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Construction of individual tree DBH growth models for natural Betula platyphylla
forests in Daxing’an Mountains, Inner Mongolia of northern China

Ma Hao' Cao Yuanshuai® Lii Yanjie® Xu Ganjun' He Youjun’® Wang Jianjun’
(1. Northwest Survey and Planning Institute, National Forestry and Grassland Administration, Xi’an 710048, Shaanxi, China;
2. East China Survey and Planning Institute, National Forestry and Grassland Administration,
Hangzhou 310019, Zhejiang, China;
3. Research Institute of Forestry Policy and Information, Chinese Academy of Forestry, Beijing 100091, China)

Abstract: [Objective] In order to accurately predict growth and formulate adaptive management measures
for natural Betula platyphylla forests in Daxing’an Mountains, Inner Mongolia of northern China, a mixed-
effects individual-tree DBH growth model of Betula platyphylla, including climatic factors and tree size
diversity factors, was developed. [Method] The data were derived from the 8th and 9th national forest
inventory in Daxing’an Mountains of Inner Mongolia, including a total of 97 fixed sample plots and 4 785
sample tree observations of Betula platyphylla. Based on the selected data, the traditional growth model of

individual-tree DBH was constructed by stepwise regression method. Then, sample plot effects were added
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to construct individual-tree mixed-effects model of Betula platyphylla. Finally, we validated the basic model
and the mixed-effects model by 10-fold cross-validation method. [Result] The logarithm of initial DBH,
basal area of trees larger than the subject tree, standard deviation of DBHs, growth accumulation temperature
and mean annual precipitation had significant effects on individual-tree DBH growth of Betula platyphylia.
Compared with basic model, Ri 4 of final mixed-effects model increased by 0.120 6, and the root mean
square error decreased by 0.097 1 cm? respectively. The prediction accuracy of the mixed-effects model
improved significantly. The results of 10-fold cross-validation indicated that the mixed-effects model also
showed a better fitting result. [Conclusion] The individual-tree DBH growth mixed-effects model of Betula
platyphylla including climatic factors and tree size diversity factors can accurately predict the DBH growth
of individual trees, which can provide support for scientific management of natural Betula platyphylla forests
in Daxing’an Mountains, Inner Mongolia of northern China.

Key words: forestry management; model buildings; Betula platyphylla natural forest; individual-tree DBH

546 4

growth; climatic factors; tree size diversity factor; linear mixed-effects model
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Tab. 1 Survey data on natural Betula platyphylla forest sample plots and sample trees
ikl RS Ejiipa R /ME PN B b=
Group Variable symbol Description Min. value ~ Max. value =~ Mean SD
D, WHWIHG4% Initial DBH/cm 5.0 47.7 12.9 5.6
K Individual tree (n =4 785) D, HAK I 4% Final DBH/cm 5.1 49.0 13.6 5.8
14 A HI#4 #2 Initial volume/m® 0.001 1.312 0.095  0.112
T FH44E# /a Mean age/year 23 115 66 18
Hy, SFEIB = Mean tree height/m 9.2 22.0 15.3 2.6
D,, - FM4% Stand mean DBH/cm 73 32.7 14.0 3.7
E #34K Elevation/m 168 1279 908 202
FEHE Sample plot (n=97) N Y% Slope/(°) 1.0 30.0 6.6 48
A W) Aspect/(°) 0.0 315.0 157.3 110.8
St +ZE B Soil thickness/cm 6 65 28 11
Hy JE5 552 B B Humus thickness/cm 1 15 5 3
A\ ax < hm2
v Snd demsi b
F2 BHERAWEDTERFMEIT
Tab. 2 Statistics of main tree species in sample plots of natural Betula platyphylla forests
ol ST AR WA o L MEM ERGLL
Tree species Total basal area/m* Proportion of basal area/% Total volume/m® Proportion of volume/%
H#E Betula platyphylla 74.34 79.26 455.13 78.03
M2 PEMRR Larix gmelinii 13.59 14.49 90.51 15.52
S Bk Quercus mongolica 0.59 0.63 1.92 0.33
Wit Salix spp. 0.14 0.15 0.59 0.10
HAh #[# 25 Other soft broadleaved trees 5.13 5.47 35.10 6.02
&t Total 93.79 100.00 583.25 100.00
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Tab. 3 Statistical analysis of climate variables in sample plots of natural Betula platyphylla forests during study period
B Hik R/ME RKRE FRME bREE
Variable symbol Description Min. value ~ Max. value Mean SD

T, 4 A ¥)ilE Mean warmest month temperature/ °C 16.68 20.52 18.20 0.73

T, ¥ A #Ji Mean coldest month temperature/°C -28.00 -22.24 -25.92 1.21

T, 43P Mean annual temperature/°C -3.98 0.64 —2.47 0.80

To P34 % Annual mean temperature difference 39.90 45.60 44.11 1.00

Py 4E 44 % T & Mean annual precipitation/mm 413.40 528.00 466.96 22.86

Iy VR IFE L Annual heat/moisture index (T}, + 10)/(P,/1 000) 13.32 22.14 16.93 1.97

T, A KA Accumulated growth temperature/°C 1071.40 1 749.00 127889  117.96
Dygy Jo G HIR L Number of frost-free days 110 155 127 7.82

Tem 304E K AR Ui Ik Extreme min. temperature over the past 30 years/C —45.30 —35.40 —41.11 1.99

Tex 304E SR [ AR oty iR Extreme max. temperature over the past 30 years/°C 30.30 32.60 31.28 0.41

Iy A% LI 4 P& /K 45 %1 Hargreaves precipitation index 536.6 635.2 572.7 18.49

In A B I /K 43 B 2k 48 40 Hargreaves moisture deficit index 142.0 246.0 198.5 21.64
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Tab. 4 Fitting results of basic model for individual tree DBH growth based on ordinary least squares method
(without adding random effects)

HAR o brEZ , P Ji Z KA T

Independent variable Coefficient Standard deviation Variance inflation factor (VIF)
#HE Intercept (Int) -1.664 0 0.2516 —6.615 <0.000 1 —

In D, 0.8922 0.0317 28.121 <0.000 1 1.860 3

BaL -1.0770 0.036 9 -31.670 <0.000 1 1.800 9

Sp 0.084 3 0.007 5 11.247 0.001 8 1.586 7

T, 0.001 2 0.000 1 14.403 <0.000 1 1.036 6

Py 0.002 1 0.000 4 4.904 <0.000 1 1.020 0

¥ENotes: AIC =9 931.6; BIC = 9 976.9; logLik = —4 958.8, df = 7.
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Fig. 1 Residual plot (a) and QQ plot (b) of basic model for individual tree DBH growth based on ordinary least squares method
(without random effects)
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Tab. 5 Fitting accuracy of linear mixed effects model for individual tree DBH growth under different
combinations of random parameters

17 Model BfiHl 2% Random parameter AIC BIC logLik LRT P

QD) JG None 9931.6 9976.9 —4 958.8

2 B 9287.2 9339.0 —4 635.6 646.40 <0.000 1
(3 Int. In D, 9109.7 9174.4 —4 5448 181.54 <0.000 1
4 Int. In Dy« Bap. 9085.3 9169.5 -4 529.7 30.35 <0.000 1
5 Ints In Dy~ By~ Sp 9077.0 9187.0 —4521.5 16.34 0.002 6
(6) Int. In Dy Bap~ Sps Py 9087.2 9229.6 —4521.6 -0.20 0.999 1
@) Int, In Dy~ Baps Sps Tas Pry AU Without convergence

VE: B (2) ~ BERY(6) MIBASR L &5 R /3 AR () 5 AL (1) BB (3D SR (2), # A (O HEIRY(3), B (5 5T (4. R (6) HHHAL(S)
BEAT 5 Z 518 2. Notes: the likelihood ratio results for model (2) to model (6) are obtained by the variance analysis between model (2) and model
(1), model (3) and model (2), model (4) and model (3), model (5) and model (4), model (6) and model (5), respectively.

PAK SR LU AT S LRT SKffie T iRH &R, 45
RIABI (SHIUE R RATF - mRSERNER R
In(Dps +1) = (B1 +b1) + (B2 +b2)In Dy + (B3 +b3)BaL+
(Ba+b4) Sp+PB5 Ta+B6 P
(10)
Az by ~ by RIS EL
TR S OB N 4 R, AL 4 R R Hb P 1R
ZET7 T G, ¥ H T S 5 2 s EORT B RO
SERIBINHER G RUNAR AL, 3R 6 TN, 3 FliR oy &£
BR HIONT TR [RORS FE 3 R B, WUE R RN
ST Z BN BN B MRS, —FE RIA
ARCDGI AR5, BALH AIC #1 BIC W2 FRK H.
TSR RS (P < 0.05), AR ER T B&E
o R, AHIE SR A ARAE 57 77 2 B8, BE B
FHREEH 9 ARCD
e T SN R N R 22 T 2 P T 2 S5 R
J&i» AT R AR A AR g R . AR D TR
AN RS, B A B2 = DR AR AR KN 2 FEE R 1
1) A R AR AR B A B 22 A2 KR & UM . AIC BIC Al
logLik 73 515 9 027.3. 9 143.8 F1—4 495.6(df = 18),

BRI RY A RMSE 2373 0.635 4 Fil 0.585 3 cm”.

M 2 (B B A 22 TR QQ B AT LU 5 B fih

RUAA L, 8 45 RO AR TR 1) Bk 22 A SE I8 & BB 3k

AT IEAS A J7 22 57 5k ) A i B o
In(Dps + 1) = (=1.911 4+b1) +(1.171 8+by) In D+
(—0.992 5+ b3)Bar, +(0.031 2+ b4)Sp +0.001 17,+
0.001 5P,

(11)
[ by 0
| b 0
b; = by ~N Nt
| by 0
29106 -1.0681 -1.0235 0.1259
D= -1.0681 0.4367 03105 -0.0561
|1 -1.0235 0.3105 0.498 2 0.0302 ’
0.1259 -0.0561 -0.0302 0.0081

e; ~N(0, R; = 0.597 8G*°I',G*), G;=1I,,
Ii=AR(l), p=0.115 1
23 HENEMERIGER
FH2 7 Al A TR A RN LAY I AIC A1 BIC 221K
TRABER, R M 0.514 8 #2 % 0.635 4, RMSE
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Tab. 6 Fitting accuracy of linear mixed effects model by introducing different error variance-covariance structures
A S5 ZE R EREESE) .
Model Heteroscedasticity function Autocorrelation structure AlC BIC loglik ~ LRT F
(8)  JG None Ph37. Independent 9077.0 9187.0 —4521.5
e
B0 e B 2 o
9 Constant + Power function J#57. Independent 9079.5 92025 —4520.8 146 04826
(10)  HER% Power function JHT Independent 9077.5 9194.0 —4520.8 146 02271
G N
an fai’ﬂluﬁ. . Fh37. Independent 90783 91948 —4521.1 0.72 03952
Exponential function
(12> & None S 4% Compound symmetry 9079.0 91955 —4521.5 0.02 0.8833
(13) & None —B E [21 )3 First-order autoregression [AR(1)] 9027.3 9143.8 —4495.6 51.71 <0.000 1
NN VE % 20 44 2
(14) & None Hi RS 2 2k K ULEL Without convergence

First-order autoregressive moving average structure [ARMA(1, 1)]

AT, QORISR EE 4 F 7 73 il ST (8O EAT J7 Z2 43 A A3 B A AT (12D FICI3) AR L &5 SRt /2 43 ) S A BY (O HEAT T7 22 90 #
152/, Notes: the likelihood ratio results for models (9), (10), and (11) are obtained by the variance analysis separately with respect to model (8).
Similarly, the likelihood ratio results for models (12) and (13) are also obtained by conducting variance analysis separately with respect to model (8).

HEAL#% 22 Standardized residual

7D

i

11418 Fitted value

B2 FEFREKCTBEALAS AR Z B (O F QQ B (b)
Fig.2 Residual plot (a) and QQ plot (b) of the model based on random effects of sample plots
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Tab. 7 Evaluation and testing indicators for basic models based on ordinary least square method and
linear mixed effect models based on plot level

PFA 4845 Evaluation indicator

K36 4845 Validation indicator

7 Model
R RMSE/cm? AIC BIC Exwms SerEs
AR Basic model 0.5148 0.682 4 9931.6 9976.9 0.486 2 222.61
VR AN AR Mixed-effects model 0.635 4 0.585 3 90273 9143.8 0.3577 163.73

M 0.682 4 cm? P& 0.585 3 cm®. 3738 G AIE 1) 45
R, SR AR A RSB A ) 7 VR AT MR SRR
FAR B A AR KB P R B S I P A R,
BLRILAE TR A BN B ALY Exys A 0.486 2 BEK 2
0.357 7, Spres M 222.61 [FMK % 163.73. Ih4h, H T
PRS2 20 ] PR ST 000 A 5 ol £ ) A5 FRL 3D
WV & A R ) BOS EAE A T 101 2k
I, HE— PR B TR A SR A B TR A T
MEf A K B IX — S5

39 ik
AR BT £ 55 R, A9 5248 K05z

PRIX A B A i 4 A A 52 MO KN In Dy
RTEG AT Baps MR KN ZHEVEE T Spe UM
K T, 71 Py, (23550

In Dy XA B A B2 e 1 A, X 7T RE
& TR G R KA 3 5 A S BIR R A B
SR TE S RE ). AL B AR, Wang S8, 2 iR KB
FA WA T ARE A8 . SR, Adame SEPORIAT
FIAFH T AR R S58, B EARMARAE K ERE
i B IR BN e 18 KR I8N o AR TR
52 ) i A5 A A R B A 1 T T T BV S, W] RE R
w1 Bl HE P I BT BB D . BORSE
FrIRE By, SHREREFMRKR, RRY]Z 3
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Fig. 3 Comparison of observed values and fitted values for basic models based on ordinary least square method and

linear mixed effect models based on plot level

BORTE 4 1 IR AR A K22 52 31 51 Z 01l . Condés
Al Sterba®'!, Monserud F1 Sterbal®1 75 31| T 22 LU
4

AR KN Z R F Sp 5 AR A K 28 H
BB B Sp Rk A4S 2 17 ()
ZE S IOR, AN F RN IR R e 55 250 5 4 AR K
(0], T B 44 1) 3 L4544, S5 KRR B s> 1
R Z (8] 554, A Bh T 78 53 F H 33857 43 L K 43 Fi
Fe RS B AR YR, Zhang SR T R 204
RIX R SRV AT AR IR e # BB, R IR R KN 2
TRE 1 PR 8 DR 2 (T 3 % 22 v P A A M PR I A2 A
At 5t o Ercanli®f 78 1 Ak 53 45849 22 FF 1 5 BRI R
¥ (Pinus sylvestris) 45 bkt b Bk fifs & 2 7] (1) % &,
153t RPN A5 b AR B A 5 5 BT B AR 2y 25 40 2
PEFR A R IEF I 4518 . Lei W5 T NS K
NG Fi 5B 1 = A2 (Picea asperata) MR MK 43 A
K5 H M Z R 2 B8 R, WSRO KNI
IN=TEAY = DA 0 NI B 82 B ISl SR 2 178 -1 I
1M, WA TR IR Gk 2 A1 5 WA AR K 2 1A
SRR RV, i, Liang S50 HLIE # i
7 ¥ ¥ (Pseudotsuga menziesii) 1 74 38 2k ¥ (Tsuga
heterophylla) (1) W Th A5 A= K 52 il A5 AR /N 2 1 1
(0038 0T i 2L 5 B PV S A D B T AR AR K R A B
FAR RN Z FEVE 3G D0 BE g n, 54 K/ 2k
1 - 35 7K SV I ik 30 dge KR, SR 5 BT o ACHIE
FU TR EoHE A KR W D 5 4R, I TR B RS AR LT
Liang PR I 10 A K A A LA, T e R
— BB R AR EE R (115 L

F A R IR 458 A K R 32 3] A R 1 AR KRR
(TOMFFEM & (PR 22 m, HIYkE 7, M
Py, BISEINTIEG AN 35X AT A2 A KA B3 hn 2 7= A=
B2 FAE, WA R EARARAERK, tst, B
T 5o T BUR A IK I3 R K, AR B3 00K s Ak T

TS AL, S b 7o i A A K Bl 73 1K 43 BT sk
WP ET TR AR K I AR SR T ol & e ik
FIHE B A I 2 A K, LR R AR K YT AIR T =
FIAE A A ORER, IndR T WA ) 7 2408 2%,
BOEK T MARERKI . SN &P RECNIE,
Wi BA T TR IR AR AR K B AR . AT REZ R
K> F 5 SRR K & 0 AR 3 AR A5 FE P, b
BIRVIR RS G EER S, 7R RIKH L T
KRR KGRI, Mg 7 RRmAEK. £
ARG, B TFARMAEKFTKERZ, BN EIG
TNGERE S LR o A2 K BT T ZE I K s (R EBERE A
R AR, SR, Wang O 7t R B K Z ik
B 7K 2L 1) T v ) 204 R Bl A2 A K, X FT RE A2 H
TRk TAEKZER, FWET 2K SR
1B KPEERSRD . LA ER RS, HiEmEd 22
] 3T bR, AR TR IR IR &

B oF ) — HORE b B A0 3R AT b i
SR Z R BRI, ASHIF 7T BT Al FH F 2 AR % 5
S A RUE A A o TR A RN AR R R A
T A B R A LT . R, AHIE 7T 5N FE
b 7K P [ Bl ATLA50R. E4 7 VR A 285 AR 2R (A 2, A
ANFEIBENL S HH G, bR i s B AT 28R e &
HIEEE S In Dy By, A1 Sp R R I A o b 4b,
AW TCILIETE T 7 77 7 SR HORN [ AF O 25 46 oK 8 Bk i
72, BERR 3 Fh ST 5 7 bR BT IR O B Y 1
e, EAHREE ) ARCO ARG TR ERE. 5
FERIEE R MIEG, TR A AUV B ) RY 4215 T 0.120 6,
RMSE B&1X T 0.097 1 cm?. 76 R AR 36 o, I8 & 24
o7 A5 Y - A 22 IR IE 25 SR AT A S A AR R,
Exus M 0.486 2 FEAK 2 0.357 7, Spres M 222.61 [%
K= 163.73.
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