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WE: [ 86 ) &35 B Pinus massoniana- KA Schima superba 3 At & - RAER | FMAEAVE AT T F 5 AAER,
FRBR K E T AMEFF A, AR G-ARER N A ZZ2TRERERE, [FEF] AT HMNEFRE
I B R 727 A &5-M 2 A S 3, MELER D ZREHER (OLS), J LU TmiER (GAM), LHRAHEA
(LMM), 322 i = 3R (GWR) o 2 Aol = )2 55, AEHE A (GWRK) #9485 - I 2 AR AR, Esbikah b ki
AT EFFIN, RBLHELZIHK Moran’]), FI3X Moran’] Fel M 5 257 S AR K Z TR AME L = HF %,
HF Rk ZAZH (R, ¥ HiEZ (MSE) Fofe otz &N (AIC) sHER AT N ., [ 2R ] DL RS- KFRIREHRAL
REAEAY 6 S AR B4R K A OLS. GAM. LMM, GWR, GWRK., Q¥#MA/EATE TN G, SR L
B EH T AWAKLABER, GOLS #» GAM A& 5% £ 69 45 Moran’l £ 0=0.05 KF F 2% (2>1.96), £ Moran’l %
HEFHEZSHE, RABEBRAGZE AAME, @ LMM, GWR A= GWRK £ A 5% £ 4 £ Moran’ # ¢=0.05 /K F R
BF (-1.96<Z<1.96), BAEEH Moran’] 5% B ¥ BEK S AL, HLPAERNKZZE GAXTHHER, @5 AER K 2
WL N T £ R ILIMA & i UG 3B B B K 3 K AS 4, 12 GWR F= GWRK R B A F NN £, A0 i KB A 5%
EZRWE e F ik, [£# ] OLS o GAM BAMEMH ARG, FERRBHRBEAX L TE ArakFeF A, BLRER
kI H-PREEA M R ERAE, LMM., GWR Fo GWRK A £ 3% S AL A Il At B A AR = 8] A Al R i @ R LR
4, 12 GWR F= GWRK K8 /2 A S A 7 M5 @ 8%, R RESUMS-MZEED, B2 %3 438
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Height-diameter model of Pinus massoniana and Schima superba
mixed forest in central Guizhou Province

RAN Jiaxuan, QI Yujiao
(College of Forestry, Guizhou University, Guiyang 550025, Guizhou, China)

Abstract: [Objective] To establish a tree height-diameter model for mixed forests of Pinus massoniana and
Schima superba, introduce tree species as dummy variables into the model, and consider the spatial
autocorrelation and heterogeneity of residuals of the model, in order to provide theoretical basis for the
construction of the tree height-diameter model of mixed forests and the scientific management of mixed forests.
[Method] Based on the survey data of 727 groups of tree height-diameter in mixed forests of P. massoniana
and S. superba in Kaiyang County, Guizhou Province, we constructed ordinary least squares (OLS), generalized
additive model (GAM), linear mixed model (LMM), geographically weighted regression model (GWR), and
geographically weighted regression kriging (GWRK) models for tree height-diameter-whole-forest model, on
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the basis of which tree species was introduced as a dummy variable, and five model residuals spatial
autocorrelation and spatial heterogeneity were selected for global Moran’ I, local Moran’ /, and intra-block
variance analyses with the coefficients of determination (R’), mean squared error (MSE), and the Akaike
information criterion (AIC) to evaluate the models. [Result] (1) The fitting accuracies of the whole-forest base
models of P. massoniana-S. superba mixed forest were OLS<XGAM <<LMM < GWR<GWRK in descending
order. (2) The fitting accuracies of the models were higher than those of the whole-forest base models after
introducing tree species as a dummy variable into the models. (3) The global Moran” I of the residuals of the
OLS and GAM models was significant at the ¢=0.05 level (Z>1.96), and there were more hot spots in the local
Moran’/ distribution maps, which showed strong spatial autocorrelation. In contrast, the global Moran’/ of the
residuals of the LMM, GWR and GWRK models is insignificant at the a=0.05 level (—1.96<7=<1.96) and there
are more cold spots in the local Moran’/ distribution plot, indicating that spatial autocorrelation of the model
residuals has been eliminated. (4) The intra-block variance of the residuals of the five models show a tendency
to increase with the lag distance, but the GWR and GWRK models have smaller intra-block variance, which can
better reduce the heterogeneity of the model residual space. [Conclusion] The OLS and GAM models do not
have high fitting accuracy and cannot eliminate spatial autocorrelation and heterogeneity of model residuals, so
they are not the best choices for modeling tree height-diameter. The LMM, GWR, and GWRK models perform
well in improving the model fitting accuracy and decreasing the spatial autocorrelation, but the GWR and
GWRK models are more significant in decreasing the spatial heterogeneity, and they are the most appropriate of
the tree height-breast diameter models. [Ch, 2 fig. 3 tab. 38 ref.]
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spatial autocorrelation; spatial heterogeneity
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B i 2 0] e FE AR AR FNAE BRI B E R, ZeMEIR SRR (linear mixed model, LMM) F [ 22 550 FlBEAIL
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SR, RETERRYE TIEFTUR I AR SR TR, SOIAERE B AM A RA R, AR ANR: &
FEMA-ARIHRACHAESE m Ak A= 77 07, el bR AR S 3R s, AR EMORZE KU 05 L T S R haalidk, (H
SAMARLE , IR ASHRAY I Z 2 RS A 7 A i - AR R B o A2 2% . HAl, P22 8 T TR
SRS v - AR AR A AT 52020 EDE T T R AR A R S RAT 5 T A A )R 52 LU DR bR o3 A K 52
Ma 220 AR AR R 2 S AR AR LR ERE Y SR T, X R - AR AR L A TS
PRI, ASBEFELL S A T BB 5 AN - AR AR MO G, XT3 4T OLS. GAM. LMM, GWR Al
GWRK A 2 - 42 (7] =1 7 25 A AR 4005 200 B R AR R ke 2 25 (] | R DG RN S B v R B, P B L S )
PA-ARAT IR SEARF 5 2278 8 PR AL PR A A

1 #oR 7%

L1 HARXERSHEMEE

WFFE DAL T 5N SLFHTTIT P B, Z B UL SR T, AR e e e B e A RGBT IR
JeE X, 7B R 26°11'~27°22'N, 106°07'~107°16'E, Hu#pgdtim . FPRME . SFEEH R 1200 m, H
LA . Febeh . VIR A TZ, XA 71.8%, MBI HY A AT & I 2 XU
Ak, AEHRIRN 153 °C, AFEHFEKE N 1196.9 mm, BT o IX ZRARSE AN KK D AR - ff iR 22
M, RN A DM . Aff. K&K Fagus longipetiolata . G Pittosporum glabratum . = 5 {8 H-
Wi Carpinus pubescens Ff%2AK Cunninghamia lanceolata 55 .

2017 4F 8 H, 7R X G RAA-RATTRACH N, MRHE CTFS(Centre for Tropical Forest Science) # 11 i
BOAR DT B 40 mx50 m B EEAEHL, TREAEHLII 3 20 4> 10 mx10 m B/VETT, BN REDT N i
AN =1 cm BRI AR, BHCSR AR, WERE . W5 JEiE . BARSER T FEHINAR
ARV ARG L 1.

F1 RS EEETHE T

Table 1 Descriptive statistics of forest survey factors in sample plots

T e J4%/cm B /m /(B hm ?) g BT T AR/ (- hm 2)
(VN 7.3+7.9 7.245.8 3635 6.580 0
I, B ¥ Pinus massoniana 27.9+12.8 22.246.9 225 3.3200
AKRAif Schima superba 6.6+4.2 6.3+2.8 1545 1.510 0
7K+ Xl Fagus longipetiolata 8.347.6 9.5+6.2 290 0.580 0
K2 K Cunninghamia lanceolata 8.1+6.4 8.0+5.6 235 0.390 0
W& Liquidambar formosana 12.0+£10.7 12.3+8.5 45 0.1800
=R H A Carpinus pubescens 4.8+3.3 5.842.8 290 0.150 0
1AL Cerasus serrulata 18.2+£10.5 19.546.1 15 0.100 0
YA Pittosporum glabratum 2.8+1.5 2.440.3 330 0.050 0
JGH MEBetula luminifera 10.7+4.3 14.6+1.5 25 0.050 0
4k Quercus fabri 3.6+4.5 49439 95 0.050 0
& RK Symplocos stellaris 3.6£2.7 42425 145 0.040 0
Wi 4% Populus adenopoda 14.4+8.1 15.4+4.1 10 0.040 0
e BeliDaphniphyllum oldhamii 7.7+1.7 6.9+2.1 55 0.020 0
¥% Castanopsis fargesii 3.1£1.6 4.9+2.7 110 0.0200
AN Lindera glauca 2.4+0.9 52426 65 0.006 0
MR % S Heptapleurum delavayi 3.3+1.1 3.1%1.7 30 0.005 0
1 Je ¥R Quercus variabilis 5.240.3 8.7+0.0 10 0.004 0
JIl#% Corylus heterophylla var. sutchuenensis 2.4+0.9 5.842.6 35 0.003 0
IESymplocos sumuntia 2.3+1.2 2.7+0.8 25 0.002 0
G BBk Dalbergia mimosoides 2.7+0.6 8.4+1.1 10 0.001 0
KT KT Clerodendrum canescens 1.6£0.3 4.6+0.6 15 0.000 6
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1.2 =3
HR A P8 A BcE (% 1) nT AR N A FON T B AR R 7 o BRI L, Rl VR S AR B 5] A OLS .
GAM. LMM. GWR #l GWRK AU S3HIRGEE S R, A R ABAR T o - Bl A2 B A . B b 2326
EPERES 0 F 1 FRoR, i AWRRR R S, R S A 0, DB S o1, a2 i
BERREE R 1, BE RO Hii=1, 2. 3; S,. Sy, Sy /AR DM . A FHALR AN E AR . R
A5 AMEAS i AR RAE SRy S MOR SE Rt AR Y
12.1 &l =& (OLS) RHFR AL (Y=aX") X BUE 4L X (InY=a+bInX) 15 AW 5T 1Y B Al AR
T, HATRIFR AT
InH; = a+blnDgy + & QD)
K () F, HCAWE (m), Dgy M (cm), a5 b WHRIBHE, e MEAIRZE,
122 ZERABA (LMM)  HOIMAE T A BKCERENLRN , TERIRIZEL a R b (0L 53 035 I kil
WS E My, , WX (2) Fis
InH, = (a+u1)+ (b +wu)InDpy + & 2)

K@, afl b MERISE, wfu ABEILSEL, e MARAIREHLIR2E

123 J X ThmAER (GAM) GAM & UM LSRN B, ME— ) SE A B2 -0 sR B v

M, B InDpy MENERAR &, InH AR AN AR, SF-0 MIHIUR AP % R B 8 GAM,  Hik.
InH; = o+ s(InDgy) + - (3)

K 3) H, s MM REL, e MBRIRZE, o ki,

124 33 oA e 284 (GWR)  GWR BEARIME AL G T 40 e, R REAS s py b AL B4 B A

AT, (A A A BOE A A e AR e S R R R ] A O AR, BB TH BRI R 22 i 2s 1] [{ A O,

Gauss PRECVE ARSI, AT FH B 5 R AN - A far 1RSSO 15 - B AR A5 AL

P
InH, = Bo (i, v) + ) Bi(wi,vi) X (InDgi) + & 4
k=1

K@, WnHRWR AR, v B DRER S ARAR, By ME i DR SR BN THE, X N
kA AR RTES i FEAR B, Be(ui,v) WA i DFEA S ERYES kAN RNE S8, 200 T MR 1 pR 4R
p HHT B AL, e ABAIR
1.2.5 e )2 55 EAEHEA (GWRK) GWRK RAE GWR BRI B 54 €, B GWR 552 A%
WEASS GBI, i GWR [RIHER 22 #F 4725 40, SRS R 25 1A GWR I A THEAR I, M
313 GWRK fiiit{E",
1.3 #EEKREEMH
13.1 BAZZeyEE aAkr SRR SRS L840 (Moran’s T) PEMBLAIEE 24 (1425 7] 73 A
42 J5) Moran’s 1 2 SR 35 18 B A 1Y 25 18] BT 7E 8 X 5 8 10 s X RS2 SRR, U b —1~1, £
WG R U0 AE T LR IR S i e A, 72T 4R Moran’s T BB F 2451 ZH, MR 2>1.96 8 <
—1.96, {EA&Fik, FaasE R RERABMHE; A-1.96<Z<1.96, ZZF ki, Fn
25 1) 434 ] BESE BEALIE FE P2 AR A2 SR, Z BEAE T n ANFE S5 N A ILINEL 22 () 2 75 7778 25 TRI AR DG PR, i
Jri3 Moran’s 1 7] LA — DAY Rl s I SR AE LG, PPN BB 5% 22 2 A AEAE SR B R ARG L, 40 BT 7R 47k
25 Rz () A ARG .
132 BEAEZ@EEF A% SHSEEENESREN EEREZ —, e b nig R EER
PRI, fiff PSR % 25 20 P9 7 25 PR AR 780 7 25 2 [ S i k12531,
14 RERIG

RERIPEM 5 b5 2 P B AL (R, H771% 25 (MSE) FlaR (5 B ] (AIC) BRI AR, B T e
FREEBSTER PN, A RS R NG . 255 DL B PP FR bR B B
1.5 HEHH

i F] R 18 5 B9 minpack.lm £, . mgev 45, Ime4 fUH1 GWmodel £33 5% OLS, GAM, LMM F1 GWR
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MEADIEAT EAR A0 HT, FEALEERE 581 Fk (80%) MOAAE M B KR, FIATHY 146 FR (20%) MRAAE J 46 58 %1
Wi o F ArcMap 10.6 XA R 5% 2% 95473530 52 B A% 4 5, ROOKCASE (J VBA %i 5 1) Excel % 3C14) 8
4 JJ MR, Moran’s I, YEEAE Excel H15E .

2 HEREAM

2.1 MAMS-EERLEHR

A MROA I Al AR AR 4L A 4 R UL AR 2, SRR ALY R*OM 0.63~0.80, MSE A 0.08~0.16, AIC K
462.77~759.23, #RREARLT L AR 25 5 MR Z R OC R o R AR (5 | A, B HULE N B A I
B TR IERE R, 5 A EIAAIYAY R 3255 T 0.01~0.06, MSE il AIC WA AN [ TR ARG, kAR
it A5 AU W AR i R 3 R LG HE AR NS B MKl OLS. GAM., LMM. GWR. GWRK.
OLS Fl LMM WFAF A A S AL T HE AR 0.001 K- B3, GWR AR SEANTHE N — B, 1R
U MR BIMOR R 24 53 (35 3).

Fz2 SHHEHREESITINEE Moran’s I (2)

Table 2 Model fitting statistics and Global Moran’s / (Z-value) for five regression models

FEAUEAY iaiil] R MSE AIC 42 J&Moran’I (Z)
W3l e/ "3 7E(OLS) 0.65 0.16 723.97 0.2494(26.521 0)
MRS (LMM) 0.78 0.09 506.29 —0.006 5(—0.544 8)
TGS i A AR I SCAT SRS (GAM) 0.66 0.15 714.54 0.2047(22.0847)
HUFE A [ET RN (GWR) 0.85 0.07 271.83 -0.0125(-1.1784)
HF A 5 HLAR BT 857 (GWRK) 0.86 0.06 260.66 —0.0095(~1.0208)
30 /] — I (OLS) 0.63 0.16 759.23 0.2878(30.1583)
LRPEIR AR (LMM) 0.77 0.10 522.88 —0.007 1(—0.605 0)
AMORBLRAR Y I AT (GAM ) 0.65 0.15 723.95 0.2797(29.668 0)
HUFEIAL AR Y (GWR) 0.79 0.09 488.08 -0.0144(-1.3773)
HUBEANAL 5E FLAS (] RE RS (GWRK) 0.80 0.08 462.77 ~0.0122(-0.4704)

L REVDGE RS, MSENHTIR2E, AICHRMERAEN, 4)aiMoran’l (2)247% 0] HARCHATN 517

%3 OLS.LMM #1 GWR M E2EE S {4+
Table 3 OLS, LMM and GWR dummy variable model parameter estimation

(L EES WA SR i FrifEist P

a 1.200 7 0.087 6 <0.001

3 /D ek b 0.5815 0.0205 <0.001
(OLS) AT ~0.440 0 0.069 7 <0.001
oAl -0.398 2 0.073 0 <0.001

0.969 6 0.093 1 <0.001

LIRS b 0.637 6 0.017 8 <0.001
(LMM) A -0.2828 0.060 2 <0.001
HoAth -0.249 7 0.062 2 <0.001

—1.003 4~2.401 6

HFIAR [ 345 7Y b 0.2859~1.3146
(GWR) FN) —-1.2413~0.842 6
HAh ~1.245 5~1.368 1

BT o M1 b WERIASEG PR RBESHIN B EVE, P P<0.001 Fom7E 0.001 KT W%, GAM B Jy {2 Kok ;
GWRK B 25 SE TR 5% 2 AT 250 v B, s B RUA A
2.2 HERIRESN
221 BAZEZxE AAMERE BHE2 M. OLSH GAM HAIFE ¥4 7 Moran’s [ 1E ¢=0.05 1 i /K F
T, Z>1.96, {FAEREMZSA A, M LMM. GWR 1 GWRK 815k 2% HAA H K 14 i) Moran’s 1,
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HAE 0=0.05 5514 T, #EAIGE 22 4 J5) Moran’s 1 ) Z 7E-1.96~1.96 Ji [l , #5522 25 [A] [ AH G PE R 3% .
PLS mohE g, T3 5~20 m i 5 5 25 N BRI 5% 2% 42 ) Moran’s 7 (K] 1), OLS Hil GAM R RI5% 2= 4 )5
Moran’s 7 Fifi %5 it J5 5 B8 ISR FAES, 1 LMM . GWR Fil GWRK #7158 22 4 &) Moran’s I 7£45-fiff J& 1 2
bTE 0 BR/INERESE B, HAEAREER .

OLS il GAM HEHI 5% 22 (1) ey 3, Moran’s T BEAR 43 A AN 5) HAFE R 2 59 2B S (IE R Moran’s 1)
(K1 1B~F), Ut 2 FpB s $h5 i oA B slad B . A2 R, LMM., GWR Fl GWRK #1815k 24 =
AT DRGSR Moran’s 7 2 R B, ARSI AZ ] ZR I AR SURFAE .

031 A OLS
~ 02
g
S ol
B
A & 8
10 15 20
0 B /m
-8~ 0LS -8 GAM -o—LMM
—-GWR -8~ GWRK
40
30
=20
10
0
A1 5FELA R £ 5 R A8 K MR By 3% Moran’s [ 57
Figure 1  Spatial correlation and local distribution of Moran’s 7 values of the five models’ residuals
222 HAEKEZFEFRE K2R 5~20 m i gﬁ
NS ZE N TT 25 0 RGN, 5 Fps 0.14
RUGR I N7 2EAE 5 mAbI/IN, BRI I 510
TG, GWR Al GWRK 5 5% 22 4 1 )7 2276 008
- e i 550.06
IR B A 34 .25 /NF OLS . GAM Al LMM H A1 0.04
PRI 7% S FIREIR B, 2% 145 1 I B A O 40 002 | | |
WM NEIHET R GWRK . GWR, LMM, GAM 5 N 20
iir Je R 2 /m
OLS, e OLS —&~ GAM —o- LMM - GWR - GWRK
3 i B2 5ARAKREZEANT £

Figure 2 Intra-block variance of residuals of five models

3.1 MAWS-HEEINE

TEAMORFERIBIAL b, BERVILG K BE 5 2R HE/Y 7 GWRK. GWR., LMM., GAM,. OLS. OLS
BAVE XTI T 2R BLG , R EFEA S Z 045 (8] A A G 1) 4 Jm Al B0 fs 8 iR S8 T S
B 0 A B TE G, ARG T4 R a5 SR DA T A 1 4 T) I 5 DX PN A A AR 1 e P TG Al
T, GAM RV S B4 OK S A5 80 |fofF P 4 2 i 502 7 i 7 728 AR R A 1) ST T iR B TRT T S R
Sk [0 A5 g A . OLS BAY R A A FINEY . LMM MRS S5CR FIRE L T OLS 465, ASHIF 5% 8 o 4 ik
i KSR BEALEN , S8 a T b [FIESVE R REALBON S0, & B RE DT VE R BEALEON AT AT BREE Jy 22 5
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XPALAI A SE MBS, ZE R A R R P R AP R . (A SEPRIIER v, R [RI M BEAY [a] ELAT 2 )R
Fatk, OLS. GAM Ml LMM A1 J& T 4 JR i il A 2 FEAREA 5 A0 B AN [R) 43 1 A [ 2 450 0 A ) i)
L, PEEERA PR AN, GWR I GWRK A AE N —Foin A 23 (R sR B Jmy 502 8] [ I A58, 2%
JE T SR M B 2 ] 22 50, OB T RIS AR ARk, L OLS #E R A K B 3 . GWRK AR AUt
GWR A5 70 5% 22 0473538 50 RS SR (B , THBR T 4% 22 4 (B AH G R AL 0L A& A9 B2 i ) RS AU G B 1L
GWR [ 5 5 o KRR R AR 55 | AMEARY S, BRI A A B L AR SE R AL Y 48 7, IR TE T
W 5 e A 300 K 8 T IR ) sz DA A A 52 BIAS B st A PE BT 52, RIDREAS [RIAR R 7 7 10 22 57 5% TG
B, 2 B AR SE T AR i A Shy W A5 5 A4 SRV S MROPRACARS 3 - B A A R, ] 2 BRI A e A R4 50
[ R S B SR 0 - P N i T 1R O 0 = ey s i N S N [ L N 1 S O F = RS 228 /NI N
i LA B LAt RS oo 2 - Bl A8 A 78 LA AN [ A R S O, [ i3 B T 3 A R i TR S MO AR AR K i
WENEZ — BEMT, RBEBAHORE T 2 RE A, mAR A A B & T 2 MOR LR
A

3.2 R EE HEXENRRE

MR 25 25 0] [ A GRS, LMM. GWR Fl GWRK #5%I  OLS H1 GAM R 15 3] g kgt . 5
FIRIHR 224 5 Moran’s 7 R IAERF S IE B 8 20 m BHE&IE T 0, XRARE Z A 8923 18] @ 40 261k E TE
BRI E , H YR R 20 m B, ZS A OGRS HA BE .

OLS A5 AU Fif 4R B B A i AR 22 (R AH B ST 1Y), SRR S AF 5% 22 BUMRAS [R] 19 ¢ 2R IR A S 4 B ST
(B4 PR Z W2 (8] 3 A5G 250 OLS 33 35 4 37 Mk B 50 S BOGHBE AL S 80 A A v 18 22 10 O LA 1), 8010
B —RAR R (RN B, BRI 2 T IR ) i ReMEAE K™, 5 OLS ALAIAH L, GAM FERIgE 2=
4> )5 Moran’s I A%, {HZ3 (] FAH G R B % (2>1.96, 0=0.05), £ GAM A B E Tk 252
[ AAHSG, B GAM I35 A 428 (8] A AHOCON A A A, R4 GAM AR py AR At A R 8338 44 i 2l
HET BRI IR AR T A AN, (BRI AR FiR SR AR RIAYEY, [FEF, GAM i OLS #2715 22
JRi 3 Moran’s [ fF 7R 22 AL RN, 5% 25 Z [RIAEAE 0 38 25 AL IEAH G, RIVRH 418 50 =2 [ 1) 2 B0 4y AH )y
fiE, 3 BN A AT 85 22 ) B T s 0 AN 2 (B, SR, 7E 0=0.05 55/, LMM. GWR Fl GWRK &
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