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Abstract

Abstract

The current global climate warming and habitat loss as well as habitat fragmentation
due to human activities are the leading causes of today’s biodiversity crisis. The
knowledge of spatial patterns of biodiversity is of great importance for biodiversity
conservation and interpreting ecological information. Genetic diversity, as one of the
important dimensions of biodiversity at molecular level, reflecting not only the species
lineage information and population dynamics, but also the species’ ability to respond to
potential risks caused by environmental changes. However, current studies refer to the
distribution patterns of biodiversity are concentrated at species and ecosystem levels.
Previous studies made attempts to report the pattern of genetic diversity using the metric
of nucleotide diversity, the pattern and drive of haplotype diversity and whether a
difference exists between haplotype diversity and nucleotide diversity remain unclear.
In this study, we develop a new method in estimating haplotype diversity from
sequences with unequal lengths based on theoretical derivation. Subsequently, we
integrated haplotype diversity and nucleotide diversity to explore the patterns of genetic
diversity in terrestrial vertebrates (i.e., birds, mammals and amphibians), and we
integrated environmental data and species traits to fully understand their roles in the
build-up and maintaining of haplotype diversity and nucleotide diversity, and compared
the similarities and differences between the drivers for haplotype diversity and
nucleotide diversity. Furthermore, we attempt to analyze the inherently associated
between genetic diversity and species richness to well understand the mechanisms that
shape biodiversity and conservation biology. This study contains four topics as follows:
(1) The extend method of haplotype diversity and its distribution pattern; (2) The
patterns and drivers of haplotype-nucleotide diversity at species level; (3) Population
diversity, a bridge between genetic diversity and species richness; (4) Genetic diversity-
species range size relationship

Traditional calculation of genetic diversity depends on sequences of equal length.
However, many homologous sequences downloaded from online repositories vary in
length, posing a significant challenge to quantify the genetic diversity, especially
haplotype diversity. We developed a new approach independent of sequence length by

applying the same parameters used in calculating nucleotide diversity to estimate
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haplotype diversity. We compared this novel approach with the calculations by the
program DNAsp, and we used simulation data from terrestrial vertebrates (birds,
mammals, and amphibians) to validate the method’s performance. We further applied
this approach to explore the global latitudinal gradients of haplotype diversity in
amphibians, mammals, and birds, and compared the results by traditional methods. The
haplotype diversity calculated by our novel approach is consistent with the results from
DNAsp. The simulations showed that our approach is robust and has a good estimating
performance for sequence data with unequal lengths. Our approach is capable of
estimating haplotype diversity with unequal intraspecific sequence lengths. In contrast
to patterns based on traditional methods, we observed different latitudinal patterns of
haplotype diversity between the northern and southern hemispheres for terrestrial
vertebrates, which is consistent with the updated pattern of nucleotide diversity for
mammals. The present work contributes to the development of more precise
quantification methods, which may be broadly applied to assessing biogeographical
patterns of genetic diversity.

To explore the genetic diversity pattern at species level, we integrated haplotype-
nucleotide diversity to reveal the genetic diversity pattern and their possible
interpretation for birds, mammals and amphibians. We tested whether the hypotheses
(i.e., climatic stability hypothesis, habitat heterogeneity hypothesis, and productivity
hypothesis) used to explain the species richness could account for the variation of
genetic diversity, and examined the impact of species traits on genetic diversity.
Comparatively, nucleotide diversity are more aligned with poleward decreasing rule.
Specifically, there is a consistent latitudinal pattern of nucleotide diversity among
various terrestrial vertebrate groups and the tropical and temperate regions had
relatively higher nucleotide than other regions. However, we observed the similar
poleward decreasing pattern of haplotype diversity in amphibians. Haplotype diversity
does not exist large variation along latitudinal gradients in birds and mammals. This
variance has correspondences with the effect of climate change velocity on different
genetic diversity metrics, indicating that the haplotype diversity pattern of
homeothermic animals (birds and mammals) have not been heavily impacted by the
climate change velocity since Pleistocene glaciation. Therefore, climatic factors and

species’ traits co-shape the distribution pattern of genetic diversity.
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Abstract

To explore the relationship between genetic diversity and species richness. The
population divergence (PD) is thus suggested as the intermediaries between the two
dimensions due to its importance in lineage differentiation and speciation. Here we
investigated this intermediaries principle based on 855 New World terrestrial vertebrate
species data and piecewise structural equation models (PSEMs) methods. The direct
relationship between these two biodiversity dimensions was not supported by the
current results. The direct relationship from genetic diversity to population divergence,
and from population divergence to species richness are supported by our results, which
further support the hypothesis that the population divergence act as an intermediary
between genetic diversity and species richness. In addition, we found that the
geographical distance between populations and human activities had a major effect on
PD that to some extent explained the variation in PD. These results improve our general
understanding of the drivers of PD at taxonomic-wide scales and provide a holistic
framework for understanding the universal mechanisms that shape biodiversity across
dimensions.

To explore the genetic diversity-species area size relationship of birds, mammals, and
amphibian. We integrated haplotype diversity and nucleotide diversity to figure out the
relationship of genetic diversity-species area and the role of environmental factors in
shaping this relationship. Results reveal a relatively consistent haplotype diversity-
species area relationship among birds, mammals, and amphibians in that haplotype
diversity increases along with their species distribution range. However, nucleotide
diversity-species area relationship displays a hump-shaped pattern for birds and
mammals, but a positive trend in amphibians. These together indicating haplotype
diversity has significant potential for using genetic diversity to access the threatened
status of species refer to range size decreasing. In addition, our results suggest that
environmental conditions (climate and geographic variation) can act as an intermediary
between the species range and genetic diversity, which may provide a foundation for
interpreting the genetic diversity-species range size relationship.

In conclusion, our study based on different sections reveal (1) haplotype diversity, as
a representation of genetic diversity deriving from the sequences with unequal lengths,
has high accuracy and stability; (2) Species adaptive traits would moderate the impact
of environmental change on genetic diversity, indicating the genetic diversity pattern is

the result of the trade-off between species adaptive ability and environmental changing;

Vil
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(3) The formation of population divergence and species richness in terrestrial
invertebrates (birds, mammals, and amphibians) are the quantitative (molecular level)
and qualitative (population and species levels) changes of genetic variance, which
means population divergence is the bridge between genetic diversity and species
richness; (4) Discrepancies between haplotype diversity-species area relationship and
nucleotide diversity-species area relationship, which indicating haplotype diversity has
significant potential for using genetic diversity to access the threatened status of species
refer to range size decreasing, which remind us that genetic diversity studies should not

ignore the difference in biological meaning of genetic diversity metrics.

Key Words: Biodiversity, Haplotype diversity, Nucleotide diversity, Population

divergence, Genetic diversity-species range size relationship
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1.1 M

1916 4, Harris fERFFUHFE X AL & RO = BE B O 1 AE ) 2 Atk
(Biodiversity o Biological Diversity) —ii] (Harris, 1916). HHEI# 22K
W2 FEVEE SURBIYI . Y A S5 AR AN AR AR IR BT U AR S 2 A A
BV RAR RS TR M L5, A R A IRIEAR I FHEZ — (B30T, 1993).
A=) 22 RE AR A A SR B IR 0] 23 =R R B2 IR, RIS KRB 2
Wb L FEVE AL ZREVE (58, 1993). 4275 R 482 FENE IR R 25 MRV |
TEALIRIE K LRI K A AR AT FE I 2 REE . AR RS 2 BRI A )
IR, FEAFERRE AR BRI MAEEE A CnBEvE v A= B
AN B L RBEVE (R0 o D0Fh 2 FEVE SR W) 2 FEVETE DR II R IR T =X,
FEAE RGN G R T8 TR — 5 X A RR DG« e R B 78 A )
Fh 2 FEVE BT B T Ak DA S SEREDL o S8 3B 72 7T DA T ARAS [R] X 3R b 22 R kA
JRi R TP A SR UL SRR SRR B, HETTTZE R F il e G R A 2
M CREBIZBISEIAD (RYRIS I AR . HRTHE 7R 2 RV 005 F 4R br
A= aZFETE. BEFEIE. y2 M. o VR RIT L — e X I 50 A 85
TUMEIEE, WA AN Z RN (within-habitat diversity); B2 kEM: F Sk H
SRS ] AR B A 7 1] ) P 22 0 P L e PO A B B2 B ol 22 6 A i o BS54,
BRI A R 2 BEVE (between-habitat diversity); yZ2 REVE I S Hik — & X
AR E, WX IEE N (regional diversity). 1% 2 FEMER D)
ZREETE R o F- 5L, SR IR AR W BTty (R 8% (5 B R R BE o ) S gt
& Z FEPEE TR ER b BT AR M BTy (AL 5 S B . R S 8% 2 7
PEE B AR A ZE R A R FEE (Miradlo et al., 2016), AR FAEERIR
[ ol ) ) 0 A A o AT ART— MWD BT AT S R B84 45 S 2L P2 ) o ) 2k R
(Gene Pool), Rk, 84 2 FEMERT G 12 iR M Fh 3 K e 2 AR LI R b o
WE, — MM EE BT R, ZFT T IR I TG N e

1
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R o

REEYZFNAEES RGKT . PR FEAL KT8 HPE A € X,
A=) 2 FEPERIE TC £ B AE T b S Fh oK, HA il DAYAh=E 5 . (AN
VIR H BB A VAR 2 FEYER TR bR . DA R 45 R B DU = B R
TERIEEY) 2 BEVE B 23 0 AR SR FEAN S —, W05 8 BE I 2 0% =) S 2 A6 1
REHHLH C 2B 2 B TR R . U0 Rosenzweig A& B —5E XI5k P9 40 = g
It 5 X sk T AR (3 KT 386 00 (Rosenzweig, 1995), IX R X sk 4 fh = & A1 X I8 B
KEEIHIEMIHK AR (Gaston, 2000). EHER I I, Yk 2 REERE SR
THn 2P LIS (Gaston, 2000). (W 78R3 2 R 70 X 35 K 3
J&, YR s B A IR ST R I A AR AN R AR A&, (1) By
s, YR A IR T TR, AR R Xk B A . AR
TR PSS S AE AR A P A DI A8 b [X LA 5 DL, s A0S BT A Y
X 55 DL B — L8 19 28R 7,2 (Ah - Penget al., 2007; Naniwadekar and Vasudevan,
20060, (2) FRUEREI, YyfhF R XA g X e, R R
VAR 1 T e e i 1 5 3 U0 o S AR LA b T WA P A VAR AN [ RT A
AT (Y Fh = LR A T AR IR A f5 IR (Db == & B e
RET otk o AR AR NI LSRN S 2 b BB AL, SR T L X 128
J& T AT (Wuetal., 2013), FEHSE Luson LU ) /NRLIR FL K & T f U A5
A (Ricklefs, 2007). FEIAIEREIRZ A& IR A, YR E B i
TR EE R S & A 22 AH T 70 R A I — B B s R AR S A R 2 —

P =Ew P IR 205 A L R A% JR) AR W o = e B S I A e s DR P 3%, B
BRI T, P B #%R . H M Darwin 1 Wallance 7E 19 tH 40k
TRX—IGRJG, AR BN IEHE A SA 5] XI5 E % 0 R IR HE L e
TRZHEWREIRGT (Willigetal., 2003). RS IRF=F 5 B 46 06
1% J5) B BRI AT 1 7853 AR, ATV SR AR A — MU e 8 8 7 i R P =
JE 4 FE R FEA% JR 1)/ Kl (Lawrence and Fraser, 2020; Mittelbach et al., 2007).
Willig 55 (2003) a7 NI 30 Z/MEREYFNE & B4 55 bR A R G
BEAT TERAGHT, A ANTORFESEA: (1D A= iRt (2) Hulmn

2
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B (3 [fEfae @Y (O R (5 JUAMRHIEEL: (6) 5
SR B BRE T E R R IR R, RIMEA X A
3R R P R AR SF, 308 1T i 85t w3 2 X 10 A 2 2 0 7 s DA R 52 v PR 0
FE L (Gillmanetal., 2015). HUEAR BT B — IR TIRGECR, HAF
VR R, RIY)Fh 2 AR A IR A 2 IEAE DG K R (Rosenzweig, 1995). 1%
T PEAR LIy — A DX 35 Ay 3 At A AR o » 2% DX 38N S 0 22 -4 7 (Rohde,

1992 AGARE M AR HE AN 5] RIS [1) RUBE RT3 Sy [ 52 ARt s MR R A =B A sE
Yoo — RS, BLASRARE VRV R A 1 i dze iz /N 7 s S fase e . TE 2
30X — I 1) 22 57, I A A s 1 B FH R Ak Tt S P AU A 53 1K) AR A0 A
Wy A R PR L TG D S A R A B T DS ) A R M |l TR AL
(R SR BN, BB A8 7E 18 A PR A o ot AN [ 3 82 R 0 R P b kA7 38 8 9 ]
PAFEAN [ DX 335D 5] — 4 i ) T2 ol bt R o 2 (o 38 DU 220K N IE A B E 3R PR IR 5D,
BETT S BRI (Lei etal., 2014). SEALTH R BTG HLEAR R 1
FRET, SR E X R R 2 LA 57, Bz X R %
HI¥)Fh (Mittelbach etal., 2007). AR X Y0 BA B A TH), 7E%L
e it P PRI S T e 80 AR 55 AR AR AR I I R AR e, DASRE e i X P Ak ke 22,
BET B i R A R AR, S BURA b XA B s R & B . AR —
SURF 5T B R SR AE R AR A L X R A ot LR E R, AR
ARG FE R TS AR F & FE A% ) (Marin and Hedges, 2016). W1—WioC T4 Bk
% H SR ZFAE R SR, I B 5281 2 FEAE 280 1 X7 T AL
H. EPNEE RS R TG BUEHX (Jetzetal., 2012), X HFEEEmEMZ
FEA TR, RIMZ BRI A R AR I H SR FERRFE Al 4 8 B S o J LA
PR AIME U R N s R B . (mid-domain effect hypothesis), iZAB A J¥Fd
2 FEVELE 2 () B 73 AT A% SR AN — VRIS — e 2 AR 2 i #2350 (Willig et al.
2003).  HI TR0 R BEAEH A0 X N AEE DRIV 3 v B ™ 52 31 43 AV L
BRI, ELrFh 2 B T 7R o A VG ol s, SR O IR R E R
WA= (Colwell and Lees, 2000). SAMNHZERUAFE—E KRR, XFT5
AT X AN FE SR AP S5 AT M ARE 77 FEANSR, I HAS R4S i B SR R s JR K P i 2
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FEVEREEERSJR) (Wuetal., 2013; Hawkins et al., 2003).
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Figure 1.1 Global distribution of Cytochrome b diversity in mammals and amphibians

(Gratton et al., 2017)
EREKE BE R SE AR A% th A AR IR (R b ERIRIER TR 2 R, ]
IR, R T FIR R 2 18 H)-F IR (D).
Colour gradients show cytochrome b nucleotide diversity per cell of an equal-area grid predicted by

generalised additive models (GAMs) with Gaussian smoothing splines for latitude and longitude

and controlling for average distance between conspecific sequences (D).
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B 1.2 53K, #RMBERET COl ZERHMBELHIED MR (Millette et al.,, 2019)
Figure 1.2 Spatial variation in COI nucleotide diversity of birds, inland and coastal bony
fishes, insects and mammals (Millette et al., 2019)
RERXRTEMZHERIRIR R T REHFEE R, B2 e 2
YRR TAR R TR 5 B, KR A% RV S BB 78 TARAEIR 5 SE N
1B 15 2 2%7F (Bruniche-Olsen et al., 2021; Fanetal., 2021; Manel etal., 2020;
Miraldo etal., 2016). 2016 4, Miradlo 5 N#E& T EH E AV AR Bl

(NCBD HIEfp 260404 R4t (BOLD) H BRI AR L D %t , R FH RS A1 26



Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

FERT R NVERTL T W FLEN A PG S I 18 A% 2 REPEI A BRI ME J7), R I3 1
ZREPEI A b JRAAE FH A X 1) AR s Y A3 (Miiraldo etal., 2016). i
J&, Gratton 5§ (2017) & J /75 1A) ¥ 75 8] H AR OGRS B HT 404 7 Miradlo 45
(2016) (R4 , R IR 7L 3P0 AP W Sh 08 A% 22 REVE (10 25 BE R FEA% =) SR AN AR BL,
UH L B Wi A% 22 REIEAS RIE S L B R B A6 FE R Th i (B 1.1, FFE
XA R RS S5 1T B -5 4R A B 6 B AT LI AN BLRE JIAHE (Gratton et al.
2017). Millette 55 (2019) RH COI ZERHF 41, #Hn 1 %2, @M EREL
PEVERS SR IIFAE G R E IR (B 1.2). BEEERRHE— R, hE¥s
AN [5] 4t ) R 5 2 X3 38 4% 2 RE RS JRIBEAT T 483 . Miradlo 55 (2016)
IS T AL AN R BRSNS R R P R R 1 X OIRIX . AVE . R
HL 037« ARPRFTET 30D, 3804% 2 FEME I /N N SN2 DX A 1 52 i A P s S L
SR Millette 55 (2019) @XMV LK. KAV BRI FREY,
NV B DA R 1 ) P 5 FEE T A BRER R ARS8 4% 2 REVE A 5 52, HEEN
FKIE BN T8 4% 2 BRI sZ Uy ) AN R BOA KB 2 J Pt (Millette et al.,
2019). FHILE K, 18t4% 2 FEPETE LR FH 5 R A ) (0 b X 1 23 A1 A% Jo A7) 75 i —
BUE

1.2 eSS

12,1 EESHMNEXRERMY

AL ZFEPEIR) 5 SCR R SN L2 58, RS BER 8 % 2 REVE IR SE X
BB A% 22 A KA B2 F) — 0 i BB A P S54SR 1] DNA P 41 A2 S 8 H
(Romiguieretal., 2014). AT RN B 4% 2 HEPE S 2 B AR B h A 51 15
B2 B P A RN 2k 2 TR )T 45 5 (Ellegren and Galtier, 2016). #4EAF K
PR BRI AR B R IUAA F AR SRR (D) JEFERA: (2) BHRE
ARy (3) LRI (4) HARILEHE. BN RARHR FERIAE 4540 bR AR i nt 2H e e
FUMF s, B EAR 77 A& DNA 40 F st (3R SuksiB e, @
HWIHWT, NeREZAEMBEZ AR, FHEABEHE RS R]8
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F1E 55

S IL FIRFAE o 38345 AR HR TR AR P 350 E AN [R] 5k PR AL/ e A - RN 2 H A )
SIARIE AR (I BENLI S BL R . AL A/ M EHB K (s AL D s b 3 R A,
{ELE A& AR NP RS A K . G — /M BN R R AR TE AL B AN AN
ISR LD, BT A SRR EATE R P FAMEE H IR D, MZFH T A
AR AR o L R E R N R R R, MR B BERIFEREA T AL K
PN 2> T FERIVRARAERF A AL 2, SR RE RN — AR 2 53— A AP
AT N, RET S SO S DA% R AE B0 o 20 B R AR AR LE AR [R) R 18] 11
ML FRESEIEN (T MRS, HR%ER —FRFH Charles Darwin
A Alfred Russel Wallace T~ 1858 4 i, HAXLRWTeR$FE. @& 447, AR
R I 45 SRR TR UK B ANE B IR 1 AR o IR AR HE BRI AR R ik
0 AN T I8 P53 P A2 T 2 T P 00 3 7 P 353 4 5 DR sl B DRI 2, 3 R A P
PSR R 28 R FLATAR (V) 50 o 3k DU AN [ Fr) AR A 2 il R B 2 A PRI AL D A, 3
[FRE T BAE YR igAE Z FEME (Ellegren and Galtier, 2016). filfm, LA EPgANRE
FEG A RN Ceffective population size) FrIVE B%H 8 1% 2 A1tk A A 5
(RIS o DN R /N S AL 2 AR R R R —, R — A BT 5
K ELFRE MR /N, FURE A P 30 1 R R 2 R U R 2 R BAR S  3l, BRIG A
TR TR AE R et AL Z 6P (Leffler etal., 2012).

BAE Z AU AE M Z FEEAE 7 F 2 TH 4R (Robert, 1994), Tfi H 4
PSR JE A R T8 A% 2 REPEARER T RO T AR B A A0 (R T E S B e T
X IE N BE T I SRAR AR IR T8 A 1 5 PR A8 A A 3@ 2 278, T EL SRR T
CLA 19848 (Barrett and Schluter, 2008). AHE T HIIIRZIMN S, CH MR
SRL3E REFT PGS, B B IR I e 43 10 1 P TR A pA) 455 Y 12 R AR 1 R TR A
FERIE NI, DRI E A SR AR T IS5 AR A ) o [ 52 378 BT3B 4 5% A Wi [ 3
Bl Z (Wolfetal., 20100, #RTM, XL T P55 B 1 i ) 5 548
TRRFRRE 152 BIMEE /NI 2, BRI AL AR LE /N o A4 F RO 2, 1
[ SR BAE KRR O VE F EL B (Lyncheetal., 2016). B§NERZ AN [H] AR
R o ) R A 1 9> 5 A )3 £ 2 S (RO, BB 22 e R R TR 3
A T R AE PR (] 7= AR AR 58 R B3 17 200 2 AN AN TE) (R P b, 32 W =F s B 7= 2R

7


https://sciencing.com/alfred-russel-wallace-biography-theory-of-evolution-facts-13719062.html

Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

[{) 3£ (Shafer and Wolf, 2013; Wolfetal., 2010). A& HEFHENA] () Fe =25 K & 1) 22
S BB R AP AASR AR (1) HhERRE B R, B T B &K An
JVAT I8 P EL I 35 5 8% 125 2 177 A AR B R B8 R ORI G s (2D AR BR B ey, T
A 25 DR 2R % D 2R R T 7 A A L 5 TR R IR R, S8 R R TR
5335 B PEAR IS (Shafer and Wolf, 2013). Hirf, Az 2500 B oR 2 AR AR A
RIS (Shaferand Wolf, 2013). ANE MRS (RG2S, AT AFH
G 5 T I R A 2R (BB AR ) AT KA A, A 25 I 8 B 5 3 o
PEBE 2 FEME S YIAISS (Holderegger et al., 2006), HbFE Rg 2 po b | 55 3 F d
B DR AL 2 e (BRARIE ROEAE 2 REME) B D)AH DG (Holderegger etal., 2006),
PR L3821 22 R 1 R P 1 R TB A SR R PN W A 38 ANV T At
L Z FEEAMUAE EIRFREEANFOKT FBA E 2R, M B HEE T 2%

— AR BT LB R AR ZS RGHIE B RE , a0 i R ) 5 1 R F) R A
HIZRENE, AL M PR E YR RO AL T ELRE S R T R i
WA IR B A R A A R G E R AL (Bailey, 2010).

12,2 B SR BRI

A% 2 AR 3 2 R A B[R] — W) R A4 PN AN RIS 44R []) DNA 7 51 738 5
FERE . I84% Z AL T DA B 6] — AR A I 8L AR S AR 2 . B 1R A ¥ DNA &
W, 2Rk DNA F1#% DNA. RAEL KA DNA Fii% DNA HX 5, &%
ZREPEI L EARPR AT 40 N BL R A

1.2.2.1 ZeRiiRB R SRR E S 4845

BRARIER — BN, XUEE DNA 731, 37 MERAR, Hrh 24 45
BRIV e MR DNA RIS, R 13 AR LB r1E 25 ATP 1A
1.3). HIEREE DL, BRESE, @F NP ERRE, RO RBEREAER, BH
FEREHI R (Stewart and Chinnery, 2015; Galtieretal., 2009). #KHE M4 &,
2R R A 6 DR R 8 2 RE MR SR AR R =R R 2 R PE (Nucleotide

8
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FE1E g

diversity ). 58 Z FE % (Haplotype diversity) F1 5. 458 325 £ (Haplotype

richness) .
.. (LD

D BERZEM:
= (2%)2?;11 2i-is1kij
kij sEFPH @ MFEE j 2 BB R R B IR 1~ 25 22 8 H

S,

(%) P HeR T A H

2) WA REYE: BEPKPIFIABE LRI AT R R R M, IR AR 1.2
.o (1L.2)

15 (Nei and Tajima, 1981)

N
h=-——1-Zix)

Hrb, x RFEATX N RER k RIER, N AN

HSP1

3) PEMFEE: HENEARREEH .

MTCO3

K |
MTATP8 MTATP6
Nature Reviews | Genetics

& 1.3 LhifAFERH (Stewart and Chinnery, 2015)

Figure 1.3 Mitochondria gene (Stewart and Chinnery, 2015)



Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

1222 HERER SHFEEEIER

5 B AL DRI AN ] (1) 2 A2 B R X% DL (43l ok B ACARRIBREAS ), A7 A S K]
HAMIMER CHERE. EXHH) . K8 AE ZFEMERITH B R BR, R 2k
RLARIE R AR A 58 438 TAZ R o X FA% 2R DR st 2 REIE, 3 LI EAE
ZREMEFE PR (Hughes etal., 2008):

D) AN Z M (Allelic diversity): B4R A AE AN 35 [R] (141 240 5005 R AH o

P RE
2) FEAFERNFFREE (Allelic richness): RFANEFIAL a5 F AL K P340
3) FNAIEEE (Genotypic richness): X W 24 443 K] v {1 £ 0 2 P —

FpFEbR, & SON— /MR BRI R R . BRI AL SR R wT LU 4y T hR i

Sl & A AL AR
4) Fe Rt (Heterozygosity): 5404 A B Z FEESRAL, T4 i AN IF]

SE Aoy DR F 5 TR R i o 1P 35 L A
5) 1fL %R 2 ¥ (Coefficient of genetic variance): HIMIRIBME AR IE AL 2 57,

SR RAF R, BLZE T REBONZERE R, R AR

R AR B bR —

1.3 EE SR ERPENZF TN

1.3.1 RIPEYF RIS

TR 4% (Conservation Biology) B YEMEILHF BN HEA) 2 K17 Ak
Jas S FTE AL R AR DR B . REDAEIN AR T AR BN SR G 2RI X
kL BRI 45, 1997; Soulé, 1987). R AMIZEA =A EEHIHFA H bx:
(D) CEMEFEM R DAk (2 TIT ARG SRAR L 2 5
Ve WM ZHREMERIAE S REZFEIERZ LS (3) e W HRAE HA TR R
B (LRl K A A R R A ERPIRN IS4G 22 FEVE L PR WG R A /0N
TRAF AR TR S A D Re ) 56 %% (Primack et al., 2014).
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1.3.2 BAE4DMiTaL

DRI A5 S0 IR B 24 B TR e SR BB 24 1) T BRI 8 Tt ok g B A 4 22 RE R
ek o AR AR T AR AL A Py e LTt IV L e ) BAT S35 22 e, AE T4 X
HE 2 REVETE LN NI 22 55 25 AR B R T, A 00 S0 i fes R P 3R 4740 2
LA 8 AR AR S 20, BRI E N 252 i A g PR B U AR ) R 5
SEAFH A BR A BEUEIA BB R I AE Y 2 VR CR P ROR . it 5 B AR DRI IR R
(International Union for Conservation of Nature, TUCN) %€ T (#IFh4l (44 5%
WA S5 DR AR AE ) LT FE N SURIBRE ) RGN A SPAL M) R G BE I S5 A 5
(IUCN, 2012). 15 3R ORI B HLK Al A &1 23 o B4 1 B A5 4%
(IUCN, 2012), PAZRIRZIIF I BEAIRGL , 73 K48 (EXOD L BF AR K48 (EW)
efE (CRO. Wife (END). Gfe (VU JEfE (NT). Tfts (LC). IXLELELR I H]
WTFR I 32 B PR AR S AR A s . P A B A BT R IR )R
AT DX THIRR B LA 3 A X S B o A THIRR S5 o ASHET HA A 0 1 25 0 4 2 A W P e
HEFZ A N (1D Pk A XA, RPAD AR 040 X R SRR G T AR s
(2) FREER/NS, RIRREE K/ R AR a3 . BRI T i ) OR 4 S A
AL S AE I AR AR, T BRI OCVE CR 7 W S i 2 i A X K

HSn A A B AR AN SR T

1.3.3 EESHMERPEYZFPRINA K S aTH Ims) FEE

H AT, NRIES) A N4 R4 2 FEPEIR 55K (1 B ( Teixeira and Huber,
2021), PEATEAGE, BHERLAA 11, 000 £ 58, 000 MR K4 (Dirzo etal.
2014), HFEJFE R HR TR LU EFRAFIH . REHEANNREGIA
ISR B FREETS G A R A R U3AR IS (Pimmeetal., 2014; Il etal.,
20000, FERL M) 30 ZAER, LRYVEV)EADUE J) T 4ERR AR B V0 ah i R i
R/NFIRE SHTAR, 10 B U6 77 TR V) Rl 2580 7E DNA FP 41 i (1 18 4545 21
ZRENE, R T TR A B —— R Pi4% % (Conservation Genetics)
(Hedrick and Miller, 1992). 4% Z FEMX YA E 2 AR ARG B HE A=
X, BUREEANRIIES B HAEEA M) 2 0t (Banksetal., 2013). [
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Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

i, 8% 22 A1 AT DTSN A 7E N 83 Bl i I g PR B DU AR A (137 5 R 14T
TEREST o A, A BRAARAR A 18 BRI Ph 3 A 3 FE R AR AL B 08 B AR P (¥ 380 4% 224
P, WFEFL o A0V (V10 Sl 8 5 H IR 2408, (Founder effect), {31454
BEA/INARWTER/N (Pauls et al., 2013; Balint etal., 2011). &L REMEAUE 1
MK A Z AR BRI SR MHES RGN R EREE. B&
(RyagAE 22 FEVE ARSI G SR A 38 RGN BE R AE TR RIS m Wl A7 7, AR
BSRGEFF ST ERE S (Cook et al., 2011; Crutsinger et al., 2006;
Stachowicz, 2004). UIE NI (Zostera marina) FIFE R 2 BEME RENE (L 3E HLAT
ST AR I AR R GAE N SRS N BT HLAE Y] (Reuschetal., 2005). [A]
i, Kt Z RN NES RG ISR I TEAR, BB T AT T AR A
BRGEZFEM (Geijzendorffer et al., 2016).

25 BRI, i 2 REVELELE M Z RV I = AN AR Z IR X A 2 R R
KRG EENERE L REQ, R BRI IEERE (WP o4 W
SEAEGRIRRUEY I H AR 353 15 22 FEPEGN N Fh i £ 72 FE P4l 1) YEE 9 (TUCN,
20120, U4, TENPR =S FE AN SE ARl ORI AR S8 CR 37 DX A8k PR 8 8 2 AR A7 SR s
e i A TP AR P s ZFE X — 4845 (Pimm et al., 2014; Rivers et al.,
2014) . 58 DY it 5 B AR RS R 2 A IR B A% 2 FEPE RS FIAE S RGUBAGIRFE
BN —BAE N S RAVCIZEFRME (Rodriguez et al., 2011). Kk,
it 35 15 2 BEVETE R BRAE S R fE R FE VPG BB TR AE RO S FH B, (R B %o 423K
2 FEVER SRS X B SL B A 1 5 0 o R Mg 2 REVEE RIS AN R0
FERNEIH —EMIEM*XE R (Kimura, 1983; Tajima, 1983). i, Hung
N 2014 ERFFERN], NI R 51 iR A M 8RR B i B T R R
PR TR SRR o (1 8 A% 22 AR, 30T 0T8T R AP EE (¥ K 44 (Hung et al., 2018;
Hungetal., 2014). Willoughby %5 AWK, WA FiAHE T R8I fEFhm
SHEEBRKBEZFEME (Willoughby et al., 2015). iXEEHFFRIAE T L £ FE
PER) = I 50 ROM BN BHAALE R IEA DGR R, X A8 AL 2 FEVEE B S P T
i 7 T (P R K T B . SR, Guevara 28 A FBIE 78 & B S in byt ) 45
ROPHEE K/INTE NS0 JE T n i o s 0 8 B AT, (L 3K o i TR 0 (R R 36 2
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F1E 55

[ 4 55% (Guevaraetal., 2021). KBRS RPN G FEC, (HigE 2R
P ARBEMC (Fourcade et al., 2019). B ALK 1A B RFR AN GRS 4% 241
FERIRWIRN L3 BRI P JE 45 R O QW0 S 2 AW 7 b R kB %
(Teixeira and Huber, 2021; Zoonomia, 2020). i#tfE 2 FEMEAE (R AW It 2
WSE PR BRI AT S G T2 R B 5U5E (Teixeira and Huber, 2021). #RTM
PR SRR TR RN Z R DG R, WO S AT T ARAE P R 0 e R R O
I EE bR —, H5EEZ R KRR G Rttt

14 B3, W AFFEIA

SR MER ER R FE S — (Prumetal., 2015). K8 TH
ECVRYI M, FIL[E A Ze v LB I 2= i — S a0 I e E T 90 (Archosauromorpha)
(Xu et al., 2014), BEHHT, LHROLEMAE 40 H, &t 10, 000 2R
v, Ha e L 56 T Ik BT A AR, O T ISR 2RI AR AR 5
f, SRBALH T R E 2 U R SEHE (Prumetal., 2015), P24 T 2RO
AR, WYE. WE. B8, e, IFamgas,

BT R, BUAE S SRR T X BLAN KRG PG 30, B S W AR IR s 2 ke
FIHA S (1) EFRE=4 (6500-2300 JIELLRT, #0DIAR 1 800 SE v i
P M )RR T DX BL AN R T S i e SRk B e 36, B S K A RO A 7 2
(Claramunt and Cracraft, 2015); (2) fE4RHitH (5300-3650 FFAELART) FHA,
843 DA 12 S AH S W e 4 m A0 5% DA B A% 2 =2 S RO RO Bt M Ty 185K o #E 528
W sk A e I R, Hd 2 REGE S (Net diversity rate) FIHBIR UK AN
I UK A PR A 52 1AM sl S v S RO A DG, 7R U PR B (A A 2 19 2
Sy A A TR AR B = LR R 3R, X FL AR AR B S R S B AN T R AR L
OB AL S A AW IR (R I 2 o BRI, BRI 1 SR IAR 8 A% 22 RE VR R S FL s ma L),
X B R ARG O A B WA 22 R IR T AT ) B SR A A S5 A g ) 2 ) 28 56
HIE,

W FLE R R FIAS SRS, AN RS EREIREE (g M
AT, 2009). WAV ALEAALE B AR UL, 383 BHE RN 73]
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Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

Yt B0 PR NS ) S T R KA RN R) 55— B SO I LS A A
(1.45 12-6500 FH4EHD) ZRISLC A M, FFAB L EAAE TR A,
ZHAT, WIS N 29 BEFE 5400 ZANARFYF ks MOEGEE,
2009). WHFLENYIRE UG S S TP SRR, HADVE T N FEWBEAG . KA. X
JEFIR G . WAL O H ORHE R IR A AL, ARG ERG L B AT AT . AR
TYRIME, BASERENNE RGBT, BEME TR R0 AT A
AN LLIE B2 AR ISR . kA, WL RE A 111 s HE AT A R G A oy
WRSCE TR, HREWS CREFCIRIE E , Jb T X SRR B R B (X = A
A, 2009).

5 8 B, I A (R I B0t I A Il L ISP R I8 A Ak R
AN LA 7 B 70 2 B v B G P K PR IR K ST 1) ) DKk S R AR 5
ST UK A I P Pl s b ) PR A VK2R ) S S R M e A R E T
AL 5K (Cietal.,, 2009). XAl 5 A5 PR E IR Bt /N LR L2 11
PO A S HAFIE OV BB (BB 55, 202D X FRAGARME, BT
SRR BRI SR A1, NS LR R N SR 20t 2 28 i AT AR A DR /)
PEBNJE R, G0 oK AR A T B A A A A o T T R T AR RN 289 B 5 B
(Zhao et al., 2013). MHET LK EF, WAIKKES) LY HEE IEES (Sandel
et al., 2011), HUE 1T & KA LKL Z HEVEAN e 255 T R IE IR 3 PiE
L Z AR SR TR L) B AL, 0 NS K B B Re ) Aisi A 2R
] F 6 2R BAT S AEANE -

PRI & Bk F R ARSE 0 I 230 (Tetrapods). PAWIZNYIRCIE TV 7
M (BEA 3.7 12-3.5144), J& T LAtE S (Crossopterygii) HIJEK. PAish
Yoo OO B R HESIY, BRI 2 B ME S P i S8 7K A 38 ol A eV
RISHE (X A HBIESE, 2009). BUAERMSIEE 3 4 B3t 8435 MR
[E Y0 FR Chttps://amphibiaweb.org/amphibian/speciesnums.html) « PRI AR
ANETE, J&T AW, B o0 SRS (I B AR v i i, ZEARTR] 1S A5 2
TERETR, WML D e #f R 08 T S R MI L2 . Antl, PINRmd Hiae
TV AL K0 5 EIR 2 . AP SR A8 & 2 A
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NI R R, AMURERS 1 AR R S0 ) AN IR B WAL 3B A% KT 0 4 2R RAR AL
Wi N AE AR AFAE S A, I ELREWE HE— 20 1 R T 384 22 R A R

15 ARKFRIRIZ 0]

B AR MESN ) I DU RZE, B2, WAL, MREEAICLT L. RT3
M T HAh B A B HESI BT &, L DNA SRR R . AT 7T
FELLY K WP TN G, He T AR A R R HE &, AL
B FE S RBEEE Z RN AR R, IRES &R AR RAE 2, TR 2
FEVE S A 4 R BT O o AT S R BEAAE DAL 5. (1) AR 2 FEETHE )
WOTE ST W INE R S B Z FEE AR SRy s (2) FAE T S REMERIIZ IR 24
Yy A% SR T s S EE R (3D A 2 A0 8 A 22 AR R AR 22 REE BB 42
(4) IRfEZ RV A S AT AR RIS R o ISR USSR IR TS, BRATEE
[ 25— LA L ZE R ] R

(1) BEBEIETAZK DNA FPHIL A5 R 2 A2

(2) WIFh7K Va4 2 FEVERS J) 5 RIRUR BE R AL 2 REVERS R J& B A7 AE 25 57 2
R & B R B 2R R TG ? WASEH, HIRR AT A2

(3) YIFHREIN B AT AR X B S 2R B AR 2 WA, HAS
6% DR 2 G ] S35 8 A 2 R PR AR JS 11 2

(4) Y Z RN R 2 UOK S Ui AL 2 FEME AP = B2 2 (R A AE 26
BREERS R, —HMNIEBR R 247 Rem R IA WM+ & R R U 8% 2
FETE R0 2

(5) WFhFERE BEVEAS AR AR PR BE NI Fp A A TR, H ATE A 2 4
PEFIFNEE KN Z IR AFAEAR — B 50 R C & BONIE A% 22 FF PR LE VR A0 fis A 3T
i ERRRERS . PR AR T AR I A FE O, a80A% 22 REPE-H i 43 A THI AR 2 1)
fRIOC R U] 2 S8 AL Z FEE-WIFP 0 A AR Z [ R O6 R R WARESR bR 2 7 H
TR R FE VP AL DA 240 22 PR DR S 10 1) 5 AT ] J 7S 2
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Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

£ 28 RERSHNHTENNAEREEESHESHBRE

21 RE=

R R R B R DR AR AR 0 7 SR R AT B AT R R 2 (R
Prseahads . BV A ASEAN R R BRI LA R, 3T T )
ZREE SR8 A 2 REPEI AR S AR 2 0GB % (Leitwein et al., 2020). &
M7, LA IR R R 38 A% 2 R 1R IO 0 TAR SRR R £ £ (Nucleotide
diversity) (Manel et al., 2020; Theodoridis et al., 2020; Miraldo et al., 2016),
AL 2 FEVE B R A RS R FE AR W BAAE R 2 P (Haplotype diversity)
HITE AW 2 (Fanetal., 2021) X — 1 500 H L E B RN A% Guist 4% 2 R M 10
THEITIEMREGRE A DNA Fp 1 [B] (14 8 8 X 4k, AR A FH 2508 122 n 56 [ [ R A
A AZ B A (GenBank, https://www.nebi.nlm.nih.gov/) 1A iy B 45 418 R 4;

(BOLD, http.//www.boldsystems.org/) H (¥R 22 %7 5144 B T a5t B 1 P&
PP R PR, DNA 41 8] ) & X 42 AN — 30 (Fanetal., 2021; Miraldo
etal., 2016). X AKEARIFACIZHE DNA FF 5140408 o r3s 545 2ok 7 7™ E 4k
0o 3% IR GRS IR VA A 2R, 1 S R R N B B B AT X
BOV A P AR E & X . S8 BT A FE T8 R E S KA a8, 5%
K DNA F#o1, WK 2.1), XePBOREREEM AR LK. 2016 45, Miraldo 55
NFER T =R i B VST, R R AT XK BE A — 350 DNA 741 8040
KAGE WP LR 2 AL, IRV TR R 2 MR A FE 2 Aii i S5 (Mliraldo et
al., 2016). A&, ZINEIE/GEN) S N T Hmp A, HRA 7
TR R HIAZ R 2 BV AR B PERURS IR M EA T VR4S o Ak, PRAE R 2 AR AR
N Z REME I FIFaFRZ — (Goodall-Copestake et al., 2012; Nei and Tajima,
1981; Nei and Li, 1979) FUEVIZFMHRIRY HESE (Leitwein et al. 2020),
FH -2 B0 122 P 9 B0 S A B B 22 R M v SR VR R R, o oA 7 22 W gt
PRI B AL 2 AR B IZ L

TR 2 FEVERA T AR A B 2 RIS 22 4, DRI 1R 22 A 1 R
5 2 B 2 (M IRAFAE 25 R B2 Bk &R« Godall-Copestake 25 (2012) i [ 23
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https://www.ncbi.nlm.nih.gov/
http://www.boldsystems.org/

%2 & AR SRR TSR T 5 R A T 2 B AR R

ANAFEFRET COL VAL T HAZH IR 2 FEVERI AT 2 REME I F R T 3 Z [l
Bopiny, HmtRai R, TR BERZEIEZ BRRAN =
0.008h? (Goodall-Copestake etal., 2012), &HHHLA5H 2 A FIAZ AT IR 2 K6 M1
SRl DB — 5 IACF R R HAL . SR, X —HUF R R E A AR RRR
B, BATCELERE AR IR, ZREOCR G RERT . Kk, ME
TR 2 FE A LA B 2 1 00 R AU Y (1 AT 2 O 0 B 15 2 2 R MR RO A 1 IR
ZHE. R1M, NCBIL M BOLD FA#A7 K 2 il yA%5K DNA 31, FT
A TNERA M REIAME FAZ T TR 2 R, I e R AT .

Data Edit Search Alignment Web Sequencer Display Help
DY F@m WY ol OB YEX¥ mBlar HHH
DNASequences  Translated Protein Sequences

SpaciegGroupName: | | | [ [ | [ | | | | | [*/*I® ™%t

1.KF45 IICIIICIIIIIIIIICIIIIIIIIIIIC°I°CCIIIIMIIIIOICICCcllcllcllccl
2 kP45 GAAGCABATTTERETACCACCCRRBNXTREACTCACCCATCARCKRCCE
3 kP EicHmTcATECERANGCARATTTERETACCACCCARBTATRBACTCACCCATCAACARCCE
4 KF5: EiCHTTcATEEEEAAGCABATTTE  BNAcCAccCARBTATREACTCACCCATCcAACKRCCE
5 KF45( MifcATECEEAAGCABARTTEEETECCACCCARBTATTEACTCACC

B KF4S( BicHuTcATECEEAAGCABATTTERETACCACCCRRBTARREACTCACCCACAACARCCE
7. KF45( TiCcHTRCcATEEEEANECARATTTECE

B 2.1 ARBEEEFSIEBE SR
Figure 2.1 An example of the sequence overlap in online database

AW G MR AT SR TSRO A A RE AL A K DNA 7751
RZFEMEIISOUS, JEHE RS DNA P A 2 FEME R bR VA TR RE
LU O K e i AQ3E % 2 AR PR IR 2 M SR AR M O B b, 3 T HESh P05 LA 12
FEORY AL 22 R BN o JRATTEER AT 1 BRAE TR 2 A A IR 22 A TR ) 5 X
LA, i B IR T DA PEAS A IR 22 REYE RO 45 R v 24t
SRR Z FEVERRT 7R, ST BRI A SR K DNA FraiH R T 2 Ak
AL L 2 FEPE R TR IO PR REHEAT TPl . 45 R BRfEALBEANSE K DNA 7
IS, FRAE TN AV T SEAE R ARSI ARG E R B AL TR R 2 A, R
BRI Z AV E TEEAE KN DNA FAIEE. BTk, JATLE,
U LIS AN RSO FU 5, DN 1 A5 R S Rk (O 443 B A e, R DD R Y
ZREVELE R AL FBRIB R B 22 e, B2, WAL R A T 2
FEVEAE R b BRI PR AN A AH S o
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22 BERIS RN EHT A S REE A T

221 BEMSHMETERSEZNEILHES
FLLER 2 BEE (Haplotype diversity, h) FE7EREAR A R BEALIE AN A [F ) A1
ot AN A B T B . AR 8 ORI A K 2.1
h= " (1- ¥ ) .o 2D
Horp p AREARHEE @ NRRERIET H IR, o NREARE KD,
AR 2 #EPE (Nucleotide diversity, z) FEEEAKR N FEFEHLFI AN DNA P
IR AR E IR ZE R PO, R A E TR A 2.2:
r= Y %%k, .22
Horx REAR T 8828 BITERT & IR, k, SR iR Fr FIANSE 2R e 51 IR)~F- 35
B RRZEREREH . LN AY, HEAEEEE/DN, R HRZ R
PERT L 230 2.3 15 2 e fili 11
r=" 3 Xk, . (23)

n—1

R X AR HAR 22 AIARK 2.3 FRFZTFHERT AR 2.1 i
B0 DR, IR ERZ R A AT M AN
_Lzl'jpipjkij .o Q24
X T P PO I BEALIURE , 5 CBORE 45 ] LA AR RIS [F R 1 00

{ 0 Fe 3y 51 jJg 3[R — A A
10 Fe iy 51 j ) A ) A 2

K, k; =0, 23 2.4 ATLAEAEA:

r= N Pk . (2.5

w= 2z Pk .. (2.6)
b, P ARORBEALE LR 2% Fr 41 3l g+ S R AN B 2 7, RO P = o
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RAEFAE R E X3, HARR S T LR R i

h=-2 3 Pib; . (2D

h = Z,'#Pij .. (2.8)

BT A 2.5 FIAR 2.7 (AR 2.6 AR 2.8), —H M EEX AT
Kije BIUE, UBEHER K, o BEOT DATERRIS FHebE AR IR e I o 8 SR LA
(2 RERE LB A R T e, 26 BBHLIURE Fh A 2 P AR R RO, K, = 0 ik, #
0, AT HEM ik, T L —NHHOBH D, BN h I P A 46 1
G AE A AR, B BN 4 SN — S AN B =1, R
0:

2By

_ 1 ki #0 P
Du:{ 0 kjl.j:o i =

XRIRATHD, KA 2.5 MIAT 2.6 ik, BUAT LM AZTIR 2 B
TS A O AR R 2 FEPE R TR A 3K

o~

h = ﬁZi;éjPinDij .. (2.9)

h=Y.,P;D, e (2.10)

FENT 2.9 MR 2.10 1 p AR B EAE AL BT 3 RO, & T P C X
BORE P A R T 5o AEANRIE AR N B2 B R R LR B IS 00 T, JRATT AT A
KETF AR R, WA 2.9 MA 2,10 AR N

M;

h = —20 .o (21D

()
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o, ke NSRS P SURR jo6 P SUTAP S B AL R R 22 57 5O H L M

A HHUE T Ky > 0 WL BLACHCZ R, (") WPIPIBRA HURE R S AL

2
222 BEMSHEMMZERSHENEXR

s BRHES:, AR FAEHZER Z T JE A b 2 8dhd 1 3
I ZRENE, XONIRTT 38 2 I EER 00 R P TAE R 5 BB ST A 7T R A
TR Z AP ELAS AL 2 K 1 2 [AIAF AE TEAH 9K K & (Goodall-Copestake et al., 2012
KU EAMR Er = kh, RIGAIL 211 AR 2.3 AXER H:

_ Sumkij>0
k= —Mkij>() .o (212
ok, IR IF BRI S j2% 7 S RF R R AL s AR IR ZE ST HOH - Sumy
NPk > O BAL R H IR ZE T EH L, My oo NPITEBNIAETS k>0

%ﬁﬁ%ﬁﬁZﬂ,<)ﬁﬁ%mﬁﬂﬁ%%ﬁﬁo

2
223 BERSEM AT

2.2.3.1 14K DNA 75

N T VEASBRATIHE H 1 B A5 B 2 R T B IR R A B G T L R
FAVER 951 Ppfb (PIWISE COX FK 413 Iz 97 ANpat, CYTB F: (5518 1
87 N 192K COI R FFHIM K 242 MR, CYTB R FEHIE K 79 M
s WHFLE COI L7 513 It 244 MF!, CYTB Z: 5513 & 201 A~P080) 11
2K DNA B3, BT RIESHST 7 LA 2.11 MR KT 5 A R L FEME,
H¥H LR S DNAsp VS iFE HR 4 Ritirst b, it &z ar, RAMEH
MUSCLE KHUERN S EO0 Fride iU f 7 2103647 1 Lext, B 48 A Mann-Whitney U
RrIe T 2220 2.11 F1 DNAsp VS iR 45 Rk T 7 Z 5087,

2.2.3.2 75K DNA K51
O B B K2 50F N DNA B3l N A SEK DNA P51, ST IXF s,
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FATKE Miradlo 25 A (2016) THEAZE L 2 FEMER R EUP) 5E0%, KA 2.11
ki B HRK fmy AF RN A 2,13, Hoh K N8R i6 7 B RIS j 26 7 91 18] A IR 22
HH, my RSk PIANES j2% Fr 51 18] & XIS L .

M Kijim; >0
t)
2

Criginal length

h = . (2.13)

Sequence 1 ACTGGCTAAGCGATACTAG
Sequence 2 ACTGGCGAAGCCATGCTAG
Sequence 3 ACCGGTGAAGTCATGCTTG
Sequence 4 ACCGGCGAAGCCATGCTAG

Sequence 1 ACTGGCTAAGCGATACTAG ... Sequence?2 ACTGGCGAAGCCATGCTAG
Sequence 3 ACCGGTGAAGTCATGCTTG Sequence 4 ACCGGCGAAGCCATGCTAG

Random simulate the overlap length (threshold of
50% of the original length) and region.

Sequence 1 ACTGGCTAAGCGATACTAG ... Sequence2 |ACTGGCGAAGCCRTGCTAG
Sequence 3 ACCGGTGAAGTCATGCTTG Sequence 4 |ACCGGCGAAGCCATGCTAG

Calculate the k;; based on the random select region/reading
box, the m;; is the length of select region

K13/’”’1’13 K24/m24,

n=-1 n

MKxj/m”m _ i
h= o "= @) Z Z Kij/imiz

i=1 j=i+1

2.2 ZETEK DNA HHEH “REHLKERSL” iz

Figure 2.2 Demonstration of the “Random Length Analysis” for genetic diversity using equal

length sequences
Hh i HE SR R BT LA rh R R Y I FRC RS 271 4 B X ek
The blue box indicates simulation of the overlap region of each pairwise comparison of sequences.

N TR A 2.13 XA K DNA 78R G B kR, BATHE Je i A
211 tFE T 2.2.1 951 MM AR 2R . FETASEK DNA T4 BEALik
HIT P 2 7 51 A 8 X AR AN — SO SERRIE B, AT FH %K 1) DNA 7515 T4F
E PRI DNA Fp 31 Fr BT B & X 07 B0 S T AN ki 2 1o f
MAEE, BATNNBEE H S XK T Z Y DNA 751 R4 K1) 50% (UL
K2.2). ST MIRhiZd FEE R 100 AW 545 R S FaE . AT
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L RBAT VAL, BADTHE 7 R — B R AR 1R 22 (2.14), FFHL
FARHR ZE A R v S AE R ARG B L, AR R ZE b 220k B vH S SR
FasElk. tEAl, BATEAE 07 Fd R VEAG T MAZE K DNA o)t IR 2
FEVE TR VR RS, JF S AR S REEREAT 1 EEAL.

R = ‘% . (214
Hrh, e 28 i BRI AL Z R THE, e 2% K DNA Fl v H i

e ZFEVEASTTE

N T ERFT DNA J551) bsEEh 2R A% L i A% 2 FEPEAE THE M2, [ T
SUEFRAT B J7 12 RE T3 38 H T A\ 38 DNA 4t 1O 2E R, 3AT 1486 F 8 A (Homo sapiens)
ft] COX3 FI D-loop &K 73l 15 & L 5 & X IAMK T 1Z 070 DNA 751 J54A 5
i) 50%, 60%, 70%, 80%, 90%HE 34T | LIRFEHLF FIHC 4. ARSI
B Il AL Z AR T R B EEREH R B 1 clinfun” (Seshan, 2015)
H () Kruskal-Wallis 56 (KW-test) #4740 4.

2233 RRERSHMEEMBERRE

VB —ARLHZRBE], FAE FHZ 7 2R T i A S s B 2 R
BREERURE, FFLUE T H SRR 2 FEEA BB R 22 5 . AT Miradlo
& (2016) A Gratton %5 (2017) 77553 7 NCBI #1 BOLD %48 e rh N4 [
B WAL, MIMIRARLIR DNA P AR . 15 7 R RLARSE R S, Horh
1) 134,498 4% CYTB £[KF51; 2) 73,809 4% COl 51, #R1M R A 51.6%H)F 51
MRS ARE SRR (RS B . T ARTE RS B P 90 AR R AR 2 A (5 B
bR AL RO T2, R B 1 P A5 R HE (Geocode) J7ik¥g 144
AN DG SE G R . RAIRELT 96,530 WAL AR EERE, &
£ 3,911 Rl 1935, 2,263 PR FLENYIA 1,628 FHFE IS, o5 UG 5 50305 1 46.3%.
N TR FIK B THF I BRI ATIX, FoATT 2Bk 7 AL B AR 4 A
XA 5, X T AR A E S B AT X . SRR IX N ET
BirdLife 3 (http://datazone.birdlife.org/species/requestdis/), Wi L2 F1 P AT 7y

X F#ET TUCN Mk Chttp://www.iucnredlist.ore) . FA1# | MUSCLE %4 —
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%2 & AR SRR TSR T 5 R A T 2 B AR R

Yurt) DNA FPAIREAT 7 EEXS, BEJSEEM 10 AN R 2 Bdla AT 1 %1 9r,
A AL Z AR T R T8 NAZ S B T A YRl s A Z e e 3548 .
TS R RGHER R, JATE SRR T A B S B H N T S A
A, B8 AR T WP T EE A b B 2 XA/ TP 25 PR A1 B R 31 50% T RC S EE
B R JAMER Beta ZetE R 7 7% A5 T Z R T IR 2 REIE S A 2
[ o8 RBEATING, 5 RS 356 AR IE A% 2 R A A6 26 BERR OB IR % )=, AT
8 - Jn [ ASE R B 2 B 0 5528 WFLIE . P COl &AM CYTB 4
PR T AR R 35 1 22 REVE AR T IR 2 A1k 5 46 B2 2 TR 5k REAT R e O 1R
7S 8] H A ORI, BATEFH Geosohere BLTT 5L T -2 5 7 N - Wi 51 (] 1 2
PR I BE A I I N TR

2.3 R

2.3.1 $iAEESK DNA Fydh b E M

Mann-Whitney U £ 503 B, FRATH /7 5 Al v A SR A5 24 2 BE M U(E A DNAsp
V5 —8 (525 COI &K, W=20402, P=1; 535 CYTB [, W=2245, P
=1; WFE COT R, W=22898, P=1; HFK CYTBHRH, W=13612, P
=1; Wi COIE[H, W=2888, P=1; MHiZk CYTB 2K, W=3362.5, P=
Do RUTH T B AME GE 7 100 A B 2 REVE RS THE A 200 (B12.3).

2.3.2 FiBEESRSFK DNA FHIHhREE M &

T 951 MR BENL K FERALS SR Mann-Whitney U K367 BT A &K
DNA JPHIEHRIN S, bR T 228 CYTB FEK LA HESh P A5 8 2 RE A T
ERREEERE S TRERZ S (53 CO1 , W=33649, P<0.05; 53k
CYTB, W=3377, P=0.372; ifi#L.2% COI, W=236598, P<0.001; Ifi#.2% CYTB,
W=29711, P<0.001; FHiZk COl, W=5674, P<0.05; FitliZX CYTB, W=
4871, P <0.01). Mann-Whitney U £ 38K BHFR 7 &35 CYTB %K (W = 3572,
P=0.116) AP (IS COl, W=5215, P=0.19; FitiZk CYTB, W=
4317, P=0.289) LA4bh, HARBNVIERE AR 2 FEETHR RO S5 R AOAR 2 1 2 B35

BT EERZEME (1525 COI, W=234824, P<0.001; MHFLZE COI, W =34356,
23



I A 5 HE B £ 22 VR ) B SR (R A 202 1

P<0.01; ¥ CYTB, W=26307, P<0.001). HANRATIETH T 5 sh3nt
BUL 2RI, A RRPAZEK DNA 750 Al 10 5065 31 2 R 1k 1 5l
AE RN 2R E S A TR R 2 FE (8 2.4). JPFB R E G £
FETE SR 1 25 RAR B, R R 2 FE P B 2 R AR P 1) P A (L PR 1 B2 O R
WERIN (K 2.5, B, D), RIS RV ORI R T 5 ok R
FERBAIm A= (B 2.5, A, O

A B
2 =
1.00 4 0.4- Ré=1

) ) P <0.001
S S
a ol
a 0
< < (31
< 0754 Z 03
o 2
2 &
@ [k
¢ 0,507 9
o o
8 3
= 5 0.1
2 0251 @

Q
@
T z

0.0
025 050 075 100 0.0 0 0.2 03 04
Haplotype diversity (equation 11) Nucleotide diversity (equation 1)

B 2.3 G EMFTHERETEK DNA FRITH K@ & 2 R S

Figure 2.3 Correlation between the genetic diversity calculates by different methods for the

data with equal intraspecific sequence lengths

AR Z R A 2,11 THE, BERZ AN AKX 2.1 15, H e g SRS
KE DNAsp V5 TR SR . BU BFRoR 7RIS (D FLgeing Gy D AT
G SR AR Z R A S, P iR (a2 6y — 38 Z R 2R 0L & T 26

Haplotype diversity (A) was calculated by equation 2.11 and DNAsp V5; nucleotide diversity (B)
was calculated by equation 2.1 and DNAsp V5 using the data with equal intraspecific sequence
lengths. The scatter plot shows (A) that there were no differences between our method (equation

2.11) and the existing method (results from DNAsp V5).
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A B
>€>U(- ***
0.15
0.04 1
) z
= 0101 T
3 [
< ) 0.021
- I I I I'
0.00 0.00
) o ©
f& 00\ o «‘?’ oo\ *& ¢ g
0 A 0 e ro/ Q A G &7 @,
&/ 27 e @ & o (O Y S
& o/ & & o/ & & F
& Q‘,\\b S & @é‘\ & o Q‘;\@' & & 6‘6‘{\ F
W NN S

. Haplotype diversity . Nucleotide diversity

B 2.4 ETAEK DNA FFRIMGHERMAT SRR S AR KRB AR R L

Figure 2.4 The accuracy (A) and stability (B) of h and  based on unequal sequence lengths

BBV AL 2 FEPE R TR ARG THE PRS2 MO A Rt T 5545 A X AObn i 22 5 RS
NI WIR I A RIS IR Z I . IRELRIS N 95% B XA .

Stability of each class, presented as a column diagram, was estimated by the average value of the
standard deviation of the relative error for each species; accuracy, presented as a column diagram,
was estimated by the average value of the mean of the relative error of each species. Error bar

denotes 95% confidence interval.

233 BEMSHMGERERRE

SFBTR BN G T A AR S 25 I AR BB RS SRl - Beta [
W BT AT BB A5 B 2 R R N IR 2 A k55 3 B 22 ) 1) el R 5 RE P A7 AE
AR IR IR (R 2.1), RYIRERSHEIENH IR 2 A IS L4
FERRPE BRI R . S IR % AR BERR AR SR £ COT Al CYTB ik B o - A
FEAEM R 2R, R REFENTE S R LA ihim, SR i %
FEVER R S5 E R AL P ERZ [AIAFAE W B 22 7 (B 2.6 AN 2.7), HAEJE-BK
RS AR R RS RE B E N (FFEUbsE, K 2.6, A; 2.7, A). Wizl
AP A AT Z R (COL M CYTB) ka3 7E F AL BR 2 7] [ FEA7AE
Z 5, BRI SR T b R g S e m (Fagedb s, B 2.6, C, E
K27, C, E)o PIMiZE CYTB 2RISR ML HIRZ FEVEMS /5 S5 2 2 RS

25



Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

JRAEFFALFER B E A — B B gz b2 (K 2.7, E, F), A, 2RI COI £ F%
MERIARZ IR 2 FEIEMS )R ) TAE R AL 3R AAE R E Z R (Bl 2.6, E, F).

A B

£ o0s- |$| z =

“ &0

Z 2

S 1 S

@ H e T=

=4 =

= 5 $

%_ 0.04 - %

= $ 2

k= =

lg é _ *

g _— g oos

2 - @

= 002 =

5 g —r—

& # & e
=0 &80 7o &0 @0 s0 S0 70 &0 <0

Threshold(%) Threshold(%)

0.0020 -

0.0015

Relative emor of haplotype diversity €

Relative error of nucleotide diversity O
*

008 -
0.0010 =
-
0.0005 - - 0.05-
0.0000 - - : ﬁ e
50 60 70 80 o 50 S0 70 80 so

Threshold(%) Threshold(%)

A 2.5 ZTFE A COX3 ZEF D-loop ZEE TFH K DNA 51 HZE Bk TR BEXT 1B A% 2 15 A4
THE R

Figure 2.5 Effect of nucleotide sites deletion ratio on estimated genetic diversity in Homo
sapiens for COX3 (A: haplotype diversity (h), B: nucleotide diversity (7)) and D-loop (C:

haplotype diversity, D: nucleotide diversity)

LR T EEEE D TR EZ SRR G 8D A THE AR Z . KW A
5648 WATE 7 51 () AS [ 22 35 B (AR B, COX3 & [H (h: KW-test, X2=479.08, df=4, P<
0.001; m: KW-test, X2=479.04, df=4, P<0.001) Fl D-loop 3 [Kl {135 f£ £ FEPE Al THE R
MR BAT Giit 2 E R B MR, thah, JT K 0 fs 7 2 REVE A 1B I AR R iR 2
7E COX3 2K (JTsraristic =0.5, P=0.0001) Fl D-loop ZEH (JTsariseic = 50811, P=0.001)

rh A BE A B R 1 I B A

The boxplots show for each overlap threshold (x-axis) the relative error of estimated genetic
diversity value (y-axis). Relative error differs among different thresholds in Homo sapiens for
COX3 (h: KW-test, X2 = 479.08, df =4, P <0.001; m: KW-test, X2 = 479.04, df =4, P < 0.001)
and D-loop (h: KW-test, X2 =448.7, df =4, P <0.001; n: KW-test, X2 =392.23, df =4, P <0.001).
Furthermore, Jonckheere-Terpstra tests show that there is a decrease trend of relative error of
haplotype diversity as the threshold move from 50% to 90% in both COX3 (JT-test, JTgiatistic =

0.5, P=0.0001) and D-loop (JT-test, JTszqristic = 50811, P=0.001).
26



%2 & AR SRR TSR T 5 R A T 2 B AR R

A B
-.? 08 b I I 4?
@ @
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(] (|
o 0.4- °
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T 00- T T T T < 0000- T T T T
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C Latitude D Latitude
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2 2 0.031
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=
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2 2
2 0.50- 2 0037 |
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2 02 g 001 1]
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& 2.6 T COl ZEFHKZE (h: A, m: B). WHAK (h: C, ©: D) FFEHE (h:
E, m: F) BESHEESEHEERR

Figure 2.6 Distribution of genetic diversity for COI across latitudes for birds (h: A, m: B),

mammals (h: C, m: D), and amphibians (h: E, m: F)
WIS 2N Beta IR AL RIH0LA 45

The regression lines (blue lines) represent the predictions of the beta regression model.
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A B
@1.00- 2 0.015-
5 1] [” 5
0.751
5 3 0.010-
% 0.50 1 g
& | B (0.005-
%025 §
Too00 "R PAPPR Z g0 DRATORRRETR
-40 0 40 80 -40 0 40 80
C Latitude D Latitude
3100' . >
5 0.751 I TR £ 003
= 2
& 0
o 0.501 o 0.02-
o ©
> = ]
9 (0.251 o 0.014
& S
I 0.00- L] L] 1 L] Z 0.00- L] L] 1 L]
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E Latitude F Latitude
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@ 1 2 -
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B 2.7 #F CYTBEEKEE (h: A, m: B)s HAXK (h: C, m: D) FFEWE (h:
E, m: F) BESHEESEHEERR

Figure 2.7 Distribution of genetic diversity for CYTB across latitudes for birds (h: A, m: B),

mammals (h: C, m: D), and amphibians (h: E, m: F)
TR Beta [B] B FR4DL5 45 L

The regression lines (blue lines) represent the predictions of the beta regression model.
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£ 2.1 ET Beta BRI KBE LSRRG E 2 B R ER

Table 2.1 Beta regression model for genetic diversity and latitude

Haplotype diversity Nucleotide diversity
Locus
pseudo R? B B Pseudo R? b1 B

Birds Col 0.7073 -3.51e-03"" -1.81e-04™" 0.4743 2.48e-04"" -2.88e-05""
Mammals col 0.6767 8.58e-03™" -1.79e-04™" 0.3397 4.48e-04™" -5.38e-05""
Amphibians col 0.8417 -2.05e-02"* -1.85e-04™" 0.4906 -6.31e-03™" -5.19e-06™"
Birds CYTB 0.2271 2.26e-02"" -4.65e-04"" 0.4863 9.64e-04"" -5.36e-05""
Mammals CYTB 0.159 1.99e-03"" -1.58e-04"" 0.5599 7.25e-04"" -6.83e-05""
Amphibians CYTB 0.4143 -9.07e-03™ -3.11e-04™" 0.6814 -7.66e-05"" -1.21e-04™

RE: By ZIRIEIHREG By —IRBURIHREL; *** P<0.001.

Table note: f3,: Coefficient of quadratic term; f;: Coefficient of primary term; *** P < (.05.
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2.4 1S
24,1 BERIHMITEHRAGEREMBES

BUE ZFEME R A ZFEMEISERZEE (Robert, 1994), 2% 5 4R, 22t
1 22 FEVERR ) FE A% IR 22 1k (R 983208 B9 A2 22 REVE I S0 ) 34 A 8. AR T
B R ZAEVEAE S B0 B B B RAE, XA AR 2 1t DR I L AR e s
i s H A B A S R SCANE R TE b 2R o A FUARHE OO LR IR R 7
P — R R A R Z BRSO, TR R WA K DNA 1 5
AR ZREE, TR T I TTEAREM AR DNA 781 v il 5 5 A5 10 22 BRI
BRI, R B AR 2 T bR R D 8 A 2RI 25 o0 A i SR SR At 1 BT % R
WA TER I, DNA JF751 EREAT SR BUR BRI IZ 1R 2 AR A A5 A 2
FEVERI A THE S A B, HRZ IR 22 R M B 5 50 R P52 0 B AR LA AL R R 0 52
AR S 2 N, AF S B 2R 22 A U R 0 P52 B 5 70 2R R P PR 7 L
FHne Bk, BT BRI AL TR 22 R A SRS 0 2 2 ) AN AE S
KKFR (F 25, D), KPIHARREZERZHEMHF (Lietal., 2020; Manel
etal., 2020; Theodoridisetal., 2020; Grattonetal., 2017; Miraldoetal., 2016)
ARG T 7 B R 3 2t SR i 22, G285 SR Rt — 0 B AR o A T 4
AL IE T 1T AR B B 2 FE AN BE AANEEC DNA F 41 fili vk i A8 (Miraldo
etal., 2016, 1 H KWL EA5 Y 22 FEPESE MNANEERE DNA 241 rp Al B30 4% 2 R 1Y
PAETEAR . BEAE, FRATHENA BRI X LU ER 1) DNA 75135 X3~ 3478
TN T4.90%, T A HGE FE v 0 PP 50 AT XIS~ 3 78 6 N 94.37%,  féoR
MNIRAT K e rb Al o B 20 22 R R T v AN AR E 1) . AT, S AN K
DNA 4ttt H IR 2 FEE 775 —# (Miraldo et al., 2016), FREFTAR
Xof EL R A% TP R 2 S 5 B 2 LSRR (1) (Tajima, 1993), IXtH21% 7 VA B s 2
— o PR AR BRI T B2 207 iR BEAT UL, DA FeTH SRR, 32 5 AR R

242 BRAHIRER-BERIHEXR
AW FUE A A R 2 AT R R B RE IR 2 AT R T AR R
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%2 & AR SRR TSR T 5 R A T 2 B AR R

SR, NI IR A T 2 RE R (RS OC R IR TAE R, T RAT B
M (zm=kh), kIEAR—AMEEM, FHBEEREA KN LUR T 51 18] 1) 2 R 0% 5,
DR A Y R - A T 2R Z R ANAFAE LR G R, T A2 B AR A 5 81 [ 1) 22
AR, BRIAZ I RS 2 2 A M 2 AR SR T R R B R S
Godall-Copestake %5 N\ (2012) Z5RERAIE, FIHHB L 5] Ae & H R © 5
W TR, XIE—ERE FIEW T RAEG L SR W, B Godall-
Copestake %5 (2012) 5 HIE & 2 BV RS BAE AR BRI 5t
A AL IR - 15 AL 2 FEPE DG R EH RTHIF T B8 — B0 S5 2 2 R R
HIRZ R RES GEASCEURAE DO $4E T BB FEAl (Songetal., 2013;
Wang et al., 2013; Zhangetal., 2012; Birdetal., 2007). FATHLMIZE] 57
FEVERIAZ IR 2 FEPEAE R JL P BRIM A — B 4 BE AR AR SR i — 2D B0 T A R
BRI RN 2 T AEAE TS BRI S R o AT NROBIEFE 2, 0 10 B A3 70 2 B ek A
R AZ R 2 A M mT R BAFI B 20 1b [1)f5 %5 (Gargand Mishra, 2018; Songet
al., 2014), [FIkFREREHE FERHRFRE M CAREE, /N RS P AE AL Y
FIREF= AT 04K, SR B R I T AR HE AT 75 0 — 2B B 5T

243 GEHEEESHERREEEEBR

Miradlo &5 (2016) & Xkt 1AL ZFEPEL BERRERS R, AT DR IR £
FEME g TEbR, KWL E IR 2 AR 26 A T @i F I Gratton 45 (2017) JUJIA
g 2 FEVEAETE B R A A G R, H 456 BAREAR T3 TR H R 2 RV 26
FEBRFERS R, THT G L BR 2 FEVERS R TE R AL R ER Z AAEE 22 57, WP TR
SRR AR A ERE S . 5 Gratton 25 N IIRT AR IO, PR A 7
ZFEVEI LB FERR RS S5 S L2 — B0 s (H 1 S0 B B 2 RENE 26 FE R BE RS )
S ALRE R AR (B 2.6, A, C, E; K27, A, C, E). HfFAIZ RN
245 B0 B A% SR E P AL 3R 8] 1) 22 S PT RE SR 1 SR UE 36 5t B8 AE A () B 2 2 ]
ff) %5 (Camus et al., 2017) FIAFRZNIEFFEY #HE IR (Gratton et al.,
2017) . B Y- 2K i AR AT 2 BRI HoRE A 3R 0 S A8 2 (Hong et al., 20195
Fordhametal., 2017), HARERERERAC:BR/N, A3 ae 8 4 Fris & 2 Btk
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I A 5 HE B £ 22 VR ) B SR (R A 202 1

ffesE (NP RGE AN 70280 . JLP BRI RIE IR AUE BRI 5N & T 4
X [¥dtH™ (Virkkala and Lehikoinen, 2017), &BIbBR 5 MM s R 1K 43 A
TGRS AR AR BB 73T DX R B A AL 3™ B A 5 G DX R A A
VAT EM, XA E R EAR T AL REm i A T R R .
BT 2 REPEEE AR A SR AN — B2, SR LR AL T IR 2 BEVE A P BE PSR
FERE L 2P BRIE] (b JR i 55 2R, R W% 2 REVERS R R AR A AE 2 7 . R,
B ST 2 REVE R B 1R 20 REVE RS 18 4% 2 REVERS J5) R O LR , Xof 4 T 2
fEHE) 2 BEVEAE 53 F IR TR SR B L ) 22 ¢ 2

Zi b, AHRFAR T —FoR SRR R 2 R T B, i ONERE I MRS
] DNA 740 PGSR T 2RI, ORAN 1 I A BE A SR K DNA 751
AT SRR B IG, B RAR Rt AREdE N R 2185
PRIT I AL ZRETEI 2 o A i SR B4 T 3T T
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835 pEESHUENEERS RS BRENFERENE L

31 finE=

AR FERY], Y)Rh = E BRI A 22 VR A7 A — 8 R BE 1 43 A R 3t DR
f# (Fanetal,, 2021; Miraldo etal., 2016), FKUEALZFEMEFIYIFIEE FE 210
A BEAFAEAE A ARSI o EEXTYIRN ZREVERS R B ], $R T 2 MR
B, (1 A= (20 MilimBEl: (3) AEfE R (4 ik
HERBYG: (5 JUARRBIEL: (6) Ai ML, K% Lawrence Ml Fraser
(20200 @ EIR AT, AIX AR UL RENS [F) I g Ry M =E A AR ZREIE,
SR, ESERR A BT T AN S MR 8 TR R TE M PR T R 2 BEVE SRS 45 3 T
{ESE (Theodoridis et al., 20200, FHAMRAE U 5 IEH T 18H4% 2 FEMEAR SR 15 A R R
PFo BRAb, — oA W R 3R A Bl BE IR S N B PR AR AT 23 5 A B A 2 R
(Willoughby etal., 2017; Eoetal., 2011; Orbanetal., 2008). Orban Zf A%} A
FAERE T FUESE | & 5 3L Z MR K (Orban et al., 2008).
Willoughby %5 AW 7R M, SARILMEFIAELL, THEMMHIALIS. WM, MK—
AR BRI AL 2R, (DA QI A Bt 2 (Willoughby et
al., 2017). — MRk, 3 BAE A0 AR A7 Al 1 0 1) 5 A 5 R R 1 T e
R, IR R (R R 22 SR AT A 25 55 o T 2 2085 LA SIS R P88 1 22 R I 25 S 11
FEATE AT £ TR

PR AUE BRI AR AL IR P R AS L SRR F SR RS S )
ZFEVECRY A DGRBS Ot T SR Bl (Leitwein etal., 2020). H58 2R
Pt FRAE HUE R S ERAE, IR T AN 5] X 3 EA [RI R P 350 5 A 2 B Tl 129 B
ARG PR 41 & (Leitweinetal., 2020; Neiand Tajima, 1981), K, %2
{5 70 2 B A3 AR R S FC TR B ah DR IR 5 RS A 40 22 B ek 37 SRS P e 2 B2
%, SR, BIAMTARZET TRERZ N, AR HEEE R 2
PRI S0 AR R 2 —, XAV Z RO 2O E B A M. H A6 T i fs
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22 PEVE R AL A8 A% 22 Rk 0 AT A% SR A A = o BERS R e 15 B — BRI )
WAL 22 FEPERS RIAEPDRD 2 1 R T AT LA 75 A5 R ] (10 22 7 558 1) il i AT 2

AHEFCH, FATLAL S WFLE . PIRESEONIE TEX B, B S PRh KT 1 A
RIZFERZ IR AR R, 220 17 R 1 e skt ZAEE A I, IR
BARTT 1R ARG E PR S A8 5 B kB Ui AN 2R 7 B E 75 A e B 2 2 A 1k
AL IR 2 FEVERS SR o BEAt, AT 7 R VERIESEAT 9 B 8% AR 2 18] (1%
R o SRR AT B AN AL B B SIS A R . T
A E PEBRAEA R SIS R & VEAF R 2 5 . SR AR FEA S BAl TR
BUEAE &R BABARM AL 2R, X 5AT AR LIS, PNISE. TeAT SR i
FEA Ve — B, RULEVEAT Juoxt Bl 2B MESh et A% 22 PR R] BEAFAE — BRI AL
il o

32 MG RHE

3.2.1 DNA F%I3%EL

FAMEH Miradlo % (2016) FI Gratton %5 (2017) 175745 5l A NCBI !
BOLD ##ls Erh N 1 528, PR, PINIZEZRI/R DNA #2088 . FRAT3R1S
TERRIRIER SR B, Hodr: 1) 134,498 %% CYTB JE[H7%1; 2) 73,809 % COI
Feo1, SRR 51.6% K SRR IR A SR AR b ERE B . idsiE (S B
FP 5 43 AR TR AR 2 4 P AR SRR M 42 B APAS [ 5K, DRI SRR AT 148 FH Hb 24
EHCHE (Geocode) T ik AN NN N AL A H . AR T 96,530 7%
A G T R B, A5 3,911 #1938, 2,263 PRSP 1,628 Fii
Wish 5 SRR AU B ) 46.3%. N T BIRIZFBIR B T HAR /A X, FK
12 0% T M3 B VR AR oA X AN PP B8, )T e A J AT B e L %
Moy A XK. B K K i X # T BirdLife W uf
(http://datazone.birdlife.org/species/requestdis/), T FLISFNPIMIZSE 7040 X T 3T

IUCN W3l Chttp://www.iucnredlist.org/) »
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3.2.2 B SHEMRTEMAK

FAMEFH MUSCLE v3.8.31 X & #1401 DNA F31E47 1 Eexs, Bl s 3148
F A5 R 2 FEVERIRZ IR 2 FEVEAE st At 2 REVE (TR AR it AT IS 22 40T 9 T ORIEE
A Z R VTl 25 SR e e PEARS B, JRATTHERR T 5 81 56800 T 5 it &
458 (Miraldoetal., 2016). HfERIZ PRI A0 3.1 (Fanetal., 2021) #t47
i, BHREZAMERH AR 3.2 (Miraldo etal., 2016) #EATIHH:

Mkij
F>O
h (,ll’ .. (3.1
2
1 — kij
T[=(ZT)Z?=11 ?=i+1m_ijj (32)

Hor Ky RS QARSI j 2 SE KRR R, my R
9 ¢ RFEAL j 2RI . My, , RN HEEH Ky/my >0 i
HPSCE, (7) YREAEEN LA I 14 5

i % REME RO TTRLALSR T Moritz 5 (2017) (177440 B2 M (500 2 P b
TR IR 2 R 70 AR A0 1 2D V. BT 4 5 S0 0 S IX 1 P
0.1 /NI (Moritz etal., 2017, i Je46-f5— Al 2 BF I M2 0 4
R 25 R IR FE IR 22 R P IO ML 5005 5B A8 6 7 0 TR 25 R A R
S REMER KN 5 B SN A BRI M 1T 159 SO 5K A M 22 R 2 4
KT MAER S .

3.2.3 K& AKRN AR AT IERIREAIIRER

SAREE R A R ASER S (Hijmans etal., 2005), AZSEm A 78045 F
#® H NASA # <« & 5 B & oM KO Ao Mo
(http.//sedac.ciesin.columbia.edu/wildareas/) » )5 f# ] R i 5 ) “raster” fH
f¥] “extract” BREURIEVIF )73 A0 PR EL T % W0F0 NSRREMIR 1 (HID. 340
(AT). EEZENE (ST). EREK (AP). BKFEIME (SP). BB LIRS
AL I#E (CCV) (Sandel et al., 2011) FI#IZA:7% 7)) (NPP) (Haberl et al.,
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2007). FAVEF SR F BN ESE R R MRAE, SO0 F & ERE0H 1%
PIFREAS SRR AR SO A B R, B 30 B2y ke 1 A Bk S0 7 o
(Iwao etal., 2011) KHESIFIFFFI 44 5 AE ACRGIS $e Uit .

TRAT LA MR R A AR D R AE B F AR . PR 0 M EOHE R A
EltonTraits1.0 $(#% % (Wilmanetal., 2014). %30 2 x4 —Y0Rh 1 & P 20 it
ARGy, ISR B AR T 60%, WA Z A AR &3, S
YR RAEX — I, SR 5 K (D) Fr R
s (2) FARRIEE: (3) THME: (O FiEshP: (5 REt. N T HE
VA, FRATVIR A 2 5040 P (0 M 2 B UK ool L2 1) B PR IR 200 5 P e Rk AT T
e — RGN RS, AR A AT A N BRI AR BT X . ik, R
TRV 347 RS AEXT R0 T AR BEAT A, 47047 A S5 X AR 5
XK 73 (AN e AR, e AR e

3.2.4 YIFKFIREZSHMMEE Z BRXFR

FRATVSE I b 5 V2R AR DT MR K - 84 2 FEPERNZE FEZ IR OG R e (1) JET
BE 2R Bk A 2-D B, AL T A g 5 2R L 95%
B XA (2) FAMRIE b 3T X5 T RN Rh A0 X 0 s 4 B ok
RFZYIFIAEL AT (Zhengetal., 2019), BEJE4:H]T “beta” 1]
R BERTT T SR A B 22 R M AL IR 22 REME RN 26 B A0 B 2 TR RIS R
N TR Z FEYE T 0 R, B G 2 FEE SR AR I BUE A < (n-1) +
0.5)/n ARFEATEA, HA n AR/ (Ferrari and Cribari-Neto, 2004).

3.2.5 SRREMN. YIREFNURRVFEEIEE SRR

FAVEH R B F AL ]S 73 73 Xof 28 A0 FRD 388 A 20 A5 P 0 BE i £k LA
R B SAR AR AR L 77 ) Z 1A R R BEAT HL 5, AR S fsAe e PR BN
PRI RE T RIS 2 AR A AR . FRATTEL Jonckheere -Terpstra 1655
(IT-test) U & EABAE ZFEIERIOCR, nliass 1R 2 PRI IR
RS R E EZ AR BAAEIEMRK R TT-tests Fga il R 1EF M
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“clinfun”f, (Seshan, 2015),

3.2.6 MR MFNTERZSIE L SRR

PR e VERTITAEIRES 58 4% 2 FEIE K9G & 8 H Kruskal-Wallis #5545 (K W-test)
1 Jonckheere -Terpstra K36 (JT-test) o FRATT/T BIALS T 8457 Z AR R IR 2
FEVEEAR AT HEIRE P R BAEEEER . KW M JT-tests RIFEH R
B I “clinfun”f (Seshan, 2015). HT EltonTraits1.0 s It T & 2F0
WL R MR o T EE RO AT F M, BRATTAN S SR LR B A 2
PR RIEATIRDT o AR FRAT DRI A 1) 5 7 2 S B e v i e 12, i
T G AP R FA G S PIGE, WAL 1 AT, BRI 0 T
B IR AN 38 15 2 R IR 5

3.2.7 K& AKRNE AR ADPAFAERHIRAE 245 14 R AR XS TRk R

TR NI LR FRE CEARIRASM M) itk 2 710 AH
XFoTEREE, JAVEH 10 B R 9773, 0538 1 HIL CCV, AT, AP,
ST, SP R e VEFIITAERAS KL TR 2 AR AN S5 B 2 REPE S N. (TB ).
ZAHTAE R 1B “hierpart” G523 (Walsh and Nally, 2013). %5 #HT7E 225,
IR LR ATBIARIZR () COT JE[RIAT CYTB JE[R TR AE (1 55 A 2 RE AL IR £ 4%
PErORSL AT o FRATTRE B T RERY IR A EAT T 400G, JRASTH T S B A AR 1)
T ZERGA RN TE. T RS Fh (8 72 5 75 2 0 43 45 SRy ke s mil, 3141 1B
HUHEER B FP B B IR 504 100 (REAERAS 100 MR E 1B KA THE, kit
B8 DR - AT ALUbR 94 22 AT B 0 22 5ok 5 SRS SR IR M

33 #FR

3.3.1 MK FIER SN ERBERE

2ot Hh RS BCHE, RATRAIRE T 96,530 24854 HFE (S5 B2 Rk DNA
%), Wi M GenBank F1 BOLD #4f ZE rh FE U P ) 46.3%. FETIXLEfF
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Figure 3.1 Distribution of intraspecific genetic diversity (GD) at the species level in COI, for

birds (a, b), mammals (¢, d), and amphibians (e, f)

BYMHEARADT 5. B BRAFIRNZ R AR AL SRR, RO RIS
T PR o FABIATIA A (0 I 2R s T MK T 84S AR I FE O AT A% SR s AR LB
SR RSB RN T R R R s A 2 AR 95% 1) BAS XA

GD represents for the species (sequences number >= 5). Heat maps show the per-pixel value of the
mean for GD. Warmer colours denote higher values. Blue lines to the right of heat maps show the
latitudinal distribution of GD calculated as the mean value of GD in the pixels at the same latitude;

the grey shaded areas are 95% confidence intervals around the GD for each latitude.
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Figure 3.2 Distribution of intraspecific genetic diversity (GD) at the species level in CYTB,

for birds (a, b), mammals (c, d), and amphibians (e, f)

BYMHEARADT 5. B BRAFIRNZ R AR AL SRR, RO RIS
T 2 PR o IR IL (I (0 I 2R s T WM K T 845 AR I B AT A% SR s AR LB
SR RSB RN T R R R s A 2 AR 95% 1) BAS XA

GD represents for the species (sequences number >= 5). Heat maps show the per-pixel value of the
mean for GD. Warmer colours denote higher values. Blue lines to the right of heat maps show the
latitudinal distribution of GD calculated as the mean value of GD in the pixels at the same latitude;

the grey shaded areas are 95% confidence intervals around the GD for each latitude.
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Figure 3.3 Relationship between latitude and haplotype diversity at the species level, for

birds (a, b), mammals (¢, d), and amphibians (e, f)
FF IR T Beta SAr HZR AR5 FE, O R J5 BARCAREAN [B1H R 500 2 5 1k

For each regression we show the equation, the pseudo R? value and the significance level (P value)

for each term of the equation.
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Figure 3.4 Relationship between latitude and nucleotide diversity at the species level, for

birds (a, b), mammals (¢, d), and amphibians (e, f)
Elt 7R T Beta f G MM EVAT5 2, O R 77 DARCEA (A1) 2R 400 2 3 1k

For each regression we show the equation, the pseudo R? value and the significance level (P value)

for each term of the equation.
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SUEHE, ATMISE RBHEFOKT L, AR 2 R RS IR 2 R EA —
UL R RS R o 7E S5, WHABRBNIZ , WIFKF A% IR 2 REPETE #
R L DX ey, T A XU B B A R 2 AR (| 3.1, b, d, £
K132, b, d, Do TR RIS REBE RS R MIFETE IR A (S5 RLE,
K31, a, c; K32, a, o) MZRIRSIY (PINIE, K31, e; K32, e ZIA
HIMA =B R BRS2E COl FPEZRAE M RSB 2 REPE AN, 78 5 2RI 338
Hh, BALRE R 2 R A R T Dok B IR B ARk T AT 2 B A 2
PR HAZ AT IR 2 REVELE FERR RS KBl (3.1, e, £5 3.2, ¢, D,
850 22 R VBt 5 26 P 10 TH i T T ek o LAk, IO 22 S AR B FE 38 4 22 R 1 A
WA P B 55 A HT R (B 3.3 AN 3.4), VB T s 2B i 1A% 2k
VE B 2 2 5 W6 B IR P [ A 5 RS B S E B (P<0.05 MR, H
AR 22 RV S0 i B B AR AL (LA R? (238 i TR (5 B 2 R 5 4
A EANMER B S R? (BURBFEAIR R, W=4, P<0.05).

332 SRERBUER, BE~NMFRUFEENEE SR

ZiA L COL M CYTB HEFMLE R, % TR BB EEME, AT
A AE S IIZ T IR 22 FEVE B S AR AL SR I T s 1T 2 3 BRI (1 3.5 2% Col,
R? =0.055, P <0.001; %25 CYTB, R?>=0.064, P<0.001; fi#.2k COI, R? =
0.05, P<0.001; "fiF.3 CYTB, R>=0.05, P<0.001; FifiZk CYTB, R>=0.081,
P <0.001), FAERZFEMEAE DIt Bl e U5 AR A 8 A 1 T i T 2 A (I
3.6; WMiZE COL, R2=0.062, P<0.001), SRIM7ENRFLISAN L S B £ 1 2 e
A E R R RIFALE (K 3.6; 53 COI, R?=0.002, P=0222; 5
K CYTB, R*=0.001, P =0.705; W2 COI, R*=0.005, P =0.175; W#K
CYTB, R*=0.003, P=0.306). Xf T4 NiE, MAFHESIMEEREZ
VEREE I Tt B3 (B13.7; 5268 COI, R?=0.168, P<0.001;
52 CYTB, R*=0.264, P<0.001; WFL2 COI, R*=0.079, P<0.001; MK
CYTB, R?=0.019, P<0.05; #ffizs COI, R?=0.045, P<0.01; FifiZk CYTB,
R*=0.067, P<0.01). HfEMZAENEMWIR A ) 2 [BAFAEFRARIAI 22 7%, COl
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ZHZ WS ISE RS WK 3.1 FIFK 3.2,

The statistical test corresponding to this figure are shown in Table3.1 and Table3.2.
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The statistical test corresponding to this figure are shown in Table3.1 and Table3.2 .
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Table 3.1 Relationship between genetic diversity and landscape richness at the species level:

the result of KW-test

locus Genetic diversity X2 df P-value
Birds COl Nucleotide diversity 10.442 4 <0.05
Mammals COI Nucleotide diversity 33.503 4 <0.001
Amphibians COI Nucleotide diversity 25.24 4 <0.001
Birds COIl Haplotype diversity 8.853 4 0.06
Mammals COI Haplotype diversity 239 4 <0.001
Amphibians COI Haplotype richness 15.359 4 <0.01
Birds CYTB Nucleotide diversity 1.919 4 0.751
Mammals CYTB Nucleotide diversity 26.417 4 <0.001
Amphibians CYTB Nucleotide diversity 14.13 3 <0.01
Birds CYTB Haplotype diversity 11.393 4 <0.05
Mammals CYTB Haplotype diversity 10.455 4 <0.05
Amphibians CYTB Haplotype richness 8.778 3 <0.05

# 32 ETITREHNEESHENMRAFEERZFARRNER

Table 3.2 Relationship between genetic diversity and landscape richness at the species level:

the result of JT-test
locus Genetic diversity JT gtatistic P-value

Birds COI Nucleotide diversity 118771 <0.01
Mammals COI Nucleotide diversity 45181 <0.01
Amphibians COlI Nucleotide diversity 11218 <0.01
Birds COlI Haplotype diversity 116785 <0.01
Mammals COlI Haplotype diversity 43578 <0.01
Amphibians COlI Haplotype richness 10790 <0.01
Birds CYTB Nucleotide diversity 3772 0.356
Mammals CYTB Nucleotide diversity 44056 <0.01
Amphibians CYTB Nucleotide diversity 5365.5 <0.01
Birds CYTB Haplotype diversity 3922.5 0.183
Mammals CYTB Haplotype diversity 40216 <0.05
Amphibians CYTB Haplotype richness 51335 <0.05
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B PRI RAE R A5 B 2 FEPE R A A 7 0 i T e i 2 2 s (& 3.8 1525 COolL
R? =0.018, P <0.001; "fF.2 COI, R?=0.004, P <0.001; FHfizk COI, R*=
0.064, P<0.001), M CYTB H:[K AL B A5 B 2 R ANAE & 2R P AR AE XA OC 2R
(E3.8; B CYTB, R?=0.032, P<0.05). XF=MEEEM =, HINKIM
COI J [K A [ 55 1 22 BEVE AL 1 22 AR IR AR AN [F) 6 5O B H 2 TR S A7 AE f 35
Z5, HEEESOWHE M2t E (K 3.9; £ 3.1 F15K 3.2); CYTB HEHEAE
R B A5 22 REPE R 1R 22 REE O AE I LSS AN PR 6 v B A o0 FE I T
Mirte (B 3.10; 3K 3.1 f15R 3.2), (HIE SR s M S R AL IR 2 AR S
SO E 2 KRG B RS (B 3105 % 3.1 f15£ 3.2).

3.3.3 BMMERERISI RS SRR

ZERRW], LRI R 2R (B 3.11; B3R COL, X2 =16.13,
df=4, P<0.01; %25 CYTB, X? =11.983, df=4, P<0.05; W3 Col, Xx?
=27.215,df=4, P <0.00 DAL IR Z AVEAEAN [F) & 1t HP A7 A2 2 2 22 e (18] 3.12;
5% COlL, X? =28.134, df=4, P<0.001; %2 CYTB, X? =10.314, df=4,
P <0.05; W¥L2K COI, X2 =9.943, df=4, P<0.05 WAXCYTB, X? =
22265, df=4, P<0.001), FPEMELENWEE M EERE. 8L 2
HARIERERE I T 45 R R 5 Col BRFRIEM AT LM (B 3.13;
X?=5.6863, df=1, P=0.017 ) FIAXH L Z FPE (1 3.13; X2=29.022, df=1, P=0.001)
TEEAEA AT A P PR R E AR . BEAh, T4 SR S ETHE S LI K
MRHIZ IR ZAEME (B 3.135 JTerstistic=90658, P = 0.001) FIEf5HIZREME (1
3.13; JTseistic=81256, P=0.01).

3.3.4 K& AKRM AR IMPFHERHEE Z AR RS STR R

3 J2 113 53 41 2 B P R R AE AN 08 DA S N S IR 1 FE [R) 3% T ol A2 8 HE B )
IR LR (£ 3.3) FBERZEME (R34 KF.

P (36.761%) FIEREK (28.838%) XF 1525 COI KR 45 8 Lk
P R OTHR R B (MO RN>20%); BT (38.387%) X 52K CYTB IR AE
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(64.073%) XFAKIE COL He K RALM A5 R 2 AEVEAR S TR R A s AR FOK
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Table 3.3 The percentage of the explained variance of nucleotide diversity accounted for by each explanatory variable calculated by hierarchical

partitioning at the species level

Nucleotide diversity

Variables Mammals (%) Ampbhibians (%)
COl CYTB COlI CYTB COlI CYTB

AT 8.423 (0.013) 22.521 (0.071) 37.570 (0.068) 29.556 (0.055) 42.623 (0.095) 23.548 (0.090)
AP 15.591 (0.013) 21.297 (0.114) 15.395 (0.047) 6.298 (0.026) 19.431 (0.111) 42.513 (0.167)
PS 2.853(0.014) 2.879(0.018) 2.807 (0.010) 1.565 (0.005) 8.775 (0.079) 15.062 (0.116)
TS 8.217 (0.006) 16.011 (0.050) 22.623 (0.031) 19.473 (0.034) 20.217 (0.061) 16.170 (0.039)
HII 21.316 (0.032) 4.576 (0.049) 15.198 (0.092) 36.576 (0.078) 3.316 (0.053) 1.019 (0.016)

CCV 2.583(0.003) 1.714 (0.012) 8.778 (0.035) 5.547 (0.020) 5.636 (0.021) 1.688 (0.005)

DIET 35.793 (0.029) 25.132 (0.220) -2.369 (0.031) 0.983 (0.007)

MIGRATE 5.224 (0.007) 5.132(0.026)

FE: IR B R YIRS ORERRE KT 20%. AT, F3iR: ST, TP AP, UK, SP, BE/KZFETE: HIL, AKEmMRFT, CCV,
SURAAEE, DIET, Y)fh &t MIGRATE, YIFREAERE. 55T 100 RBENL = B4 B MSZ N (TED IIFRIEZ

Table note: Blod values indicate the percentage of the explained variance large than 20%. Annual mean temperature (AT), Temperature seasonality (TS),
Annual Precipitation (AP), Precipitation seasonality (PS), Human influence index (HII), Climate change velocity (CCV), Species diets (DIET), and Migrate

status (MIGRATE). Values in parentheses mean the standard deviation of the explained variance (IE) estimated by the 100 times random hierarchical

regressions.
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Table 3.4 The percentage of the explained variance of haplotype diversity accounted for by each explanatory variable calculated by hierarchical

partitioning at the species level

Variables

Haplotype diversity

Mammals (%)

Amphibians (%)

COlI

CYTB

COI

CYTB

COlI

CYTB

AT
AP
PS
TS
HII
ccv
DIET

MIGRATE

7.307 (0.013)
28.838 (0.014)
2.308 (0.005)
12.051 (0.015)
5.803 (0.020)
2.993 (0.004)
36.761 (0.035)
2.938 (0.009)

5.700 (0.065)
11.732 (0.187)
15.776 (0.196)
5.556 (0.060)
8.355 (0.146)
10.360 (0.062)
38.387 (0.464)
4.134 (0.069)

24.010 (0.112)
5.823 (0.022)
2.313 (0.020)
10.719 (0.045)
12.591 (0.095)
3.547 (0.032)
40.997 (0.107)

31.549 (0.116)
1.908 (0.016)
1.910 (0.042)
19.334 (0.077)
15.807 (0.141)
1.305(0.020)
28.184(0.251)

64.073 (0.082)
3.978 (0.076)
6.832 (0.079)
19.601 (0.030)
3.038 (0.047)
2.478 (0.014)

18.331 (0.113)
39.747 (0.147)
20.414 (0.105)
14.147(0.068)
2.799(0.047)
4.560 (0.045)

FRVE: BB TR E R FRERREE KT 20%. AT, F¥JE; ST, REZETM: AP, E[&/K; SP, F/KZET4; HIL, A%

A7, CCV,

RAALIE A, DIET, ¥ffeE; MIGRATE, WRUESEIRZ. 55 F %7y 100 IREEHLZ [BIEAR B AL N (TE) RIARIEZ .

Table note: Blod values indicate the percentage of the explained variance large than 20%.

Annual mean temperature (AT), Temperature seasonality (TS),

Annual Precipitation (AP), Precipitation seasonality (PS), Human influence index (HII), Climate change velocity (CCV), Species diets (DIET), and Migrate

status (MIGRATE). Values in parentheses mean the standard deviation of the explained variance (IE) estimated by the 100 times random hierarchical

regressions.
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HEEW R IR R H , BN REWS 7L 2 A2 85 P A7 A0 W R BUs IE R Re 7). itk
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G T PIR RN 55 S S BOAE B (R0 s DRI 35 5 R VB R JE I 5 2R P R
ALLFRIATLAR R AERF 8 i (1 0 o == e B R A% 22 A1

SR, FEAERTA AR Bl 3= B A (R B U R % F SRV BB AL 2 FEIE 0 A AR =)
N RS E AR U . FATHIBE L4 IR R W] A MR T A BRI 30 ) (553600
L) AR SRR S, (AN ZE R ER S AR AR, <
fBfe e MR AT IS CRIRBIYD A SRR IR 2 AR 3 RGBT 5
R IR Z FEVE N S, AR AR T A TR i) BARFREE, 1AL T A€ i 7 sk
SARZAE T A B A B M E 2R (Pulido-Santacruz and Weir, 2016; Pyron, 2014),
T A0 4 T S 36 £ 788 72 1) S 7R RO R, R IS0 B T 38 4% 7R (7= A 0 R
o LA R e B X3 — A TR FE b IX, XS XA 50 2 7 & B Rl TRIGAE
A AT B R AR A 1M % A 36 R F T R 08 2R % DX Sl v A% P IR 2 FF 1A
Jeo AHEE T AT &, SRR AR A WIS RE 71, BEREBRAR R SRR Bh
R IRIFENT o X U5 PR 1) AR o SR IAE A A b, RO MAHE Y (1 RF 5 SRR A S T
HXER AR & H3E N BE 1 (Sillero etal., 20205 Camusetal., 2017). WiZkkifkFE R
(AR R Fiti 5 A SR B AR AP E W] %81 (Sillero etal., 2020; Camusetal., 2017), M
TSR B B R REE AR . FESMEAML RS = T, 1B IR S RE NS E T e [ 5 (A IR R
T RE ST BEAR AN R AR AT R R P 0 B AR 7 AR (R 2 I, DRI SR Y 2 RS2 3]
SUEAR A PR F SN o K, AR IR AN EH T A AR T RE 77, ZEAR R SRS T
FsZ B F ARG R ) B T IE IR SN, DR S s 2 22 REVETE S B Bl LU IR (1 i 4
b X 5 I I

WAL Z RETERS SR BT R SR SR A A AR I L RV E IO 5 2, B 1 B4R 3] i 4
I VT B 0 RERE SRR SRR AT B B 2 RS R I RE A A, 43 2 (1A 43 BT 25 SRR B
fi A7t (i, SRR AEFEOKER) RIR v DL GTARIRES Y0 8L Z AR Y
M) o A=A DR - AR E B WD RR ) 3 A SR, 385 lbis 26 v FE A OC (Wiens etal., 2013).
T L Z RN S, RAAEE AR 1 RAE B A XA K S K EE AR T4
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53 B GRS RENE R R 22 R I 01 W R 1RO TR 13l K] L

(P75 AN AL 2 JL H B 38 R RE T AR 2 (B L [ /R F 45 R (Zhangetal., 2014). TH
X AR SAEIR S, PORRIR T K EE B B AR T e I HKTA S m AL, S8 AT AR RS BR
S A 2038 X M DA SBE o W i A 25 A 1952 (Leietal., 2014; Quetal., 20145 McCafferya
and Maxell, 2010; Phillimore et al., 2010). SRFIMFALIIME R MY HGE ), BEHE
Sy BN SRR E B XIS DA AR R B, G 5 8 7E AR AEBRE R T W0 1) 43 A X
[ db# fE (Virkkala and Lehikoinen, 2017). fEX—ifEr, FEAMRAIGEESE
A A . AREE TR S A 2 T AR B AR A [ AL, S T v R X B
TER, Bk, SIFHEAR T AT DR T 2O H IS ML BB AR SRy ot T
B0 7 SR (0 L LRI, RS B AR/ 1] ) J 4% 22 5, DRI MR AMAIE R B s A6 T S
FEAN S e 0 B T X A% IR 2 R I 7 AR A 2 RS T« R 0 R S B R (384 2 R
BEAR, IEHE S 2RI B E 5 2R — AN B BE (& 3.13). 2R BATIR, )
FiRFAE R 22 AR B3 AR 0] 180 4% 2 REVE RS2 IR, 0 T T R RS A [B] 1 Jt A% 25 o TR ML BBt A%
ZFEPERI A b R AR PP OE B R ) A S B SR 3E R R R 45

AT TCR I, A F AL 2 REPE R bR RAE (184 2 AR IS R 7E A [R) R B (A A7 AE
ES5, XL SRR AE Y R OCR YIS I, O 7 AT T RS E 2R
R, G EEREG ZANRAR A B AL 2 R AT LU BT . BRAh, MR 2 R B R R 2R
Sigte 2 B IR R A S E R . I, S A O B SEAEY) Z B R
BEUOKEZ AR R, LA R EY 2R AR, BN AE Y 2 BV R AR S TR
HEEEH BUE S
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F 4T MBS BESHENMFS TR

41 fiRE=

HE ) 2 REVE IR 26 BE B FEA% JR) 2 1 AR 5 A7 E I (Lawrence and Fraser,
2020; Lietal., 2020; Grattonetal., 2017; Miraldoetal., 2016; Mittelbach etal.,
2007). HAT, EVIZRNERIS R A% RE A Z 1 KF (Mittelbach et al.,
2007) Fligift L FEMEKF (Fanetal., 2021; Lietal., 2020; Grattonetal., 2017;
Miraldo et al., 2016) 43 HIE ML HIE . R Lawrence Al Fraser (2020) X} ]
e 3L [R5 Db = & FE AN B A 2 REVE O WL AV AT T 4508, R A 2 FEPE
AN[F)4E P 2 A7 AE— B SR EN K T (Lawrence and Fraser, 2020, {H 352 [A][)
NTER RA RHR AR o BHE 2 REVEFI b 2 BEVEAE R AR 2 AR R AN A ) 4
FE, JEIE 3 Z AN TE S R Bl T AT B AR A9 22 REME A AN SRS HLA], LA
A EY) 2 REVE ORI SR A

DAAE: ORI 9 2 WA 23 Aot A7 20 FEE 0 B R ) KL, R 20 AL AE D T 1k
WU AP 22 FEVE T B 2 v B 3 S S PR LR R T R = 4 2
—, AR T8 BRI (0 22 AR . Rk, FREROMGRR R B SRR
Z R RN Z FEPER B RS ) o 5T G BRA TUCA IR o (L8 S T a4 2 A
AR 2 MR (A 1, B 4.1, a). YIRIBEUE W REME PR
DA, MR AV 0N (Coyne and Orr, 2004). FREE[E] AL K
S IR R R S A (Boetal.,, 2008; Coyneand Orr, 2004). Fhit
514k (Population divergence) 251k 22 73 (b MW BEAIIHAR R B, - il 7 Fh
(1) 3 AR 2 B INIRAT PT RETE ORI A, LIS INASK IR F=E . (Eo et al.,
2008; Martin and MCKay, 2004). Fh#ER) 740 FE B 5 AR ILE o 28 R 98 AR Bl 2
[R5 40 5] A2 (9 E] DNA JPHI 25 - (Nei and Li, 1979). TEFEEMb IR FE
AR A AL AR S AE RS N B TR ZREE R e, 10 ELRE S IR
AFE 1 2R O 5 B 2SO B P PR 20 AR FEE o B[R] SR AR AR B [R] L 2E 0] T A7 E 1
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H A A I 8 TP 2 ) 110 5 e I o A ] ) R T 1 O, SR SRR IR T
TBE — 215 8 0 o 128 ol B ) 7 A D AR B R R R B, T 43 A B AN AN TR 11 A Rl
(Gulick, 1888), MIfI3§N—NXILIKF L AL Yok 8 HGe I e 1E— 52
FEFE AT R B b PR o B s, o T 2 e [ 7 A 5 R 3 DA ko2 o [ ) g A% 22 5
(Claramuntetal., 2012). FEEMEAIIEEAEM ZAEIETERE, SR TTEL 7310 TE
J TP AN DRI B 7 (Rt — X B AR 2 FEE, IEHR T30 5 TR L M F 5 1%
WX (IR EETS 35 7F (Germainetal., 2018). A7t & BisAL ZREMERI R 5
&2 BIFAEE G % E R E AR (Theodoridis et al., 2020), FH =3 2 8
P REAEAEE B IR R, IRIURIRAT AL 1 BEATHN e R IE, R EIBA 2 (K
4.1, bo

FiRE 2 A A D 2 1 SR PR RE 22 5 1D 11 SR 8 R 5k IR 9t 3 [RI A FH 1 A AL Al
(Camachoetal., 2013; Lenormand, 2002; Slatkin, 1987). /A& HSR%&FEXFf
B EZEH C A3 1T 2 A 78 (Camacho etal., 2013; Schluter, 2000,
SR 73 A AN ER S5 R 7 2 TR 50 R AR R0 o N E Bl AU 3 B B
Chn, URFERIRE KD I AE BT Bfk, 0 R AN AR 2 R B A S A R B AL 1L
) FE K2 (Theodoridisetal., 2020; Moritzetal., 2017; Wiensetal., 2013),
IX 2 PR 31 7E AN [R] 1) b 2R [X 32 ] 1 22 57 T e 5880 T AN IR 1 430 AT Ja) o AnTE #vi AR
SE MBI, A U R B 4 R RE T s A, A B T b 45 4 1)
4= (Moritzetal., 2017); fEJ M LEEEHLIX, DU )R 5221 (Sandel et
al., 2011) i BLAAAHFED SR RIS 4 A2 1 L b X b 2 M R S o ) 43 ) 2 R
K1# (Lietal,, 2016; Leietal., 2014). Y% B3 BRe o AR R 15 68 J1 e % 1
TN FRHEATORN e AR PR B (¥ T4 e 77, AT ZE DU AR £ P A R SR RS 25 2% A1
ORIF IR MRS E . AEZIEHEE, 3k, LS. MM e
JIFAR IR RE T 22 5 1o a0 S 28R LR AR IR 24, W AT 2 AR R 5,
T2 AR AT PR (R M BT 2 SR AN 7L AT SRR LR, IR
BAe 1855 (Sandeletal., 2011), IR HAbHL YT, BREEAR TR FATTILHIRE
IR RS o B WA T BRE  RACTE R T BRI e RS RS AR EE AL, IS A TRAT
A DAEAS [F) (R 3 ) 25 80 A [F) s Rl CAniig FE AN N 28053 BAA R E
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SN o

a Model 1

Genetic diversity Population divergence

Species richness

Evolutionary time

b Model 2

Genetic diversity

Population divergence

Species richness

Evolutionary time

B 4.1 PSEM BRI BAL S AN FhRE G PrPhE B B S AR B Z Al H SR R

Figure 4.1 Models that are tested by PSEM models, of the relationship among genetic

diversity, population divergence, and species richness overtime during evolution

REOFLRWHAAFR R Z B RR R a, B 10 2PV MR R B A E
FAHR KR b, FET Theodoridis 55 (20200 I F 45 BN 8 1% Z AR R A M =F 5 FE 2 1)
FAEEEMR KRR,

The black arrow indicates the relationship between the two factors. a, Model 1: genetic diversity
and species richness without direct correlation. b, Model 2: species richness is directly associated

with genetic diversity as speculated by Theodoridis et al. (2020) study.

FEARTETLT, FATEREI T RSB 28 I FLSEAMPIRISRE kA COI
SLINAT CYTB ZEN, SRAS 36 R iE B Af 2 FEVE AR 2 FEVE AR 1 AR Y 2
A R AT COL M CYTB 5 A 3 FE52 PR X A 2o br (A 3k [R5 A okt
YIRS EMAGUR B AN EE D Thoid, FHELER 30 4 B LS
R T ANFE AT B Ak, JATEHE— PR T ARSI R AR AL
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FEMEE MR T R

42 MRERHE

4.2.1 BIEWE

Rk CEIRGAGSEID 1Bt A2 5 MRS P 7 1% 2R b R 22 A 5 vh i L L B 58 3% 1
M, FLDRD AT X BB K 2 BRI B, AT RRUBE 2R T 18] L5 23 i 1 HL AR,
X3#, (Moritz et al., 2017). FAKYE 3.2.1 DNA FFFIFREH () 5 iR 21 T
BORBERE AE B HEEh kiR COT Al CYTB AR E . R R0 A 7N A%
JE G FUREA R (R 2 SRS AP 81 (Paz-Vinasetal., 2021), ATE P 7ixk
FEHURE R SR G SO (PR Rl 5 S A SREAS B R, DAORIET 7044
BIERIETHIIRREA (R 4.1). B 3ATIEH MUSCLE v3.8.31 Xf %4 # 1) 34 A Fr
HUHEAT T X

422 MRS, BESEMMBEYMNFEEE

TR A FH KAy £ 5] — WP S [ b ) 75 AR A I A% 22 R (M A (Garg
and Mishra, 2018; Songetal., 2014; Avise, 2000), FH¥H 484 i E & R4k
(FST) FHHEDR 72 7 R (GST), X W FhFE AR Hh b P S0 Y K HOA% A5 B R 1
5 (Mehtaetal., 2019). SR A 22 FEdE ) DNA 291K 2 B0 AEKH),
BA RGN A H) A L S AR5 2. (Miraldo etal., 2016). Bl &

ATAE IR B B IR ZE B H (Myy(neny ) RS FRE IR E -
Txy(net) = Mxy — 0.5(Ty + 1) .. 4.1

Hrp, m N REF R Z A, m, Ry R E IR FEME: my, AR
X ARy AR I IR 2 FEVE

H 2 R0 126 P 2 R () DNA PSR SRS, DRI A8 Afoe LR B4 (1 18 4%
ZFEVERIR A R 8 A S AT

Kij

7= (n)zn DN . 4D

ij
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Hob Ky RIF D ORUFS] 2 KRR E R, my R
51 i RUFS j 2S5 KRR, (7) FREATLN HARHy s

&K 4.1 RO DY RN ELRFERFFIREERER

Table 4.1 Information about species that include sequences that only represent haplotypes

sequenced from a population

Animals
Species name References
groups
Anaxyrus americanus Mol. Phylogenet. Evol. 38 (1), 250-260 (2006)
Amphibians
Craugastor crassidigitus Unpublished
Craugastor fitzingeri Unpublished
Haplospiza unicolor Mol. Phylogenet. Evol. 61 (2), 521-533 (2011)
Haplospiza unicolor Mol Ecol Resour 15 (4), 921-931 (2015)
Birds
Haplospiza unicolor PLoS ONE 4 (2), E4379 (2009)
Haplospiza unicolor PLoS ONE 6 (12), E28543 (2011)
Dicrostonyx groenlandicus Hereditas 130 (3), 301-307 (1999)
Martes pennanti BMC Ecol. 11 (1), 10 (2011)
Neotoma magister Unpublished
Odocoileus virginianus Unpublished
Mammals

Rangifer tarandus

Tamiasciurus hudsonicus

Ursus arctos

J. Mammal. 86 (3), 495-505 (2005)

Conserv. Genet. 14 (6), 1233-1241 (2013)

Unpublished

FEASFPEE N EREAS f 0 H DA N DNA 781 55 B X 18 AL Z AR PRI
flitr R E KmZ (Paz-Vinasetal., 2021). FERNFE MM FHFEIRSH], N
TR M A, RIS R 2 B S, AT RN A DR A G B i 4
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FE b R UK 2 g v ARIEER P FRRE, I LI AN 1B 1100 A2 IR 22 S 4K
HAE AR A Fa 4. 3@ AR5 A I IR P NP, AT DA & R 5
Ao e (IR AR IA) R A 2 H AR A R B H O LB YE DY 0.880-1.470 (5 4.2-3%
4.3, WHFLEHY) COL FFBRAL), 1M 5540 Fh ] FRREAKL B RIRAE s 40 H 2 50
T B RO P8 T s, o () SRAE RORIRE AR B H 2 8] 22 i DR 45 SR R I s 22 o ZE T
SR TR FI, BATEMH A 4.2 THE T SRR 2 FEEEN
1AL Z FEPEIIRAE

K42 BFRERE T AR S HFSISE REME A E 10%-90% 5 At

Table 4.2 The 10%-90% quantile range and the mean value of the number of sequences

sampled (spatial) sites and the number of sequences per population

) The number of sequences per
The number of sequence per site

Animal population
Gene
group 10%-90% quantile 10%-90% quantile
Mean Mean
range range
COI [1.000,2.267] 1.524 [2.000,9.000] 5.076
Birds
CYTB [1.125,6.333] 2.705 [2.500,19.800] 10.262
COI [1.250,6.566] 3.429 [3.500,73.800] 32.361
Mammals
CYTB [1.000,6.000] 3.121 [3.000,43.500] 19.351
COI [1.000,5.600] 2.641 [2.500,19.550] 8.615
Amphibians
CYTB [1.000,4.470] 2.591 [2.150,31.400] 13.824

AV TR @ M) ZREIEFREL (SRspecies) TENPIM ZAE1: 1)V (L BT
UL e SRspecies VT T 1ZMIM 7341 X EE I KV ER , Kzl 7Yk 5
HARIRICALHIRE ST o BAVE FIZIE R R YR 2 A EE ST RUR R (1)
UAHTFTIR, TSR DNA P56 80 BRI, BATIASRE IS SRAEE A 2 K05 21
A A TH 22 BRI B R PR ) o3 BE 22 BRI, [RIBEAS BE 6 A5 FH AR 1D [X
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Table 4.3 B-YFH B KLE BERBER PRI S KT 513 B LAE FRIE KR 10%-90% 5 A1 75

Table 4.3 The 10 - 90% quantile range and the mean value of the ratio for the number of sampled (spatial) sites and the number of sequences between high

and low populations.

The ratio for the number of the sampled site The ratio for the number of sequences
Animal group Gene
10%-90% quantile range Mean 10%-90% quantile range Mean
COlI [0.400,3.000] 1.412 [0.403,2.750] 1.470
Birds
CYTB [0.370,2.000] 1.115 [0.346,2.690] 1.603
COl [0.333,4.044] 3.040 [0.194,6.425] 3.736
Mammals
CYTB [0.381,2.000] 1.350 [0.282,2.250] 1.723
COIl [0.500,2.050] 1.248 [0.363,2.350] 1.277
Amphibians

CYTB [0.288,1.500] 0.880 [0.320,2.048] 1.096
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BEAT IS 2RV RPRE LR BN A T (2) FiE AT AR AR R B KR
YIR AT, 9 1 AT RS PE AT, BT R EAED R ACT B U TH R s
(3) FFEMIFHISRepecies 5 LTI AT Vi Bl A PDRN 8 S KE R LA G (1

4.2),

423 ¥FELREEE

a Amphibians COI b Amphibians CYTB
s 40 S 100
2 £
o o
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B 4.2 B (ab). 52 (c,d) FIMERR (e, MRS X ARKIEEWFE H 712
FPEERFRE XK B S B Z B IR &R

Figure 4.2 Relationship between the maximum species co-occurrence (MSC) for the
distribution range and the maximum species co-occurrence (MSC)specific region in
amphibians (a, b), birds (c, d), and mammals (e, f)
P 2128 e 2 I B 5 X R (el ML & it 2 & HL B XD
The red line and light red-shaded region indicate the regression fits and their confidence interval.

N T A E R YR AR ], FRATBENL T2 T 100 B2 (Jetzetal.,2012).
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IFL2E (Uphametal., 2019) FIFA2E (Jetzand Pyron, 2018) 5 V5 AL 1] 1)
RGKEW MRIERHR ARG R EW G T &R 5 HIR S50 R el i I R A
B AT L [ AL 5 (R B TR SR i P Jee A B T (1) SR AE o 53¢ 5 2540 B3 AL T (] CETD
THE N 100 ARA SR BRI N TR B . O 1 BRI B, 725 2R
Gy O A IS (35 3E AT 1 X Ak

42.4 NZEsZM. Fpie] IR s 5 AR I R R AR X

SRR N A S ER S (Hijmans etal., 2005), ARSI FHdE T
W OH NASA #H &= & % #H oM M A o Wous
(http://sedac.ciesin.columbia.edu/wildareas/) » FA1H I R 15 5 H ] “raster” A
[ “ extract” ERHUIK I PP (1) T8 1L ) 43 A BEISREE T -k AR R -7 (HID
R (AT REFTE (ST). FRFK (AP, BRI (SP). HEH LA
REANRAAEZ (CCV) (Sandel et al., 2011) FHIZE A7) (NPP) (Haberl
et al., 2007). ATHHT %¥Fh AT. ST. AP. SP. CCV. NPP Al HII (314
VEZ AR IR B 25008 F T U0 AT o 285 18 2SR A0 B 7K A2 2 A S I W0 4 A1 114
HERER, RABETHE T AT M AT s 95%HVaE CFEHIREE, ATR: M
JKJEEE, APR) 1ERIZIIFIHIAEZSTE (Moritzetal., 2017). Fe(a] ) o H PE 5 2
AR I E R R 2 —, DU IRA TR V5 T R R O MR PR 25 (DP) 3k
PRI P ] b L 0 PR A0 A DS , P IR] ) e B 8 T SRR e s L (RS
TRV IR 26 FE AN 22 B v i nif o I 2246 BE 22 TR IO BE B, 1 PE B (8 F Geosohere £
TE

4.2.5 BN ERE WM ULE RSN

AR I G540 T RS A FH 526 . W FLR MR CYTB Al COT &
DAL 1 AR 2 (1] 4.1 PR st 2 E0E . M e iR 2
) (o0 AT R A8, S5 M7 R AL R TE S piecewiseSEM R #E4T 73 Hr

(Lefcheck and Freckleton, 2015).

% TG [R50 4 FH ORI € BRI ML (Mg mery ) FIBRCRAR Y o O T FEARIH] U5
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Table 4.4 Pearson correlation between all nine variables for birds in New World

AT AP ATR APR HII NPP CCv ET DP
COl
AT -
AP 0.745 -
ATR  -0.068  0.099 -
APR 0.196  0.567  0.652 -
HIT 0.205 0.028  0.271 0.361 -
NPP 0.852 0912  0.145 0.439  0.170 -
ccy 0699 -0473 -0.105 -0.265 -0.169 -0.517 -
ET 0212  0.145 -0.223 -0.137 -0.121  0.130  -0.099 -
DP -0.082  -0.151 -0.205 -0.325 -0.223  -0.137 0.134  0.167 -
CYTB
AT
AP 0.789
ATR -0.075  -0.289
APR 0.177  0.137  0.786
HII 0.187 -0.217  0.545 0.448
NPP 0.880 0928 -0.194 0.176  -0.026
ccy 0452 -0450 -0.256 -0314 0.053 -0.418
ET 0.375 0462 -0.264 0.125 -0.140 0436  -0.239
DP -0.307 -0.270 -0.294 -0323 -0.198 -0.209 0.433 -0.062

Rk AT, F¥JiR; AP, EFEK:  ATR, FHIREHE APR, FRKEH: HIL A5
HF; NPP, KA 71; CCV, SAFBHER; ET, YIFEILETE; DP, Fhie e th3E e
B DIORE P 2 B R ERL 1 R  BEAE OG- (Pearson’s [r] > 0.8)

Table note: AT, annual temperature; AP, annual precipitation; ATR, annual temperature range; APR,
annual precipitation range; HII, human influence index, and NPP, net primary production, CCV,
climate change velocity, ET, evolutionary time of each species and DP, geographical distance

between populations; Bold values indicate high correlation (Pearson’s [r| > 0.8).
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Table 4.5 Pearson correlation between all nine variables for mammals in New World

AT AP ATR APR HII NPP CCcv ET DP
Col
AT
AP 0.834
ATR  -0.029  0.106
APR 0.126  0.300  0.941
HII 0.135 -0.086 0.450  0.434
NPP 0.863 0948 0.196 0382 0.114
ccy -0.701  -0.596 -0.161 -0.280 -0.068 -0.614
ET 0.220  0.227  -0.095 -0.093 -0.026  0.207 0.024
DP 0.033  -0.033 -0.243 -0.264 -0.097 -0.048 0.066 0.083
CYTB
AT
AP 0.706
ATR 0.033  -0.150
APR 0.196  0.230  0.765
HII 0422  0.093 0365 0.369
NPP 0.771 0.881 -0.077 0278  0.320
ccy -0423  -0260 -0.307 -0.395 -0.030 -0.286
ET 0.104 0.232  0.027 -0.020 -0.010 0.171  0.057
DP -0.178  -0.013  -0.372 -0.312 -0.277 -0.035 0.286 0.043

RIE: AT, FIE;

AP, E[E/K; ATR, FEHEVEH; APR, “ERF/KIGH; HIL, AR

K3 NPP, #HIAr"71; CCV, SUFAIERR; ET, YFhiEiLEE]; DP, FhiEa) Hh IR
B I B ECE R B R R] = BEAH DG (Pearson’s ] > 0.8).

Table note: AT, annual temperature; AP, annual precipitation; ATR, annual temperature range; APR,

annual precipitation range; HII, human influence index, and NPP, net primary production, CCV,

climate change velocity, ET, evolutionary time of each species and DP, geographical distance

between populations; Bold values indicate high correlation (Pearson’s [r| > 0.8).
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Table 4.6 Pearson correlation between all nine variables for amphibians in New World

AT AP ATR APR HII NPP CCV ET DP
CoI

AT

Ap  0.621

ATR 0229 0.026

APR 0117 0569  0.635

min 0454 -0331  -0.001  0.010

NPP 0815 0741 0.025 0419 0271

ccy  0.624 0499  -0.132  -0.303 0298  -0.664

ET 0206 0214 0006 0.115 -0.075 0270  -0.030

pp  0.008 -0321 -0261 -0381 -0.148 -0.217 0255 0.106
CYTB

AT

Ap  0.638

ATR 0383 0.071

APR  O.113  0.664  0.463

mi 0585 -0.334  0.196  0.130

NPP  0.808  0.804 -0.128 0422  -0.350

ccy 0427 0435 0218 -0410 0354 -0.516

ET  0.I80 0.026 -0303 -0215 -0.150 0.008  0.144

pp 0300 -0.022 -0392 -0317 -0.200 0.065 0.119 0.063

%%EE: AT’ Qg‘i’)j%[an_;

AP, E[£/K; ATR, HEXIEJGHE; APR, FERF/KIGHE; HIL, AR

¥ NPP, (#4147 71: CCV, AU, ET, YIMSEALEE]; DP, Fhif (a2 iR
B DICRE PR 2 B R BN ) s BEAE OG- (Pearson’s [r] > 0.8)

Table note: AT, annual temperature; AP, annual precipitation; ATR, annual temperature range; APR,

annual precipitation range; HII, human influence index, and NPP, net primary production, CCV,

climate change velocity, ET, evolutionary time of each species and DP, geographical distance

between populations; Bold values indicate high correlation (Pearson’s [r| > 0.8).
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yRTH BRI SL LR, AT LT AT, AP, ATR, APR, CCV, HII, DP, NPP
BTSSR0 LB THISEE KT 0.8 AR R (K 44-F 4.6). NTHHERD
PR - (R ARG DTRRFR S, 0 T2 e Rl ABR, JATHHE T 8 — AN AT Re i Rl AL 1
FRME SR AICe A, BT UbATTHE T & H 7 Akaike BUEAE N XK
TAERERY P A B E ., %K1 Akaike AUEEANTHE T RONGE T L%
TG 22 ol A rhiZ K T Akaike $0ff 2 A1 (Symonds and Moussalli,
2010),

4.3 £R

43.1 EESHM. MBS K. YHMFEEEHR
R 4.7 BPREBRESHME (GD). MERSLIEE (PD) MPIFEEE (SR HiR

Table 4.7 The summary of genetic diversity (GD), population divergence (PD), and species

richness (SR)
Species
Gene Locus GD PD SR
number
COI 437 0.009+0.015 0.006+0.012 144.1994+29.339
Birds
CYTB 67 0.012+0.014 0.012+0.014 24.156+6.525
COI 178 0.018+0.018 0.015£0.025 65.276+23.407
Mammals
CYTB 92 0.02340.020 0.010£0.013 13.4712.668
COI 100 0.04040.040 0.0234+0.030 18.5314+6.909
Amphibians
CYTB 55 0.038+0.038 0.0194+0.029 6.283+2.582

S MR AE BRCHEATR R > 5, JRATIEFAG A0 TR Rk (RS
] DNA 741 25,093 2%, £35 885 Myaf, Horh 538 COI F:K W Je 437 AMHdh,
58 CYTB ZEFW K 67 ANMFh; i FL2E COT BRI K 178 MFh, i #L2E CYTB
FELRIVE K 92 ANMFf: WS COL EDR M & 100 M, Witk CYTB £ BFW 1
55 MR (SR 4.7) o T IX S8 B, FATR IS 2 COI 2 [ (#1845 2 FE4E 2 0.009

+ 0.015; FhEEMEFEE N 0.006 + 0.012; IGEEMIFNFEE N 144.199 + 29.339
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R 4.8 HNYREEBEL M (GD). FEEMLIEE (PD) FIWFEEE (SR) ZHKIE
JRFRAE M

Table 4.8 Pearson correlation among genetic diversity (GD), population divergence (PD),

and species richness (SR)

Animal group Gene GD PD SR
GD
COlI PD 0.503
o SR 0.179 0.207
Amphibians GD
CYTB PD 0.665
SR 0.448 0.429
GD
COlI PD 0.489
. SR 0.164 0.187
Birds GD
CYTB PD 0.811
SR 0.519 0.514
GD
COlI PD 0.684
SR 0.156 0.178
Mammals GD
CYTB PD 0.457
SR 0.195 0.223
GD
COlI PD 0.539
SR 0.164 0.188
All GD
CYTB PD 0.627
SR 0.365 0.361 -

RUE: RPN TR & Z R R ARG g R EE.

Table note: All the Pearson’s correlation coefficients that were significant at the 0.05 level are

bolded.

(£ 47); 525 CYTB HERREAZ NN 0012 £ 0.014; FEEHREE N
0.0.006 + 0.009; VELEYFNFE N 24.156 + 6.525 (R 4.7); WFLIE COI X
BRI % Z FEPE Y 0.018 £ 0.018; FREFMEAEE N 0.015 £ 0.025; ¥E/ED
FEEN 65276 £ 23.407 (R 4.7); WFLK CYTB HRH AL Z L 0.023
+ 0.020; FHEEFEEN 0.010 + 0.013; EEMIFEEEN 1347 + 2.668
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(£ 47); WG COI EFMEL ZFEER 0.040 £ 0.040; P UAEE N
0.023 + 0.030; BEDFFEEE N 18.531 + 6.909 (K 4.7); FifiZk CYTB %
RI3E A% ZAEPE Y 0.038 £ 0.038; FHEEMELARREN 0.019 £ 0.029; JEAEYF
FEEN 6283 £ 2.582 (K 4.7). BEZHEVE. ML AR5 B 18] 1)
JORFRA AR IR R, BR T IS COT E ARG ALK CYTB 3 [N e £ £
VEFIY b+ & B Z ARG 2 R BRI R, B Z A P L
AP Fh & FE P 2 [AIAFAE ST 2 L BB MR R (R 4.8). Bk -5, COI
LA CYTB FER IR AL 22 2RI 35 5060 B R R = & B B3
2K &R (COLR=0.164, P<0.001; CYTB, R =0.365, P <0.001; % 4.8),

432 SIERFIASERME T Tz thIEiE S MEE L2 R ST

Z JC A7 T R B AR IIR (AP), URAAHE A (CCV), R VL (ATR),
EREKIEE (APR), AZERMAR 7 (HID, JEALESIR] (ET) AR ] B B 2
(DP) X fifi 4= A HE S VRN TR S A A5 B2 25 HAT B8 2L 5200 X 5528 COT 2 [T

AP, APR F1 DP & Tii B -7 X b o AR BE RS2 HAT Gt 2 i) 35k

XF536 CYTB £ R F, AP M ET /By Tl X7 oiie 7 AR B 1 e i JLAT 41
i L EEM (R 4.9). P COI M F, HIL, CCV Al DP {E A X
TR TR B R B it 2 LB S S FLSE CYTB M=,

CCV. ET 1 DP 1y Tl B8 7 X b or (AR BE s i AT G5 B 8 GR
4.9), XPIREZE COI RIS, AP, HII A DP {E T B 7 56 Al AL B 11
A S R EM SIS CYTB £HMF, ATR, APR fl DP {EX
T R X P o A R FE R s B uih 2 B RE M GR 4.9 REX-EATR
0 EAL 7 0f e S AR L R S MR LE AN [R) R B D R B AR AE 22 5, FRAT TR B ) b 381
PEES, B TTES 2K CYTB RALIFEE LI 7 45 R A B35 56, HRBNISEHE
PRI 18] 73 Ao R 350 52 300 [ 3L 8 68 285 s i) ELRC (R RECH IE . A, ]
BN ISR K]~ ] o 7 AR P s M) £ RS R (R A AE 22 e, (RRATT R IWAE COl 4
PRI, NS ) [R] -~ 1 M 2L SR g G 288 o ) 38 5 e 2 AR B 2 R 50 HL [l
HABONIE. AN, T LTI Akaike BUEAIFI /s Rt — 5 S0 7 A%
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R 4.9 BIYERRERMRO BRI ES T E R,

Table 4.9 The best multiple variables regression with different variables to analyze the

population divergence for different animal groups

Animal

Gene Independent variables Radj? AIC. P
group
COl AP(+)+APR(-) +DP(+) 0.1206 -1763.172  <0.001
Birds
CYTB AP+ +APR (-)+ET(+) 0.296 -360.810 <0.001
COl  HII (+) + CCV(-) + DP (+) 0.192 -797.499 <0.001
Mammals
CYTB CCV (-) + ET(+) + DP(#) 0.266 -551.832 <0.01
COl AP (+) +HII (+) + CCV (-) + DP (+) 0.211 -368.503 <0.001
Amphibians
CYTB ATR (-) + APR (+) + DP(4) 0413 -217.48 <0.001

RIVE: AT, F¥JEAP, /K, ATR, FEHEJEH; APR, FEFE/KVEHE; HIL, AZS5m K
¥ NPP, W47 11: CCV, SAFAALEZFET, YFisE bt (6], DP, i a) b 2 2 B,
IR 7R iZ R F B KRB A Giit 22 B RS

Table note: AT, annual temperature; AP, annual precipitation; ATR, annual temperature range; APR,
annual precipitation range; HII, human influence index, CCV, climate change velocity, DP,
geographical distance between populations, and ET, evolutionary time of each species. Bold

variables are the parameters for each multiple variables regressions that were significant at P < 0.05.
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Table 4.10 The sum of Akaike weights (SAW) of each explanatory variable in multivariate

models for different animal groups

Variables Birds Mammals Amphibians

COlI CYTB COl CYTB COlI CYTB

AT 0.444 0.277 0.262 0.262
AP 0.844 0.865 0.291 0.272 0.610 0.617
ATR 0.367 0.313 0.263 0.436 0.612 0.520
APR 0.664 0.572 0.284 0.647 0.721
HII 0.474 0.231 0.943 0.252 0.706 0.412
Ccv 0.363 0.275 0.940 0.974 0.527 0.216
ET 0.264 0.735 0.956 0.829 0.409 0.237
DP 1 0.354 1 1 0.905 0.992

Rik: AT, FBJE; AP, F[FK; ATR, FHEIEHE; APR, FERE/KIERE; HIL, A5
Wi [KF; NPP, ##HIHAEr=71; CCV, SAFARIHEA; ET, YFEILEE; DP,  Fhff
() B EE R B s IAH 8- 3R s 25 sl P A X B B 1 T =N R

Table note: AT, annual temperature; AP, annual precipitation; ATR, annual temperature range; APR,
annual precipitation range; HII, human influence index, and NPP, net primary production, CCV,
climate change velocity, ET, evolutionary time of each species and DP, geographical distance
between populations; Bold numbers are the top three of the relative importance of variables for each

animal group.

433 BRI, MEONK. YIFEEEZERXR

FRATAE FH 5 0 7 PR 2 43 S B IE T B 1 Bl o b A% 2 AR MR ol
BIEZIMME (B 4.1, a); B 2. e 2R A (bR &
ZIAEAE E A RV . SR 7 BRI 45 SRR WAL 1 42 CYTB A COT 2 K S
B3 7RISR (B 4.3; R 41D, FOABA 2 J& THORBRL, A7 Jpikxt i
B2 SRS 1 BEAT LU, (B FRATIE R B 2 b B A% 2 RE I 2P P = B 2 (1]
MR REGFAFAES % LR E Y (B 4.4). 2Rifi, COLZERM CYTB %A
FlR AL 2 FEVE S YA A R AR R E AR CK R (COL R = 0.164, P
<0.001; CYTB, R = 0.365, P < 0.001; EPFHIEARIESHNE 4.8). ixLkgh
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SRR, e SRR E R R BB W BAEAROCOC R, EIREAY |
BESS R (I =8 Z MM NG R . B A IR AL 1 IbRE R A R, AR
PAEXS 528, WEFL AR &, 84 2 R BRI /LR B0 (8] 1 R 42 R 2K
g F B REN, RUEHME 2 P R R B BG B s /e
PR LB =F 5 B )R AR RAE 28 COL JERIAT CYTB JE [ IR 2%
COI LR CYTB K. W2k CYTB LA R 7S 2 B R, Xk
LEIRR, FREEMUAEB L Z R P 4= 5 B (RS T HRRER . te4h, 3R
AT IS A B 8] 380 8 % 22 PR 2 8] (R 245 R BZE M 718 COL B R A CYTB JE Al
FIME2E COI SRR B Giit 2 LR S5, F WS 1% 22 R R b B ) 2 7]
FATEIEAHIR R R

4.4 g

i, FATE AT S FARC i D3, mAL MR COol
A CYTB S F Gt LWL T & sh B AL ZREIE . P (P s e o &5
RORIL ZRENE L PR AR T B A ST R E A K R
SR 45 #4 J7 REAR B 4 R W 3 A% 2 REMERIAD R = 3 FE IR AN BB G, R REAE A
MY Can 28, WHASRIPNS) R A st Z R R F £ B 2
]I b LE 2 BEVE S KT AR KT BB e — T . BEAh, BTSSRI
A R T () ) e P 2 S P B A AL R P LA B R, X e ORI A ) £
FEVEAS FIYEST gt dh 2 REPE AR =5 D B A 40 22 R TR 1 10 2 2k AT o
WiERHt 7 &%,

FRAT Ay &5 SR 3% O o A ) b R P 25 AR N SHS 5 )R] 2 5 M o B A R )
THE, P BHIN T R RSO RO U S AR A (Tothetal., 2019; Mayr,
2013; Coyne and Orr, 2004). Fh#EA]F G B 5 R RE LI BUE 235, AL
RPN B A Gt FREFEMIEMKIER (R 4.9), RIS A8
BEPREEA) R 20 AR E o 1 2 ORD 5 08 o TRl B P ) AF LA L B (M %, PG
I T 1] 3 DRI ) AR A BT R0 2 AR FE IR ( Schluter and Conte, 2009
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Figure 4.3 The PSEM results of Model 1 in amphibians (a, b), birds (¢, d), and mammals (e,
f); the adjusted model (g) based on multivariate analysis of population divergence and the

results of PSEM

2Lt SR F SRR WA P A S0 FP 3L I AR5 1), R SRk R 2R i Sk R W SR A s
SR E AR ARKTT I . a-f TSI AL S R AE L R 12 RECTEE (0.015-0.865) AHXY
NEo FEVEEREARAIAY (@) i X1 i Sk W19 HIURE 70 A SRR 3 R RE (R IR SN I8 A% 22 A P AT
TR AL o P2 B BRI A A2 I | S MR L 2R 38 4% 2 RE AN Rh == & B Z ALK S

Red solid line arrows are used to indicate shared significant correlations among all models, whereas
Black solid/dashed arrows indicate model-specific correlations with significant / non-significant
directions. The line width (in a to f) is proportional to the strength of the effect and the width of the
line corresponding to the number range (0.015-0.865) of the standardized path coefficient. In the
adjusted model (g), the two-way arrow indicates that dispersion (dispersal ability) and mutation are

capable to affect both genetic diversity and population divergence.
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Figure 4.4. The PSEM results of Model 2 in amphibians (a, b), birds (c, d), and mammals (e,

f)

L SR W SR TE TR B h L i BRI ), RR SRR/ R AR Sk R W 2Ry
SR AR E T . a-f SR S R AR REGE ] (0.015-0.865) HXT
R o %IRRT . S R LS 2RI R = 3 B 2 I A AE Gi it B R3S
BHEMK KA.

Black solid/dashed arrows indicate correlations with significant / non-significant directions. The
line width is proportional to the strength of the effect and the width of the line corresponding to the
number range (0.015-0.865) of the standardized path coefficient. This figure shows that the direct
association between genetic diversity and species richness is not supported in amphibians, birds,
and mammals.
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Table 4.11 Summary of Piecewise Structural Equation Model (PSEM) results across taxa

groups
col
Taxa Models d.f. C P AlCc
Model 1 2 0.722 0.697 26.007
Amphibians
Model 2* 0 0 1 27.805
Model 1 2 3.513 0.173 26.411
Birds
Model 2* 0 0 1 24.912
Model 1 2 0.787 0.675 24.465
Mammals
Model 2* 0 0 1 25.926
CYTB
Taxa Models d.f. C P AlCc
Model 1 2 4.064 0.131 34517
Amphibians
Model 2* 0 0 1 32.667
Model 1 2 1.954 0.377 30.798
Birds
Model 2* 0 0 1 31.610
Model 1 2 2.575 0.276 28.455
Mammals
Model 2* 0 0 1 28.160

Rk Rbd fOVEHE, CHCHIME, P & dsep RKRHIEZENE (P>0.05 R
MERRELS), AlCc NZ/IMEARRIL A KRS SHEN . * B3 2 Syt ARy, i

C=0, df=0, P=1,

Table note: In the table, d. f. denotes the degree of freedom, C denotes C statistic, P denotes P-
values for each d-sep test (note that P-values > 0.05 indicate proper model fit), AICc denotes Akaike
Information Criterion corrected for small sample sizes. * Since the model 2 is the saturated model,

C=0,df=0,P=1.
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B 7 M ERRR B AL, NSRBI 0 A B B R B8 A R R 1] PR B B 2R . R
BIRATIET NSRS FRE S TR FE 1) 5 00 % 5 PR P08 28 LR BURR, (RLAE P A 26
FIET 7L COI 26 AT 370 It N S 37% 315 M) BR] 7 0f Fe e o A AR P B (AR A
b NS AR BE IR, A BUE#% 3l AE 0 KSR e 8@ 1 BRI e 71k
B M o 5 2R s B9 Bk RE /) (Claramuntetal., 2012; Sandel etal.,
2011) A BT H B N i Rl i) B A s 2 2T A F0d B AR BE (Virkkala and
Lehikoinen, 2017) SRAERFILFHEERENE . AEIXFPIEIL T, SIREM REUE A XL
ISERYIIP/SHIVELR | GryAp S 7 INES U b7/ 3 L e ST B e S T B S
TEENRETEUK, BRI T ENB T N AERF AR e Mae 77, PRI A 2R3 B0 e
FUFI PSS FPRE o A FR R K o N ISTE BN 528 I LS RO G 28 Fer i 4
WARFE M (2 S 1, SRR FRATAE AR 2RI LRI SR s i R ey, R 78 49 67
S AL PR EEOE Y

AN I FEARE AR 20 AR R R == B2 A R R, BONFESY) (Bo
etal., 2008; Martinand MCKay, 2004) FUEY) R IR FE BE A7 AE S 4 Fh
FH R LR R (Boetal., 2008). %ISR T L0 Y
FE R BRI, AT RIGUE X —HE (& 4.3), #iE 2 FEEMYR
F 5 ARG 2 1 B3 A AR IR L2 E 48 BIESE (Theodoridis et
al., 2020), XHTATEL I, HFAAPIREUMM | P25 R—F (R 4.8). K
AT A LS BB AL 2 FE AP & B2 A E BRI R R (B 4.3 AT 4.4),
SRTT, AL ZREE S M B E BRI O R R R— S R SRR
Yk £ E B RAETE B A SR R ARG & MR MEE S TR Z BT
Fiad R % G B i LA 4 R SR B A A ) 2 RV Y BRI SR L T HESE . i TR
NI B R b T i 1 9% 1259 2050 R 0 368 e AR AR o 2 I 190 2R IR e SR (i 3 R B 201K o
MR, 3 HRE 7 RE 0 e AR I B 28000 o B AR s, g g e AR [ ) 824 22 S
(Claramuntetal., 2012). AN, 5 EEIFRA L H PR F B FEfabr g e i
FwE R, BARFSREE XA A R AR ) K H s ARG, (BAE AR S,
PIFIFE7RE S (Germainetal., 2018) Jf&— & XIRIEAE MRl 4= & 1 1) S prL il
B P B AL DG . AR B T v MR BR 1, FRATI BRI A

79



Wit A B MES B A% 2 REVERG R S RAP B 2 1R R 7R

Ry Hae IASAE R 7y, BRI B AR Fu it — P 5e . WEIR b, 37
BRI SL A7 BE 70 B8 29 50l 52 MR8 A% 2 AR M BRI 0 A6 DL R MR - AL B P =F 8
TR R . BbAh, PR A I (R A IE A 2 FEVEA BRI AR G (B14.3), BN
BE Z RV R AR 2 FEME B2 IR, B4R 5 TR AL AU TE I [A] (1 SR AAR OC
(Theodoridis et al., 2020). MIEFFEEE EF&, MRV F B B HIE R
BAEA A (TP BIRAS (R mKr) e . BRI FRATTHR H A
TR (1) RAER, ALK R LUR AR B T 8% A8 = AR R 3 A F e
SIGTRAE T ERARL: (2) ¥ ERE 71 RENE BRI B T b 2 Bl DR IR 253 R PR
5 RS, T I 368 T VR 4 R R A SR S MR R A AL R FE + (3D B T AL TR Fr 4k
PR3 AORR BEAWOIIIR T T BORT 040, A Bh Tk & BE TR . BT Lok
W, BATEFG BARAL T BATHIREAL, @ i K5 BOR A7 e 1IN AT B A A ([
43, @), UIFEER EIMERIRATN A FIYERE AR 2 FEPEZ 8] N AE G R I BRAR . R4
G I AN e AR AR MR RS TR B U AR 38 4% 2 FEE K (Theodoridis
etal., 2020) AW E E/KF (Mittelbachetal., 2007; Dynesius and Jansson,
2000 FEAEF, DR IX ek A AR R PR B RS PR AT T i 8 (12 5 368 A A8 S )
SR, BT AR R BN TG 02 X S A E

AWEFEH, BAVEH T — M = EE TR AOHELE, 8RB AE T
DRI AE Z REVERI b = & G RRAE — i, PR A 2 FEPEAN IR 48 B2 2 1] ) 56
IO TR, (RIS g o BE R BRAR AR ) 2 FEPE A 2 i R SR AL T AT R . AR
NEZE A W A Z R 5 — K —— LSRG LR . DI A SRATF 55 1%
KA B LRI GG . Bl AL R R 1 AT R B, SR L
PF A S R e 45 24 P 2 () () P E D6 RS T T OIS, o U T AR 2
M BRI S T AT RE
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51 fixE=

GRS AN N S B i R S b P 3 2R e B S e 43 A THD
BRI E ZERI 2R, 2 AP0 22 A % 181 i ) 2522 B (Newbold et al., 2015 Fahrig,
2003; Mletal, 2000). REEVZFEES AT RIFLREYMZHCE
WA, R T ZRBENXR. R, BEZREE, (ENED 2R
fith (1) 24 P55 ARG RO AR SR IR AR A T (E3& M. BE /7 (Ellegren and Galtier,
2016; Romiguieretal., 2014), EH; 240, 5 H XA HLEE (International Union
for Conservation of Nature, TUCN) il %€ i) (¥R L 44 skife S5 RATFRUED) Th4)
) A TR VPAG RS f 2 B2 (9 B B4 2 — (TUCN, 2012). Kk, T#
AL Z A 3 AT T AR (8] 196 22, A BT IR A B2 B AR 2 FE1E
FRIREIR], R Ay i) i A A A 0 22 RV 1) AR 3 SR mes R0 030 s A e VP 7 B8 A% J2 1
RUE %

2019 FAEGIEE N E RANGE B AL 2 FEIEAFTIAR (8] )% & (Fan et al.,
2019), H4h FRBALE S v Bl G PRI AR 13 st A% 2 BEME Dd T s 31— e /K F
JEHa TR E % & B AT B AL 2 FEVERIE FU 25 RAEAN R 1) 3 ) 5 8 (Fan et al., 2021 ;
Gratton et al., 2017) FEALZFEIEEPRZIE] (Fan et al., 2021) fFAER]EZ 5,
A ZJy W) A Ll L SIS A 245 38 A 22 5 1 R A7) b 43 A THIAR 22 ) 19 9% 2R i AN
R, ANEIEE Z BRI R AT AR Z 0] 08 R o2 BAEETR bR 2 7 (il 2
FEVEZ TR 2 FEPE-W P A XA Z MR 2D A Fe R . IR Z R, 8
SCAPRANBEHLIURE (AR IR A AZ T R A 25 22 S OB A2 H (Tajima, 1993), A3
TR RAE IS K DAL A ) BRAREEE . AR B R, 8 SO AN BEALEUR:
FIMAA S F N B R A, SR T R e SRS B AL AN, A iR 1 b
TS TR B J HAT S 10 40 1A P R 2B 1948 4k ( Leitwein et al., 2020; Pauls etal., 2013).
0 AR ZHE A S D] (R 3300 B 5 A1 S AR IR B AR A A7 4E W] 984 (Camus etal., 2017).
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I AL BT B Y 22 AR M- O3 A DX T AR R A% T R 22 REPE -4 43 A X T AR
T 14 5% 2% R 2R 5K SR 5 A A 73 S Sk 4 T B R84 22 B M- o 40 AT T AR
B R 2R S F A

SR E DR A X TR RN 2 —. T 2, YR 1A
X AR R /NEA R _F o S S S & LA FR e S00E 1 X T AR AR o 52 A%
TR 2 VR AN S5 B 2 AR /N I R 3R AE AR5t a5 e P P oA 0 B s 2
HARZ S (Fanetal., 2021). — M1 & Y000 A0 FLAs AU 4H & 3 Bl i 1y
A SRR R & (Lietal., 2016; Zhangetal., 2012), IANEAAE RS KA/
AR RS ARIA B PR H M SS (Silleroetal., 2020; Camusetal., 2017), %A
T H AT S A A R SR AR IR I N B T B o PRI, AU IR AR 3 B0 1%
ZREMEAR I S R 22—, W SR IR S IS AR A AT FLEN % 1 R 2 FEVE (AR 4E,
REM K (Theodoridis et al., 2020). BESRSMERIAEE IR0 FE S [F) I 520 53 4% 2
FEVERI RS R 2R, TR IRAT IR H B 388 A 22 R A Ao 23 A THI AR 2 [B) A A7
FEEIIER, "R R ZF MBS, Rl 2 A2 2 AR P AR 2 8
LS
AT AT AL ZREEAN R AT TR Z IR OC R, FRATIAEEF B A5 2 22 R AT
W2 2 FEPEAE I8 A5 Z AR M (R FAm 2 AR T B A5 8L 22 5 - b A TR AR A
IR 2 FEME- VB S AT T A Z M B K R o I B 538 A RS RS A, AT
BRI LUR =AM (1) ANFEE 2 REIERR bR RAE 8% Z AR - YR A 2
FICRRE 2 (2) B3, WA, WIS 1% 2 R - PR TR IR 56
FREH? (3) HERR WG BL Z - YFTHAR 2 MR 2

%
%

oo

52 MR57E

5.2.1 FHEAE

COI KW Fh 4 5E, PRt L PLAGE R 225 R 3E R A B, et 22
30 Z44EH, HE T KEREYE (Huetal, 2021; Moritz et al., 2017; Ramadan
and Baeshen, 2012). PRHAHFEATFH S8, LM PIGSE COL 7 51 it 7E %t
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R, FAEIERIFRECS W “3.2.1 DNA FAI3EC” —5.

5.2.2 M5 HERETERARYMTEE
Wb 4 o3 A T AR S TR 0 3 A B EEAT A B . b, BRI AT X R T

BirdLife W3k Chttp://datazone.birdlife.org/species/requestdis/), M FL AP/
Ai X R #F TUCN M35 Chtep.//www.iucnredlist.org/) » {E T2 mi B AT THERR T
FAFNTHAR AR “ ATREAFZE " “EB I, “IRIRHL” 2K . )5
W SR AR X FEAL K /N 385.9km*385.9km FIMIHE B2, Goit & 4Fh T & 4l
EH 2> (Gridsww) 1EAYI P AT FATHE WM 10 55 A0 B A0
385km*385km )54, (1) IUCN 4010 B2 YR el Ge o fi AR i &, 2
Fh A5 X BT Ui (Herktetal., 2017; Meyeretal., 2015); (2) FRATKIEH:
B RUCHC I 7 5 G4 B 5 12 Fh R AR 2 Ah B 2 I AP AE M R iR 22 . o 71.04%
[ 7 371 () HL P45 2 S (132 22 /T 400km, G —NIFRH R SRAE S R A 1A, A
FREAR AT RESRYE T 400km*400km Vi [l A AR — /M7 . (3D FRATTH A F0 43
AT X FEA N 385.9km*385.9km Mg, AUENHL 400km AHIT, SRy AL
72 22 REMERIE 7T P 3 45 FH AR J)RBE ( Theodoridis et al., 20205 Miraldo etal., 2016).
C4) Wi e A Jm B T AR 5 iR G T AR v EAH 5 (A2, R =0.966, P < 0.001;
5%, R=0.816, P < 0.001; W33, R=0.926, P < 0.001), X7rHrh
RS (5) BIEX— AT AT T — P8R iz A 7 HdE M IE
A, BATYF AR AN (Gridswow) FEAT 77 REM, IR T FH0%
P57 o

% 18 B BB SO AS e OB B AR, il sE (2019) AT
FH AN IR HATEAR AR B R, n— MR I A SR AR O, R
FERI BRGNP REIE gl R AR . BRIk, FRAVEH T ™k ik i
P2 ABR ORFRATIORE AR R AR . & e TRATT & W0 h 10 e B 04 5 555 3% 4 B
385.9km*385.9km HIMHE 7> A X o, Geit A 757 ANHIMHAE £ H Gridssamples 11
BT REARTE 5 FEAREL Gridssample / Girdswow, X TR 35 FEFEHUN T 0.5 I F
BEAT T HERR, RIVCRUEFRA BRI 7 AP G SRACE 30 ] 28 /78 5 i 0 b 3 40 AT
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X [ 50% T AH

5.2.3 AL RiEtE SRR

FAEH] MUSCLE v3.8.31 X &—4M ) DNA FA#EAT 1 HEXS, Bl e 13
PRS2 REPEAIRZ IR 2 FEVEAE I8t 2 REME 1T s . 9 T ORIEE AL 2 REVETEA
SR BB ARG TR, HERR 1 PRI EU T 5 B4R (Miraldo et al., 2016).
PR ZREME R A0 4.1 (Fanetal., 2021) HEATiH5, R 2 REMER A
4.2 (Miraldo et al., 2016) HEATi+5.

5.2.4 YIMSHERIHEE SRR

FAEF LOESS [B1VA 53 J5 % 528 . W LAY RS Rh o3 A T AR 5 A5 Y
ZRPERIZ T IR 2 FEVE R R AT 1 2R O 1 FRARAS (R T RR 2 IR i H 22
SR IBAE 22 FEPE-YIRP 0 AT AR K R IR, AT DAL i i S i AR D ik
#E, TR 7 IS BB A A AN R RD 5 A% 22 FEPE I 2E . BE K95 LOESS
(e Y £y 55 SRASE FH 2 2 0 2 20 Tl Xk S5 288 L il L SIS M A SIS R 7R 22 e - A 0 AT
T AR R 22 AR A W0 0 AT T AR 2 1) ) 50 RIEAT I A . D9 1T BR 3 51 1) 2 8] B
HRMIFMT (Gratton et al., 2017), fHH] Geosohere ®it 5L 1 #-40%) /351 [a] s 2
PRESEIME (D) FHEARESI AT

5.2.5 SIRBIREMALZNKRERIIZEL

A B R T SRS (Hijmans etal., 2005), A Km0 183 T
#® H NASA # <« & 5 B & M MO do Mou
(http://sedac.ciesin.columbia.edu/wildareas/) - Fifi Jg AT 18 F R & 5 I “raster”
A (1 extract” BRI, A0 W0 S TE 1AL ¥ 43 AT B SR BT - Ppe N 25 R (HID
R (AT REFETME (ST). K (AP, FEKFETIME (SP). BHiH L
KIS MFEAEEZ (CCV) (Sandel et al., 2011) A=) (NPP) (Haberl
et al., 2007). FATHHT %Fh AT. ST. AP. SP. CCV. NPP Fl HII {J#{H
VERZIR R S 808 T 5 2200 23 #r
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5.2.6 Giitorth
51 ERANMHBERTF, AR F CLRISFHIFR AT 12 6] 1 B2 R FRAE

Table 5.1 Pearson correlation between all five environmental, human activities, and net

primary productive production variables for birds

Range size AT AP SP ST HIl NPP CCV

Range size

AT -0.482

AP -0.459 0.820

SP 0.150 0.166 -0.083

ST 0.550 -0.961 -0.837 -0.067

HIl -0.199 -0.035 -0.160 0.128 0.102

NPP -0.473 0.837 0.942 -0.100 -0.863 -0.065

Cccv 0.305 -0.599 -0.478 -0.477 0.638 0.037 -0.468

F7F: Range Size, YIFh A AT, FHE; AP, FFFK; SP, FFKZFETE; ST, HE
s HIL ASKEEMEF; NPP, {771 CCV, AUxZAGEZR . I K Er- £
P IR 1a) s FE AR ¢ (Pearson’s |r > 0.8)

Table note: Range size, the distribution range size of species; AT, annual temperature; AP, annual
precipitation; SP, precipitation seasonality; ST, temperature seasonality; HII, human influence index,
and NPP, net primary production, CCV, climate change velocity; Bold values indicate high

correlation (Pearson’s |r| > 0.8).

TATVEFH 2 T 1A 53 Bt 7 A R« N 25 (K] 7 R0 A7 o 3 A1 T AR 38t
FeZ PRSI . Oy T BRI 20 A b B AR B SR Ze ik, RATE Jext AT, AP,
ST, SP, CCV, HII, NPP Ayffip A i AR dEAT AR A 96 F 5B 1 AR T
0.8 AL E (£ 5.1-% 5.3). FHEH TR B0 B2 L I LA G S8
A Z AR AN 23-A7 T AR 2 TR R B 3K — B G SR AT a0 DRSS AN A 2R DR 143 )
RSB AL 2 FEE S PR o A TR /INH ), RIS BRATTIEA 56 7 40 43 A5 THI AR K/
AL ZREVEZ 0] 2 BAFAE HHEMAMH G K R, ST REEAMH R ES T
piecewiseSEM 117 0 #H1 (Lefcheck and Freckleton, 2015),
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Table 5.2 Pearson correlation between all five environmental, human activities, and net

primary productive production variables for mammals

Range size AT AP SP ST HIl NPP  CCV

Range size

AT -0.361

AP -0.360 0.809

SP -0.097 0.244 -0.113

ST 0.385 -0.967 -0.851 -0.146

HIl -0.250 0.111 -0.102 0.329 -0.034

NPP -0.387 0.824 0.947 -0.084 -0.881 -0.028

ccv 0.298 -0.643  -0.542 -0.457 0.655 -0.066 -0.527

F7F: Range Size, VP A AT, FHE; AP, FFF/K; SP, FFKZFETE; ST, HE
ZEME; HIL, AZEEWR 5 NPP, (FHIHAr" 71 CCV, S AeARAbig 2, Ikl 7R 9
P IR T 18] s FEAH G (Pearson” s [r| > 0.8)

Table note: Range size, the distribution range size of species; AT, annual temperature; AP, annual
precipitation; SP, precipitation seasonality; ST, temperature seasonality; HII, human influence index,
and NPP, net primary production, CCV, climate change velocity; Bold values indicate high

correlation (Pearson’s |r| > 0.8).

53 R

53.1 526, ML, MM REFHIERIRE S EE

2k HhPRAE ERCHE, L3R 55, 608 2% DNA 741, HHf & 3584 Fhi g2k,
1166 T L2 1082 FiPRZE  KER 73 e 51K H 2R PHIER A R JESE (& 5.1,
a, b, ). B¥fE P PIRIRYIR OB A L8R FLE> (5.1, a, by o). Fi
PN 1 ) 0 b B2 88 R 40 AT THI AR 2 TEAE G, 3R I &R (1) A S5 AE L A
X AR A BL (3R 5.4). B e 4 ) (s BR85S /IMER T 0, BB T
FE—HF0 5 HAEARIET 2 A HIX (B 5.2)0 BEAMGE A BATTXE AR 3 44 10
Gridssample /Gridstow > 0.5, FATHIFEA I 75 JF 220 N H A XA 50%. 45
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Table 5.3 Pearson correlation between all five environmental, human activities, and net

primary productive production variables for amphibians

Range size AT AP SP ST HIl NPP CCcv

Range size

AT 0.086

AP -0.261 0.633

SP 0.049 0.351 0.052

ST 0.189 -0.852 -0.722  -0.317

HIl -0.219 -0.452  -0.506 -0.126  0.469

NPP -0.271 0.737 0.828 0.091 -0.828 -0.444

ccv 0.264 -0.452  -0474 -0.620  0.658 0.326  -0.527

FiE: RangeSize, VIM AR AT, F30E; AP, FFFK; SP, FE/AKZFETME; ST, WAL
AT HIL, AW 5 NPP, WL T): CCV, AURARLE A . DIk i 27 &
P IR T 18] s FEAH G (Pearson” s [r| > 0.8)

Table note: Range size, the distribution range size of species; AT, annual temperature; AP, annual
precipitation; SP, precipitation seasonality; ST, temperature seasonality; HII, human influence index,
and NPP, net primary production, CCV, climate change velocity; Bold values indicate high

correlation (Pearson’s |r| > 0.8).

R 5.4 Yorh A EREC 5] 18] 3L BE B 348 5 0 2 A THI AR 18] ) R #R AR Stk

Table 5.4 The Pearson’s correlation coefficients between species range sizes and the average

geographic distance (D) between two pairs of sequences

Animal group Correlation between species range size and D

Birds 0.72]%**
Mammals 0.669***
Amphibians 0.634%**

FRVE: ***xP<0.001.

Table note: ***P < (0.001.
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& BIRGER, RPIRATRT T B A R IR, RS A Rk e IR A X
KRR AL 2 FEPE AR AL o 5T I B, RIS AR L IR 2 FE
0.008 + 0.011; MFLRBMAMIZ TR Z NN 0.017 £ 0.016; PIREEFAR LT
FRZREVEDN 0.029 £ 0.032. SBRFARPY AT ZRENEDY 0. 699 +0.264; Wi FLKHE
PRI A BRI 0.844 + 0.159; IS BEAR 1) B T 2 FE 1059 0.792 +£0.215,
B L. PIMEE TR Z A (X2 =231.87,df=2,P <0.001) FIF{EHIZ
FEME (X?=96.981, df=2, P<0.001) ZEFERERZR (B 5.1, d, o), XfE
—ERRLE IR T KI5y B DS EEIR I I8 A% 2 AR R 3 A AR 8] 5G R ) EE 2
E

(a) Birds (d) Haplotype diversity
= Taxonormic coverage (%) 1.001 | I |
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[ [ 12422237 (2 0.751
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@ o " jD lg E
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IE:'D:E. Eﬂﬁ f .fﬂ% Taxgnomicwverage (%) Amphibians Birds Mammals
tiii o gﬁ' ] 1 03861274
. i i a L B2 1754

’a,h '&%’E il B o (e) Nucleotide diversity
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Figure 5.1 Summary of taxonomic coverage and genetic diversity among the groups of
terrestrial vertebrates used in this study
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Figure 5.2 General description of D value among the terrestrial vertebrates
ZLERARUE T W0 P9 1) 18] 1t 2 120 ) /DM

The red line corresponds to the minimum value of D vaules.

532 BERSHME-IMoTERXR

GERRM, RAR R A (K53, ¢ R?=0.585, P<0.001) FIp
Wi (B 5.3, es R?=0.779, P<0.001) Hfifi 5 4 7 AT ThI AR P - o o S 35 186 00
SRMAE S Rz RIEAR GG ERREN (B 53, a; R2=0.038, P=
0.318). EHMELFEMEAL (K53, b; R2=0481, P<0.001) FIEFLE (K
53, d;i R?=0.704 , P <0.001) a7 A5 AR BT s S 190 22— € %L
{8, BEJGE TR, SRTTE P G 28 A% T IR 22 A B 6 70 20 AT TR AR (0 1 o 2 300
Hi B npa® (K53, f; R2=0.710, P<0.05). R4 5H1E LOESS [F1
SRR TIUE (K 5.4). FERIISEThIRATAREL, LR 2 R A oy
AT TR G R AL 1R 2 FEME- 0 M o A AR (B R 56 SR RABL,  H Bl B PR 43 A T

AR YIRS SN
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Figure 5.3 Relationship between genetic diversity and species range sizes for birds (a, b),

mammals (¢, d), and amphibians (e, f)

FRE R 7k 2R Gy B AR AT (x D ZIE G R . EAP LN beta 1]
VAR5 AR 2

The histogram plots show genetic diversity (y-axis) plotted against the species range size (x-axis).

Regressions represent linear regression beta models.
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Figure 5.4 Relationship between genetic diversity and range sizes for birds (a, b), mammals

(¢, d), and amphibians (e, f) based on LOESS regression

HUR KR T 2R (y Bl AT IRFALIIMIRI AT TR (x Bl Z IR R BT
21252509 LOESS [mI VA4 R i [l ) il 2 &% HL BLAS X T

The scatterplots show genetic diversity (y-axis) plotted against the species range size (x-axis). The
red line and light red-shaded region indicate the smooth regression (loess) fits and their confidence

interval.
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53.3 MEMAXFEHEWETFZEERSHE- YO TERXSR

Z Tt A AT R ARSI (AT K (AP). IREFETITE (ST). K
Ttk (SPY. AFKEZmIE T (HID Yo A AU fi A A MESIPE A% 2 FEPEAR
SRR A EE IR . N SR AT SRR, WAl oA AR S T B
S B3 TR 22 RS SRR (B LG i R (3R 5.5); ST ST IR
ZRMETIE, AT VE TN X A% R 2 FE AR SRR 1 s e L Gevt 2% 1)
BEM (5.5, SMMFAIRGR SRS, AT YR A i AE A 10 1
St ERLAE R Z REEAR SRR IR LA G2 RS (B 5.5) s I FLISAL AT
MRZFEVETI S, AT VEATRINE 50 % 1 1R 2 M S AR FE i e B Gk
MR E (G 5.5). MWHIMER AR SR &, Y02 A T AR 9 T R -
BT RIS S AR IR W B Gih 2 I REEE (GR 5.5 XIS IR
ZFEVETI S, AP. SP. HIL AN Fh 73 A AR A D9 Tl P57 % 1% 4 1R 2 e AR e 2
JE R B Giit 2 E R (R 5.5) . RS TRIN A 776 R [H R sh 26 p 77
TEZS, BAVRIPF 3 A RN bk A ME Sl 543 B 22 e 25 B A (R A
(a5 75 72 R A Fh o A T AR 1 [ A RO IE H ARG Geih % E R . AT X925
AL AL T R 2 P RA B R E A (RDEJ7fE % AT R RECNIE R
HAG S ERE . REYF AR TR A5 2R B A EBEm, A0
AR T RE T R, FERZ O T RO rh, 1A% 2 FEPEAN) Bl o3 A1 TR 2 [7)
s REOFAREE (Tpipgs » B = 007, P>0.05; Tpmgmmas: B = 0.07,
P>0.05  hpammas > B= 0.11, P>0.05: Rgmphivians + B = 027, P>
0.05), AL 2 FEVERIYIR o A1 THIAR 2 18] HAFAE BEERIAHIGC R (B 5.5,
flan, XFWHAKM S, A0 EABR o A0 VG A B 1Y AT B8, i
1T 3 BB A Z AR PR (15,50 W8T S, Pl s AT AR HI 2 (i A
TR R H HI AL IR 2 FEvE 2 (]8T B A SR80, 48 bR AT THE I
KRR, SRR 2 YRR A TR (B 5.5). BT R4 R,
AHEHEN, AT F1 HIT 25 7B VE i ) A8 B/ S8 4G 2 REVERIA) b 20 AT T AR
Z IR R
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K (e, ) HIBESHE- WP AERKRMEZR N

Figure 5.5 Result of structural equation modeling showing the relative effect of climate
variables and human influence index on the genetic diversity-area relationship for birds (a,

b), mammals (¢, d), and amphibians (e, )

BRI R 1A AT, F8ilk: AP, fEFE/K: SP, FE/KZETFIME; ST, WBEZETIE: HIL, A
KECMA 5 NPP, {FHIGAET1; CCV, SURARMER . SLLNREZE 705 2 om BB AR
HNEE R, R ERBT ORI R AR R A 2 T8 EEATRZMA KRN IEAR R

Tested variables were annual mean temperature (AT), annual precipitation (AP), precipitation
seasonality (SP), climate change velocity (CCV), net primary production (NPP), and human
influence index (HII). Significant paths are indicated by solid lines, dashed lines indicate
nonsignificance. Numbers along the arrows represent standardized path coefficients. The line width

is proportional to the strength of the effect.
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Table 5.5 The best multiple variables regression with different variables to analysis the genetic diversity for different animal groups

Animal group Genetic diversity AT AP ST SP CCv HIT Range size Radj2 AIC, P
Haplotype diversity  3.446 -62.765 134.686 0.049 54.986 <0.001
Birds
Nucleotide diversity  0.440 -0.626 1.541 0.113  -3471.344 <0.001
Haplotype diversity ~ 3.238 92.680 0.035  -219.550 <0.05
Mammals
Nucleotide diversity  0.320 -1.002 0.028 -1385.944 < 0.001
Amphibians Haplotype diversity 222.609 0.073 -16.970 <0.05
Nucleotide diversity 0.154 4.270 12.600 60.645 0.256  -285.167 <0.001

FF: Range Size, YIF o AMHA; AT, F35iE;; AP, K SP,

PRk ZHi, ST, WEEZEY M, HIL, A2 1;; NPP, #¥I%4Er=77;

CCV, ArfrAstbig. My Romiz i 7 1A R ECRA Gt R REE. I AR B0 KT — 751,

Table note: species range size (range size), annual mean temperature (AT), temperature seasonality (ST), annual precipitation (AP), precipitation seasonality

(SP), climate change velocity (CCV), net primary production (NPP), Human Influence Index (HII). Bold numbers are the parameters for each multiple variables

regressions that were significant at P < 0.05. All the coefficients for each variable shown in the table are expanded 10,000X.
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Table 5.6 The sum of Akaike weights (SAW) of each explanatory variable in multivariate models for different animal groups

Variables Birds Mammals Amphibians
Haplotype diversity ~ Nucleotide diversity = Haplotype diversity ~ Nucleotide diversity =~ Haplotype diversity =~ Nucleotide diversity
AT 0.532 (+) 0.885 (+) 0.931(+) 0.942 (+) 0.085 (+) 0.144 (+)
AP 0.265 (-) 0.495 (+)
ST 0.397 (+) 0.170 (-)
SP 0.274 (+) 0.552 (-) 0.356 () 0.570 (-) 0.246 (-) 0.634 (+)
HIl 0.999 (-) 0.000 (-) 0.515 () 0.000 (+) 0.248 (+) 0.582 (+)
ccv 0.289 (+) 0.000 (+) 0.153 (-) 0.000 (-) 0.254 (+) 0.315 (+)
Range size 0.988 (+) 0.490 (+) 0.716 (+) 0.358 (+) 0.831 (+) 0.996 (+)

FiE: Range Size, MMM AT, F¥JiE; AP, FFFK; SP, MK, ST, WS HIL, AKEWREF; NPP, ML)
CCV, AUrAfEE, {FH5RPIE (H) i (o) SERIZHE T 5L Z MR AR IR IEAH M U . IR 305 & ) SR AR 0 3521
BT =1

Table note: annual mean temperature (AT), annual precipitation (AP), temperature seasonality (ST), precipitation seasonality (SP), climate change velocity
(CCV), Human Influence Index (HII), and Range size, the square root transform of species range size. Plus (+) and minus (—) signs after each explanatory

variable indicate positive and negative association respectively between the explanatory variable and genetic diversity based on the model which contain all

predictor variables. Bold numbers are the top three of the relative importance of variables for each animal group
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5.4 +71ig

AW IR T2 LSRN T 2 AR AR AR — S0 B A5 AL 2 ARV - i 4 A T
KR (B 5.3 FIE 5.4), 3&XFh—BUK IEAHICOE RGN AR 2 PRI AT Re 2 VPAS Y0 4y
AT AR AR AL K8 A% 22 REVE RS2 (R R AR SR b o 76 S RANRT LK, TR Z FEEREE )
o3 A ARG RS T = B — e HUE J5 RIS 1 “ g7 SCR, EEPIMES,
%R 22 R0 73 A THIAR 22 T 14 5% 2% 5 9 AV A B0 A 25 22 e AP - 2 A T AR 2 T )
REFKL, BIREE PP AR TR PR KT 3G K . WA o AT AR 5 oA o 4 2
IEAHR . RAE WAL ZREVE- D0 70 A AR ¢ RAFAE SR bR 22 57, (BIRNTUR M ZIB N
ALKV I8 AL 22 A -0 P 4 A7 THI AR O 28 L 199 VG A R 2L 28 11 B s 28 20 R AP -0 o 2 A T
KR SRNHARZ R -V AR R, KU T84 2R
TR O R AE [l A HES )R] BEAEAESRAL I IR B AL ] o

AL Z AR o AR T AR SZ B DAL I 5, RS, BREEARAL DL R B A T
AL SR R RIS R e, DR FTR R DR R S 2R 1 o 45 T T 1) 38 A 22 RS2 AT S R
R/NFIEAS 2 (L RIS (Leitwein etal., 2020). 7347 AR K R H L 234 T
TN IR SR A ZHE R EE /N (Willig etal., 2003; Rosenzweig, 1995). H4h,
Pk oA X AU S AF Cans IRBERIRIZAE 71D et PR LIS B 1) BEAT A A A7
W8, B LT e 4 R s AL RAZIE 2 (Mittelbach etal., 2007). PEIHCAL K Fl
FETHI R R0 4 FF 5E KR BEAETE, A B T L B R MK E (Doyle et al., 2015;
DeWoody and Avise, 20000, 41 PHGS I B Y /R% 1 1R 22 FEA% 22 FE V-1 M o3 A THIAR S
#, DL R AL A T SRR T ARG R X T SR AR S, H
ST THAR A K B A 38 o A3 T AL B S AL AR X, X S b X R e AL R P 2 7 T 8K
KH)ERIEFEE 7 (Bajeetal., 2011; Zinketal., 2006; Hewitt, 2004; Liukkonen-Anttila
etal., 2002), IXfE—EFEEE LARRE T R ML IR 2 FEPE 2 I FREBH LA .
AR XA T AGBEAC B AR 22 7 T BT UK B IR A 52 ) 2, K 22 PP arE ) A R0Rh
RN 2B UK S 5K A% R (Baje et al., 2011; Zink et al., 2006; Hewitt, 2004;
Liukkonen-Anttila etal., 2002), XA R HE KN AR 5 734 AR K BRI B s
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¥ A T 2 AR PE AN A% B IR 2 AR AR 325, DR s I A B 2 R RN R IR 2
FEVE R AY 5K {55 (Fanetal., 2021; Gargand Mishra, 2018; Avise, 2000).

P o3 AT TR E P POE B e 5 B AR AR BAE 45 3 (Sillero et al., 20205
Slatyer et al., 2013). MEEMISCE CELEGHE AR BROZIE BBl P 300 A 20 1 FLA
{454k, (Camusetal., 2017; Balanyd etal., 2006; Uminaetal., 2005), 3ifiid st
2R . BRI, SRR CAniR R IAREAE 51 A Fh A7 X US4 Ay
5K (4 RIS BE 5 3 s AL 22 BRI (984K (Paz-Vinas et al., 2013; Blanchet et al., 2010;
Olivierietal., 2008). TR AEWS 78 2B FH K [R5 W0 20 A7 T AR AN A% 22 4
VAR, 3t T SR VR 1R 38 A 22 BRI - R0 o A AR S5y o gl 7 AR B 25 LBl
Ny AR PR Sy A T AR 8% 2 REVE 2 AIAAEAE ELR IR R (B 5.5, be),
XAE— R RIOAE T IRA TS, RIS S 2 FEVERI Rl 20 A0 T AR Z [ AN AA1E BHRIR R,
A Z FEPE AN M 3 A TR 2 18] (A1 28 HH AU BN -

ST Z REE- YR AT T AR R R PE IEA DGR R, R A B 2 R TR VR e
TR0 S 25 R B B i R A R S R B BT TR AR S B, B 5 22 AH R
[ A= 4 22 R R A S g vh LA R A e S BEAh, FRATTIBIE 7T 45 3R A S 2 2 R
WA Gy A ARG R AL T IR 2 FEIE RN 73 A T AR RAEH AL S 2R th AR A — B0
W FIEES ZIabnis S 2 B S BOIT LU i, A B TR A TR 7R 8 4 2 FEE
(RITE AL o
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FoE FLHMRE

A SCGHE FIRHE I TR SRS RR R, R AT A
RZFEETH S INEABEMATE K DNA 729 P A SRS R 2 FEPEI A 2. FELE
SLat b, BATRGEIRTT 1 AR S R FERR A A% SR, RS PR T A Y
ZREEAZH IR 2 FEVE A RS SR S LU o R BRI R = 5 B o
ANBETEAE TR 1A% SRR IR T . O TR AR AR A R R R
Z I FEAEAN ], BATCUREE 73 A 8 ke 1 A% 2 FEPE AR 5 L
Z IR, GRS B, N EINR AN BRI 2 R R O R
St VOB IALET o BEANERATIIE T IUE B, BRI 1R 2 AR AR o A 1 AR
ISR AR, A AR A LA o0 A AR D v ) 0 06 R P A4 F
TRIRAL T % (HA2 B THI U AUTERN RIR, A REF T2 AL
Kb, WEEAE IR SR I LA AR LAsgE AL

6.1 FELEIL
(1) B AL 1 T 0 B RV AN 55K DNA P91 i is 46 2 R

AR RGEREN, ALK DNA FHIN, B3 2R 5 g SRR
B RIAR e B B TR IR 2 R, RIS R 2 R IR 2 P L,
FEE T A FEANSEK ) DNA [P A5 . T 070k, BATRILR R 2 HEETER
AbEER A iR A2 7, B2 5L A G S 1) s A5 A 2 MR AE R L
PERIB IR SR o BEAE T 2 REPEAE RS AL BRIA) 0 A1 b R 1) 22 S T RE S OBE T AR
PR B AE AN ] B T 2 (A 2 5% (Camus etal., 2017) FIASFEIZIYIEREY ke
J1H %5 (Gratton etal., 2017).
(2) H R ER- AT ZFEE R

BT RATECAR (= kh), kHAR—AMEEME, BHEFEARKRN K
FPA R 2 i al, A R - A5 L B R 2 (R FEAAPE R IE R R, T
B AT BRI 22 AR AE, DR A TR - B35 28 22 2 T T SR )
ARG R 45 R Godall-Copestake 55 A\ (2012) 255N, RFHFA
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25 R AT AR AR N K74 o 2S5 RO B T FOULIN B A — B s R 2 A
PERIAZ H IR Z AR VE RS QRSB AR $24t 1 BRI (Songetal.,
2013; Wangetal.,, 2013; Zhangetal., 2012; Birdetal., 2007).
(3) HERZHRENE S A% IR 2 ARk 0 A 1 SR AN TR 2 S DR 1 AN R RS MR AR 1L
TR 45

PIRD KT IRI8A% 22 1R 20 AT A% JR CE AN R O RIE FE 8 b T A7 AE 22 57 o AT B0
RZFEN S, IR FEVE AT SR A . BRI =, RiEaHEsh Yt
FEAMBL AR I 2 PR =) B IR 20 A PR FE AN [ 3 D R 5 B £ R 2
PEANALE PR S T A AR AW [ s R, 0 T S5 AN PL2RIM 5 S R 2 Ry
At R BB 6 P B T 5 9 R VBRI J5E (224 o TR i s TR S ) 22 7 5 B
T DU SR A AE AR AL b (8] O REMA AR XS L, BIMEIR N (LSRRG RLE)
RS HEEIF AR 2 2SR T LR SRR . R, AR R Ry fiE AL [F]
SR T R8RSR
(4) FhRE LR 1A% 2 R VE RN R == 5 B2 2 AT AL

AT FCR W 1B A% 2 FEPE AN RN 5 L 2 8] (1 A7 A BRI R AR . WA
AR AL ZREVE AR = R 2 18] AR SR 2B 22 R 20 1 AT AT Ak
SPIERRAE S BEAt, FRATHIBE TS R W NS MERT A [5] (1 BE B 2 X
SRR R A HERL M . Horp, NSRRI 2 A BE A5 VR B0 R AE
TR o WANFEHE BN ARSI HRE TR IR IR A 2R, W] RE A |
IHLEE AT R R RE g I HOE AR fE J1 G N ONIE SR T
(5) WAL ZFENE-IR AT IR RAAAETR IR ZE 5, S B R 2 R VAl A
856 1 BUWC S DR 3R 3 SUR DRl 20 A7 T AR G /N o W 38 A 22 R PRS2 1) B AR A o

AW TR 184 2 REVE- VIR AT AR RAFAE SRR ZE 5 . PG R B HEPE-
Wb o3 A THIARAE 5528 . W FLIAT PSR A7 AEARDN — BRI OC R o £ B IR
FLR PR IR 2 FEVE BE 2 WA 20 A1 T AR (0 1 R e T v 1) — o M Jm 22 BILOE e 3
) “ BRI ” 52, (HAE PSR A% IR 22 A E-P0Rh 20 A1 T AR 2 TR (5% 2 55 AR
AT 22 R - A T AR 22 T8 18 9 2R AU 25 i 7 A1 T A 8 48 DK 184 K)o
SRR IR 0 22 S 5 s B 2R 20 PR Ao A T R A 58 L R VAl P b 75 W ) 2
GG
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(6) WiA% Z FEPE-DDRI A AR SC R AR IE I g /1 5 B A ELARE I 45 2R

FE 5528 IR LS PR S B AT 5% B384 22 R AN D o3 A1 TR 22 18] (1 5
R BOFA R, RIGAE ZREEAPFR A0 AR Z B A BRI IR &
U PRl LR RS WP R 73 AT AR P [ IF BE M 382 4% 22 R4 o DRI U SR A T RETE 24
B S RS R A0 A T AR A% 22 REPE R AR A, i 280 H R (Y384 %
FELE-H R o A TS JR o

6.2 AHRAVBIFRIE

D $EH TR R B 2 RIS, 3RAN T IUE 75 A B A SEK DNA 7
B H kT B R 2 R I R

TEAHIE T HBT IR B4 B 2 REVE Al UE 7 v 2 i, 2 5 A A S5 K
DNA TR BB Z R R A TTATIY (Miraldo et al., 2016). AHFFITHE T
BTNTRART, SR3N T B A B 2 R ML TE AN RE R F A% K DNA J7311)
Ao RN FRATE 7 B, X T AR DNA T, AT DUl 5 A 2
ZFEPE, T H AL SRS i FE AN AR e MR B T B AT A A R 2 A, DR
P 2 FEVE TR IE S AE N AN K DNA JP 41 8% 2 RE M FE AR .
(2) WAL ZREVERE SR HET T Z 48RS LR T, #7R T 8 Z R
ot =F A AR U0 2 I g S5 ) B SR R

LRI KR 18 4% 22 RV 16 20 A1 4 SR I S AN ORI AZ A IR 22 RE PR 23 A1 4 )= %
FORR IR o AW TS AT T B T 2 R RS R 22 R I 0 AT b SR S L BR s AL
A RIS T AR = AR B L AR e PR L AR S I A i A B
A7 DB SR & B ISR R AL ARV SR AR R, T HLE LSS, 1 R
FAAE (o, BPERUSGTARIRES) it Z RV sm o BRI AR R 1A
BN EED TN KT (R 384% 2 FEVE 3 AT A% R, B8 R T SRR AN [RIE A% 2 RE e
PRIFRRE R T, UEBA T 38 4% 22 FEPE S A0 b R R Fl R B8 2% A AN A b I R 4 LA
g A
(3) @R T BAE ZFEMYF S BRI EIRHESE, NISAE R EY 2
FERURI SR T AT RE
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CART O S BRAS _EARTT 1 3804% 22 BEPE 2 BRI R =2 2 22 TR 5% 2 A
T IR BEAFAE (K3 [RIORE o ASHIE 7C AR 0 AL W BE A ey S 0 A% 22 PR E AN D 5
A HEARHELE, JFE RS MR R S8 LIS, PSS (R 38 A% S Xt
MESRBEAT T ARG o ARSI 28 J5E TR A 0 22 FEPE TR LG S 0L 1 n] B, A7 )
TBATEIR LD 2 FENEN T T 7KT SR KT BT B L, AT BE 4 B HE
TREYZ RSO RE, B R T AEY 2 FEVE RS (0 DR3P AR
(4) KM 7 53 is B e 7y 3, B0 1 384 2 Bk - o A T AR 2 18] 5%
F L o

AT NAESRIT S 2R 18 4% 2 AL R o A T AR Z B R AR, OO R A &=
BEAT T % (Fanetal., 2019), R 1 RAF e A X H) o0 At oo Ik, 7E3L
e (38 A% 22 BRI R o3 A T AR 22 8] R 5 2 mR 20 A7 9 B LR BSR4 22 1
PEa T A2 nTREMS th L AEACE s AN G K. Biln, M0Rh A AR, (B3
FEA KR B 735 XA IR — /N IX 3, B2 T AEAARR AN A2 38 Rt % 2 4 1k
A o AW FINR T Bt B4z 11, A5 BRI I RAFVE ] 22D i Rl o A [X
R —Fo TR, BRI 1 A5G 2R -V Rh A T AR AL IR 2 A1
Yd oy A AR E SR P RISERE B (0 22 o AU, 20t USR5 A 2 A I VAl A
156 P B S DR 2R 3 B0 W Al 70 A1 T AR 4/ 6t W0 388 A 2 5 P R T A2 52 i (14 2 AR

fEbE

6.3 KRBT E AL

(1) DNA FAUANGER, # VIR A% F IR 2 FEVE DA ] REAAAE O IR 2
AHFCAERKW], B DNA RIS INR, PR 2R HR
2B D, B R 2 AV RIS AR A B IS OL,  RIVBC MR L AR5
REZA A% IR 2 A IR XA B SRS R AR 22 o BRI AE ST 7 TP A IR 22 R 1) 23 A
&R AT BEAAAE — E R IR ZE o (HIXI AW FUEI R A AR, FOYOEA L
O B 25 AR A T G R AR IR S R I . QIR 2 FEVE IO SR 22
WA FAT LR, BOYRAGRART T KA IR 2 A dr sk, H
A A R ) 2 0 A% 2 FEVERIE T TAR AR [AIFEA A (Lietal,, 20205 Manel et
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al., 2020; Theodoridis et al., 2020; Millette et al., 2019; Gratton et al., 2017;
Miraldo et al., 2016).
(2) ST REF FEARI KR O AL A7 fiE

FELRTTRES, RVE AR 1 8L ZFEIE . R AR Rl & B2 TR
KA, (HNEE EUHR Y B RE S AIEAE RE TIRHZAE SR AN R A2 AT 2 B
1 T v A A BRG], BATTIF AR A G B 2 N o A TRATAE T 1K
Y B S AL R RN T RER R, MR IR EACIE 1A
MRS . DR AT i Jm B — 2P 5 3

6.4 RE

(1) FRIT AL ZAEERS R S I L =5 23 S A 2 FE PRI 2 MR AT EE
Bt
FATTHIWE FOLE KRR, A% 2 BN B0 0 A SR A H R AR SR bR 1) 47 /£ 22 57 (Fan
et al., 2021, TMRXMZE S 55RO N A A A8 SUHXS B UZH IR 2
VERIEAE R SRRV 0 5, A H IR 2 FEVERIR 1 Wl P 3 30 % A2 S AR Bl 7K1 1 T
Y RARRESE , I Rl 0 Jir R 5 b AN A Je A 73 S AN A1 A B RS PEAH 9% o i A%
BRI ) Sk 5 Ay Sk DR 7R b T ot PR e A S R B P s e AL &, O R
RERLZS S R 1 RS 24 i 25 25 B B P (1 o 152 o DR AH (R PR 0 57 R 1 G A A
PEXT —H A ARG, X ESRIAEIR T AL ZAEE AT RN, 25 &1L 24
VEZRMEARHEAT 208, AT XS 3824 22 R (10 22 o R A B e T 1 A
(2) BEEAEMZ FYEA R B3t m, SRa IR BV 2RV S
HEFFHLH o
FATRIE FU A LR AR — A s R A i IR e 1 38 A% 22 FE R B ) A
FHE LR HERHEL . ZAMHER A S 7L 2L Yk 2 BEVEX A
I Z AT, HFRA Y RAEWMZFER 7K P — LSRG B HE. 5K
br L, ARG LRI N EY Z B Bm KPR IR, B AR 2 FEVE A [F) 4
JEEO HL A A 5 BRI Ta] W R S0 F 0 35 22 1) (4 5% S AN X A 0 22 R (1 4
FPERHEE, B, ERRFITY T, FEESAESRGEIS EY 2L
ANEREZ 18] 5¢ RIEAT R GE M AR, WA R T 2BV Z BEAE N 7K1 214
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FACE T3 BB RGUKT AR 2R, A4 W R A 2 FEVE I sl Rt 4T &
GUEAR, NEVIZARER R TARR AR A A, AR NSIL R 20K
ERlIp
(3) 1AL ZAEVE AT FE A 7 28 5 25 DA 21 55 AR A S IR = IR 20 A o
AR R 8 A% AR BT 7 AR 2 QTR AR 7 R A3 (A A B ok i A
DAL A Fp P BT PR PR A 1T 3 A R DR X SR A B AR A B i B PEE e, FRATIANE
FERCRE N 18] R _E PRI SR AT A% 22 R AR T 2 o DRI AR R AR 834 . 1%
B B DA AH R SRR T 0 N P 38 4 22 R P A i AL A o R 3 N2 P i A 22
FEVE R A IS R Wi S E 0 A3 S 6 T FRIAN TR RT BE 7™ A2 SN 22 Je AL i 45
B HExF 1) 8 Py S B s DR i e 28 SR B, ANAURT DA R A Ak T B IR
AR E], 38R PR AR R 2 AR R I R R R A IR T A
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