ) L& 1 15 R HEZY
3 000 Fh G4 TIvAR JEAR  ZAR AR B — 4R AR REAR
T 22 PR ) FOK A A ) 5 22 R AR TG B )2 48
AT A2 R A S R G (Soltis et al., 2013)
PEH-RE H TR 43 Ak B ] DAL 0 20 06 ) 22 5
=R BN RS B AR R R 2E = Ry
S RF} (Crassulaceae ) BL8& T K2y 1 600 ~Fh, i
FH#L ( Cynomoriaceae ) FIPU.LAE} ( Tetracarpaeaceae ) |
U B ( Aphanopetalaceae ) #1 H A AN 2] 10 41~4)
G i N = E B e 2 e
BT 301 MEENELM AT LT BER, BE T
FRZ MY R G T AR M AL ] (Folk et al.
2019) , Folk % (2019)ib%55 /N Betly gt 1 Fh 4%
KB FRGE R B W, W) R0 AL 5 AR Y 2 A R
(1 709% LAt g HERR AL ) R Y 224 AL R B e
T, R, B R H R B B Y R T R
2550 Uk Ak s [R] A 22 A 1 R AR 1 Y AR S
B, AT KM ARG KT L/ — 3 Al
( phylogenetic generalized least squares, PGLS) 43 #7
TIRHF QR Y Fh Z 060 5 R R S 5 | T R
ZHAGERMCR, R T YR Z RS ZH 1L
R W I IEA O OC R, 5 L ) A
KFZ, HAE AL [8] 5 22 FF 40 3 A 1) £5 5 R0 R 3%
TP b = B 22 S T OR 1Y fl R TE . A IS 4G

KT AR AR IR B 5 H YRR 2 B E
AU AR T, SRS T W Rh 2 REPEAS S5 B 2 R AL 5
MBS [ I 3 SCRF 1 2 AR IS 1) R 22 A Ak 3 A Y
LR
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1.1 REEEEHRSLABEH

ARWETE R W R G F M 3 ZILT Folk 45
(2019) &KW 2 H- 5 H 1 R G2 K B W F R 52 55
(2021) #4214 p% H- 58 1Y RS L B MW, Folk %%
(2019) BSEHTF R H 627 AR 301 M%IEH
FPO) A T R R H E B 0 R R E M
AT Bl E AR E T B SR oL
B, ZJ5,5T GenBank W T 2 2 H-5 H 19 #% 4t
ITS J Bl 2 (R I 21 ) marK 55 24 A>3 A
B ST TALE 15 BT 455 DRI R Gk
AW, RESF QD MENREEFTRAET T
353 MR BRI YA IR EE T Folk 45 (2019) 14
M EH R H RGE LT MR T R H R Y
B, B BB JE A AL B [ 5 Folk 4% (2019) —
B, W, AT PR ARG KT R HEITHES 1
R & R AR 2345 (2021) L R B AR R L
AREH T Folk 45 (2019) R HH H RS L T W
& H- ¥ J& 43 32 ( Gordon, 1986; Bininda-Emonds,
2004) , AR EHH T —RAE 1539 DR E
HEHRELFM, WE R H T2 151
FHOFHARSEARREGERGR]L)
1.2 By S

B YR Z AR E i IR W Fh 44 5% s
J# ( COL, https://www. catalogueoflife. org/ , Vi 1] i}
1] :2021 4F 5 A ) PEAPHEZ PR 2 IR T 5t
T B FPADE R SE R T SE R G, 2R A ST
MTYMEHEERBEARTSESSAN, 2%
Rabosky 45 (2012) 19 53 41 J5 ¥ X BH 1 ¥ Fh 2 48 4
HEAT T LA 10 R i B X 800G 45 LA BI04 3808
1.3 B FRMBEERITE

T 5 T R BT R R G R B W T STAR IR Y
PSR BRE S (18 1) o B ORI B Y
Fc AL A S AR IS T AR RIZ R d 1l 3 [
ML 5 A IR ST ) o i 3 [ AL Y AR 0 A
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Table 1 Relevant data statistics of 15 families of order Saxifragales

e » . s xgpas  ERHRE
B4 Crown i %ﬁ;& H Speciation Extinction . N(?l . Mﬁ%;
Family age Stem age Species rate Late diversification Sampling

(Myr) ( Myr) number (Myr") (Myr™) ral(*j‘ rate

(Myr™)

HiBAA} Cynomoriaceae 13.906 27.811 1 0.053 0.011 0.042 1.00
P AR} Tetracarpaeaceae 41.726 83.452 1 0.179 0.061 0.118 1.00
KR ERL Aphanopetalaceae 9.990 83.147 2 0.052 0.020 0.032 1.00
HFMF Cercidiphyllaceae 3.009 66.357 2 0.092 0.042 0.050 1.00
HEAR SR} Penthoraceae 8.513 72.090 2 0.051 0.020 0.031 1.00
Bl 2 W Bl Peridiscaceae 82.662 110.769 11 0.049 0.011 0.038 0.64
HRBL Altingiaceae 22.423 56.969 16 0.172 0.092 0.080 0.81
BRI Tteaceae 63.851 91.030 25 0.066 0.005 0.061 0.56
% B2 A} Daphniphyllaceae 19.918 95.930 29 0.079 0.021 0.058 0.41
AJ25F) Paeoniaceae 12.216 108.265 50 0.248 0.059 0.189 0.64
&2 MR Hamamelidaceae 38.691 56.969 104 0.218 0.119 0.099 0.55
/NZAIFA} Haloragaceae 28.338 72.090 165 0.232 0.078 0.154 0.61
Z5HE T B} Grossulariaceae 20.691 85.690 195 0.232 0.041 0.191 0.44
JEHH R} Saxifragaceae 64.599 85.690 869 0.128 0.013 0.115 0.66
5 RKF Crassulaceae 79.134 106.364 1678 0.158 0.036 0.122 0.38

IS4
wo

i o K A S S B A KA RSS2 ( Stadler et al.
2014 ; Sanchez-Reyes et al., 2017) , & T 5 fill 41
F003 M I Aik AL I ) 55 ) b A R OC &R AR T
ST 387 72 AR iE DL SR i 5 H W 24
PERI R AR

R T AR IBOR [R) B Y S 0% F0 T 18, ABFSE R R
55 ape £ 4 (Paradis & Schliep, 2019; R Core
Team, 2021) ' getMRCA () REIN R G K B I
FRENEEASBE 9 1 P R0 7 1 e ) AH 58 195 A5, 1%
AR B AR Y S I T S B AT AR
T, RHE H A AR ER T R
)P Y ape #2440 T %) branching. times () PRI%L
FEM, AR TR Y SR G 5 18 ape FEER £
Y getMRCA () BRERFRHR , M40 15> B 0 el i 79
AT 5 90 5 (nodelable) | 23 51 R HCE] 15 4>
P 5 8 19
1.4 B SR ERE

AHIE 5% A 7 Wik Ak DLt 3 43 A1 7 ( Bayesian
analysis of macroevolutionary mixtures, BAMM ) , fifi
H R &S T ROFEE A BAMMtools 38 BUEL A9 £ #£ 4L
K (Rabosky et al., 2014) , /R 0] REEZFE R
1#% ( Markov chain Monte Carlo, MCMC ) iz 171 B Ry
1 000J71K, 451 000fRHUFE — K, 1B fT45 R R, 78

RIE T il AR coda Ho A &% i IS SO RN A 2L

7 e Crov&;n age (Myr)

-
F# Stemage (Myr)

Bl1 A i Y
Fig. 1

R (AL ETAR)
Schematic diagram of stem age and

crown age (Unit; Myr)

FEA (effective sampling sizes, ESS) i K /N, ESS
R A 45 R KT 200, LT MCMC 5 AT A2 68 1 2 T
FEA AT R AR

JRH-FH 15 DR Y R 2 R AL 3 AE
BAMMrtools F2 55 £ Y getCladeRates () PR HE HL,
T AR ICT RN T A 23 3 AR ISP 2 # Aol
Ak 3 K ( speciation rate ) F1 K 4 i % ( extinction
rate) o 12 FEAL R AR AE TR AL A0 5 K 4 R 1Y)
ZEMB o Hh T K At AR Al A TR R AN W E
PE ST b [6] I 53 B 1 i 1k 23 0 22 4 Ak R
REYR AR CR
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AN AR 25 A B A3 Ry il 3 W 2R, A
ape FEHAL Y drop.tip () BRECK IR H- 70 H RS A
B RHR S S W 43, RIS R 28 R S K
FEHE [ H ST AR ST ]y ] B B (Peridiscaceae ) |
5% K2 1%} ( Daphniphyllaceae ) | BRI B} ( Tteaceae ) Fl
AR (Altingiaceae) ; R H- 3 H F H A4 11 RN
T & 2R HE ], Al BAMMuools 2 4 4 b Y
plot. bammdata () PREL 2 il H 14 22 A Ak 33 25 i B[R]
AR R
1.5 MM E LS ZENEREELRERX R

A B AE FH — I £ P 1A B A (linear
regression model ,LM) Ml R G &K B X/ 3
BRI (PGLS) Xf ¥y Fh 4= w2 5 22 R Ak 380 3 F0 3E 1k i
[ B SEZRBEAT T 0 B 0 36k 22 R Al AR AR U
AR SCIR) I N7 1 Ao A S AR R 22 A R 5 ) Ao
ZREE R — UM BT AL RT PGLS #5280 Rl
53 VN T b I AT 5 W Rl 2 AR B — e
PEIENE DG 22 F1 PGLS 485 A > 56 31k #F 4k I (8] ¢ 3¢ .
H T 22 R A 3 25 R A B [ FT e ] B o) ) b 22
PEGE B, R, AR IF L5 I8 T 2R R
HEAR I 8] 09 28 B AKX b Z AR PERY 2 52 HL
ROv BEAE IS ] e g R AR . LM ] R 15 &
H AL B Im () 5EA. PGLS ffi ] R FE4E {0
Y nlme Y gls () PRECSE L, PGLS 43 Hr A i
T—MREEHWRRRGEREN ., ZRELE
WM H R 16 F 1Y ape F2 #4191 A drop.tip () PR
BB H S 1A R R W A R AT 25 R
PRUEABE A 1 MURYF,

2 SR E

2 EEERRN TSR EYMEEEN
x7

FREELH 15 AR T4 R0 6 i 25 10 5 R 2 5
RR, BFRMIEFWFR( Cercidiphyllaceae ) i i
AR 3 E T AR (Myr) , i f ol S 14 BBl R A 5ed i
MR T 8 THAE(R D), XA T REEH
DI TR RZE SRR TR RUBE R 25 bk (1),

LM 437 B4 45 S 3% W 5ed 0 X6 0 il =F & 1 1) 1
BRI E] 0.261 , {H 2 T % Xt 4 Fl =F & B 10 it 7
R 0.164 (18 2) ., PGLS M HT 4SR5 LM —
5,k S YR E A RPR N 0.015, BT T
B SR W YRR (8=0.019) . HGIEREHE

LERp e B O/ I S A N T2
(P>0.05), &RV RHEREHN 15 DMFRHY
b 225 5 B ) e i AT A A A e, E
AR AS 25 B 22 6] A P Fh 2 A v 25 R 0 32
22 REEEHMMYMESHELEESEYMETE

FEHHL H i 22 A b A A i B LA A R
IR e R BB H b LU AR Y £
TSR, 5 4n 2% BE 1B} ( Grossulariaceae ) /N
il %R} ( Haloragaceae ) F1 5 K BF 4R} ) Ak 2R il
AR R AR B (R 1,8 3) , JF H BL 1500
THAEDRMS KB N R (K 3, 4), BFh F2 N
B ERTTA AR (4 ol A 35 5 R 22 A Al 3 38 AH X A
ik (R1,E3, B4),

LM A1 PGLS 73 #7 & 3K, 12 H- 2 H B Fh Ak
TR Z AL R AR 5 W R 2 R A OC (A
5) . HFLERSY R FE BN OCRAE LM H i
Z(R*=0.280,8=7.319,P<0.05) , Ifi /£ PGLS #&
I 25 (B=6.425,P<0.05) , 1M 3 W Ff 5
RIGZ AL R 5 YR 3\ B A 3 E A G
P (PGLS: 8=9.790,P=0.031;LM;: R*=0.380,8=
11.791,P<0.05) ,
2IHUMBEE S HEUEENESHRESHY
MEEENXER

HEALET ] 5 i 2 A AL R Y A Ry 3
[F/E A LM Al PGLS BRI 58 g 2 (LM R® =
0.603,8=0.297,P<0.05; PGLS; B=0.287,P<
0.05) (Kl 6), LM BiAI Ak isf ] Fig 2 4 4k
AR L[ R R TR Z AR A 1960.3%
PGLS B A 25 A, b Boph 48 ] 3 Ak Ik 1) 7 4 22
FEAL B A 4 R SR T R E) 5 5 2 AL
B LRGN XS T B 5 H B P & R 2
SEREZ, H L 2 R A AR — B — AR X
FA) 5 Wi figp B 23R T

3 Wik54#h

TEARM G, PCGLS AT KB EHEH T 15
MR PR A S 2 HE AL R 2 2 Y IR A
KRR SRR EH R AL E, LM
th Y 22 AL TR ) R RE A R 3R 340.380
H T Scholl F1 Wiens (2016) & ¥4 £ ¥ 4k i K
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The lower right corner are the LM model’ s explanatory rate (R*) and P value of significance test.

Bl 2 pEJLEH 15 DRSS YR B (A) KT SRR (B) 1Y
ARG RT) L/N_Fe A (PCLS) LM AR (LM) 4

Fig. 2 Phylogenetic generalized least squares (PGLS) and linear regression model (LM) for crown age and species

richness (A) and stem age and species richness (B) of 15 families of order Saxifragales
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Net diversification rate (Myr™)

ZREFRE MBI T SR TR

The families shown in green are evergreen trees.

K3 pREAH 2R R -

Fig. 3 Net diversification rate-time map of order Saxifragales
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%é Rabosky %5 (2012) F11 Scholl Fl Wiens (2016) 15 3|
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T 2 oy E AL A9 22 5512, 4 Pyron 1 Wiens
S . A (2013) BF52 % BLBHS BRS04 T 22 160 1) 0
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Fig. 4 Net diversification rate curves over time for

evergreen trees and temperate adaptive taxonomic

groups of order Saxifragales
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= 24 o .7 = 2
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Fp4Li# & Speciation rate (Myr™)

G 2% FEALHE 3R Net diversification rate (Myr™)

FASZAR e LM BEAU(Y 959% 19 B 5 X H], BT A Tk LM SRR R (R? ) Ml E MR 0 P (., T,
The shadow represents 95% confidence interval of the LM model. In the lower right corner are the LM model’ s explanatory rate (R*) and
P value of significance test. The same below.
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FRILEEH 15 APHGRILHA (A) A LR (B) SYFER LR R )X
Tt (PGLS) 15 L [ B (LM) 40145

Fig. 5 Phylogenetic generalized least squares model (PGLS) and linear regression model (LM) fitted speciation rates (A)
and net diversification rate (B) with the species richness of 15 families of order Saxifragales
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Fig. 6 Phylogenetic generalized least squares model
(PGLS) and linear regression model (LM) fitted the

interaction effects of evolutionary time and net

diversification rate with the species richness

of 15 families of order Saxifragales
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