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Leaf Morphology Analysis Based on Geometric Morphometric Analyses (GMMs)

and Deep Learning in Oaks
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Leaf Morphology analysis based on Geometric Morphometric Analyses

(GMMs) and deep learning in oaks
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Abstract

The great variation of oak leaf shape and the difficulty of species identification have
attracted the attention of evolutionary biologists since Charles Darwin. Based on a
comprehensive comparison by leaf Geometric Morphometric Analyses (GMMs) and deep
learning methods using microsatellite markers as a prior, this thesis aims to identify leaf shape
difference between two closely related oaks of Quercus of Fagaceae, Quercus aliena Bl. and
Quercus dentata Thunb.. Based on GMMs, allometric growth patterns, evaluated hypothesis
modularity, and the effects of geographical and climatic factors on leaf morphological
characteristics were discussed. The main conclusions are as follows:

(1) 710 individuals from 54 populations of Q. aliena and Q. dentata were assigned by 12
pairs of simple sequence repeat (SSR) molecular markers. 149 individuals were determined as
0. aliena, 322 individuals were determined as Q. dentata, and 239 individuals were determined
as hybrids. Using Q value as the criteria for assignment. Individuals of Q value between 0.1
and 0.9 were considered to be hybrids, Q value more than 0.9 or Q value less than 0.1 were
considered to be pure species. The result of genetic assignment used as a prior in the following
analysis.

(2) Geometric morphometric analysis was conducted basing on 3657 leaves of 710

individuals with 13 commonly used landmarks. The leaf shape was divided into symmetrical
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Abstract

and asymmetric components by generalized procrustes analysis (GPA). The differences of leaf
shape components were studied by principal component analysis (PCA), canonical variable
analysis (CVA) and discriminant analysis (DA). Leaf shape of Q. aliena and Q. dentata
(including symmetrical components and asymmetrical components) were significantly different,
and it was not obvious in asymmetrical components of leaf discrimination. Almost all
individuals were separated along CV1, and hybridized individuals were scattered between the
two species. Among species, 90% of Q. aliena and 95% of Q. dentata can be correctly identified.
DA and CVA results showed the influence of Q. aliena and Q. dentata on leaf shape. The leaf
shape of allopatric Q. aliena was close to Q. dentata.

(3) 2,221 images of Q. aliena, Q. dentata and hybrid individual leaves were selected based
on the convolutional neural network (CNN) Xception classification model. The classification
accuracy of Q. aliena and Q. dentata reached 95.8%; The classification accuracy of Q. aliena
with hybrid individuals, Q. dentata with hybrid individuals were 71.8% and 67.9% respectively;
The accuracy of three classification of Q. aliena, Q. dentata and hybrid individuals was 44.5%.
The results showed that Q. aliena and Q. dentata based on leaf scanned images had better
classification effect, and hybrid individuals could not be distinguished from Q. aliena and Q.
dentata based on leaf features.

(4) The covariant relationship between leaf shape (symmetric and asymmetric components)
and leaf size were estimated by Two Blocks Partial Least Squares (2B-PLS). There was a
significant allometric pattern for symmetrical components of Q. aliena and Q. dentata, but
isometric in the asymmetric components.

(5) The relationship between leaf morphology (species level and symmetry level) and
geographical and climatic factors was analysised by distance-based redundancy analysis
(dbRDA) and 2B-PLS. The results showed that the leaf shape of Q. aliena and latitude change
significantly correlated; August precipitation (Prec08) and mean diurnal range (Biol5) were
interpretated the leaf shape.

(6) In order to test the existence of modularization and comparison of differences, we

discussed the modularity hypothesis for leaf shape of Q. aliena and Q. dentata leaves. Based
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Abstract

on 13 leaf-shaped landmarks of the 471 individuals modular partition, we evaluate modular
hypothesis: the leaf shape of Q. aliena (symmetrical components) and Q. dentata (symmetric
and asymmetric components) were divided into leaf tip, lower part of the leaves and petiole
three modules, but the asymmetric components of Q. aliena are divided into leaf and petiole
two modules.

The comparative analysis of geometric morphometric analysis and deep learning for the
identification of oak leaves showed that the above two methods have high classification
accuracy. The results provide references for the identification of other complex leaf types of
related species. The influence of geographical and climatic factors on leaf shape shows leaf
shape variation adaptability to the environment. Exploring leaf modularity detects strong
correlations within its morphological structure. This study will provide a deeper understanding
of the ecology and evolution of oak species.

Key Words: Quercus, geometric morphometric analysis, deep learning, leaf morphological

characteristics, modularity
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1.1 ¥Fh o KR T

IRREEE -8

“IEMX R, IEfBEYMC R RMEEHR (FRHE, 1979 . EY5H
A SE A R PR AN RR, BN ECE B T B CIRRIE, T 21X L 3 BRI
WUy, RHHTAS. SRR (FRHEE, 1983) . HREMMEEES
ZHE, HOr bR 5 R EFEIR R SHEN B Z AR KOG, R SCRAER (D
U5 HE R B EA M E BRI TETEM, RN EA (Darwin, 1872) o 24
Ks Bl Z A 2R A A0 2 T2 SR 22 S AR R A Fh T BR
(G ARTEAE GE24kKS, 2007; Hipp et al., 2020) o AiE X MWIRIE 32 234 i W5 Ry
MR B R TEAS A, 38 LRI S B 8 0 7 V2 AT L T 25 b o ) FR 28 S
[F ) DA 3 2H 45 SRAE N a0, PR LRI T3S 5 7 VE RN A H B AR B 2 20 5 0] 7 o
PR ZE Bk e [EIIE, FRATTHARY 705 . b 2 D] 5% PR b i o i T2 248 38 ¢ (1)
SO, FESH AT IR LeAR S 1 e AR R B AR AL AR 2

1.1.2 -0 FEAR 1 43 200 5%

Sy I HEAE VPN M B IR 2 AP R RS, BT R AMRIRIEE B R, N
T ANFERFE B 7 FE B DR B R (FREE, 20060 o HHETE MR IR )
P08 T BEMA T R BNR B W, EEanisqe . R . BFERIEA, 4G MEIRIE X
PRI A S B R PEAT — BRI R R, Rt R s O7th, 2012) .

AR — PP R DT ) RIS TR 7 K2 R G2 %D L
N o FET IR R AIR 4 S AE — S8 9 AR5 ) B2 28 D A SR AL ) R A5 21 1 AR
IR, PLan#k3s, 140 Kremer &5 (2002) M@ 5 MHEAHE (HARKE. FE5%
B, MEALE, HKERER) FITENE (Quercus petraea (Matt.) Liebl.) F1E K
(Quercus robur L.) AT TRUFHIHAN (Kremer et al., 2002) ; Ponton % (2004) 5T
P o PR 8 7 2 PR AR P 50 1 B B 7 PR AN RO ERR Q. robur) FITGREAERR ( Q. petraea)
PRYDAPIEAT FI ), AT LS 222 99.5% I IEAf 7 2K 45 5

1.2 JUAIESE

1.2.1 JUATTE A 2 WK
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JTEAMEY (Morphometric) iR EMIRILEZE R TT1E, FES WEGRTE
A% (Traditional morphometric) 1 JLf[JEZ% (Geometric morphometric) . &G JEA ¥
(ZERERET) , RETGRI AR IES LR HE OESER) , REE
WA L ERENERE (K., T2 m R EUR S MR a3 & (b
R o JUBER TR — 1T BN B3, & — PR bR & a2
B AL br v ok H 2 A2 B 80HE 0 i 0 D7 53R 45 3 2= 5 VE - (Lele and Richtsmeier, 1991;
Bookstein, 1996) o i Xt H e AZe il S5 L i KR E &, FERR ZARBAERER (L
BRI BIm R, BT 2 ACHOE P is SR B A B AN AE ], R FH AR S e
FEEERDMTREARZ MR ER . &1 T 20 REFIKRE, JUTEEFIZEDSAN—HE
TR IR B ( Ashburner and Friston, 2000)

1.2.2 JUTEAS 25 555 o0 b

AR AZE  JUTIESF T EG b E A7 (landmarks) (Lele and Richtsmeier, 1991)
¥ B% 2k 74 Coutline ) (Rohlf and Brookstein, 1992) . 245 & £i7% (semi-landmarks ) ( Brookstein,
1991) AR 7T/ (finite element analysis) (Cheverud and Richtsmeier, 1986) 55 777% .
brd s EMR S E B — S s, B IR B Bt 7R IFEATE A | (Lele and
Richtsmeier, 1991) , HFH#iA M S RIVESRAEZ T . A S EWIRET TR B e
g B FRIC I ARAR i, B R FR AR 6 AN B 70 43 1 S B Bt 98 0 R 25 ) e AR T A8 AR
e, B an DUFE A SO Bt &, X T B A AR B A AT 0 i (Rohlf and
Brookstein, 1992) o fEFTINFEA 1) 45 1) 10 25 S BRI BURE RORFRFEARIER, IR TR
BRI A BRI T — o B RO AL . AR E REE T R AR S S A E
FEA B S AGAE —DFEAH, G- FE AR (Bookstein, 1991) FE# M
T 4% 58 (Bookstein, 1997) =4/ (Gunz,2001) IS . HRIT
I3 M B SR R R — AN AR CHRAR R RO R AR PR /N X380 S 381 53 — AN LA
o, FEXHAR R X 38R 4T E e (Cheverud and Richtsmeier, 1986) , 32T 44 Y4k 1h
Rt Rt b = L5 (Tseng and Stynder, 2011)

FRERE JUTES IR E AR E R, BRI T ST LA,
SR MBS G RS2 B R/ NATIR ISR 2 I EUACTHSREAS [FIAE AR [ (1 DR N IR 22
S, RS FRTNES T RN . BB B RTE S B R R s S 2 7

(MacLeod, 2002; &35, 2012) o b g 5 N 2 n] DL EHE R 5 2.
FERT LU T E G bR (Zelditch et al., 2004) . HTiaA FAEEELSR BRE SR E.
B AL AR A 2 BB S EAH S B ARk, By LA BT IS) 06 200 25 BR AR T A AL e 640 #ir
P8, HETE R 552 B EYE (superimposition) o & EIVEALRE 2 AECHE. | K
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73871 (Generalized Procrustes Analysis, GPA) F1J” X ifif 521& )% (Generalized Resistant Fit,
GRF) 5. 2 rific# /2 Bookstein 2 H I — Ml S 10 B BTV, 0762 T S AL JE R
BIbR e, SRR AR A R BRI (Bookstein, 1991) o GPA /& f# FH fr/IN IE 7 A
PR RE S50 br & AT & ED (Rohlfand Slice, 1990) « GRF /¥ & IS (4N
Ve fa FEFELAD AR s E MR ER TS, U2 TRAZ 2N IR bR s
S F RIS, TR GRF (Zelditch et al., 2004) o GPA T BEFXFEAR BRI AT T
WP, FeTARbR AR &M EARZ A i N 22 BE, WIS B Je R M R BB A
7% [H] ) —™ 21 (Rohlf and Bookstein, 1990; Rohlfand Slice, 1990) . #HELZ T, GPA AJ
LR B RVFFEARZE, 11 GRF ANgedHATE— P Gttt (A4S, 2007) . GPA 7
PRI FERE A AR TR 22 S TR 45 31 TARSF IS, Bl Viscosi and Cardini (2011) 2T
JUFRITEAS 0 Q. petraea FREE R TEIRBEAT 704, KL GPA EMNE M F 1 J2 IR 4
K 22 S AR 7 R /N AR A 7 THEE 5 A R

SRR TS E T R FREAFEILEC XS X (matching symmetry ) FIXF R X FR Cobject
symmetry) : DLECXRRAZXS PRI SR S5, 73T SR A A, & sz, HE
NEHAE (Klingenberg et al.,2002) , a2 HIIEHE, ABFIMAF (B 1L.1A) 5 XHRX}
FRAEX RAS B P FR, XA —2ebr & Al R T A b i b, 1 ) — 28 AH
IR HAFAE T 22 AP (Klingenberg et al.,2002) , Hlunzh¥nk& Y F4E (K
1.IB) o PAUEXT SATFRIIAEALE GPA IIFEH, 2 A FR41 5> (symmetric components)
FIAEXTFRZ 7 (asymmetric components) , X HKZH 43 840 4= E0bR & sl Al 28 A L%
RARBR I R 9T, T ARRS BRI b S b 5 s P 288 IR B (Mlardia et al., 2005)

K11 ULECXTFR (A) FIXF SRR (B) m K (51 H Klingenberg ef al., 2002)
Figure 1.1 Matching symmetry (A) and object symmetry (B) schematics. (cited from Klingenberg et
al., 2002)
FREK  JUESF RN BEE TS T RS, K aihRiEeK
(allometric) MEFHAK (isometric) o T4 KL FAER LT TR/ PFTE
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REIAE M (Huxley 19245 1932) , BT AEYDA HIARGT 57 LA 3@ 37 14 (Klingenberg,
1998) 5 ZEHEAE KA R FIEAR AR E AN (Darroch and Mosimann, 1985) . 1£
JURTER S, A Procrustes JE U A/ Bk 75 0] (AR A RS SR ADoK
SEIL,  ERARIX L (AR ARG E AR R BIANE], HEATHE R &R LA A — 8 B AR A
(Klingenberg, 2016)

WAL K2 BV AT R B A, IR4E e A B S5 MR A 5
WA AL B, SR AL IR R84, RN AEMAR I & AN A BB R, JF
i LA E BB E )R (Klingenberg, 2008) o £E 1%, (integration ) A1k (modularity)
SRARIL 1 B VR AR XS SRS X TR o0 2R SRRSO AR 7 AR BT A F I R B 4y b AR AR AR
= A IR 18] O EE SR 77 (Olson and Miller, 1958; Pigliucci and Preston, 2004) ; f&bkfl,
TR RGP RS, YOS — MEN R Z R AHARR S T HoAR I R
[PJH.G (Klingenberg, 2008) . Wagner % N (2007) W\ NFTA BIAEVI#EHN N AE = FE 4
WHERER IR, FHSHEHEEM. B 1.2 B TR B4 , eiiln
BB V2 (F7k) ENERER, BB AR BN, OB 18] A
R/bHIAZ H (Klingenberg, 2009) & 1.2A FnHAL S5y AR ES; K 1.2B
PN Z NG BEAR SRR 73 NI AN TSRS R T PR AR

1.2 HERRES R BOAN ) 73 DXR I 73 A
A: M SEGARE S, B: > SEIIARA—E, BEEEPIAMEDE (5] H Klingenberg,
2009)
Figure 1.2 Delimiting modules by comparing different partitions of the structure.
A: The subdivision coincides with the boundary between modules; B: The subdivision does not coincide

with the modular boundary and therefore goes across both modules. (cited from Klingenberg, 2009)
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A=W BT AT 78 AR LR B R R R 45 b i) 7 TAH BLAE . (molecular interactions
in networks of gene regulation) ELAIACUFPIZ4 (metabolic networks) A2 AH ELAF FH ¥ 2%
(networks of ecological interactions) FEASEE ALY (morphometric integration and
modularity) %% (e.g. Dassow and Meir, 2000; Ravasz et al., 2002; Krause et al., 2003; Olesen
etal., 2007; Klingenberg, 2009) . [Klitt, MRIEFFEVT AT 5, BB A BAE K
TAFPIHLE (Wolsan et al., 2019) o £ B MZEAE BIRE 3RS G T, ik
AR DA ELARAR A5 3 2 8] 3 RE EAT IR08) (12, Girvan and Newman, 2002; Guimera
and Nunes Amaral, 2005; Rosvall and Bergstrom, 2007) . {HZEAH EAE AL 2 ML 31T,
T 95 WA A B 2z ) AR S CHE T H ok, 5] a6 PR 42 A B AT B 75 B AN ] S5 A
1 et s (g R R Rk A I HEWT Sk (Somogyi er al., 2004) o [FIFE, WTIEAFEE,
R B B AR BLAE F D6 AU S50 5l LU B T A S IR B L AR e T H R, 7R 24
s FF I UE,  BEAPER E] A L AR B R HEWT 22 EAE A (Klingenberg, 2008; Klingenberg,
2009) .

PRSP RERERE  RIETES SRS 5 TR 5 R ) E 23 (8] A
8, FFHZR BN bR E SRR B A TN, B A PRIA PR bR & SRR T —
T EEHABRAESr . IS BRI R G TR Z B VAR R B, R A 2 [B] 1)
FLARRE S 5 HEAGE R (R PTI% 73 DX HEAT EUAR,  Gn SRR o6 B A e 2 TR R L SETA 7, -
R AN AR BN AZ A2 55100, I B-SBCE AR B AR & i 8 R B AR AR T h 5 A
AEYH 5 1A (Klingenberg, 2009) . RV Z%L (RV coefficient) iR T /N EEAE
TR (B AR TERRE 2 B RAR-PIT AR REIE WAL, RY MEAE 0 ) 1 2 JA), 2
T 1 BB PANERE AL, #2arT 0 Ui B PR ANHE PR 22 5K (Escoufier, 1973; Robert and
Escoufier, 1976) o AHBFFH LL RV REAWE NN IR E R 7 AR Z A B CBR A, it
LS 2 [ RV ZBCR VAL B (A )i L (Klingenberg, 2009)

1.2.3 JUAEA 2B

JURIEZRS 0 2 T o e & AT 508 5 N AEMIR IR A =, RGt7. B4
TN BB S, KE Y I AG E A BT S 8 e 2% 77 (Klingenberg,
2010; Zelditch et al., 2012) o EWFFAESZTEIR CRARAAEXSFR) KIS A, Savriama 4%
(2012) US55 0 M T 24682 (Erysimum mediohispanicum) B 4
FERITER AL, TR 73 N FR AR RN AERTFR AR, 25 R0, KRR 55 o5 T
ZRLARER Sy, IR TSN EIEE BN K G IE 5 NS0 e ros r
PEFIFEXIFRYE . Klingenberg (2018) FH JUAITEAS 52 5 10 7] 5T [l A A AL i i R 1 1) 4
TARBEAT 70 #r, G5 SR RWIEANFRIAL AR, JEIR AR FR A 7 AEAN R )7 0] BAT 2%

5
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Z 5o JUEA I IRAERR B Y R v A 78 b A5 2 TARGF I, 140 Viscosi 55

(2012) FIHJUATEA S I7 %518 1 RN ARIL AR AR EAb L A2 v VR
X 7 R HR VR A AR = R EAR A %) 28 R KR ( Quercus frainetto) « ToHEAERR (Q. petraea)
MEEE (Quercus pubescens) [T K/NHAT T 508, XA SE@MIRER, FE0
PTECER T A AR B R Y S5 o0 AR Rh () Sl ARG, S5 R AR AR o, i S AR
AR e S P AR e A S I B LA R o0 ITAESRAS R AR, I i AR 2 AR
AR (F1384% T I5E0T . Liu (2018) &7 SSR 4--Fhricddele, FA LB
Fexs 6 A A3 Af EOHRAR AR Ab R (R i iy BEAT 00, A5 SRR WL G it L A7 AE 2
Fo ZEHUE (20200 T SSR 4rFhnicsele, Fdid ) LRI S 0770 ) E & Bk A
R = AR AT RS AT, RINHBERR 1 RS 5B, SR xR R 2
[ OC FR o &5 R W RO AR S A KN EZ S R Z A K, AR AR S A
2 1P R 2R () 520

JURTERS S NIRRT TR T SEI vl B S B 0 777% (Bookstein, 1996;

Dryden and Mardia, 1998; Klingenberg et al., 2009) . FEHFIX L & B H 0k, 1R 7]
Bt sz BAE A AR 28 0, BTG R T TAEME # (Garud et al., 2002) .
fE R B SR R R Gh, ARSI 245 2] 72 BT 7T (Klingenberg and
Zaklan, 2000; Klingenberg et al., 2001) , TR AR LB B0 BB A — N E RN K E
B, T 0 P TR S S P AN SO R B R H (Klingenberg and Zaklan 2000;
Klingenberg et al., 2001) . [FKMERZIYIH) T 50 (Atchley and Hall, 1991; Klingenberg ez
al., 2003, 2004; Zelditch et al., 2008) , EIH AR N KA ALIYIHI L (Cheverud,
1982; Goswami, 2006a, 2006b) LA K& NTHF#Z1ZY (Quinto et al., 2018) HBUESL T HEH AL
HENME . JUAEA AT PLAER RGN R TR SR RIS, ORI PITIT 78 45 44 1) A ) o
G BIANFERLEE I, FEAI PR AT IR AL R 3B AE AR (Juenger et al., 2005)
—NEARIE G2 BB R PR, BCAE R T, R AT I SR p) e T R B
P, Klapste (2020) £ JERBIPDRBESALIT 78 b, R o POIREES T AFE 2R,
T T HRAPIX 735877, FF HAT RSB 7 A KAEA RNV S B A RERR G
BELERE (Q. petraea) FEKE (Q. robur) Z R4 ST

1.3 REZIMARIIK
1.3.1 IR 22 S K R

RIE>] (Deep Learning) f&5: T HEAEIR 0L —EMZIT AR A0S 2N ER
PRI FEE X 285 S5 R PR ML 3% 2 21 L B2 (Hiinton, 2006) o IR 22 3] B 2 )2 AR LR MWL TR )2
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git, BIRHUCK, TSI S50 EARE S A SN, RESETEC S
JSCA ELIE R R B AN TR R I — N B CGRALEE, 2013) o BAARHZ 4% (convolutional
neural network, CNN) &% —/NEIEE X FEA L2 ZEEMPREF IR, 5 1 s
BT RRI AR B R, SEEL 7R AR B a3 U R K (LeCun ef al. 2014) . CNN 2
KRR : TaNZ, BRZE, WE, 2ERZEMEEE . HPh SRR R IUZ,
Fr & B AL R A 2 I ZR A% L o FF B AR 6 AR AZ BESE BXA [A] 1 4 A\ E 4 A
FLFRRFAE, SRR S B E G 2 g 2 . 72 ILSVRC (imagenet large scale
visual recognition challenge) FE F, WFFAEIRH 72850 CNN A0, 3 2014 41
7% GoogLeNet *KH T Inception &5ty (FE[F—EH MM AR R/NIGEHZ) , HLR
R RR . FEHAE Inception 2 J5 X80 7 —2ekdt, Xception UI2A Inception HIHKFR
WA, 7E ImageNet 24 22 17328 top-5 IEFFR FIA 94.5%, &7 FBIRH L
e
13,2 BRI 31 (ERU 5 F5oh O T

IR SIE R 728 B IS 1 B R AR AN SR e, B3 AR SR BRI E AN I
B IREE, MAEMY - RN E] T2 s, #ltn: Tan A (2018) 37 T
ik B3R R 48 D-Leaf, 1EHL T 43 MG, M 30 MFES, R T 1,290
sk MR, 5 AlexNet (93.26%) FiH AlexNet (95.54%) HAUAHLL, D-Leaf #7Y
ST 94.88% AT ELIMAAS E, B = X MAMT N PRE R AEY) . CNN RS R
MR TAERFITEENE (66.55%) , MFRE 28 o H U RFAE B A I w42 X 245 7 4
Al LT AR I UG - Lin 58N (2019) REIREE S 2] N T RAEHAE R A, $&d 7 —
TR S A6 i AR B 77, T8 BAL — R AE B B R Girh, R ZR 458 AH . ()
FRENME, v DAPOE A FUN AT 5 A28 @ A5 2 . Dunker 5N (2020) S5 G 1R FE 2% I
Z 6 BRI AR, 404 35 PR IAeRy . it 426,876 MREME, SEIL 7 HRE R
HHEATIIRN S E . A PEE (20200 I BRIBOVIE RN R, AL BERIZE N VGG16
H54&E MY (fully convolutional network, FCN) AH 45 &) — N BT A ) UG 7 bt
M, BL 21,500 5K (43 ZOMM G ORI SR 48, 70 28485 RHERA R 1L 2] 97.23%.

1.4 #RARAIM BB 5T IR

1.4.1 ¥:JE TN

0B 2 B [ U FAGHE 55 IR T o ] PPN ] P R ) S Il A 55 »
2017) » oARVEEE SRR RSB, dbEHEAAEX, MEER, ERTA



T U A TR B 22 2 ARSI | TR 50

AREMEH A REHAL (Yang et al., 2020) o #RJBYIFIAAE A &5 22 R T8 E E A A,
EAT B WA AR T G o R R, RN 19 M5 —E R
Bkl (Hipp et al., 2020)

HEEHRI D RRGTHEIE (genus Quercus) #75 NHFRILJE (subgenera Quercus) F
JFRERIE & (subgenera Cerris) » 43 % N -8 KRk 7 SCRIH KRG 70 5, AR & L4
PLF 5 /N : FI#RAH Csect. Quercus) 21 AR 2H (sect. Lobata) ~ HH ] ¥k 4H (sect. Protobalanus) «
TEARAL (sect. Virentes) FIAHERERAL (sect. Ponticae) (Hipp et al., 2020) . # (+[EHE
ME) e, ARWENA — N (AR A ERE, L6 15 M. (Flora of China)
A FHN 7T AT, R AR (Quercus. aliena BL.) « #it#% (Quercus dentata Thunb.) .

H A%k ( Quercus fabri Hance. ) « KAk ( Quercus griffithii Hook.) « 5 1 #k ( Quercus mongolica
Fisch.) . #f#k (Quercus serrata Thunb.) F1=FGH P (Quercus yunnanensis Franch.) o

PRIEAEY) M A] B R S AN EE, A ep ity e R BURRAE AR 9 AEALL, AE ZH TR) R[] 5C 2R
A3 - — BEAFAEAR K50 (Viscosi, 2012; Liu et al., 2018; Z=H 15, 2020) . #RJEix
GBS TERIZ A EE, MIa FIRIFATEW, i -SBHEYMEE BRI
G AW T AR R R HE (B2 4588, 2007) , KRR JE T Z A0 138 B IRIR A 5T,
HAHEEZZENE.

1.4.2 WEARAHEAR g 1

WER (Q. aliena) P (Q. dentata) FJ& T EFRAL (sect. Quercus) , #a EEY)
Hd#: MR (O. aliena) , JEWTRAR, ik 30m, MZEEKE, RN, N IKAE
o, IR, RIEATERE O SL: T8, FEER%E, KB O 2 5] 997,
£ 10-20 (-30) cm, % 5-14 (-16) cm, SeufifBidRBUEMde, FE R SR R,
M2 BRIV, M SRR ML EBOE TS E, MK 10-15 %, i Rk kA
[F; AR 1-1.3cm, EE.

W Q. dentata) , EMHIFAR, Wik 25m, WG KIEE, RN, MK, &
HRE, BB EREIRRE. FRINE, Bt oA EIpEsKEmnE, K
10-30cm, % 6-20cm, Tidmsiflide, WTHRSEE, FEHMEIE, HZRE A SOH S U
OB E, TR, T TH B e B R IRGRE, MIBKER 4-10 4% MR 2-5mm,
ERER O E

WHERIER 3-5 H, WHAERA 4-5 A, SRR 9-10 Ao MERH 7E TR E 32 225040 T
Bevh. 2@ Wi, AR, IR, R, b, Wi DU SR = AR, (R,
HAA 7340 B A EAMBERIE A0 TIPS 7R T 78 MR IR 704 T BRI, &4k,
T Wb v =R G WARAIHAR 254 TR 80-2,000m HYHFH LIS, H5
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i

LA A 2 BRI A RSB/ AR
1.4.3 MR R A T

ERREAE Y BII0E 2R E, BB RIETE, MR IAGEIE, BT HEE
AT, Mal A RANHE, 2y R AR ECE SRR ) S AR R R TE A
7 B S PAARL WEERAI o A VG R, AEAR A SO R TR Iy e IR
B, B AN PR YDA B 9T S AR T e VR R AR BB 2 AR CGBTERH, 1994)
PRS0 5 5B T 78 CRIIESE, 20000 , R BE 25150 A K B 2 (R I3 4%, 2007),
I HETRERMEN RA K EREE KK ZFH R LR REIE (Hubert ef al., 2014) .
HEARREH F RS RIS LD . Liu & (2018) X 6 AN [R]85 70 A IR A A4
PR LAy THRic Se B i 45 SR AT T U TR 5 0 M, 45 SRR IR R IR (i TS 22 57
AR 2, AR B H R MR MA R RS . Lyu %5 (2018) BFFT /R
FEW R AR AR (Q. aliena) , Wi (Q. dentata) FKe A% (Q.variabilis) %A
WAEOL, FET IR FARC A2k DNA R B, R I = ANFR 2 8] A7 A8 BF 32 4 ] 7
PR

1.5 KRB ERENX

1.5.1 AN

ASHIE T AARAIA ORI X G, 22 v A A 36 25 BRI 4 B RV I EAT KA
PAZE T SSR 1970 Fhric v delfe, L J LA S AR I 5 SI O iR AT WA 50 02K, I
EREXT =R NERIRN T Mo FFEET UM SR UM R RS B BEE A /N
AR ER, USLSHER T Z AR, HFRRHRIEES Cidn . B TR )
SIS R 3R 2 T DG 2R, [N o P A it RS A AT A B S BT

1.5.2 W50 H BRI = X

AW T H -

(1) WHERANHEAN S T AR A TR JRER, IR BT [

(2) BUEMHERATHRR - Fr 2 5 AR, 3 bn & R AT ALy X AR 8t 5

(3) P2 B T X ARSI 7 AR B

T TS [R] J M AR AR Ao ] et FE A RFAE HEAT 7 AHSRBIE 7T, 10 EL e 73X
ANPIRE R LTRSS AE, BRI G 72 AR S5 AN R U AR AE
RIS PEAT I i fb o) X B Sk A, FAT BB A BR  3



FeF U ANIREE 5 ST BRI R 25T 7T

1.5.3 I F ST IR

| |
i e HIEARHE
(Genetic) (leaf morphological

characteristics)

|
| |
LA W2
(GMMs) (Deep Learning)

SRR

BB
(Modularity: Evaluate
Hypothesis)

i R EEFIE
(Correlations with the
Environment)

(Leaf Morphological )

K 1.3 MR R RS SRR
Figure 1.3 The chart of oak leaf morphological analyses.

ke

LR A (nSSRs) = MMM BEEFFIELE, FHEURE RE O LL0.9 AT, KAk
kil o 45 RAE R Se

JUEES (GMMs) « JEEGEMPRE I 13 MRS Rl BOr B SRHE, 2
BER RS AR A 7 34T 2 A B I H

WES2] (DL« FFH R, L Xception BN ARSI HIMAE T

10
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QMRS RE

2.1 HARESHIERE

2.1.1 FEARRAEES b3

2SOl VI IG A EE RV N R i BN OB/ N T i o S B I A N
Chttp://www.cvh.ac.cn) « FEAEYIEE ZE Chttp://ppbe.iplant.cn) B HRIE — -+ FE PR ARG
SR REHREE KL, B LG MAE T [ B B A G DL . T 2018~2019 FE ) 6~8 H 4y
FEHFE 15 MBS TIERFI ST 54 ANFplE, Hod 8 ASRAE SOV AP RIS
fii o BAFERET GPS 103% I (GRAMIN 621sc) PRAIHICSERIE SMALEEEE, K
LR PR E/DAERE 30km, AN FMAE/DAERE 10m. BT A FEEREE S
I SEATANE DL RN B ML 22 5, AT RS S EGE 70 ook, Dy Gl I i
TERIEENR, IATERENAMAE FREE 4~7 F ASETT 1R B A e 82 B of— 4 1)
g B NE T EL DNAC XN AMAIZ BB SR 2 bt AT 9 5 o IR 5
710 MAME, 3,657 kM Fro SREEM v DU T4, ~FREHbGE 7 TS 3, JFEbe— et
) BE ek i, e G iR A . T RS e M U RE A TR AP O F I B T A Ak AR
7, AT IEEEM TR IR . RE SR AR 485 WK 2.1, RAMETE LR
2.1,

en_
; 7LG
) 3 \/ [ ]
o —~ S
> 5 < A VIS, ¥ >
P.[R. CHINA k) N NN < N )
o S P %s;‘ 4 7 scp .HS L
= BT W e ¢
24 iy !
U - \(‘ -
N\ s ™,
s / NNY KYS
1 o A T )
3 i mﬁ ~— S 5
B S T AssMss
*\DsG BY & Vs o0 s
B Lo ON
T R LPG Dbr [ ] R »Hs\
iy e .SYBngxY 3o % joN= - @ O. dentat
..... MTZ N Ql J
¢ e .BS ey o] L o O 0. dlien
72“9 W : Dﬁ J C O Sympatri
3 L ik
¢
S \, - Altitude @) | [
~**‘“8% e ;.t; [ o400
g 8 ] 000
- PP [ 9001700
) ‘v" e - [ 17002800
'\ z » [ 2800-5000
4 53'1 015 250 S0 P [ >s000
l&)"E llli"E

I T T |
105°E

B 2.1 MR RA At A7 1]

Figure 2.1 Samping populations distribution area of Q. aliena and Q. dentata
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R 2.1 MR AR RS B R

Table 2.1 Sample information of Q. aliena and Q. dentata

KRR FEAZTHER PHWHE REFFY 8 AGKEK MK
Situation F3 biols # bio02  {ESE bio08  prec08 Numbers
DLT A 73.86 11.38 24.35 117.00 9
NNY A 100.44 11.03 16.42 120.00 14
GaS A 76.89 9.27 18.67 107.00 10
LPC A 73.01 10.38 19.60 110.00 10
SFS A 131.61 10.97 22.53 149.00 22
WLS A 124.84 12.18 21.38 140.00 20
ZYG A 70.90 9.95 23.52 108.00 14
LZY A 62.48 9.18 25.58 130.00 14
HPS A 74.74 9.51 17.78 110.00 10
KYS A 95.21 8.88 22.92 163.00 13
LGD A 53.67 8.27 20.95 131.00 8
LYS A 78.49 6.81 25.30 177.00 13
QDZ A 68.37 10.46 23.77 114.00 14
QSS A 108.39 10.94 22.23 181.00 10
SBP_A 89.44 10.20 22.08 122.00 9
SBY A 77.53 11.32 20.85 107.00 10
SLH_A 70.26 7.38 22.08 131.00 9
SXJ A 48.38 8.27 19.32 180.00 10
TIS A 73.93 10.02 13.47 120.00 9
TSS A 75.35 9.23 26.15 123.00 12
WXS A 99.40 9.51 20.15 141.00 11
YFS A 66.25 9.19 17.13 145.00 12

DLT D 73.86 11.38 24.35 117.00 15
NNY D 100.44 11.03 16.42 120.00 9

GaS D 76.89 9.27 18.67 107.00 14
LPC D 73.01 10.38 19.60 110.00 11
SFS D 131.61 10.97 22.53 149.00 15
WLS D 124.84 12.18 21.38 140.00 17
ZYG D 70.90 9.95 23.52 108.00 10
LZY D 62.48 9.18 25.58 130.00 11

12
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JLP D
KYS_D
LHS_D
LIS D
LI D
LTS D
LZW D
MSS D
MTZ D
QDZ D
QHD D
SCD D
SPS_D
SYB D
XTS D
ZGS D
ZIY D
ZLG D
ZWY D

93.36
95.22
81.33
89.32
91.55
113.31
70.02
108.45
77.38
68.57
126.04
101.80
125.60
75.59
104.54
70.93
62.85
103.69
71.29

12.45
8.85
10.33
10.34
8.09
10.74
9.52
10.13
9.45
10.48
9.68
7.22
10.30
9.34
10.52
10.58
8.40
12.09
9.53

18.61
22.87
22.45
26.37
22.23
25.44
18.79
23.92
18.21
23.77
21.88
22.00
22.75
17.40
21.87
24.74
20.02
21.73
17.04

137.00
164.00
121.00
133.00
159.00
159.00
111.00
163.00
119.00
114.00
174.00
176.00
172.00
118.00
141.00
135.00
160.00
171.00
112.00

20
21
10
10
10
14

18
20
21
11
18
20
20
10
10
11
10
19

13
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2.2 e R

2.2.1 5| Wik S PCR §744

AR S AL Se e 4 TAR SR B 5850 = AR AT K R s . JATEE T DNA
W& (Tiangen HEIEEF 4D XA AR MASERGLE K 2] DNA, JEEKREA
1% )3 NEHE BRI EAT FRKAR N, DAJKS P ) &6 SR KA DNA S5, HRUAH TS i
AR VbRE, FRIEA 12 %5519 (& 2.2) XHHEEUY DNA # AT PCR
Prigsens . Heh, 8 X514 (GOT021, FIR026, POR017, FIR015, WAG068, PIE271,
GOTO11, WAG066) i 4 Durand 25 (2010) , FIRH 4 X 51952 1% H Ueno %

(2008) : QmC00716, QmC00932, DN950446, QmC02052. & 12 XF 5|45l
PRAGHR SR B 10 BT R b AT 2R 8 3 28, 9 T 5 2R B LRI 28 543 BT FH R FE 2% 2]
SR A R

B PCR (15pD) M3 3Gk 45 4M& DNA 1ul. Mix 7.5ul. A1 514
-R 0.24pl. 5K A M13 PIERSIY)-F 0.06ul. A KIehric il M13 514
0.24ul PA L ddH20 5.96ul. PCR 434 Jm i B yiors U L4 38 565 2 R TE T,
P S EARE AN TC R, AT BAE BIkR . SRJ5 585 F N GeneMarker
BAF B, M3 SSR #idls (Hulce et al., 2011)

X 2212 %F SSR Z¥vE4N(E B

Table 2.2 Information on primers in 12 nuclear simple sequence repeats (nSSRs) loci

% fir #
\ HKE 254
ﬂ E g )? L] 1
5% m . BI¥FF5 (5'-3") Allele Polym 2% LBk
SSR () Primer Sequence (5'-3") size orphis  Reference
rang m
(bp)
AGAAAGTTCCAGGGAAAGCA Durand
GOT021 56 AT 111-128  Yes et al.
CTTCGTCCCCAGTTGAATGT
2010
CTTCATGCACCAATTCCTCA Durand
FIR026 56 TC 208-217  Yes et al.
GGCCATGTATGTGTGCAAAA 2010
QmcCO007 AAGAGAACCCATTCCATCCCTGA Ueno et
56 TC 261-287  Yes
16 GTTTCCCGAACAGTGGTTTCTTGA al. 2010
CCCATATCCCTCTACGAAAGAA Durand
POR017 54 CT 140-169  Yes et al.
CTGGAGATGACATAGTGTCTCAAA 2010
FIR015 56 AC ACCCTAAAACCCCAATCACC 128-138  Yes Durand

14
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CGGATCTTCGGCTATTCTTG

QMC009 AGGCTCAAAACAAAACCAAACCG

3 54 TC GTTTCCCCTTTCCCATAATCAAAC  247-260  Yes
CCT

DN95044 TCTCTTTCTCCGTCCATTATCGC

56 AG 155-185  Yes

6 GTTTCTCCACAGACCCCATTTCC
TCTGCAACAAAACCAAAACAC

WAGO068 56 AG 165-195  Yes
CGGAGGAGAGAGTCAGCAAC
CACACTCACCAACCCTACCC

PIE271 56 TC 197-247  Yes
GTGCGGTTGTAGACGGAGAT

QmC020 CACACCCAGATCCACAAAACTCC

56 AG 250-300 Yes

52 GTTTGCCTCTACGGTCTCCCTCTT
CCCCACCGTCTACTCTCAAA

GOTO011 56 TC 197-255  Yes
GCGTTCACCACGTCCATAAT
AACCTGTTTGGCTTCGTGTG

WAGO066 56 AG 128-244  Yes
AACAAAAGATTGGGAGGTGC

et al.
2010

Ueno et
al. 2010

Ueno et
al. 2010
Durand
et al.
2010
Durand
et al.
2010
Ueno et
al. 2008
Durand
et al.
2010
Durand
et al.
2010

222 BT DR T AL RIS 7 B

¥ GeneMarker SEHU?) SSR 4 & Jcilid Flexbin (Excel H17) #EATIH—4k
b P 2 R A A FE R S O R i i BRK FE IR 22 (Amos eral., 2007) o FHHESC
R R Id— A EAR BRI, 5 AMERARE IS — 47 Fe bR WAL (“npops
=)L R nloci =), PL“txt” 1 sURAF « 5 I CONVERT #(fF (Glaubitz,
2004) K U — I B e Ak 1 S 293 A P R S A 2
i STRUCTURE V2.3 # {4 (Pritchard et al., 2000) & DU 524347 %t
FIT AT EROMR AR AR RS AE: it i AT 082 A% S5 440 73 A o AR AR SRR A [7] A4 18] 55 o7 2 DRI A 22
2 5, ASrl FL s A% 25 R 0B SMAJE T nSSRs #4321 R 4 FIME = . 7E Hiz 4T
dE, WE KAEN 1-10, HHEA K EEIZAT 20 /X, Markov Chain Monte
Carlo cycles (MCMC) BN 200000, burn-in cycles BEE N 100000, 44 f5iHit
THE AK H LoP (KD R#fE A KAE, MMl e &2 (Evanno et
al., 2005; Janes et al., 2017) . H/aiBILELEH A4 Structure Harvester (Earl and
Vonholdt, 2012) ¥ Fr A &5 R T & 46 8 L 48 6., FFiEad Distruct 1.1 B AF
( Rosenberg, 2004 ) 13 B H iz K 7 BHRE . 54 FAT ] LLad i3 47
STRUCTURE ZR#GENR & 2% (O) 1l RGETHEA 38 R R 4l 5 50 52 S
FAMRRIE R, O H#EGE 0 50 1 AR 9 FE— KB a5k, O EREIRATR

15
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5E PR BRAEL U A0 A A2 B SE 24 8 AN . A TR B O = 0.9 1 4 BEAHRR A
B RIPIFI A E 2258 MARIARAE, Hf 0 = 09800 < 0.1 R4i&AME, 0.1
< 0 < 0.9 WRENRZAME (Vihd and Primmer, 2006) .

23 JUAITREESZE S
2.3.1 MHIEEHEIREL

Landmark Description
LM1 LG A
/“L LM2 A R B
M3 I PR T
6 M4 R X T e — AT
LM5 T 75 0 DT S 3 — R i 5
L7 LM O A IR R0
/) LM7 AR S 6 R S
M8 T 5 00 DA 38— 4 R i 4
> LM9 T 7 0 AT 5 — AT
// M10 Wb 0 AT S 57— S
M1l T 2 A e ki e I
M12 AR A 11 FIAM M A
IMI13 T 7 0 AT 38— S £

2.2 hrEEALE

Figure 2.2 Landmark configuration and descriptions of the landmarks

B KA B & HE R4 (CanoScan 5600 F) X5 e fik 2% v il it — 11 33k
FTH, R NKPE RN IR B4 #E % h 600dpi 1) “ jpg” #3. @it Image J K
fF (Abramoff ez al., 2004) %fH Fr AR R IZ I 2.2 4R E AL (landmarks) i
FP AT HR €, FR & SR BT WREARARAS H TE B) JL T B o AR & IR NS % T
Viscosi  (2015) 7E¥& 4R O. frainetto, Q. petraea 1 Q. pubescens F 54T bR,
I HAUR @ AH 20 76 5 7 R4 70 A BB BRARER BB b dB AT T, ROR R 47

(Liuetal.,2018) o XEUHRE AR 1110 13 M -RRASR (x,y) FNEL
T KU A I bR & R AR B J5 , PR “ixt” SO R,
RAEABETRM T E) 13 (LM1-LMI13) A AR ARE . Horh LMI1-3 X = AN s A x0T
PR, HA LM4-8 5 LM9-13 BOAXTFR S, HAE A 05— —XF R o 5 % fE %
X d, FHHTFEAMRE ID, HAORERE ST WFisa . MEFS5 &
RS, i inE 210K E R, e & FEEA Kk F L 5 o83 Mg,
Nt T

“LM=13

X0 Y0

X1Y1

16



MBS 75

X12Y12

ID=DLT D T T01 LOI”

H, LM =13 RRER—HBIE R 13 & A, 3613 Mp& A (landmark,
LM); X0 YO—X12 Y12 IR 13 A s iR AR #95 ; 7< 4 ID=DLT_D_T_TO01_LO1
NERMFIID 5, 773 AT DLT AFCRMERE AR CREER) , 5%
5 D RoRFTEYIFN (ARSI PPl i SSR 73 FARic I 7L 45 Bk AT A
E, Q=09 8 Q<X0.1 N4EEME, 0.1<Q<0.9 MBERTAME) , 47 F/HT
FORNFEIEFIEE, 56 9-11 F4F TO1 R/ RE fid T 01 I—ARM, 55 13-15 F4F
LO1 R AR 01 St fr, Bl 28 DLT #ffd D #0801 SH 1) 01
S, I EAZCRFE S BRI A KA R — AR5 R .

2.3.2 BRI
FRATTRS W ARARARS B e 7 5 3t BRORT <UAe PX] 7- BEAT AR SRR 78 . #E WorldClim

e (http://www.worldclim.org) H3REL 13T 30 4F (1970-2000) (1)< i,
B 19 MEWARAREMEE 12 DHEK. KIEFES . FYEE. &&ih
JE B AR BE - RGE AR 289U A 535 U AL B LTt 103 ANl ET- o ] ArcMAP
(Environmental Systems Research Institute, 2014) KEHARMAR KAE 51 GPS ALFxR
(ZFEFNAFE) B H] 30 arc-second [ ESRI® A W% 1, FEHUHRAE
A ddE . @ R 1B F B “usdm” K £ EL (Uncertainty Analysis for Species
Distribution Models) #1175 Z 2K K ¥~ 4> #7 (Variance Inflation Factor, VIF) , 2
BRI ARG R 1, AR T 4 MUERF (VIF<0.7) « FEKZETHE
R (biolS)  FHIHEZE (bio02) . HRIBFFEIRE (bio08) 18 H
Bk (prec08) HITJa LEH i fie /N — e At M TUAR 73 M o BIEE Y 1 22U Hdl 10
SRAEFK 2.1.

233 X R

N T i R TR AR B R AT JE 2R 2 AR B0 M, 75 BT AR AR B T AL 2 . g
PG B0 B0 B x5 03N Morpho T 30X RIS BB 4T S IR 4y
M1 (Generalized Procrustes Analysis, GPA) , I8 X AL bR B 178 476 FEL -4 46,
WA AR R« R FNAR TR, AR KPR Ao | S IR i 7 503
T RN TEAS IR, DU AL S IR ERARAR RARZR I AR ik,
PR PR HARE ) e BN IR S AR B R 2 (MK &, ] Procrustes FE ES AT LA 5
LS fr 5P TR M B A B, MR R I RO S EEE Coutlier) . 4
bR S HHE S AR RO R S H T 5 8290 it .

W PR AR A 53 ok B A AL 1T P T B A o R 2L 70 FH AR XS R 4 i 2
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CLID AL B 53 2R 88 AT 0 2, BFE X AR 53, AEXTRRAL 23 LS KIS,
SR G AT LI AN ] 43 28 )2 O B B ot BP0 B, ST & AN JZ IR IR W 7 256 [
(covariance matrix) , FHT/ELMZ LG0T

2.3.4 HEFRAESRIE

PG REEX I 20, B AT g ()22 #e /4% (transformation grid)
LHEW (wireframe) , W] LB WS B ILERECE, FROMMAE %L (Thin-
Plate Spline, TPS) o | FHMFE 251 5 820 A Hh i AL bbb BB 2H (oK
Bl /IMED AR 4 RS RN N ZRAE ], A8 i WX A 5 2 A ] 23 g 1 B T
N i S A IR SR S S B Sy P A R R S R R O

(Viscosi and Cardini, 2011) .

2.3.5 ERG T

% %5353 M1 ( Principal Component Analysis, PCA ) &4 J5 46 ) - T2 Bz 54k
RATREZ BHE IR G678 B R R oy, SRR AR B A 2 57 . AT B
F R B i 45 FR AR AR AL ) 32 BERRAIE , AR RT AR N — PR 77 75k R B 2.
[ 28 2o Procrustes 24 FR 1 PCA A% S g E IR E, HAEEILRAL
135515 % (Rohlf, 2003) . 7 Morphol H, 570t M7 Z 5 FE R,
W77 2 B O] F TR IR AR R AR A I 2 BRI . B E s (PC) B HLE
T—ANF2N, A E AR AT DOE S B A% B RREE PR A
PCs FHIFFAEAE B 2 ImA5 2

TATHE 13 MeE ST MEIKF BT ZH B CREPREE 5 S AERTFRZH 53
HATEMEH A, NSRRI TSR F I KA G & . DL 90%I1M EfE
X [P BT i R TS T R4, MR PCA B B A 25 Rk 0 M AR AR 1% 2 <8
MBI R IR SAEEER, FHILBETAS PCs A2 Bont B K AR A B /MEY)
ARG A R ZGHE 1]

2.3.6 WA E I Hr

#1458 7 7 ( Canonical Variate Analysis, CVA) & — Fhill i & (K FF 2
(Mahalanobis distance) A1 ECER B (Procrustes distance) HIHEF 7 H7 A1 'E il
it (10,000 permutations per test) , I KPR/ BERATT TG BE A (T ID
WA 2R 1R 5k . AN ER D =2 R 2 TR 2 R R AR TR — A AR N DLELS
WRREATIX 4y, WEBEXIN 90%, CVA IR EZHBMBE (CV) W5
MBS R R R . X T E A AT X 400, BB BRI TEEL 10,000 AR, X
X TR 22 BOE 0 B FHAR 7 SR 2 & B o AR A B AR AR 45 A% R 2R HE 1| L1, mT
LR 5HEARE (CVs) MRERIITZARE . XA AR I AR (8] 3 15 310 1) %
H CV 724U [F (Rohlferal.,2000) o £1xF CV HiEIAN R A7 B A Bk N AL B
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AR, CV AR RUBE IR 5~ A S IREE R 9 AL (55 CV 0 B Al I AR A
R FAIARED o RS CVA BB IS ROR DT BRI S 28 2 AR e 1
WEF AT LE, JFAERKT N CV il PR i 5 AL i AZ 5 R AZEAE ] . I R] B
FELR] B, 73 T (RIS S 45k RO RS P78 22 S T B e L L oK o

2.3.7 F5H 73 Hr

F 5/ #1 (Discriminant analysis, DA) & i+ 5758 X #F % (cross-validated
scores)FHH) | B £ (discriminant scores) P #7772, A A LLE SR 7 AT FEMIE B
5 CVA WMAFZAAET, DA RFEE T AR M F . EMA LA B L
INF, XX AT B A0 B, B RO 8 B — % 1E4T 70 Bt e Morphol H ) SE
LAEH Fisher B 7080, 2K 73 5 BN 0. 0 A E BB G T IR 351E
NS H T2 fSe . DA F45 R AINE 73 A B 7 B B S R R R OR . A Fe
FH WK« A LR G 2 58 A =38 1) E1) PR R 0 ) -t AT LA 8 ] 4 e A O AR
B e DU 2 2 TR] R P P ), S AR AR R L

2.3.8 Wi/ I

XU ¢ /N 3 (Two Blocks Partial Least Squares, 2B-PLS) 7772 H T 56 P 2H
5% AR R 2 ] 3L AR (Bookstein et al.,2003) , 2 N H T LR 11
i 5tH (e.g. Rohlf and Corti, 2000) , Bl A K/ NS TEERILER A, &
W58 R 2B-PLS Z- B AR i i KN SR 3L G &, B R
SPRBJLSRE 2 7 /NI PIR b, FF A B 8 o A AN 2 A B AH AR A I BT AR, DR
7 T BE I By ORI AR VR TR AR AR 4K o PLS 7] H T4 TRt 5 HoAh S Y
PR (ESEE L&) sOAMTERAR B CE . Rk (Blocks) H
(A% 5 AN S TR AR B () dn B o0 K /N B AR 5D, W8 FH XU&] (biplots ) « AL Morphol
HH a3 S0 AR AR AR R ik 0 Bk e o AR R A o B, A A s, 2wk
B 4 DNIREER 7 f 2 MR 1 AR AR SN 8 3 1 U B /) — e
3T
2.3.9 LR

T 53 A R A Mg DR R AR T e AR R O RRA 2 AR X PR A
), BAVEH RIES B R EUE “usdm” (Oksanen et al., 2017) SRR LA
FHATHE T HEE U A 8T (distance-based Redundancy Analyses, dbRDAs) #£4T
7 i BRI (marginal tests ) F12& £l ( conditional tests ) (Legendre and Anderson,
1999) . dbRDA W] LA B P AT 7E 10 338 1 PE B9 AN [F] el B AR, 2 2 o0 2 H [
HI—FPE .

BATE SN Morphol Hh 4351l 3 H T ARERARH 1 i 8 QAR BR B8, 1Rt
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AR, T ERIZET TR L EMNDFREA (MBS . A%
) b A R R Mgk DR 3R AR 0T i T 2578 S 77 T (R AR 52 ), 3R AT 40 il as AT
T =R Z&AEH) dbRDAs B8, Jp il #56)  4h— AR 2=, il 1 B
PRGN R B — A RN s (1) 88 o) A=A 2807 P 3 A R ) S AP AR (ol 7
+Condition M%) ) 5 (2) il HEE SR AR B A 2 A (S {#+Condition
(M3 D . &), B HZESHT (anova function) AL REAN AL K 25 H T2 AR
FHIEZI, JE4iih dbRDA ) F {H. BRI H 70 Al P {H (Oksanen ef al.,
2017)

2.3.10 br.d AUECE T R ERAL

N T VAR AR 3 S E A AR ARAL, FRATTRARER A AR 25 SR 4 P A B
LA N TR AR [ T4 . 383 Morpho) HLHE T X RE % (4043 5 BT A5 W] fg
(R AR 2 X 2 TR (AR 38 B2 (Klingenberg, 2009) , KHEE > X B RV 2 H 5 4%k
IYIX I RV BB ATHAT LS BE 2 X RV REUNTEE T &IE D XTI RV &
o XL, W AR N PRI . RV R & LT A3k

MW RS AR E x1 A x2 1, B op A q BEAR, TSR
HAEMBENLE x= (x1,x2) , KEZ prq, TROAEGHEE LT —MhT%E
kg, HAKXmT

S SIZ]
s=[ (2-1)
S S,

XFAIER ST AN S2 & B A7 N - W AR B P 5 ZE R R, T ARXS Ak S12
e R MY 7 Z/H 0 CERE S21 /2 S12 B ED o RV REUTHEIT:

trace (312321 )

RV~ (2-2)

Jtrace (S;Sy) trace (S,S;)
WA WAL ERBGE S, RV R E0T DL R IP AL B — X 4R & 2 [A] (1) SC Tk
RFE, (HEANREFIN ST A T4 2 R QBT — MR E & . Klingenberg &
T =R 2 H AR A e EE, BY RV :2%0 (Klingenberg, 2009) , 1E N5
& Z BT A BT RV R0~ 34E:

2
k (k-1

RV A7 U S — o B #6756 TG A8 B A 2 AT I ik, X
B0 FIR T R B AR i X AT DUE AR T A 2 (AR R S R

BATTRE AR I PR B e b AT an i 2.3 =AMBsE: A AR (LMIL-
LM2) Al (LM3-LM13) BMEEEE (B 2.3A) 5 B: R AMEERE (LML,
LM2. LM8. LM13) . M# (LM6. LM7. LMI11. LM12) FIH-2R# (LM3-
LM5. LM9. LM10) =AM#EHe (F23B) ; C: X4 AMHE (LMI-LM2) . H
48 (LM3-LM5. LM9. LM10) PLEH T #4> (LM6-LM8. LMI11-LM13) =

RVm

YK RV G (2-3)
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M (B 2.30) .

934( 934,
B 245
(\_J \\ 7L g\j NG ) “,_‘
= C 7 6 - O 6
— N
| 7 R

B 2.3 W RRATHER A 5 G B P BB AL AR
Figure 2.3 Modular hypothesis in the configuration of Q. dentata, Q. aliena leaf landmarks.
(A RT3

(B) M3EAR, W rp BRI 2R AT

A

(C) MR RS R R

(A) petiole and leaf part, (B) base, middle and tip of leaf, and (C) petiole, tip and lower part

24 REFET]

VEES

2.4.1 HHRER
Xception FAUAG 1R BE AT 40 B8 G A N 1 2% 56 B, IXREEAMN AT LA i

R IERA R, WG 0R 1 W20 AU ) 22 ST B8 0« B Xceeption W T FH#RZH

TG 2R b, FF R R B, 12028580k AN R B4 : Data A:

WRARAIMR ) — 702K Data B: HBRAI A 224
AMERI 4395 DataD: HithR HH DL

of leaf

AN

* 2.3 HUBREBEM KR
Table 2.3 Taxon of the dataset

RH) — 432, Data C: M FI A2
B =412, %K 2.3 Fizs.

BoEE  WHRER GO WRER B ZXER Gk 3 G
Dataset Q. aliena Q. dentata Hybrid Total
Data A 539 1202 0 1741
Data B 539 0 480 1019
Data C 0 1202 480 1682
Data D 539 1202 480 2221

2.4.2 SEIG D IR

HFIH nSSRs FARME 1A S FH I EHE SE A H Pkl fEHAE 539 5k O.
aliena W% . 1,202 5K Q. dentata FA1EFN 480 5K Q. aliena A1 Q. dentata 475 MEH]
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2,221 kI ERG AT ISR TAEFIIR . BUER S # 4% /& CanoScan 5600 F 14
X (CanonlInc.) , FAHikEE AN 600 dpi, EUEINFH 4,960 14K x7,015 B %K.

W EHRE 73 = AR TFEEAT IR (70%) « BE (15%) AR (15%)
SR JE P 75 B VR RO R BE SR e — 2, BEALHES], F T Xception 5%
WA . T IRB—ANEMT R, BUGEAREY /- AL 7T : DataA £
5 539 5K Q. aliena 151 1,202 5K Q. dentata FA1%.; Data B B35 539 5K O. aliena
FI% 0 480 5K 2428 ANMAI 1% Data C A5 862 5K Q. dentata FI15 A1 480 5k 2428
AMARIEE; Data D 235 539 ik Q. aliena 1%, 862 ik Q. dentata F1EAN 480 5K
ARG (R 2.3) o WEANIIGEF KM EGA TN S S, B,
#%5N BIFU_000001.jpg. 4k, 75 =NEHE%M GroundTruth SCAFFer, XM
JEH 5 AR CSV A% = B 15 M H bR ok

2.4.3 ¥ Febr
N TN RIS R, i T AR E . — NI 4 233 Bl A 2 R
M ERSEPT S, R A96 R4S

TP+TN

TP+TN+FP+FN (2-4)

Accuracy=

T F1 F A4 True M1 False, AR T2 15 14 ; P A1 N 3K Positive 1 Negative,
BTN . Hrd TP (True Positive, FLFHPEZR) KK ST IR 1A
W% TN (True Negative, FFHMEZR) R TN 7 2804 FN (i
) o IR ST 9 7 2R BT EG: FP (BRFAPER) R 7 2R3 Dy 1k
RPN E . B E E A S

TP
TP+FN

Recall= (2-5)

Precision= (2-6)

TP+FP

N TR SHIFRSE ST, FATFI F-score % Precision Al Recall AN
WALy, THEART:

2*Precision*Recall
F-score= ————— (2-7)

Precision + Recall

2.5 SHKRIT R RE ik

N T REWS LU MRS =R RN, AT B RS, # =i
T s SIS FER . XA AR AN . AR SR ISER NS 2, Hilfli %
A [F AR B s A
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SFRRIC T3 : A7 VR P 5 I S B8 AL 4 - A 2 R 2 DNA R HGF &
PCR Mix, 5" Kt M13 BIIE R 514, RIa 5101 57 Ry A 9 6hRc ) M13
5149 (U5 ehRric : FAM, HEX, TAMRA, ROX) . &AMEAY #—4 SSR
ST BRI DNAL B[ 514 IR 5190 % ekric i) M13 51% 8L & Mix (15uL
R .

YR 4 DNA $REGAF G /e KRR AR AT, ML S
TGo G Mix IEA TAEY) TREA IR A FITTIE, BRG]0 0 A& i ZE R 2
o, 5 KU A M3 [IE R SRR A 51 RIS ERAN 2 0.5 J6, 5T KU A
PIEFRIC I M13 5B N 1.2 76 (4 PO ehric B Mg A= D o R
PEASCHE 5 (£22) , £ OD (£ 500uL) 1E[H SIMINHEE: 256 B
FX0.5 =128 74, B OD (£ 500uL) MG HEZ: 262 Bk X 0.5 = 131
JG, B OD (£ 500uL) A 2 EHRICH M13 5190 #2&: 1,287 JG, 1,000mL
Mix K& /2: 10 Jt.

XTHEECH) DNA 4T PCR #7345, #4738 MiE 2L RV YA IR A #
BT BANE BRI . A3 SR I BCR BRI AR, AT 96 FLAREATIRAFE
i, i 2.4 Frok:

1234 51 ¥)iEATPCRY
FIYLFAM)  FIP2(HEX) 514)3(TAMRA) 544(ROX)

TR AR

967LHK
- SI7I5(FAM)  5IYI6(HEX) 51%7(TAMRA) 51 ¥8(ROX)

w7 BT FEAGLI

11HDNAJii i

— 7 LR TR FE ARG D

B 2.4 R FER IR

Figure 2.4 Schematic diagram of mixed sample detection.

A SEES R BN ON 20 RGN o AR R RN 0L, k5 55 R
N 100 Jo/h. $EHL—4> DNA Frfs 4h, —IRATHREL 24 > DNA, ASZIGFT 75 HEEL
DNA IR KZ) 42 167h. §718 1 4> PCR 175 2h, —IRKATY 1 96 1> DNA,
A~ DNA TFZALA 12 075147938, B S A2 264h.

JURAITESE A AERRSLR D RaR:: Ffr A fridrt e sl
DA E i 3 i o AN MR sk B, B @RI IR 10mins &K Arid 13 4

23



BT JURTTR S IR BE 5 2T BORR IS RS

AR IR R, BANMEAFT TR 8mins FHFR PRI H BRI AT,
Fo— M TN 57 5530 50 J0/h TS RRAR o J5 8210 22 J6 43 BT B 75 N SR N HA Morphol
B AR R ) Z o ginh or A Bk, FRAETR 1h, 55 SRR S RIZ) 100
Jt/he

RS S ik AR TTVE TR (N SL 0 0 RS « MR T 3 R AR S SO
Y B B R BEALHED T BB a4, R — IR R S5 802, Ttk B
T 1min, AFEFTFE BN RTEAG AN TR SRR, RWEA 557551
PIRRE 100 JG/h THRRA
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3ERS S

3.1 HARFIHRHRIE AR LX) 57

1S STRUCTURE 73 #r &t R IR (Z000) AR (Zrth) K3,
IR AN (B 3.1) o -ATi#d STRUCTURE 43 #r 4t RiE4T 41t AR Q
EEFT 0.9 AARE, K Bt FLHIX 54 ANHRERAH FPEE ) 710 DSAMEEATRI 53
RIA 149 DNAMEYE 73 2 1 MR, 322 NMEBS 2] 7T, 5540 239 MMk
FE AL BV NBGE I 28 M

B 3.1 MR AR 0 1 S5 4 ]
Figure 3.1 STRUCTURE analysis between Q. aliena and Q. dentata

3.2 MAFRFIMN YR FEZSHHIE

3.2.1 M AR ZE o0 Hr

FEI B A bR S B AR, BRI AL BRSO /N B, B AR
RS ARLEXT N 13 MRS AR (B 3.2A) o STRRdAsr (B 3.2B) Ak
SRRy (B 3.2C) HIBUS R GPA 1RFHERR Tk F A7 B A KNG &S A
FHITFH. Wi GPA XA AT AT AL R, DIBRESHEE, =%
M 3,657 F b R Bkik 3,612 A A T S 8240 H
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3.2 i}y procrustes & E 73 A ket S T IRARBREE (AD XRS5 (B) FIHE
XIRREE 73 (O
Figure 3.2 Generalized procrustes analysis of the leaf shape based on Procrustes coordinates

(A), symmetric (B) and asymmetric components (C)

TAVET AT PCA, 73 53l 5%55 X FREEL 43 RAERTFR L 3 BIMEAR AR it T2
WRABFHAT T (B 3.3) o FR TR T 13 AN Aehr i BdE, B A i 400
HFAMC bR S S E AR, R S AR FRE  r EAE 1 AS R
AEFHRHEER pe (RIFERE— L8200 pe) o JETXRRALSY, FRATA DUMHAR A
W Z A AELE B R R () 22 e, 2R A /MR BB R AL 5 7 46 o i ali ke (B
3.3A) o M1, PC1 M1 PC2 I BEMTTIRE 5 65%, JLHZWE PCL i, MiFh
LT B B o DRI FRATT 23 0 A2 BT AR AN 7E PC1. PC2 b =47 7 1) 4K
B AL FR) AR Hh O g PG AE ] o DA% H88 I A% JEL R 2 A JL 1 2 v DA H S 3 — PC
EhEgmh AR AR LSS, RS PCL B (0.1~ 0.15) MIAAE A HRRIARST &
FEHRAARA, MR MR FIRAT KIS, I Bl o e B4, W i 5 B SE AT
BAGT A, MR AR AR 0E, i AR R U, R A Ik s
MIEHE PC2 il (-0.1~0.1) HIAAL Ay W84, 2i4gmiasy, sl
RAFKWIS, W EE BRI, R RIS .

EXIFRA S, BIPIAS PCs 43 8 BRI 61%F1 17%. PCA FIHIUS
Bl KHR 7 BUS EES o0 AT, PIIRI R RE A AR AE 22 S 8/ (] 3.3B) .« ££ PC1,
PC2 Al =47 77 )b AR A Ak P 7% 486 PO A R 2 HE Pt e AR P 2R A
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A B

0.20 -

® O.dentata . ® Q.dentata
" ® Q.aliena
010 oy
. ® Hybnd

— oo : w
o~ f
3 2

0.1 R%)

20 T " y M y ' " " ) aE L] e ] e ]
015 040 005 000 005 040 015 020
PC1(46%) PC1(61%)
-PC1+ -PC2+ -PC1+ -PC2+

3.3 W AIHR S 28 52 M) PCA 23 H
Figure 3.3 Results of PCA of Q. dentata, Q. aliena and hybrids

3.2.2 W A B

BAVE BRI R B A5 873, AR P58 B AR AN RN iR 22,
FEAMA KT IEHARMR H 54T 7 3050, CVA R DA 45 5 BRI -
AP RZE N ES, BB ERRZEANEL T ZE R RIEE.

M CVA FIBUS AT LA (B 3.4) , iFE CVI il (CEBITTERR N 96%)
AR SR LT 4050 B, T A S AN TSP A 2 ] VR CV2
MEEPERIEAR FEES (RIRTTERERN 4%) o 7 0LL CVI #i -4, 0 F1 3
AL B AR SR LR R A R AR HE B, 43 il AR AR« 2% 38 AN A A RS £ 1T
FOJER o AR XA AR AE BT LLE Y, AR AR 0 X E T AR T 2 BT
B, MRRARN KK, Tom AL i 18 MR I 58 T2, AR B
WL, Tivm el FLIESC AR D . MBS 28 S AN AR T IX PR A S 2 1]
(IR I B (B CVL D
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® Q.dentata

e Q.aliena
e Hybrid

CV2 (4%)

Q.aliena O.dentata

4 -2 0 2 4
CV1 (96%)

3.4 WRERAU S A8 ME CVA 3
Figure 3.4 Results of CVA of Q. dentata, Q. aliena and hybrid

DA WA XEEE R (B 3.5) KU, BRI <27 EBE (P<
0.0001) o DA HIAIZ5 RSt &I, EMBHARRE R (& 3.52) , 90% I
PRAT DA IR0, WA 95% AT LR IER 0] o ZEMRAR 5 28 58 A B0 0 )
(&l 3.50) 5 79%IMAR AT DL IR, ZR S MEA T3%I0 AT DA R 0
TEM 5 24 S MR H A (B 3.5¢) 5 84%FIMHR a] ARG IERAI A, 2258 AMA
A S4%H) AT AR IR ) o PR 2 18] ) ERER B 20501 0 3.3886  CHEARAARAR D
1.3229 (HHRRANZLAZAMA) , 1.0443 (AT ZL 2 AMA) 5 M IR 259 518 0.1268
CHHARAIMER ) 5 0.0727 CHHERANZRAZAMAD 5 0.0554 O FIZR S AME) o N5
PR IR EE B R WT LU Y, ARE [ 2 S8 R SHR R B B8 /N, R B 2R A8 AN Y
IR SRS ) i IR BE AR AR
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a
150y 12=5818 4222 B Q.dentata
P=0.0001
120 8 Q.aliena
=
% 90
g
g 60
P30
04
18 -15-129 6 3 0 3 6 9 12 15
r
b 100
T°=826.1834 ® (Q.aliena
g0 | P <0.0001 -
B Hybrid
60
4 22 0 2 4 6 8
¢ 1301 12=781.0836 B QO.dentata
120] 2 =0.0001
_ ® Hybrid
% 20
Z 60
=
= 30
0

353-25-2-15-105005 1152 25335445

K 3.5 MRRAIHG S 252 T K1 DA 73 #
Figure 3.5 Results of DA of Q. dentata, Q. aliena and hybrid based on leave level

3.2.3 M mas A K i

FRATTIE 2 SRS I 5 AR P 6 R 2L 2 R X6 R 4L 4 T AR S5 oK
NS R AR, BISRAE K (B 3.6) o FETHARAL D HI4E BRI, AR 1
I JEARAN | K/ INAEAE B3 1) e il A KB (BT 3.6A)  (P<0.0001) 5 FEXY
PR B AL ZE (K 3.6B) (P=0.5980) o MAZHeikE 5 LR HE P B & Ay
PAE H, BEE M H /N EK, Log centroid size MAUE B TEAE, M TR B A [
TR U ARAY,, i J s ATy S S AR a5, AR AR K AR
FLCE 3.6A) . FAMEXTFRZL 73 B TEFA I K /ANAFAAE A KR R (] 3.6B)
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A ® Q.dentata

05

® O.aliena
£ .
2 ® Hybrid
Q‘ s 2 = A o - - . ! .’
g +ehape .. . T o i oo
O oo . . o, .
2 .
=
g
)
-shape

° s-1.E -II.U -0‘.5 0..0 0‘.5 1‘,0
B Log centroid size

05 @® QO.dentata
= .
) ® O.aliena
2 :
] @® Hybrid
S '
2 0.0
B
¥l
g
g
&
<

Log centroid size

3.6 MIERAIHR S A SR FE T X FRE 7> (A MEEXS PRy (B) [ 2B-PLS 73 #f7
Figure 3.6 Results of 2B-PLS analysis of Q. dentata, Q. aliena and hybrid based on

symmetric components (A) and asymmetric components (B)

3.2.4 [A) A S 36 i [ 52

M CVA HIBUSERTLLE B (B 3.7), #%E CVI il (RFITTIRE N 94.8%) ,
R R B A b 555 B, RIS 1) BAS G A R0 AR 7 I RGN ) A %, R
RHIMRER A IR A K R AS « Y5 CV2 Hih, SR BEE S IIRIEA I
HES (HETTERN 4.1%) , WHRE CV2 LR, RIS AR R 5 45
FEIHEAR ] 5 E R 2N 1.7567 (P < 0.0001) ,  [F)38R FROAGHR AN 54 PR AR 1) 25 E R
BN 0.7102 (P=0.0219) .
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6.
e sympatric Q. aliena
4 ‘ e allopatric Q. aliena
e sympatric Q. dentata
S 9]
X 2 @ allopatric Q. dentata
¥
S
O 07
2
4

-4 -2 0 2 4 6
CV1 (94.80%)
3.7 WRRAIHER [RS8 CVA 2 Hr
Figure 3.7 Results of CVA of Q. dentata and Q. aliena of sympatric and allopatric

DA A2 X ISR EE R (B 3.8) R BH, W EMAR I [R) 38R e 38 10 40 1 v (A
3.8A), [AHHH 68.12% MM # IE#A X 43, 480 60.32% M 7 4 I X 43 (T?=
217.0449,P<0.0001) o P By ZEMHR B RIEAN S 38 i )0 e (B 3.8C) , [
68.12% M A 4 IER X 43, 53R 60.32% M A 4% IEREIX 4 (T?= 76.8588, P <
0.0001) o [FI4s FRIAASK RIS 2 5] 475 PR P T 2 S L Sl TR A7 AE IR T 22 S
CNRTE

b
501 qu—

72=217.0449 f - (1)7;086?486
P <0.0001 Zp 0 :
5 30
>3
20
i
= 10

-
&
=]

Frequency
[ w
(=1 (=]
u

—_
(=]

0

<

10 20
m allopatric Q. dentata

0

6 4 2 0 2 4 6 20 -10
w sympatric Q. aliena  m allopatric Q. aliena ® sympatric Q. dentata
d

o
—
(]
(=]
—
15
(=]

17=3684.4459
120] P <0.0001

7%=76.8588
P <0.0001

=)
(=]

Frequency
Frequency

%]
(=]

(=]
(=]

5 4 3 2 -1 0 1 2 3 4815129 6 -3 0 3 6 9 12 15
K 3.8 M ARANHRA [R]85 DA 73 B
Figure 3.8 DA analysis of Q. dentata and Q. aliena of sympatric and allopatric
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3.2.5 HBFHURI S figesxof i B 52

AT O BN S g H i A E A &, S5 R TR w5 /s — 3R 4 (] 3.9),
RIAEH o FRZH 43 H, PLST (5 RARTTERZE 1 89%, PLS2 (5 RARTTERZ K 10%,
R T B K I A2 biol5 A prec08 (& 3.9A) . 7EM FAEXTFR4H s>, PLSI & &
FHOTBRZ ) 96%, PLS2 (5 RANTTHRZ 1 3%, ffRE FE i K /2 biol5 F1 precOS.
LA Y HOSEANASAGEER F- Hoe HTE CRERR/AERT IR 53D 5200 B 98 HE 1) IR 7
#& biol5 Fl prec08 (& 3.9B) .

1.0 1.0
0.8 0.8
bio15
0.5 05
~ 03 ~ 03
£ £
= bio02 ) bio02
— HOl
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Figure 3.9 2B-PLS analysis of environmental covariates of Q. dentata, Q. aliena and hybrid

based on symmetric components (A) and asymmetric components (B)

BT bR 1) dbRDA 434 1 3R AN S R0 T 5 ma, 4 i) 3L
B U R A LB e AT A S, F AR A S R B S, FER
K, WEREEME, PEARRAELFEBRBNRRE, PEBUN, NG iZ R
VR IERA, 77 ZRMREA R A G9REY]: PRI R TR AR bRl
B 5220 RO B2, AR BRI 32 BRSNS 2. 2 (EAEFE I P B S
BT Ja, SRR AR IS RN 22 (B2 3.1)
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Table 3.1 Tests of the association of leaf shape on the total sample with geographical and climatic of predictor variables using distance-based Redundancy

Analysis (dbRDA)
A 2 B P R W5 Q.aliena Wi Q.dentata
test Variable predictors F P J5 % variance (%) F P 772 variance (%)
biol5 0.5422 0.683 2.53 0.794 0.569 2.47
T N bio02 0.5348 0.728 2.50 1.165 0.336 3.62
BRI (AR .
o bio08 0.9075 0.46 4.24 1.902 0.069 591
B
prec08 1.1559 0.333 5.40 1.317 0.266 4.09
Marginal (all
) Latitude 0.3428 0.871 1.60 0.429 0.897 1.33
variables)
Longitude 3.6024 0.010 * 16.82 1.23 0.283 3.82
Altitude 0.3365 0.869 1.57 1.359 0.229 422
- biol5 0.5422 0.674 2.53 0.794 0.601 2.47
A CHERD .
bio02 0.5348 0.706 2.50 1.165 0.314 3.62
Conditional
bio08 0.9075 0.445 4.24 1.902 0.071 5.91
(Geography)
prec08 1.1559 0.289 5.40 1.317 0.251 4.09
A U Latitude 0.3759 0.834 1.75 1.239 0.274 3.85
Conditional Longitude 0.6022 0.631 2.81 0.788 0.567 2.45
(Climate ) Altitude 0.3754 0.835 1.75 1.718 0.116 5.34

e PRSP A AR, A R S R Tk AL, * P<0.05

The marginal test includes all variables, while the conditional tests account for variation in the selected variables.
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3.2.6 M Frbr s mUBCE UL HA R B

WRRME G RRZEL 3 FNAEXT AR 53 WP O B A G B 5 B, nl DA Y
iR (B 3.10A) FIMHR (B 3.11A) 32 HRIE 2.3A R 14 b, MRIEXT R
43 RV /NF BT B0 B 104 X BN 11, 5 S il F AR 20 . AR %
MK 2.3B 73 = HB 70 I, BARAT PR 70 AEXTRRZE 7> (] 3.10B) RV /T Hi4E
TR R XA 2,079 F1 1,210, HHR XS AR 73 FIAEXTFRH 2 (Bl 3.11B)
RV /NFEEETF IR BRI XN 372 A1 374, TAEIZIREE 2.3C =%
I, WERATFRE 2 AT FRZE 2> (B 3.10C) RV /NTF BT 56 IR 1 70 X Hk
870 11390, HHh I FR4H 7 AHAEXTFRZH 5> (B 3.11C) RV /M T B T Je i ik 1
SrIXHCN 28 F1 43 (3K 3.2) o DRItk AHERX PR ZH 3 AR (R0 Pk 25 23 FH X0 FR
H o4 2.3C 70 =357, RV R RHGE R 800 A 1) F R (& 3.10 F1 3.11
fisk) , X4 RU C B SR X g — 3.

g 7
A g :
! i
&
RV coefficent RV coafficiant
z Iy
B 3 ]
“ S m
g §
[ s
Multi-set RV coafficient Muft-set RV coefficient
¥
]
c B =
¥
w
Multi-set RV coafficient Mult-set RV cosfcent

3.10 WEREEHAL IR R T A T BE 2 X P T A R BT o i Sk A DX
LRI AR AR
Figure 3.10 Histograms of the squared trace correlations for all possible partitions of Q.

aliena. The arrow is the lowest value observed for all partitions of the configuration.
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Figure 3.11 Histograms of the squared trace correlations for all possible partitions of Q.

dentata. The arrow is the lowest value observed for all partitions of the configuration

R 3.2 WHARHE B AR RS IRER K RV R BN 7 [X ELA51
Table 3.2 Multi-set RV coefficients and Proportion from the corresponding permutation tests

for different subdivisions of Q. dentata, Q. aliena and its hybrids

AR Q. aliena R Q. dentata

X FR4H 53 JEXFFR 53 X PR 5 EXTARA S
symmetric asymmetric symmetric asymmetric
components components components components
RV/ Proport RV/ Proport RV/ Proport RV/ Proport

RVwm ion RVwm ion RVwm ion RVm ion
A 0275  0.0947 0.243  0.0011 0.239  0.0266 0.458  0.3118
B 0364 0.2079 0.385  0.1210 0.261  0.0372 0.348  0.0374
C 0328 0.0870 0.313  0.0390 0.222  0.0028 0.318 0.0043
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3.3 MARARBI RIRE Z S 32

M 3.3 WTRAE Y, Xception AU AEMFHRAIHAN I A 3938 B 5 0 28 B0 7336
BORBERELS , HEM AR TTIE 95.8%. (EAEMARHIIN 55 2% SN 1 =73 J& o 1 e 1
AL, HA 44.5%, WA MEMNEEZE LIRS WAREET X 70, SR
DRI PIHERRR (67.9%) ZELL SHERXHERAR (71.8%) ik, WHIR MR
A LS EAEX 7y, RIS BE 9 B

3.3 MHRABAR Bk 22 MA SR T Xeeption B HOVRIE 7 2] 45

Table 3.3 Deep learning results of Q. dentata, Q. aliena and its hybrids with Xception models

FmE HER F1E HERZR

Precision  Recall F-score  Accuracy
Data A 0.980 0.935 0.961 95.8%
Data B 0.815 0.662 0.731 71.8%
Data C 0.873 0.554 0.678 67.9%
Data D 0.335 0.329 0.332 44.5%

3.4 =ZFERFENEELLRER

Cost-effectiveness of three methods
e ()| el G VM5 nSSRs

70,000
& 60.000
= 50,000
= 40,000
£ 30,000
= 20,000

S 10,000 '_s'_____z':.ﬂ—:—;.'
= o

200 400 600 800 1000

Number of samples( individuals)

3.13 L5 B U 25 FIIR FE 2 ) R T VE U AR SR A BN 77 H Bl
DL: JRFE%%>2]; GMMs:JUATTEAY:; nSSRs:7rFAric 771
Figure 3.13 The input-output ratios of GMMs and DL methods were compared
comprehensively of oaks identification.
DL: Deep Learning; GMMs: Geometric Morphometric Analyses; nSSRs: nuclear Simple

Sequence Repeats
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BATEEHEE T L nSSRs, GMMs I DL =R iR S Rl A . &
3.13 fion, B4 MASUE NS, nSSRs 75 E#HT KE R4 75256, FEXt
DT & B ECHE AT B 04, AT RIS 2 o B nSSRs BIRALE T AN L8258 ik
I B RFEMEE;: GMMs 2 Xf M g T N TR 13 Ma& s, 2T F5
B RMIERA AT G b, A0S T N TEEEU R, TAE & 3 B R Rt
A SARC AR S £ DL R, JEEALES 52 ST 1 H B RFESE A, X p et
KR AT S, BENLHEZI T B a4, TAF & 32 SAR P e R T A AT R 1) 1
o ATKEAETR N T A B F S A, 856 BT 710 SR SEBRAE 2%
THOL, LA FIAMA R (A B S B A, BL 1,000 AN B T
B

nSSRs: FEYEE 2 DNA #EHGAF & 1,000 X 5= 5,000 J6; Mix: 7,500uL
X 10/1,000="75 G ; 1E A 51 4: 60uL X 128/500 =16 7T ; K [f] 51 4): 240uL X 131/500
=63 J0; MI3 ZGFRICTIH): 240uL X 1,287/500 = 618 JG; F2HL 1,000 MNAMA )
DNA Fr i R B ks & 5,000 + 75 + 16 + 63 + 618 = 5772 Jt.

¥ 1,000 1~ DNA MEZIEEN 96 FLRH, 3L 11 B DNA 5, /5 IRFER
TR S 11x3 =33 o X TR ETRFERI KIRE af, SEREYA TR 2w B 2%
PrRifEA2 350 Jo/d, PRk, B4R A ukRsll ) s 9 H A 33%350 = 11,550 J6;
TN SIRIRH AN (167 +264) x100 = 43,100 JG.

AT 71 FRE T EERT 1,000 MAMERSGER I s 2 2 : 5,772+ 11,550

+43,100 = 60,422 T

GMMs: " F AR C AT AN (10+8) /60x1,000x50 = 15,000 JG; M
AR 31 1x100 = 100 7T, A UAIEA S0 i) 1,000 SN 75 & 2% H
N 15,000 + 100 = 15,100 JG.

DL: B 5 A SR A 1,000x1/60x5x100=8,333 75; F AL 2% H
13100 = 100 7T, AR SI%5]) 1,000 NMMAFTF 8,333 + 100 = 8,433 Jt.
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4 17118

4.1 HHARFIHI I RO 57 K5 R

AW E G 12 X7 SSR G140%) 54 AHRARARBG A R #EAT A4 23
SERFY K = 2 W m 2R, BT 740 STRUCTURE 45 R AT L
YRR AT B BN ERR R 23 82K DL Q = 0.9 NAA HHA IR, Pt
NAME TS 2E5 AR AT AN . FRATTRAIE A% Ja 58 (1) 25 B RAEA AR 4 iR
W DA R AN, 3T 1B T AR I 2 S 9 o B6 T T LT T 25 2% 0 A A
BRI DL S Z 52 AN R R ) o, CVA 45 SRAIE S T MERRAHR LA K 238 AN A
I TEAEE— AR R, (AR MEFEN TEATZM (B 3.4) o WM
P ] DA T M H B ATT 0% P T 22 e 3 S AR rp R ISR A O X3k o T A S 1 2%
AR SZ B AR, R IR = 3 P4 7R, (B SR ) B A A o
SR, HIZHEAELL. DA R RMERH, 90%MMHRFT 95% HIMHR il LB IE
FIA) (& 3.5a) 3 T9%HIMR S 73% 28 38 AMATT DA IE #2000 (] 3.5b) ; 84%
(IR 5 54% ) 28 S AT ARG IERA ) (B 3.5¢) « ARFFLR, BfEFEn
TR TR B R a2 GRS FH 2 A Y)F0)  (Stephan et al., 2018; Viscosi
etal,2009) o IXUEEHAEAREIH LA B B2 SR ARV P LSRR PR A4

AT T I T AR 20 X 285 B R BE 5 2] SRk B A R B EHRRFAE LB /N T
T, SEiRk T ARG R R EE N TR BURFAE 1) 850 . Xceeption 1522443 2Kk
iR, BARFRZALEE T, [ Xception 15 R AEMHRMET K& 2558 ANMA
248 BUE 5 28 B AT 5 A, 3% R AN = AN 2R il T = R R
P30 2 ASHIE TS T 0 P T S B0AIE Rk it ik BB 350 A s 0
EHEWEG, BRg— RhAf, HFAESAS T RmER A, R 7L
S FVERRZE . MER I T 2RUER R (95.8%) s T HAh = 4 HUE,
i A AR AR R 1 T 22 S5 B AR AR, (HAT DAV N IX 43 FRitE o 20 50l B A AR R 5
Fe AR A B 5 R R TR, ARSI 7 e S — 28, TR B
TR B AR BB, X —E5 R 5L NMESZET I CVA fil DA 45
—H. X% (2018) XF T-HARMH 3 A0 1 6 ANFREFIVRT o R R B, AR
1) 252 A8 AR TE A ) T-AR (R TR U A MRS 1) e TR ARRALE 32 () S 52 i 7
FEZES . BT 7 AFE R A 3L 54 ANFPEE,  CEMR AR 1 17 5
BN T (B 3.8) A AT RLAIL, W B 52 [R a2, 1 R 38
WERRIT FEAT TR T T SE AT e 38 o TTE I, 76 RAY SUE B K, JhH &1
IR IBCRFE BRI, S AMA [ ] 23 TE i R T

GMMs AJ DA IR AR A0 1) e B A I 70 R SRS T SE 1K 77V (Viscosi et
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al., 2012) , EAMUATCAX 7%, 0T LR R URZE R ik 35 . GMMs
5 DL XF i ERFOMR (0 25 0 i e # A BB S % AMME, DL fEASE LR T
GMMs, TERAFIR[E]_EBA BERH . 3 MER%EE L, GMMs F DA 1)
X IELE RIS LT DL, BN DL SyER R BT ER, (H AR A
ERJE S P AT AR AR AL, DRI R ZE K o L A A (RN P AN AR el AT LA
HBEAT 5] (Ponton et al., 2004) , ML G A SEAE S LLAE BL R 16 4 1) Ve 0 s o
F GMMs (Stephanetal.,2018) . nSSRs FiEA R KA. N LEIERESE
A, TREERIIL R AR EEAL 500, %045 R EAEY ks, I+ H nSSRs
Kot iB v T AL 28 AR 7T s GMMs 7 VE ] DUBU AL R RUEE, HLBEAS
Z 5, (AbRE SAEARIC I FE 5 FR R A SE R, DAYk H 3 W W T e AR
fiRZ; DL FIEBRATT, XMk, HEREIEEER, 75J0RE
B AR TR AN TR R AR 28 b, 83 T & ATk,
TR FE 2 SIED P ) S 50 o 2 — b s BB R ) 7

4.2 TR SR RO RZZSHHE

FRME Morpho J #TEARZEAL 73 e BRAZAANAE X FRARAL, BNt T 5 A
[ A= ) i) R 92 115 2. (Klingenberg er al., 2002) o SR 325 H T HE 50 AMA
ZIANRTEARZE 7, T AERT AR AL S AR T A S E 04, BU i e RS T
RE Mt &srdE (Mikula and Machola'n, 2008) . X T AW 5,
MorphoJ #&4E T AMEIAEXT BRI $E it (Klingenberg and Monteiro, 2005) , H T 54k
AR AR DGR AL, WM ER . SRR T AN AR AR - Al bR R B
Bl (B 3.2A) G NAHRRE Sy (B 3.2B) FEEXI AR (B 3.2C) , XIHR4d 9y
F BT 2007 MBI, EXRRZL S B T S AR R AR SR A .

MR PCA W] LAHH RAG IR A FEIRARAL 1) = BERRAE,  FRATTE AR
WL e 24 S AMAREAT PCA 08 (B 3.3) , BESE T AT IR CRFRRE 43 ATl
SRSy ) AR R ST XRRAL ) PCA 208 (& 3.3A) , JATEM
PRI T ARAR S E EARELAE PCL b, MPRAE PC1 _EYE R KEUN 0~0.15,
WE PC1 _EYERIREUN-0.10~0, XU AR R AT AR YR . mixdTHE
SRR 5y, PIDFR R 22 AN R (KB 3.3B) « FATRIH PCA 43H71iI PC1.
PC2 WAB AT Hl ks B (B 3.3) , AT DUR ISR o 481k, E 2
PR IAE I e R ANy S DL B e i 6 B R AR AL

B X RZEZ00 AR (1) TR AR AR 52 [R) e el sz ey, AT
SV HRHRR AR 1 [RS8 S 3 g 43 2848, 43 4T CVA I DA CVA £5 5L (] 3.7)
A LAE AR R T LU AR E , MR TEARAE — B A8 e, I Ho s AR KA AR
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B S DA AR, A RT RE A AE e B [X e A8 T2 R 2R R T IR X ek, BV i

(reinforcement) /£ FH ISR IE . DA 45 538 AR AR 7 72 [F] 380F0 S 4w 1 0 il v, [
WA 68.12%M F# IEFAIX 4, FIBA 60.32% 00 8 IERAIX 435 M it 7
(R e S R, RIS 68.12% M 3 IERIX 73, 38T 60.32% 1)1
WEIEWH X 3 o P HUE B LE S 3O S P A i T 2 B LG [R]3siR 0 SEARRL,
e T F— A B N R SE PR YA S 2 R R, BVAE S RHE B4R (Ecological
Character Displacement, ECD) #411 (Adams & Rohlf, 2000) -

MBI AT TR 2 A5 R 752 i Fo s R,
FIEA AR AR 5B R &=, WA AFA R R EER (K
3.9) o FEM Fr RS BRFIAEXS TR AL 23 v, Xof i TR R S e AL 1 32 2 )\ 43 B 7K (prec08)
FMPFEHEE (biol5) o [T UBRFIZE A dbRDA Z30#7 1 3R 5558 1%

URCME (3R 3.1, SRR UIMARHI I AR L bRl b sz 2 Re e B2, (5
MRS PR I T 52 MO SR S S S AN B35 . FEfS I BR B SR R 7 IG5, S e bnx i
PRABRS (R TR A AN 225 o T IR I R TSRS, MR ISR R 2 46 2

VRCMRELR, I HL A ] 52 25 i s R /INER 3 82 ) 7 AR A S PR AR

4.3 MFR SR Y IR E KR

WRARABR R T AR A R ) R AR KR R W (] 3.6A) , I RK/MEH
INBIR AT, TR R Ak 2R TS s AR AEXS BRA 73 A7 A 2 2
MR AR (K 3.6B) , IX5HAMTEHBRR AIHRIE 0 (Viscosi, 2015) o Fit
ST MR BB ERLE XS AR A 73 R A AE Rl AR KA 2, AEAERTRRA 0 oA SRR A K
T UL S AR KA U O M TR 22 e 225 . BhiERME (2007) #2H, HEYI)
R BRI BUAE J LA 2 BRI ZE R 3RIA, B T il A K DAAMBARAE — € I L A
RINFEW . MBI RIC MR/ g EEY) R id A KRGS H Rt — P 7

S AR KA M IR A LLUIX 2 L 4E I (A D B8 (function of time) A1 K /NI fE

(function of size) WA FFIEZRZEHFE (Weiner, 2004) . LA EHIER
I [a] B DRE, ek dr sk (life table) , {HR R 2 AR TEE 5 H R (size)
R BRAFE o {H 22 R /NN T AS GE S 3R AT [X 43, B S adt A KeAst =0 5 ol AR Ko #r o
FEAT AR A LA LR BE 1) S AR KR, B s e S E A (IR AR AT
A HUAT LU B ma A = s 10 B, AT S A 478 A s B2 R AR AR
b ERIFRIE, AT SZ MR A A 1) o A AR

4.4 HFR SR RIRRAL 3 X

FETURTEA A Tt B — A N B bR & RUR ) 8 2 TA] ) SR T
/N, PR, JE e P AR TR A B AR 5 B, W B4 VPl R (Klingenberg, 2009) .
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— ORI LA o0 A AR B AR & R 9 A — 74 X EH S XS BRI ZE
AR FE AN BRSO R AR G i, O AR G TR AR A — TR, SR
T Py B A SR AR HAR R A A X A7 (Klingenberg, 2009) .

AW FUIE T AR L S B AT T RS I R RS AR AL, R I R R
IrAAERI AR 7y IR & SR AR T4, DLERT LB S R b 73 [X
B UERE Fy ih 72 1 g B — BT DL R P el = S5 00 Rl o A o R s o) X 45 SRR B,
kR (B 3.100 PIXTFRA o FO (B 3.1 BIXSRRZE 4 LSRR FRH 7, 1
G RNIFARER . R ER A LA AR (B 2.3C) #B2 LR A& AR ERAL 43 X o TR
F XS B g ] TR sy oy — AR, AR Y — MR

AT ERE T A X, XMASAmTEZ 4, g — ey
SR TEAZESR), KEhRE ST LRI BN B E S B )
P AT RE 7 X SRS AR AV B ELIRE A, 3 M2 18] _E AN AS R 5 AT RE
A RBEH & FRIE (Klingenberg, 2009) o L i PRI 7 8] (1 74 8 M AR 2508 2%
oy BRI, BOYIRS) 1B E s & R EE A TR SR . (BRI T bR
R 7y B HESCR AR AT A 2 5128 A B o X B, 2 i1 T Klingenberg
AW 20 MRE R BUN AT RS2, PS4 REIEES Y L AA — NS4
S B, A IR TR AR N B AR SRR T F AT R N AR5 & K B A AR A,
AT RE S AE X HIK B HuA X (Korberg and Guha, 2007)

TEXT RIS TR AP PRBE 78, Mirsha 25 (2018) #1351 JLANME T 2 9R
M UTH BRI X, KB T FE T D Re e KA S AL 2R AL (5 =, JFR
EH 0 R RT S0 PR AR AR 2 1) B 22 5 AT 6 5 2 A I & 78 T A o ik R SR ik 1 22
TR RAEBATHEY —4eRiEA 7y XN, 35 BES 25 B AL IS T S48 7+

IRCHE AT BEXT HAREAL 73 XA IR . e BB HIARRE .
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5L SRE

5.1 4518

I ARSI DR — B R AR 2 SRR AR R, RO TR AR S i &2 i
FE RIS 2E A R O T8 M AR IR o BRATTHOR 70 43 T T Mo BEAT S A [ 1
DL A ] 56 2R, K 1 TS A58 S PRSI o 2 22 67 15 228 (R RS A7 W b 14 21 364 1)
I LA 9 20 R MR A FH U S S AR FE 22 S AT R 0 28, A DU 45k

CD) U 2RI B 27 ) T i TR AS AT LA DX 23 M AR AR , (g A% 4
SEWIRAMELEM R IEA b, SSERTEAE VIS AT A Y,

(2) MBI AR S ek s, (ERR Iy JEARAE S Sl b A SRS i AR
FE R Z R EOK, A ] Re 3G s AE A A SRR B AR 4 AR

(3) HRARANAR AR I o6 BRZEL 2y A AE Sl AR KB =, RN 5 TR AR
SEAFAE SR s MERRADMELRS - JE T FR 2L 7 R AP AE BB SRR &R, R KNS
R TEARAE AN R

(4) WRARIR B 52 48 5 R0 S0 38 o WA AT ARLRRS (%) i T AR i 5 P /K 2= 1 A
FRE (biol5) Fl1 8 ALrBE/K (prec08) HXR, HIEARM sy EAEER.

(5) PIFARIEIH A AE R AL 23 X BRPR ORPRREAE S Betiims iR, HE
XFFRD 43 NAQES S b Hp TR 5 R AR =AML, HRERI AR RRAL 20 53 ot A
PSR

TRATEIBIE FE I W RARR R 0 01 S TR SRR AE SR A T RS S, I i S
BT IR AL TR Z %

52 RE

AT T I TR P I ARALE G AONE TN R, W LA AR 5E 5, JLRE
AR E 2 ST REAT YIRS 0 73 2R, FFEA AL 57t S HS i R R BEAT IR A I
SRS — L& () AL A Ja BT FC M E RS e, ZI28 R

(1) AR L2 AL T AR I AR AL 0 S A R 2R, ASARRS
PRAL T IISEBE IR R o H i AR OG AR AN S ) AR I K 0, XM AE KOG R 2
75 3 FAt AR W TR 3R B PR B D R i 7 Bt — e s, R RS RE L . R
SR S A R M T B RT SEE, ATi  AR AR I R T AT A K L
HL

(2) AW TR U B &S AL AT 70 eh . R25 8 1 B A = e (4]
TR (R FR 2L 73 AN AR RS FREH 3 FRIRE P o AROKT LAZE FE 45 45 Pl I8 A% 2 AR G
W, WAL M AR A8 5, =R AR D ORAE M RS EERIE . 3
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PR A T IBVE AR ) e AR B AN B o #5227 BT FE A R] LLAR 78 3 AR AR
IR TR EAT AR ORHIE TE o 341, R3S 3O AR RS 1R RS2 i3 75 AR 0 A
AL DRI 170 55 A FEAIE P o

(3) F:T Xception Y IR ) SLFAREM TE 25 b, PSR
BRAIHERRE R X 00 HOR PEBERE, it B H 2 0 A AR SOR UL, SRR [y
EARZE B A T AN RIE I P TR AS AR, IR 2 5 SR 2 105 B A AR AL R 7
Kbkt —PIIE. BRI SRR, AT LSS & HAl a8 5 2t AT
PR, EEAE R B ARR - DL AR R R R B T B RR - JE SE AR T Rl
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