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Research Paper

Assessing Prediction Effects among Height-Diameter Models
with Varied Structures for a Taiwania

(Taiwania cryptomerioides Hayata) Plantation
Zheng-Rong Lin”  Tian-Ming Yen'”
[ Summary ]

The height-diameter (H-D) model is an important tool for predicting tree height (H) based on
the diameter at breast height (DBH). However, the performance of the H-D model varies with the
model structure. The purpose of this study was to examine the performances of H-D models with
various model structures. The research site was located in central Taiwan. Data were collected
from a Taiwania (Taiwania cryptomerioides Hayata) plantation at the Huisun Forest Station, and in
total, the DBH and H of 104 individual trees were obtained. We adopted various H-D models with
different structures to establish the models. The residual sum of squares (RSS), root mean square
error (RMSE), Akaike information criterion (AIC), and relative ranking (R-rank) performance cri-
teria were employed as criteria. A paired sample #-test and two-way analysis of variance (ANOVA)
were used to assess model performances. Results showed that H = a + bD + ¢D”* + d log D stood
out among all models. Nonlinear models had better performances when they were constrained to
pass through the origin. In linear models, the performances of 3- and 4-parameter models were
better than those of 2-parameter models. In a comparison of the number of parameters between
models, nonlinear models performed better than linear models at the 2-parameter level due to large
biases in the linear models.
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Fig. 1. Location of the study region and permanent sample plots (NLSC 2020).
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T o SRifi Curtis (1967) FIIFE Fy b I FII I 41 48
HYDAEENE « ARAFSEHKIE i 2fHER B, - 75248
H-D modelFAZ » f FEIRFE A A 17 5204 3R
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L3RR B0 - SR A SR = o IR =
H 5 B Bty 0 b CF Kol 3 (AR AR 9% -C) A<t
Fe bk /N i (least squares method, LSM)
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(e v S A B R
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B BRET A AR X S i U B (DBH = 0, H =
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Table 1. Linear height-diameter models used in this study

No. Equation form"” Reference Number of parameters
LM1 H=a+bD Larsen and Hann (1985) 2
1
LM2 H=a+ bE Arabatzis and Burkhart (1992) 2
1
LM3 H=a+ bF Curtis (1967) 2
LM4 H=a+blogD Curtis (1967) 2
LM5 H=a+b D+ +cD Watts and Tolland (2005) 3
LM6 H=a+bD+cD’ Trorey (1932) 3
LM7 H=a+bD"+cD’ Curtis (1967) 3
LM8 H=a+blog D+ c (log D) Iman et al. (2017) 3
LM9 H=a+bD+cD*+dD’ Pearl and Reed (1920) 4
LMI10 H=a+bD+cD*+dlog D Pearl and Reed (1920) 4
LMI11 H=a+bD"+ D'+ dD* Curtis (1967) 4
LMI2 H=a+bD+cD"+dD'" Curtis (1967) 4

" Constrained height-diameter model defined as a = 1.3.

Y H, height; D, diameter of breast height; a, b, ¢, and d, parameters.
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Table 2. Nonlinear height-diameter models used in this study
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No. Equation form"” Reference Number of parameters
NLM1 H=aD’ Stoffels and van Soest (1953) 2
D 2
NLM2 H= (a " bD) Clutter et al. (1983) 2
NLM3 H= ﬁ Prodan (1965) 2
a
D
NLM4 H= b“+ 5 Menten and Michaelis (1913) 2
1
NLMS5 H= 2 D" Vanclay (1995) 2
D
NLM6 H=a(p57 b)z Osman et al. (2013a) 2
D
NLM7 H= am Curtis (1967) 2
NLMS =a ﬁ Ogana (2018) 2
a
D
NLM9 = m Bates and Watts (1980) 2
D b
NLM10 H=a((1 i D)) Curtis (1967) 2
NLM11 H=10D’ Larson (1986) 2
b
NLMI12 H=¢"D Osman et al. (2013a) 2
b
NLM13 H=¢"" 57 Wykoff et al. (1982) 2
NLM14 H=¢""e® Clutter et al. (1983) 2
NLM15 H=a(l-¢e") Meyer (1940) 2
b
NLM16 H=aep Schumacher (1939) 2
NLM17 H=¢eD' Huang et al. (2000) 2
NLM18 H=aDe"™ Huang et al. (2000) 2
NLM19 H=a(ln(1+ D)) Osman et al. (2013a) 2
2
NLM20 H= 1372 Strand (1959) 3
a+ bD+cD
D{l
NLM21 H= P, Osman et al. (2013a) 3
NLM22 H=aD"™ Sibbesen (1981) 3
NLM23 H=aD'e™ Fast and Ducey (2011) 3
NLM24 H=aD'e™ Fast and Ducey (2011) 3
NLM25 H= (1%‘1)) Peschel (1938) 3
NLM26 H= (H"W Pearl and Reed (1920) 3
b
NLM27 H=¢“"5:0 Ratkowsky (1990) 3
NLM28 H=e"" Curtis et al. (1981) 3
NLM29 H=ae"" Gomperz (1825) 3
b
NLM30 H=ae®o Ratkowsky (1990) 3
NLM31 H=ae™" Lundqvist (1957) 3
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con’t
NLM32 H=a(l-¢e"™y Richards (1959)
NLM33 H=a(l-be™) Fang and Bailey (1998)
NLM34 H=a(l-¢e"™) Weibull (1951)
1
e D-0) 1,
NLM35” H=|h}+(c"- hb)x ([ gam) Schnute (1981) 3
b
NLM36 H=(a+ B)'C Osman et al. (2013a) 3
NLM37 - ﬁ Pearl and Reed (1920) 3
e
NLM38 H=a(l- be'c')d) Bailey (1979) 4
NLM39 H=a(l - be®)’ Richard (1959) 4
NLM40 H=a(l-e™) Huang et al. (2000) 4
" Constrained height-diameter model defined by H = 1.3 + f(D) except for NLM35.
 H, height; D, diameter of breast height; a, b, ¢, and d, parameters.
* The original form was defined by /4, = 0, the constrained form was defined by &, = 1.3.
Yes H = f(DBH)
Maintain constant term
Original
| Linear type with the form
constant term
H=1.3+ [f(DBH) — a]
Delate the constant term and
No | adding 1.3 as constrained model
Tree height- Classification
diameter model
Yes H = f(DBH)
Maintain original form
Original
Nonlinear type without form
the constant term
H=1.3+ f(DBH)
Adding 1.3 to model as
No constrained model

Fig. 2. Illustration of the original and constrained forms of the linear and nonlinear models.

o RIACE R R TR RE ST 2 BOR - JIERA
JRCHEFTRAE AT

2 WG AT

R BRaT 2 8 E R AT R H B H 5
8 KW A K T R AT (two-way
analysis of variance (ANOVA)) » FE&J2 ~ 3 54
ZYAN TS HEH ) KA E IR R T2
T AR ) B R H 2 72 52 - ZHIE B R AT
two-way ANOVARF » #4555 HIE (R RAFE ) 2

B R F R BRI HETTANOVA - 3
— AT ER 2 R - BIRRLE ST 2 B
Hz2 5 » HE R e R IRAR M2 FE AU B X 1
HEAT 5 ME MR RE R 22 5 - P o) Ry 3
P E SRR o A E R E (post hoc)
ATtk FBonferroni test LR AR FHH &2
FEH o R REGEAE SR GRS W H 2Rk A
RB)ANOVAZE 4 BISEIR B AR - BLER 3 BRI
REER - REoff(0.05)3% E 10.05/5=0.01 »
{5 R HEAY RIS 3R SRHERFE0.05 Y 7K HE
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(E)EAGEHAGHER]

1A A

AW ST 5k FH 3 06 B Ak 45 B £R 5 B 458 A R
LR - R i (residual sum of
squares (RSS)) ~ #7145 /fR (root mean square
error (RMSE)) K& IERY RS S HE R (Akaike
information criterion (AIC)) » & FFfhitEAE 2 &
B M Table 3[R o Rt 3flFRE E Y] » HI
FORBLERE SR AE -

2. B S

Ty G AR R H-D model B #E5K 5R~ 1B %
NeiFy » ZRHEgeER FIAEE HE 443k (relative rank of
method) » DIAARE ZCTE & FRAE P Z FHETHESS
¥ (relative rank (R-rank)) * fERHEAREE 2
4% - HAan() AR -

R=1+
' S = S

(1)

(ORA > RBEMEG = 1, 2, -+, m) H-D model
Fifg & R-rank ; m Pyt 2 MR 5 S Ry B i
H-D modelff{8 M EE 5 S, JuS.Z i AHE ;
Sk SiZ B/IME o ER BN - FoREA R
RER > WHEAETHFELESIET
TRA] F DURR AR 465 SR 2 22 E (Poudel and Cao
2013) -

min

fi& R

— R =T
AR FE R A A K AR ST 104 PR [RIFRF B
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fiDBH R HZ AR » Frfafs REUR » EIKDBH
T {E F36.28+7.28 cm * DBHAM*19.40%
55.05 cmZ fi] » HSV9{E 1521.81£2.93 m » HAY
14.10%27.75 mZ [ o &5/ NEHEHEBEH-D
model T 7 5278 BA R =X R 52 A = 2R
15 o0 Ry M 1 B AR M A Ui G - PRS2
RSS » RMSE + AIC B R-rank & Bk P 55 5
I N Table 4F77~ - RGBS EAR
KL 2 B R AAEREE o R G R
AR N R AR R R
AN BRI S - BIRRIEAR M R B A -
A6 He R B SRR R BT A - SR
AR AR S ESE BT
FERR R ARA R B - B R SRR Al L
PR -

t#g104FEH-D modelfER-rank 2 i »
Fi {31048 i 2 B ET G R A0 Table 5FT
o HEHE TR AT A o 10%E R TR R R T 2
BAK - FAEHE R 6B 10448 » FF S
TR AR E /A 0.01 o F8 H 1078 5 5 L e i =X
RIRE AR MR IR AR M) 2 RV - BE1 BS54
BRI MO 104 R Ry JE AR 1%
B ARSI RR BB S UTFig. 3R
R TR M = R SR B ARG [RI B DA £
BEANLMI1-CE Ry 3R » HFig. 30 Al » B
Z TEIY 72 5 3 SR E10H{E DB H i Ui iR {5 (DB H
> 50 cm xDBH < 25cm)fytEfE - ERFEER
& LMITELMIL-CHiB iR R Ry &2
B IR B GRA BE LR ERA
BEEFRINE B 5 Ryt 8 i E
(overfitting) °

Table 3. Criteria for model performance in this study

Performance criterion

Function"

Residual sum of squares (RSS)

Root mean square error (RMSE)

Akaike information criterion (AIC)

+nln——+
2p+nin p

i‘,l(yi ')}i)z

(RSS/(n - p))
RSS 2p(p+1)
n-p-1

" In the function, y, is observations, y, is predictions, 7 is number of sample trees, and p is number of parameters

of the model.
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Table 4. Results of coefficients, residual sum of squares (RSS), root mean square error
(RMSE), Akaike information criterion (AIC), and relative rank (R-rank) for the various
height-diameter models

Htem Linear model (n = 12) Nonlinear model (n = 40)
Original Constrained Original Constrained
a -18.70 - 8567.79 9192.19
+182.79" - +53362.08 +58075.27
b -363.00 1700.92 18.22 80.70
+1364.00 +5367.12 +422.97 +767.20
c -400.69 -481.72 4.19 3.96
+1668.99 +1385.12 +18.87 +17.85
d 7612.78 7000.66 1.41 1.22
+15263.25 +13995.14 +8.34 +7.11
RSS 449.66 1805.12 447.22 446.67
+29.58 +3324.00 +7.36 +6.78
RMSE 2.11 3.32 2.10 2.10
+0.06 +2.68 +0.01 +0.01
AIC 158.39 214.32 157.08 156.95
+5.43 +112.72 +1.27 +1.20
R-rank 5.67 49.88 5.12 5.06
+2.65 +96.91 +0.59 +0.55

" mean = standard deviation.

Table 5. Evaluation statistics of coefficients, residual sum of squares (RSS), root mean
square error (RMSE), Akaike information criterion (AIC) and relative rank (R-rank) of the
top ten models

D Parameter Criterion
a b c d RSS RMSE AIC R-rank
LMI11 -6.54 762.81  -4406.06 30,507.11 42421 2.05 152.77 3.00
LMI11-C - 644.57  -3909.46 27,993.37 424.85 2.05 152.77 3.01
LM10 148.85 4.20 -0.03 -156.24 428.28 2.07 155.60 4.12
LM1 11.48 0.28 - - 442.30 2.08 154.67 4.13
LM5-C - 10.78 0.28 - 442.49 2.08 154.83 4.18
NLM11-C 0.54 0.50 - - 444.09 2.09 155.09 4.32
NLM14-C 1.23 1.15 - - 444.09 2.09 155.09 4.32
NLMI1-C 344 0.50 - - 444.09 2.09 155.09 432
NLM17-C 1.23 0.50 - - 444.09 2.09 155.09 4.32
NLMS8-C 11.74 0.50 - - 444.09 2.09 155.09 4.32
o KRR R e i e e MR R+ BISRRA AR =X o [ G

HERCE B AR 1-test o AT AU 203 R 2 RERE R JERR LB N2 REAE T AR E - AR B IR
BR > BTSRRI BT AR VAR A ST R A TR AR MR T 1S 2 22 BV (d) FTAT - EACRFT
fih R A0 Table 6FT/IR « KEREUR » KIRBCREAL BEMIERR PR AR AR IR EE A K - Z0h - FE#R
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Fig. 3. Distribution observations and predicted curves for the relationship between tree
height and diameter at breast height for Taiwania.
Table 6. Paired sample #-test for residual sum of squares (RSS), root mean square error
(RMSE), and Akaike information criterion (AIC) between the original models and
constrained models for linear and nonlinear height-diameter models
. Linear (n = 12) Nonlinear (n = 40)
Criterion — —
d’ t-value d t-value
RSS 1355.462+3295.601 -1.425 -0.553+0.786 4483
RMSE 2.619+1.205 -1.595 -0.001+0.002 44717
AIC 55.9274107.807 -1.797 0.127+0.179 4455

" d is the mean difference between the original and constrained models.

? ™ Indicates a significant differences at p < 0.001 by the paired sample #-test.

% Values are the mean = standard deviation.

PR R SR OR - I AE R AT
FERR R R R ISt - AR TR PR 2RI R
FRIARE -

= 2HHE SRz E

Fo R a i X BU RE B 22 B H #H-D model
M52 R ATIFRSS » RMSE K AICHEST
two-way ANOVA » fi{5fE ¥ AU Table 707
e BRHETEEE AR AHEBEE - RRE
AAREH 2 M E AR HIFHRIRIER) » 5F
HRH ERTFH#EITANOVA » DIHERR A AAE A B
SYHTI RS

FEFRAFIA FHEITANOVA » FiS3fEgEaETE
B2 AE R e AN Table 8F7R » {E 2B H BUAS
RN (MR RE T  BRERRCER

(Fig. 4A) > B2 BEEHFEFRNIRAZE - H3 K
AP AR IRTEAICZ R R » 2R
3B =R > BERSS KRMSEGFTEH] -
iR R RS SRR » R 22 W 2 B
2 RSB E BT (Fig. 4B) » R E Bk
RERIR TR I T RE -

&7 &

— ~ B K

— %S - DBHAIHE A #HFE/Y E A tERE
T AT T A I 1 B R R A AU 2R
JE R P BT 0l (O Brien et al. 1995, Chen et al.
1996, Tsogt et al. 2013, Chiu et al. 2017) » [Kl}tt
{EEVH-D model A% FEMIREIE A AR R
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Table 7. Two-way analysis of variance (ANOVA) for residual sum of squares (RSS), root
mean square error (RMSE), and Akaike information criterion (AIC) with model type and
the number of parameters

Criterion
Main factor and interaction term RSS RMSE AIC
F-value p-value F-value p-value F-value p-value
Model type (M-t) 1.470 0.231 1.846 0.181 1.290 0.262
Number of parameters (N-p) 19.383 0.000" 9.475 0.000" 3.696 0.032
M-tXN-p 6.985 0.002 6.056 0.005 6.580 0.003

" p <0.001 by a two-way ANOVA.

Table 8. F-values for the analysis of variance (ANOVA) for residual sum of squares
(RSS), root mean square error (RMSE), and Akaike information criterion (AIC) for each

combination
Factor
. Number of parameters Model type
Criteria
Linear (n = 12) Nonlinear (n = 40) 2 (n=23) 3(n=22) 4(n=17)
(2~4 parameters) (2 different model types)
RSS 19.146™ 3.422 16.453" 0.050 1.822
RMSE 11.301° 0.725 15.548" 0.052 1.129
AIC 7.121° 0.554 15.240° 0.055 1.843
" Indicates a significant difference at p < 0.01 (family-wise error rate) by the ANOVA.
P& B 0 5 S IR R 2R T+ DA FIDBHE i AR i3 fE TR A & Ry R-rank EETTRRAL o FTTSHS SR8

o RHAEHE k2 H-D model A4S » H
TR A EE RS EEH-D model ZHIT - WL
FTiRat < B8 TRl I < A2 N AR FE%
At Ry R B R TR P B (Table 4) -
i1 % BT 52 AT 1545 S AHFF (Huang et al. 2000,
Feldpausch et al. 2011, Mehtdtalo et al. 2015,
Sharma et al. 2016) « X 7E A8 IR B 45 R
BRSPS B AR PRI (Table 5) - It
W Liu et al. (2017)8377kK¥ (Metasequoia
glyptostroboides H.H. Hu & W.C. Cheng) H-D
model(YifFFEFE{L  HRIH-D modelZ FEFA » —
5 2 B BR P BT EG A R A A i A e 32 SR B
EFHHIBEEC - AR & R AR A LR R P AN ] -
fEHR I 2 FRARRE LI EIE T » fRE S A —
B AW BRI s B B
SRS 0 93 B IRSS » RMSE K AIC =FE#5
1 B 2% Poudel and Cao (2013)W A= @

N+ LMITBEELM 1 -Cr i fiE e #5 R FF & DBH
BH B - [HREENE - 2B R AR
FEEEDBH < 25 emiZ W B i Bl A AR 2 16T (Fig.
3) » HE— M H H L ATEE R DBHELH Z IE [
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Fig. 4. Comparisons of the sum of squares (RSS), root mean square error (RMSE), and
Akaike information criterion (AIC) among different numbers of parameters and model
types by the Bonferroni test at p < 0.01 (family-wise error rate). Different letters denote a
significant difference according to the Bonferroni test.
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