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Avrticle type: Background and Obijectives: In situ measuring diameter at breast height
Full Length Research Paper  (DBH) is simpler, more accurate, and less expensive than tree height.
Understanding the relationship between height and diameter is essential for
developing models for predicting growth, biomass production, and carbon
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with mathematical models. Considering those non-linear models are
flexible, interpretable, and robust, hence some of them were used in this
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Inventory, Materials and Methods: In this study, 21 widely used candidate nonlinear
Nonlinear models models and one simple linear model were fitted to tree height and diameter

at breast height data for Populus euphratica Oliv. Within a 100 m? at
Shoosh area of Khuzestan province. Data from 1,163 trees were used and
randomly split into two sets: 80% of the data was used to estimate model
parameters (model fitting), and the remaining (20%) was saved for model
validation. All models were evaluated using model performance evaluation
criteria such as t-statistics of model parameters, root mean square error
percentage (RMSE%), mean absolute error percentage (MAE%), mean
bias error percentage (ME%), Akaike’s information criterion (AIC) and
Bayesian information criterion (BIC).

Results: The parameters of the 8 models were not significant at the 5%
level. RMSE, MAE, Bias, AIC and BIC values for model #M12 were
8.98%, 6.78%, -0.0010%, 1451.82, and 1469.73, respectively. The same
values were obtained for model #M21: 9.15%, 6.94%, 0.0005%, 1476.95,
and 1494.86 respectively. The predicted and actual height values in these
two models were not significantly different at the 5% level. Results of the
paired-sample t-test showed that the nonlinear models M21 and M12
predicted the height of Populus euophratica trees with appropriate
accuracy. Two models, i.e., Prodanl with the name of M12 and Prodan2
with the name of M21, were selected as the best models based on the
ranking of all criteria for evaluating the model's performance in the fitting
and validity datasets.
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Conclusion: The majority of two-parameter models and some three-
parameter models showed a significant fit with the data. However, in terms
of all performance evaluation criteria, two three-parameter models were
chosen as the best models. Based on the results of this study and the wide
range of two-and-three parameter non-linear models, mixed models that
include one or two covariates in the modeling efforts, further research is
needed in border regions, sites, and locations with different stand
structures.
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Figure 1. Map of the geographical location of the study area.
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Table 1. Linear and non-linear models of diameter- height used for studied species.

c.'.» Jde <=L} Jsles j:,al)k_; sldes
Reference Model name Equation Number of parameters
(20) Linear Model (LM) h=a+b.DBH 2
2
(21, 22) (Naslund) M1 h=13+ DBiH.,. é 2
(a.DBH +b)
2
(23) (Loetsch) M2 h=13+ %+ & 2
(a+ b.DBH)
.DBH
24) (Curtis) M3 h=1 aib-'- : )
(1+ DBH)

(24, 25) (Schumacher) M4 h=13+aexp(- b.DBH )+ ¢ 2
(26) (Power) M5 h=13+aDBH"+¢ 2
27 (Michaelis-Mentenl) M6 h= + ﬂ+ é 2

(b+ DBH)
(28) (Michaelis-Menten2) M7 h=13+ 7DBH +é 2
a+b.DBH
(29) (Wykoff) M8 h=13+exp(a- b(DBH +1) )+ ¢ 2
(30) (Sharma) M9 h=13+exp@DBH")+ e 2
.DBH
(31) (Watts) M10 h=1 a + 8 2
(1+ DBH )+ (0.DBH)
(32) (Huang) M11 h= 1.3+ a.exp(- b.DBH %)+ g 2
2
(33) (Prodanl) M12 h=13+ DBH + a 3
a.DBH?+b.DBH +¢
(34) (Sibbesen) M13 h=13+aDBH"P8" " 4+ e 3
_ a
(22) (Hossfeld) M14 h=13+ LT A 5
b.DBH ¢
(35) (Ratkowsky) M15 h=13+aexp(———)+ 4 3
DBH + ¢
(36) (Korf) M16 h=13+aexp(- b.DBH )+ @ 3
(37) (Weibull) M17 h=13+a(- exp(- b.DBH®)+ & 3
27 (Logistic) M18 h=13+ a + 8 3
1+ b.exp(- c.DBH)
(38) (Modified Logistic) M19 h=13+ ++ & 3
1+ b ~.DBH ¢
(39) (Chapman-Richards) M20 h=1.3+a- exp(- b.DBH))° + ¢ 3
2
(40) (Prodan2) M21 h=13+ DBH +é 3

a+ b.DBH + c.DBH?

Uy p o5 4S ol golar (glast € s 5,550 » b a5 Jue la b, € 5 b @ (€M) e pl, a3 :DBH ‘(m)&,od.atscw)\:h

Ll O 0352

h: Total height of tree (m), DBH: Diameter at breast of height (cm), a, b and c: Model parameters to be estimated,

ei: Random error that is assumed to be normal

g
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€v)
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n h
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n
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1- Root mean square error (%)
2- Mean absolute error (%)

3- Bias mean (%)

4- Akaike information criteria
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Table 2. Summary of descriptive statistics for total data, fitting data, and validation model.

(N=233) o Le! (n=930) 3!, (n=1163) Js
Validation Fitting Total oLl
(m)tus)\ cm) s (m)tus)\ (cm) 3 (m)tuz)\ cm) s Statistic
Height Diameter Height Diameter Height Diameter
3
55 255 5.0 248 42 22,9 Sl
Minimum
. /'L.a
8.0 55.3 8.2 57.4 8.3 57.8 o
Mean
S|
9.9 86.3 11.0 95.5 11.9 97.5 ’s_b
Maximum
Lo 3l il
0.7 13.6 0.8 12.7 0.8 13.9 T d”f’ )
Standard Deviation
3Gl
0.5 185.9 0.7 1625 0.7 1932 i
Variance
H
8.0 57.0 8.0 58.9 8.0 58.3 N
Median
Dle ol
8.8 0.9 0.03 0.4 0.02 0.4
Standard error
Ty s s
8.8 24.6 9.8 22.1 9.6 24.0 () s 2

Coefficient variation (%)
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Table 3. Parameter estimation of all the models used in the fitting data.

Pl ¢ Slre glla 2 AL Je
P-value Standard Error Coefficient Parameter Model
P<0.001 68.24 0.086 5.84 a LM
P<0.001 25.23 0.002 0.04 b
P<0.001 -95.46 0.0037 -0.36 a M1
P<0.001 -7.04 0.2044 -1.44 b
P<0.001 6.955 0.204 1.42 a M2
P<0.001 95.758 0.004 0.36 b
P<0.001 11.49 0.303 3.62 a M3
P<0.001 40.83 0.02 0.84 b
P<0.001 52.268 0.15 7.73 a Ma
P<0.001 6.353 1.04 6.59 b
P<0.001 12.322 0.27 3.36 a M5
P<0.001 8.893 0.02 0.18 b
P<0.001 43.247 0.18 7.97 a M6
P<0.001 6.153 1.49 9.14 b
P<0.001 7.28 0.16 1.17 a M7
P<0.001 43.16 0.003 0.12 b
P<0.001 104.864 0.02 2.06 a M8
P<0.001 6.892 1.09 7.49 b
P<0.001 23.326 0.06 1.31 a M9
P<0.001 9.048 0.01 0.09 b
P<0.001 6.123 0.17 1.02 a M10
P<0.001 -35.433 0.02 -0.87 b
P<0.001 90.06 0.0068 6.1 a M1l
P<0.001 -10.76 0.000003 -0.00003 b
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Continue Table 3.

Pl ¢ Sl glla et Lk Je
P-value Standard Error Coefficient Parameter Model
P<0.001 10.462 0.0065 0.08 a
P<0.001 11.144 0.61 5.9 b M12
P<0.001 -9.848 13.25 -110 C
P<0.001 43.6 0.14 6.3 a
P>0.05 0.34 0.000003 0.000001 b M13
P<0.001 -3.71 0.64 -2.4 C
P>0.05 0.002 89070 148.9 a
P>0.05 0.002 9.09 0.015 b M14
P>0.05 0.055 3.16 0.17 c
P<0.001 6.44 0.8 5.17 a
P>0.05 0.97 28.46 27.5 b M15
P<0.001 -3.42 46.73 -159.88 c
P<0.001 43.04 0.15 6.3 a
P>0.05 -0.35 0.000005 -0.000002 b M16
P<0.001 -4.16 0.63 -2.6 c
P>0.05 0.019 0.003 49 a
P>0.05 0.019 3.71 0.07 b M17
P>0.05 0.248 0.071 0.18 C
P<0.001 14.69 0.4 5.91 a
P>0.05 -1.03 0.04 -0.04 b M18
P<0.05 -2.37 0.01 -0.02 c
P>0.05 0.008 12000 97.07 a
P>0.05 0.008 4.2 0.03 b M19
P>0.05 0.123 14 0.17 c
P>0.05 0.0001 4150000 164 a
P>0.05 0.0001 145 -0.0006 b M20
P>0.05 0.007 25 0.16 c
P<0.001 -7.809 12.86 -100.4 a
P<0.001 9.563 0.59 5.6 b M21
P<0.001 12.740 0.006 0.08 c
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Table 4. Performance evaluation criteria of selected models for data fitting.

ol

Fitting Jute
Model
BIC AIC Bias% MAE% RMSE%

2912.30 2896.95 0.0046 7.31 9.84 LM
1536.48 1523.05 0.0041 7.34 9.50 M1
1579.98 1566.56 0.0045 7.60 9.82 M2
1506.98 1493.56 -0.0055 7.15 9.28 M3
1547.69 1534.26 0.0024 7.55 9.57 M4
1536.69 1523.27 0.0030 7.30 9.50 M5
1573.07 1559.64 0.0093 7.49 9.77 M6
1515.34 1501.91 0.0076 7.13 9.34 M7
1594.06 1580.64 0.0034 7.65 9.93 M8
1500.40 1486.98 0.0061 7.11 9.23 M9
1560.39 1546.96 0.0071 7.46 9.67 M10
1471.15 1457.73 -0.0011 6.94 9.21 M11
1469.73 1451.82 -0.0010 6.78 8.98 M12
1494.86 1476.95 0.0005 6.94 9.15 M21

Sl AIC ggﬁ)‘ wi’L:‘ Loy Bias% (= h;lh»).)é u,:i’l?a B :MAE% > CJL\:JA u.:.<:L:A e Ao s :RMSE%
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Table 5. Ranking of selected models based on performance criteria for data fitting.

ol

g Fitting s
Sum Model
BIC AIC Bias MAE RMSE

56(12) 14 14 9 7 12 LM
36(8) 7 7 7 8 7 M1
55(11) 12 12 8 12 11 M2
30(5) 5 5 10 5 5 M3
41(9) 9 9 4 11 8 M4
34(6) 8 8 5 6 7 M5
56(12) 11 11 14 10 10 M6
35(7) 6 6 13 4 6 M7
58(13) 13 13 6 13 13 M8
26(4) 4 4 11 3 4 M9
50(10) 10 10 12 9 9 M10
12(3) 2 2 3 2 3 M1l

6(1) 1 1 2 1 1 M12
11(2) 3 3 1 2 2 M21
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Figure 2. Modeling the relationship between the diameter (DBH) and height of Populus euophratica trees on

calibration data for the M21 model (blue and red lines indicate the fit of the model for calibration data and
data up to a diameter of 70 cm).
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Figure 3. Graph of diameter and height for M12 and M21 models.
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Table 6. The result of the paired t test to compare the predicted and observed height data.

Sle £l Ll il

S e il

Pl ¢ ot slaesls 35 slaesls Al 6“’“‘? 3las Je

P-value Predicted data mean * Real data mean *+ Number of fit data Model
standard deviation standard deviation

0.996" 0.0039 8.151+0.348 8.153+ 0.839 930 M21

0.998™ 0.0023 8.181+0.317 8.182+0.820 930 M12
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