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Abstract: [Objective] This research aims to develop an individual-tree diameter increment model of
natural Larix gmelinii forests based on climatic factors in order to predict the DBH growth and provide a
theoretical basis for the management of natural Larix gmelinii forests in Daxing’an Mountain Region, Inner

Mongolia of northern China. [Method] Based on the 187 permanent sample plots of natural Larix gmelinii
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forests (national forest continuous inventory in 2013 and 2018) in Daxing’an Mountains and climate data,
we employed the step-by-step regression analysis to develop a traditional individual-tree diameter growth
model considering climatic factors. On this basis, sample plot effects were further introduced to develop
individual-tree mixed-effect model of Larix gmelinii. Finally, the basic and mixed-effect models were tested
using independent test sample data. [Result] Mean annual temperature (MAT) and mean precipitation of
growing season (Pyy,) were the main climatic factors which affected DBH growth of Larix gmelinii in the
region. MAT and P,,,, were positively correlated with the DBH growth. Other factors significantly affecting
the DBH growth included the reciprocal of the initial DBH (1/DBH), basal area of trees larger than the
subject tree (BAL) and the number of trees (NT), and all of them showed negative correlation with the DBH
growth. The coefficient of determination (R*), mean absolute error (MAE) and root-mean-square error
(RMSE) for the mixed-effect model were 0.760 4, 0.386 6 and 0.486 3 cm? respectively. Compared with
traditional model, the R* of mixed-effect model increased by 0.321 7, and the MAE and RMSE reduced by
0.230 6 and 0.267 4 cm?, respectively. The mixed-effect model also showed better fitting accuracy in the

model tests. [Conclusion] Using individual-tree mixed-effect model based on climatic factors can well

44 %

describe the DBH growth process of Larix gmelinii in Daxing’an Mountain Region, Inner Mongolia.
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Tab. 1

Sample plots and sample tree data information for natural Larix gmelinii forests

AF & Variable

AP 5 Variable symbol #/MH Min. & KMH Max. ¥J{ Mean A5ifE% SD

Y)W Initial DBH/cm

i 424 K & DBH increment/cm

P32 B 4% Quadratic mean DBH/cm

AF 8 W B (R -hm™) Number of plant per hectare/(tree-ha™")
B AWK A/ (m* hm ™) Basal area per hectare/(m*-ha ")
#34K Elevation/m

BB Slope degree/(°)

I 7] Slope aspect/(°)

+ 25 Soil depth/cm

DBH 5.0 53.1 12.1 6.5
iDBH 0.1 5.4 0.7 0.6
QMD 7.0 31.9 13.9 4.3
NT 75 3060 929 542
BAS 0.48 34.05 12.65 6.64
EL 386 1655 885 204
SL 0.0 29.0 6.4 5.7
ASP 0.0 315.0 145.0 106.8
ST 3 65 26 12

VE: 3 7] CASP) 3% FE IS I T 5 R AR OB E = 1EJB0°, IEPE90°, IEFG180°, IE%:270°. Notes: the slope aspect (ASP) is specified in the anticlockwise
direction as that: the due north is 0°, due west is 90°, due south is 180°, due east is 270°.
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Tab. 2 Climatic variable statistics of the sample plots for natural Larix gmelinii forests in 2013—2018

A RS R/ME 2 FNI: FIE briEZE
Variable Variable symbol Min. value Max. value Mean SD
LR
Mean annual temperature/C MAT —4.00 0.02 —2.60 0.74
2 VRN
Mean warmest month temperature/ °C MWMT 16.14 20.10 18.13 0.70
o A
Mean coolest month temperature/ °C MCMT —28.06 —22.12 —26.18 0.97
KRR
Minimum temperature of growing season/C Temin 3.58 8.41 5.79 0.92
KR
Maximum temperature of growing season/°C Tgmax 18.14 22.38 20.50 0.69
KT
Mean temperature of growing season/C Tem 10.86 1530 13.14 0.78
S 1A T
RRREEE MAP 414.40 535.80 466.13 2626
Mean annual precipitation/mm
K- Z5 S 4 [ T B

ERFFHRETE . Py 70.32 93.28 80.20 4.54
Mean precipitation of growing season/mm g
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Tab.3 Results of parameter estimation of Larix gmelinii individual-tree diameter growth model

H A% & Independent variable Z B Coefficient FrifEZE SD t P J5 Z WK FE T VIF
Intercept 3.599 0 0.204 0 17.645 <0.000 1 —
1/DBH -10.570 0 0.2352 —44.951 <0.000 1 1.1109
BAL —0.666 4 0.028 1 —23.682 <0.000 1 1.216 9
NT —0.000 2 0.000 0 -10.913 <0.000 1 1.1410
MAT 0.253 7 0.014 6 17.378 <0.000 1 1.049 4
Py 0.0170 0.002 4 7.072 <0.000 1 1.044 4
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Fig. 1 Residual plot and QQ plot of the basic model
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Tab. 4 Partial results of combinations of different random parameters for mixed-effect model
2 Model FE412 41 Random parameter AIC BIC Loglik LRT P

F:nfii A Basic model Jt None 12 909.2 12 955.7 —6 447.6
B 1 Model 1 Int 9784.8 9837.9 -4 884.4
172 Model 2 Int. 1/DBH 9 104.6 9171.1 45423 684.15 <0.000 1
1273 Model 3 Int. 1/DBH. BAL 9047.5 9133.9 —4510.8 63.08 <0.000 1
174 Model 4 1/DBH. BAL. NT. MAT 9041.7 9 154.6 —4503.8 13.88 0.007 7
Bi78S Model 5 Int. 1/DBH. BAL. NT. MAT 9038.8 9 185.0 —4 497.4 12.84 0.024 9
Bi76 Model 6 Int. 1/DBH. BAL. NT. MAT. Py, 9 050.7 9236.7 —4 4973 0.16 0.999 9

s AIC. /RIS B HER ;s BIC. JUH 4% BN Loglik X AR s LRT AR EEAG I . T . B2 AILRTHIPIE A2 5 LA HL e i 49 52
3LRTAN P {E AR 5200 LLBLT 75 LABLZE4E, BE6MLRTAN P A KR 6 5 54H LLE i 7% . Notes: AIC, Akaike information criterion; BIC,
Bayesian information criterions; Loglik , log-likelihood; LRT, likelihood ratio test. Same as below. The LRT and P in the line of model 2 are caululated
by model 2 and 1. The LRT and P in the line of model 3 are caululated by model 3 and 2. As so forth, the LRT and P in the line of model 6 are

caululated by model 6 and 5.

His A & AT AR LA 56, 25 TR 3R W1 Bl AL RN
IR INAE#LBE Intercept. 1/DBH. BAL. NT 1 MAT |
I, RUAEALL 5 B H00E RS B f e o B AW E I 2303
VL SR
In(DDS + 1) =(B; +b1) + (B, + b>)1 /DBH+
(B3 +b3)BAL + (B4 +bg) NT+
(Bs +bs)MAT + 6Py +€; 9
A : B ~ BeR N EEZHL by ~ bsKNFENLZHL.
¥ 3 MRS B 7 2 450 2l 51 N EEE(9)
T 27 VR A R SAR Y 22 v, 56k AN [R] 45 4 1R VR &

AN AR, 5B 5 B, H, X IEEHE
FESIR T B MALG RSB, iRAE LRT 4558, HEE
BN R R A R R 1 22 S P A 2 (P < 0.000 1)
BRI, e 4381 SO 8 B ASE B AR Ay e ¢ 1) BE L 28
Yo t) Yokt (AP

AT 5K FH 48 250 R 2 R BB ORS00 R e 4
3 T R B B 1 5 7 2 . 3 P SR T = A5 8
G TR BRI A R (R 6. HA, FB3L
BRI 25 1K) AIC A1 BIC {H fie /)N, Loglik {8 5 K, #o#
VRN B 77 Z R BEAL, BT AR bR 8 5 0% 45

RS 3 MBENSHNTESR SRR L

Tab. 5 Comparison of mixed-effect models with three covariance structures of random parameter

% Matrix AIC BIC Loglik LRT P
I~ SIE € %P General positive-definite matrix 9038.8 9185.0 -4 497.4
4% FR Compound symmetry 9910.5 9970.3 —-4946.3 897.70 <0.000 1
X} FHE % Diagonal matrix 9187.7 9267.4 -4 581.9 168.88 <0.000 1

VE: LRTHI P HZ R EXRR XS AHMMES ) E M FEAR 543 1. Note: LRT and P are calculated by the compound symmetry or diagonal

matrix with general positive-definite matrix.

*ko6 EEBRAEMEHEXEREAMMERRL

Tab. 6 Comparison of mixed-effect model considering heteroscedasticity and autocorrelation

A Model 575 2 iR #X Heteroscedasticity function — H #H5%45#) Autocorrelation structure AIC BIC Loglik  LRT P

1 JE None JE None 9038.8 91850 —4497.4

2 W HUNTE R 2L ConstPower 7 None 90253 91847 —4488.6 1756  0.0002
3 R AL Power & None 90254 91782 —-4489.7 1540  0.000 1
4 T %% %0 Exponent 7 None 9003.8 91566 —4478.9 37.00 <0.000 1
5 5P % Exponent H &R CS 9001.6 9161.0 —4476.8 426  0.0391
6 Fa ¥ ek %L Exponent —Kr B A48 AR(1) 88334 89929 —4392.7 17242 <0.000 1
7 FR4UPR %L Exponent — E B HR S 458 ARMAC(, 1) AL Non convergence

TE: BETD ~ AR LRTAI P AR T 2~ 4 S5 A AT LU AT 495 A 7S, 6FILRTAIPI WA TS, 6 SHERAM LTI 75« Note: The LRT and P in the line
of model 2-4 are caululated by model 2-4 with model 1, respectively. The LRT and P in the line of model 5, 6 are caululated by model 5, 6 with model 1,

respectively.



8

WSS TR T D T T I RA R IR MR AR LA A KA R ey 7

AN E R LR, 742 8] B AR SGHE, SO i
SE SR 7 22 PR BUN TR AR B 2R At 1, SR 3 R
ISR EPS 2 AP S PNV ISR EPS CRICRMEN EPS
Zitty T, B 7B B R R BT B 45 (ARMAC,
DRSS, AR PR B ARG B B3R
TR A ROCR . AR AE LRT MR 56 45 R R 6),

—Br B FEEH AR R IR I, H 58 &% R g
(CS)Z etk B3 (P <0.000 1. FHitk, —FrE [ IH
(AR E N AR I F ARG E5 4

e T S HRPL BN S E) 7 ZERNR 2 T %
7 MG, B 25 B 2 IR R A KR
A RSB Y 2 R 5 10D s

In(DDS +1) =(4.096 1 +b1) +(-9.904 6 + ;)1 /DBH + (-0.681 0 + b3) BAL+

(=0.000 4 + b4)NT +(0.190 6 + bs)MAT +0.010 5Py, +e; (10)
by 0 02688 -1.8424 0.0139 -0.0001 -0.0775
b, 0 ~1.8424 387510 -0.4911 -0.0009 1.0691
bi=| by |~N{| 0 |.D=| 00139 -04911 02472 -0.0001 00024 [},
by 0 —0.0001 —-0.0009 -0.0001 0.0000 0.0000
bs 0 -0.0775 10691 00024 0.0000 0.0347

ei ~ N(0, R; = 0.381 4G)°I';,G), var exp(e;) = 0.381 4exp(-0.082 59,);

(11

I'i=AR(1),p=0.1912

i GRR 7 T7 2 AL p Fom BHRE I 24
fliTHE

e Ah, 3CT0) BT 7 BR84S R AR 40 R0 R
A 48 b5 AIC = 8 833.4, BIC = 8 992.9, Loglik =
-4 392.7, 3 R* 4 0.760 4, MAE 1 RMSE % 5l

HEfkF% 2% Standardized residual

P

1418 Fitted value

0 2 4 6

0.386 6 F1 0.486 3 cm®, Ji& A &% B A% Y 1) 5% 22 &I A
LB E A 2 B . 53k A A A B2 5K (8O AT
FEoR BB 1A, 75 51N T R E IR0 B B K
Jei > RSB [ B 25 AR IR R M A IE S T T 3 T B
B

o

FEA3i{H Sample quantile

—4 -2 0 2 4
P&/ {H Theoretical quantile

2 IRE RN R ZE B QQ
Fig. 2 Residual plot and QQ plot of the mixed-effect model

33 REILLE

NIt S B AN VR B 2 AR Y (R 4 5 S T DU
H AHXT T IR AL, YR A N AR Y ) AIC #1 BIC
976 P A, AIC A 12 909.2 A% 8 833.4, BIC
M 129557 F#RE 8 992.9; {RiE REL R* M 0.438 7 42
=5 0.760 4, BEN 73.33%; T4 0HR 2 MAE
%177 i 1% 22 RMSE 73 ) FE4IK 1 0.230 6 A1 0.267 4
em?, BEIE 53 5 A 37.36% F1 35.48%. HEARKE, &
FEAASE R 5] N T AR Z IR BE AL J , AR (1)
WA REESE TR AW EMIRT .

34 REMKIE

AW TR 75% HIREHL B8 BY 140 BoAf b 3t
A5 677 RARR, Rl T 2T A% 1 19 2% 22k
P FR BAR AR K — MR 2 MRS R R & RN AR Y,
KH 514 25% (PR A B 47 Heie it 1 844 Fk
PRAK g 2 BT R AT AGr 56, 0 bU R At AT A VR
RN A TS R 4006 K B o AR 4 P AR ) R MAE.
RMSE 18, Vi A 250 S AR 2 7E A 50 K BE E AR T SR At A
R, KIS AR 7 FroR, IRA BN AR A X T2
AR, thiE 2B R M 0.472 9 1% 0.765 6, HEIE
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44 %

N 61.89%; “FIJ 4%} i Z MAE M 0.601 6 cm® F#1IK
F]0.393 0 cm?, BEIE N 34.67%; 3175 # 1% % RMSE
M 0.740 9 e[ A% ] 0.494 1 cm?, PEIE )Y 33.31%.
MG 3 s I 46 24 R, W7 DL 78 4 15 2k T A f
DRI 7~ 1) 2% 22 T8 AR AR B AR AR KTR A 3B A Y g 40
BRREMR T — B MR (2518

6

N

NS}
T

WM& Observed value

#1418 Fitted value
a LA Basic model

RT AREHRBREEERKRBQEERXTLL

Tab. 7 Validation result comparison of individual-tree
DBH growth models for Larix gmelinii

78 Model R*  MAE/cm® RMSE/cm’

0.740 9
0.494 1

FLA A Basic model 04729 0.601 6
TRA RN AR Mixed-effect model  0.7656  0.393 0

6

~

WL{E Observed value
3]

#0418 Fitted value
b IRA RN AF A Mixed-effect model

Pl 3 JEAHAR AR 5 25 SEAR B A UL (EL R, AP 55 2R

Fig. 3 Relationship between observed values and fitted values of basic model and mixed-effect model

4 45tk

AHIE TR FH P 52 1t R 2 0 1l X AR bR % IO 45
T BRI RS, o T T ARRR R %
T RN PR BLARAE KB, SRS () 45 SR B R
i IRl 7 v A S 35 38 1 (MATO R AR K25 1 B i
(P gy ) 78 SO % 2295 R A2 2R R A 2 B R 1
AR I 2 5o e 1 A% A K 1 ) R A A 1 A ) £
£ (1/DBH) KT8 G ) W i A2 A (BALD FI B 24
EUFREL(ONT)

PN W=k AN TSRV ' ={0h v DN S
AR A3 A AR Y 2, BT AR i WA e SR
B K S HARE K I IEAH CEL AR G C R o BRI R
15 78 7 BB MAT 5 MK i 12 19 248 K &= 2 IEAH
Ko FLEAPY, SRS Tt = A A A RS (i i
A IR AR B, FLIR B 1) UM SR R 2 I KA A 2R
K, AR TR A AT, 2 P SRR SR PR
TR A L3 bR e v R AR K, TV Ay
HE TR L R P R R, R P Y 2 v A AR K
o TR ARG T T AR 4 B 2% 2 VR A AR ) AR
KPR IR R, 25 TR B B A SRR, =4
JE ]I X 22 P RA B A AR 1) AR K SB35 18 T, A IR &
JERLIX M2 PR R A AR KA IR . PR, DR
I A A T AT AR A B e R — AN B AR R R
AR SMIE. GESEAEEVINRR, FES—D

RN T o Py, th 5 MR IR (194K B 2 IEAR R
K3 R I RE 1) S S o, £ & WA
AN G S 7 it TEHVE TR AR S b, #R A
K T2 5 BT DUIE R AOE & 7= P AR
2, R AR £ TR IEILT, B ERY
INBENS A R LK 7> 7 ok, #h 78 R HUKE, (et
AR [ R

PRAR KN R X 2 T R A A K R 32 22
2, WAL RIE AT BUE L, AR E AR
A5 1/DBH B L, BJVER B PR AN 44 i 428K
Mt E KR o X2 T AR KRR T8
AR TE4RE ) E 5 — 1k, V2 A E 1A
SR AN [ A% Ao B R B AR 2R KRR TR I A5 21 1 A [R] 0 25
W2 SR, 5340 WFFUR IR AR 5 i 42 K
R R IE H R PR A 1, XY R AEK R
o BEAE B BB RSB IA B e K AE, AR5 T RE. T
ASHIEFE P RS 73 PR3 N Al e AR, R U 5 2 i 42
ERE SR EF SRR R . BAL FEAMATE
Fl8 T FORMOARMREMR D P2 57 SR, HE
TSR B AR /N, WIARAHE WK 7 v 32 31 ) 58 5 e
Jrsi RN, — 2 g F AR B T R 5. il
0, Yang SEFHA Y 5 AR AH LL, AR (9 ELAR B
HURT BASRAS B 2 1 BEIRORfE R LA NT fE#k
T FEG IR, A B SRR (8] 38 A, 5
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