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Applying Nonlinear Mixed-effects Models to Taper Equations:
A Case Study of Pinus densiflora in Gangwon Province, Republic of Korea

Joong-Hoon Shin(®', Hee Han(®', Chi-Ung Ko("?,
Jin-Taek Kang(®? and Young-Hwan Kim(®'

'Forest Policy and Economics Division, National Institute of Forest Science, Seoul 02455, Korea
2Forest ICT Research Center, National Institute of Forest Science, Seoul 02455, Korea

ok AAHAUF 724 24 of v|AY E3ta i} ¥ (nonlinear mixed-effects models: NLME)S 283} 2
¥ DaT} we} vLach Ega ngo] nYaY RS AN AES WA 4
A1 Aol 5 A= BIAS 26.4%, MAB 42.9%, RMSE 43.1%, FI 0.9%%t=20]91, $=7Fhd =
44.7%, RMSE 45.8%, FI 1.0%%F20]|3c}h =712 12719 A4 £7ko 2 A E3)s}o]
A3t Adfo| e A0 e EFAT By sl A fE Aor dephth ERaT BEe BE s
3t Aol 1Ay 2R} ¢ U2 MAB, RMSE, FIS Uel} 911, BIASS)
0.2, 0.8, =7k A 0.05, 0.3, 0.5, 0.6, 1.0)o| AT 1A AT} B R} HHo|x= A
AT 1 (S 02 m ARDoA FHAA B A 2 Aol £t
2o o IA FAE ST £ H2 BIAS 84.2%, MAB 69.8%, RMSE 68.7%, FI 3.1%, $=7tchHZ o] A&
BIAS 98.5%, MAB 70.1%, RMSE 68.7%, FI 3.1%%Z 3kt Ao g BAEQIth XAC 2 HE 0.2 m =0] A9 47t
o] S7HHA AR oA ARGk H[FE 22.7%0] DGt o|FA| A TP 2 BlEE AR s 7t
et 24 dsol A FFEUThH= AL AA £0AAY 24 e JA & FoE2 FAE 5 USS ARRE
o} HIE 2y A3 3go] A nyrct rirtErhe o] QAT 34 e JHA a3E 1EstH NLMEE &+
34 249 23249 Yo R At s HET a7t Aok

Abstract: In this study, the performance of a nonlinear mixed-effects (NLME) model used to estimate the stem taper
of Pinus densiflora in Gangwon Province was compared with that of a nonlinear fixed-effects (NLFE) model using
several performance measures. For the diameters of whole tree stems, the NLME model improved on the performance
of the NLFE model by 26.4%, 42.9%, 43.1%, and 0.9% in terms of BIAS, MAB, RMSE, and FI, respectively. For
the cross-section areas of whole tree stems, the NLME model improved on the performance of the NLFE model by
67.7%, 44.7%, 45.8%, and 1.0% in terms of BIAS, MAB, RMSE, and FI, respectively. Based on the analysis of 12
relative height classes of tree stems, stem taper estimation performance was also reasonably improved by the NLME
model, which showed better MAB, RMSE, and FI at every relative height class compared with those of the NLFE
model. In some classes, the NLFE model had better BIAS than the NLME model (stem diameter: 0.05, 0.2, 0.3, and
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0.8; stem cross-section area: 0.05, 0.3, 0.5, 0.6, and 1.0). However, the NLME model enhanced the performance of
stem diameter and cross-section area estimations at the lowest stem part (0.2 m from the ground). Improvements for
stem diameter in terms of BIAS, MAB, RMSE, and FI were 84.2%, 69.8%, 68.7%, and 3.1%, respectively. For
stem cross-section areas, the improvements in BIAS, MAB, RMSE, and FI were 98.5%, 70.1%, 68.7%, and 3.1%,
respectively. The cross-section area at 0.2 m from the ground occupied 22.7% of total cross-section area. Improvements

in estimation of cross-section area at the lowest stem part indicate that stem volume estimation performance could
also be enhanced. Although NLME models are more difficult to fit than NLFE models, the use of NLME models
as a standard method for the estimating the parameters of stem taper equations should be considered.

Key words: stem taper, taper equations, nonlinear mixed-effects models, Pinus densiflora
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= "}E}LHL B2 0 Z A, o] 2 o] &Y Qo] HAFS
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(Burkhart and Tomé, 2012). =uUjof| A= Lee(1994)7} =
2 $0HAAE 27 ol 2, Be A7} olRolch
(Son et al., 2002; Lee et al., 2003; Kang et al., 2014). AFH
A3} A LS Q0] 57k A H(stem volume)o]
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(Korea Forest Service, 2009)5 ZFASH o] 2 0|5 FL&3]
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Service and National Institute of Forest Science, 2020)&
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245 S04 B9 A E Ytk ot 2en
74 A5l SHS U8 B FAT 4 S NIMES
Agatol 274 A o At 2 A
243 Aol Atk o|8 Fato] o Aske 4AAL
24 Lol 4FY Bragaael 24zl B 4
A 4 glrke Aolth B Ayl BAe o) gx
4% F ShEQl FUAYLUTE Aoz stof 41
Kozak(1988)2] 2=7F241 2] NLMES 2|4311 71 A%
o wiste BAshE Aot}
Mz A gy
1. X2

B Al JEAH-vlol oA 9 o8t (Korea
Forest Service and National Institute of Forest Science,
2020)0 4 ZLAAUR] 8 57 A ] 2o

o] L3 TR 60053 Ao 2 slgih FEE0l 2
ST FA12 mH7 L 57 ofe] M) x4
(diameter outside bark: DOB)S =A3l%tt. 47H A4S
4% AHES FALE Edte] Fal ofefoll A= AL
ZHE 02, 0.7 m 0] AHAA, FiL flollM= A2
2m 7432, 52,72, -+, 25.2) A|Fo|A |2 27
o 2R3 gtk TEET =713 29 7|1& A
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RAjo] ALEE $7FAALE Kozak(1988)0] WA 4
AN O RA 1 et ok 4 13} Pk

B,2°+ B,In(Z+0.001)+ 35 V/Z+ ﬁﬁnz+ﬂ7(%)

R 5,
d; = ﬁ(JD[ ﬂng (D

A1 A1Z (2022)

; _ _
Wy o] o], Z:%, X= ((11 \/\/Z)) p:(H[)xwoA, D= F1%
-Vp

AGIET, piz 01~03 Ajle] S 2= @%@94 A
thizololn] (i ol A FRA LR
= o fgolehA ] B an, 9] H%% m.

AT 2 A A A ok Al 0

(dlameter inside bark: DIB)o| o}1 2} DOBo]t}. oA
Kozak(1988) =7F=3414]9] 7§tk 4 ofl= 51#] kot
HH4 0 2 DOBS} DIB Atolofl= A A7 glou=z
OBZ c|Z517] 9l5tel a5 #7-AA S ALEHCH
(Li et al., 2012)
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HIMYE =eigat 2y

1A G IKfixed effects)= AA| ML T2 AlF Q0o

WHE AR 223t akEl oj7) A parameters)ol o, <)

9] 8 ¥ random effects)= ZRcholl A 27 AdtE 7Y

H A 99} I E o] QIth(Pinheiro and Bates, 2000).

2 A A Ao Woto] thA] Argshd, AP a
% o zItho] AulA AL olola )
z

and Weiskitell, 2010).
wAEe} Qlojate] Ui Ho AR
WO et E3as 288 NLMES 2
(Pinheiro and Bates, 2000). ©J# 0] k& 2h= 5t A5l
A 1 tz0] ghat S A1Ee] b Afolo] BAE 23

e

She TS dubAl o2 HAdg o] FEIE F3ith 17
A A AR 7 AfAIEOA of Y 1A FE
SAshs 223 FHE Hol7] w2 /‘{P:;"*LQ] 74
ofl NLME= v~ 215)et ®inolat & 4= Qlef. Z1go] ©d
Sl (single-level of grouping), A& E¢ay} o

A%
t}-S3} 722 P} #3tch(Pinheiro and Bates, 2000).

ot
rlo

o Vi = flbinv) e i=1, -, M, j=1, ---,n, )
o714 d. %= hollAl —rJJXﬂQl A F4A, he AL 5 =0 v+ '
E‘I‘H %0](0 < h[ < H), —/F..T_’., H[“i X]/g'ii—‘,j—ﬁ ¢L] = Alj/g+ ij 77 b’i -~ MO’ Sp) (3)
Table 1. Descriptive statistics of sample trees and diameter measurements.
Number Item Average SD* Min Max
DBH(cm) 23.1 7.7 8.7 46.8
Sample trees 600 .
Height(m) 16.4 32 8.2 25.8
Diameter measurements 6,019 Stem diameter(cm) 16.8 9.8 0.6 58.0

#SD: standard deviation.
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g v, 9 vl 7seh A7F URE $H(a general, real-valued,
differential function), ¢,= A7&3E5H= L5 W(within-
group) @AFolul, FH f g F A4 sthe] ARolA
nlAgolt) g A GO pad WE oA, b= iHA
253 Ak Qolazte] (2 WERA T FHA 3
A2 wB 2er) 49 B WA YL A PE
A ET} A BEgke] Ss gol olal AAEch 1
2 AR T 2g sigehs BEUES AR o]
W, o= Mo, ) S meh 42 SYmor Rusio] 4o}
T =g Aoz 7}

EEET 034 2G| o o4 A o] EAkA,
= A7golut 4317k F7ktel whet e, o] B4k ojA] Z7hs)
= HgFo] ofy] B E3oA X 11%| i Trincado and
Burkhart, 2006; Valentine and Gregoire, 2001). o] 2]t
0,0 OlEAY Bamzs Aels] Al ofde] BAb

N
)

g1 rlo

gt=7} 113 % tH(Pinheiro and Bates, 2000; Li and
Weiskitell, 2010).
Var(ej)= o2 | v; | % @)

o714 o*= ZERFA|F3H(residual sum of squares), v=
7he A M2 Aol Aeal g AR, o &
ARgt=o] w7 ¥ 4=ol Tt

$tH Garber and Magiure(2003)= =7F=2441 23 o
ANE F7Ieke Avte 2 @30 A TE &%
5] AAY 4= dem, 13 A4 27174 a first-order
continuous autoregressive: CAR(1)) @2} 25 2o
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SRR Wolxl 5 Jhe] $Egk Atolo] A,
o B Aole] ol Hololtk

|t —s]

obsl glo|mule F71e BFHa Ry Hesiol
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AFA(within-tree variance
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heterogeneity), CAR(1) 22} 22 A& W AFA
(within-tree correlation)E X &of 3512} 319ch

FHE g S FEE B o vy

MAB), B+ A tfH3}F WE-E(MABY%), Bt A& ‘_ix}(f(’()t
mean square error: RMSE), A 5222} W E-8(RMSE

%), 3% x| <=(fitness index: FI).

BIAS:lE(yi*g}J, Brass = P45 100 (6)
ni=1 y

/ 7i n - ' MB
MAB= n§1|y7 9|, MABR= %100 )

VRS ST o= SE
SE = l’li;(yi y) SE/& y (8)
Fr=1- E(yré)z}/[ﬁ(yfiﬂ 9)

i=1 i=1

o714 = A A Y] WELolH, y 2 iHA
TR A9 A&k y= %ﬂy ne FA7 BEEEe
7ol
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gz e 2= A FrRsthd A o &
e em?). A A 24O He Aee 4 6~99%
TUSIA, y, WALy = Tus o AL g = Tul v AL
v = Lt S ARSIl SHA oY 2% ke
HE e 2HsEo] £ FHeHe AP o=
Wtk Aol froJafioF gtk i Aol A AREEE =1t
412 (Kozak, 1988) 7121 7& F48h= A o]A] 47t

70 AFolt AL
Mehtitalo and Lapp1(2020)§ SRR AL FAZS AlF
B AL 27447 Agel

o] ohw,

Hx%)=[EX)]*+ Var(X) (10)
oA7IA X= 47&1}7&014.
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—hl'
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(unbiased estimator)

o= ob#h <] w oA Shelzirhi 5o,

Burkhart(2016)7} A &3} 0] 4:7H44 S SHEg5t
7] SIS 47FRALS] B4 uT} S0P, S7kae
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A Tk 4] Meslel] i ox1E 1y
Zolof Fltt. ]S B Aol S7IAHE A o]t
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and Bruce(1990)7} A|XI3E B4 wigte] whe wigFe] AbYE
oA Hol Ak 2 ofE &
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o] 944
o] Adj4=a1t 0.025 osto]l YA|51A] ket 0.7 m z0]
AL Adla=at #ggko] 0.0271014 2} 0.0854915
4L 0.04450]t) o3t A0 BXE 1850

A4=a1 0.1 o]3ke] 7R 0 2} 0.025 ©]3}, 0.025 %
0.05 ©]3}, 0.05 23} 0.1 o3} =
3, Ymin e 0.1 7Foz ol %
78 Aste] BAsioln). oldl Aiea gt AL
2 Aol A] /\}—9- @; 4] e ol T(Kozak, 1988)
Aol Bhste] 0.5 m olst 1t}

A1 A1Z (2022)

05~13 m Ao] T YT AT FARIT & +
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Table 2. Distribution of relative height for measurement locations sorted by absolute height around breast height on tree stem.

Relative height

Absolute height(m)

Min Median Mean Max
0.2 0.0078 0.0120 0.0127 0.0244
0.7 0.0271 0.0419 0.0445 0.0854
1.2 0.0465 0.0719 0.0762 0.1463

32 0.1240

0.1916

0.2033 0.3902
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Mg Ho 34z Adsidck E 2 ATl AEE s 2go) BASAL 24 Al ¥ A3t A
SBAAE oA FU AL AT S04 A9E Aes 2y FolA A4 A ERE vehd
A (Kozak, 2004)0] NLMES 2§8 A7SoAE 2] 570 B3] AICSH 571270 jet A% HA=(aeg 2
o QO ENE MF AU G4 DeStckGaber and = A9)E Table 30| EASHAE 2Fo) A wjAES

Maguire, 2003; Li and Weiskitell, 2010; Li et al., 2012; B1y Bs B0l dads 718k mgo] 71 e AIC
Poudel et al.,, 2018). & 1519} HHAE HE 242 AR T HEe] M $2 A HA=E YETIl, o] 2
4 2739 R version 4.0.5(R Core Team, 2021) ¥ R FS sgay ngoe=z Adsidich

Z57)3%4 RStudio version 1.3.1093(RStudio Team,

2020)0ll4 =3ttt A mgo] E45 ffsf R 2, 0¥SH} I MUE E§E0 28Ol M5 Hlw
7] 2] nime(Pinheiro et al., 2021)E, 19 2] &g 9|3 1) AA s vl
R 9}7]4] ggplot2(Wickham, 2016), cowplot(Wilke, 2020), & AHF o]F, CAR(1) 3} L2 BARIRE 27}
dplyr(Wickham et al., 2021) Y $+<= ggplot.corr(Liu, 2018) dlo] o] mjFfHEE 243 e|, BAGEE J8
£ AHgSkolTh g 2P} CAR(]) B AR E SAl A8 nyg2
FHEAZE HAYsEo] BA oA ALttt HFHoR
dut A 0 TAE} B, 712 Eart 29 9 CAR(DS A8
=gan =g F 370 2yl il BlaE S8t o,
1. S8l 2y Mt ZF W] uf7 4> AR+ Table 49} Lt
T 8709 Wizl 5 ZH) 3709 wi Aol thal %19 ARE nygEe 24 des 24 A3 09 &
AIE FTPHe BE 9ol diste] =Yg Agtstalch AolAs 718 EFAT Byo] BE A5 A=A 7Y

Table 3. AIC and some performance measures of the taper equation for the five best combinations of random-effects parameters.

Parameters with

random effects AlIC BIAS MAB RMSE FI

None® 18260.86 -0.0110 0.8434 1.1013 0.9874
Bi> Bss By 15666.05 -0.0081 0.4818 0.6262 0.9959
By By By 15672.12 -0.0115 0.4880 0.6327 0.9958
By By By 15684.31 -0.0113 0.4926 0.6373 0.9958
By By By 15684.31 -0.0101 0.4887 0.6325 0.9958
B> B 16556.33 -0.0097 0.5960 0.7769 0.9937

? Fixed-effects model

Table 4. Parameter estimates and their standard error for Kozak(1988) taper model.

Parameter : Mixed-effects . Fixed-effects Mix.ed-effects with CAR(1)
Estimate SE Estimate SE Estimate SE
By 1.0638 0.0371 1.0742 0.0336 1.1628 0.0607
B, 0.9039 0.0165 0.8968 0.0139 0.8660 0.0236
B, 1.0004 0.0007 1.0013 0.0005 1.0022 0.0009
By 0.1507 0.0292 -0.0123° 0.0348 -0.0282° 0.0328
B, -0.1164 0.0053 -0.1073 0.0082 -0.1033 0.0060
Bs 0.5059 0.0623 0.4714 0.0921 0.4069 0.0714
Bs 0.0349° 0.0342 0.1232 0.0469 0.1729 0.0388
By 0.0284 0.0084 -0.0220 0.0052 -0.0436 0.0089
0° - - - - 0.5854 -

* 0 is the estimate of first-order continuous autoregressive parameter from the mixed-effects model with CAR(1).
® Statistically not significant at a = 0.05.
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Table S. Performance measures for diameter and cross-section area by model type.

Mixed-effects with

Target Performance measure Mixed-effects CAR(1) Fixed-effects
-0.0081 -0.0405°
BIAS (26.4) (268.2) -0.0110
0.4818 0.7428
. MAB (42.9) (11.9) 0.8434
Diameter 0.6262 0.9557
RMSE 43.1) (13.2) 1.1013
0.9959 0.9905
FI 0.9) (0.3) 0.9874
0.3081 0.3892 b
BIAS 67.7) (59.1) 0.9526
12.9252 20.8221
' MAB @47 (109) 23.3781
Cross-section area 19,8885 32,3607
RMSE 45.8) (1138) 36.6726
0.9959 0.9892
FI (1.0) (0.3) 0.9861

* The number in the parenthesis represents the percentage by which the corresponding model improves the fixed-effects one.

®Biased determined by t-test at a = 0.05.
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Table 6. Performance measures for diameter and cross-section area by model type and relative height class.
Relative Mixed-effects Fixed-effects
Target };Tﬁ?t BIAS MAB RMSE FI BIAS MAB RMSE FI
0.025 ?éﬂ?zl)‘& (("63;2)5 ?g‘g% 0{3?16)8 0.1991 12208 15600  0.9670
0.05 ?_‘jé%z) %‘39;)5 (2'3617.33) 0(??87 0.1701 07491 09808  0.9803
0.1 -0(.;(52 (2'1427;5 %ﬂ?g? 0(3?23)3 03140 05471 0.6679  0.9914
0.2 ?_'11 gf"s‘; %‘3‘%5 (2'3547.(7))1 0(3?92)9 0.1154 06664 08750  0.9838
03 (‘_)'110%?3) (2:;65.%5 (2-357%‘ 0{‘]’?32)0 00532 07145 09389 09792
_ 0.4 0(8.279)9 (2'3589(5))5 (2'3683;)6 08%8 00331 08132 10442 09619
0.5 -?i16(.)5())5 %ﬂi; (2-369% 08?31)8 0312 08847 11033 0.9504
0.6 '0('61.55’)31 (245353)1 (2471(?@)7 0(2.792)1 01691 09746 12108 09177
0.7 ‘24092'29 %g‘ﬁf (2-5527.25‘ 0(3.736)0 0.0495 09512 12160  0.8929
0.8 Cion (5w %552%)7 (2'1946_2)3 00949 09699 12486  0.8441
0.9 _?62.162)5 (2451@)1 (2470%? (2']972.;‘;' 00343 09326  1.1835  0.7865
1.0 '?3‘%%5 ‘2'1575.23‘ (2'1742.3)5 ‘2‘1762_3)9 200973 06731 08577 0.6211
0.025 '((]"(‘))ﬁg 1(6i(5)313)5 2(26-2?72)1 0{3?16)8 45644 552134 735414 09671
o0s LRSS 2R 3?3'(5)%")8 05’?19)7 85320 343818 482985  0.9786
0.1 -1(12?)60 17(%335)23 22(-2?3;9 0(3?03)3 116759 18.8681  23.4045  0.9930
0.2 6(3?(%6 1(73'?63)8 2(53"3‘?8“)2 0(??3(;3 76108 266709 383540  0.9778
03 “(;(l?j)’g 1?38?13)1 2(04(7)?87)9 0(??7(;9 39233 240446 351342 09739
Crosssetion (2'6814.}‘)9 1(53'832)1 2(148?4“)8 08%3 21827 258495 362980  0.9529
area 0.5 '(2_'253‘fg)1 1343?35)4 1(93'325)9 0(2717)3 20654 234667  32.1851  0.9384
0.6 -(3-;62.3)6 1(245%4 '(743.362)6 08.624)6 27005 223235 302043 0.8996
0.7 1('5151';)2 %543553 1(25-878%6 (2']9176;‘ 24824 182897 256040  0.8762
0.8 2('1690_}3 6(56392)9 9(5635.3)2 (2'1985_2)5 32287 142757 209404  0.8095
0.9 1('3059;)1 5@?2? 7(4831‘2)9 (2'29412)3 15718 9.0116  13.8593  0.7334
1.0 -(leﬁg)s 2('1385.3 ‘2'1017.(1’;' ‘2'172%;’ 03066  2.8704 45803  0.6214
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Table 6. (Continued)

Relative Mixed-effects Fixed-effects
Target — helght g s MABY% RMSE% BIAS% MABY% RMSE%
0.025 ?é;};)z 1(53915 1('67;% 0.7089 43476 5.5558
0.05 ?;53'761) 1(573§‘8‘)6 2('3318"2‘;3 0.6024 2.6523 3.4730
0.1 '1('33.%5 2(11232)3 2('161325 -1.4052 2.4485 2.9890
02 ?_-fg_?) 1(383?2)2 2(-344%2))2 0.4962 2.8663 3.7637
03 ((.)isosf(g) 2('336‘})2 T 02716 3.6497 4.7960
_— 0.4 0(;_558)9 2('3685;)6 3('335(5)? 0.1756 43178 5.5441
0.5 '?12?56)2 3(421?2)8 %2953)9 -0.8340 5.6235 7.0133
0.6 '1('61?5 ‘{fﬁ?{ 5(;‘11%2 -1.2340 7.1129 8.8364
0.7 %;291_%5 3('5836.471;1 5('5022'2)3 0.4321 8.2985 10.6086
0.8 (13%332) 5('522%) 6(-5727.‘9‘;‘ 10920 11.1609 143682
0.9 '?623?56)2 9(4919;)9 1(242)?53)3 -0.6198 16.8580 213947
1.0 'é@%s 2?1‘;756)4 33{2%“ -4.2369 29.2954 37.3333
0.025 (‘;(‘)’ll‘g 2('740‘f}§‘ 3(6389% 0.6741 8.1544 10.8612
0.05 s P oS 1.2835 51721 72656
0.1 2(26%3 4(2922)0 55'906)7 -2.6975 43592 5.4073
02 ! éf)ol)l 3('3747.2)1 5(-3530_%)7 1.6488 5.7782 83093
03 1('_242:;3 %3397.?)7 s 11735 7.1917 10.5086
Crosssontion 04 ‘2'621?2)6 5('3299426‘ 7(;‘108.%) 0.7250 8.5863 12.0572
area 0.5 B2 e o3 -0.9667 10.9837 15.0644
0.6 '(2_'2162'2)5 7(4929% 1(14(1)966)8 -1.6726 13.8264 18.7075
0.7 ‘2'5957"2‘;‘ 7(-54315 1(05%2)3 2.1770 16.0391 22.4534
0.8 3(-1897.436‘ 9('583‘f%)1 %%2)2 4.8076 212566 31.1804
0.9 3@“585 ! (74;551)0 2&;§62)1 5.3854 30.8759 47.4855
1.0 P 4(1£g§1335 iy -5.4069 50.6200 80.7747

(Note) The blue number in bold indicates that the relative height class including that blue number has the poorest value in the
corresponding performance measure. Likewise, the red number in bold indicates that the relative height class including that red
number has the best value in the corresponding performance measure.

*Relative height classes: 0.025 = (0, 0.025], 0.05 = (0.025, 0.05], 0.1 = (0.05, 0.1], 0.2 = (0.1, 0.2], ..., 0.9 = (0.8, 0.9], 1.0 = (0.9, 1.0]
®The number in the parenthesis represents the percentage by which the mixed-effects model improves the fixed-effects one.
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Figure 1. Residual plots for diameter estimation
along relative height by model type.
The color of residual point represents the absolute height from
ground of the measurement location along tree stem. The
horizontal blue lines of above and below indicate residual values
2 and -2, respectively.
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along relative height by model type.
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ground of the measurement location along tree stem. The
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Figure 3. Boxplots of residuals for diameter estimation
along relative height class” by model type.
The white box represents the interquartile range, and the
horizontal line in the box the median.
 Relative height classes: 0.025 = (0, 0.025], 0.05 = (0.025, 0.05],
0.1 = (0.05, 0.1], 0.2 = (0.1, 0.2], ..., 0.9 = (0.8, 0.9], 1.0 =
(0.9, 1.0]
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Figure 5. Stem profiles at two selected sample trees, which
were drawn through diameters measured, ones estimated by
fixed-effects model, and ones estimated by mixed-effects
model, respectively.
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Figure 4. Boxplots of residuals for cross-section area
estimation along relative height class* by model type.
The white box represents the interquartile range, and the

horizontal line in the box the median.

? Relative height classes: 0.025 = (0, 0.025], 0.05 = (0.025, 0.05],
0.1 = (0.05, 0.1], 0.2 = (0.1, 0.2], ..., 0.9 = (0.8, 0.9], 1.0 =
(0.9, 1.0)
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Table 7. Percentage of sum of stem diameter and cross-section area at some measurement locations closer to ground.
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Stem diameter

Stem cross-section area

Height from ground(m)

Percentage Cumulative percentage Percentage Cumulative percentage
0.2 16.7 16.7 22.7 22.7
0.7 14.9 31.6 18.3 41.0
1.2 13.7 453 15.6 56.6
3.2 12.2 57.5 12.6 69.2
52 10.8 68.3 10.0 79.2
7.2 9.3 77.6 7.6 86.8
Above 7.2 22.4 100.0 13.2 100.0

100 Fixed-effects

0.2 |I
- Ili-illlllllinllllllii
]

00

Mixed-effects |1

1 "
I 0.00
0

Mixed-effects with CAR(1)

0 12 18 2

4

6 12 18 24
lag

12 18

Figure 6. ACF plots for fixed-effects, mixed-effects and mixed-effects with CAR(1) models.
The two horizontal dotted lines represent 95% confidence interval for autocorrelation.
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