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Figure 1. Geographical location of the investigated stands
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Table 1. Used linear and non-linear models (Hyams, 2010)

Jslaso J.\.ﬁ tl.a E) O)LQ—«.: JJW &f
Equation Model number and name Model type
y=a+ bx 1- Linear
y =a+ bx + cx? 2- Quadratic P
y = a+ bx + cx* + dx? 3- Cubic linear
y = ae?/* 4- Modified expontial
y = a+ blnx 5- Logarithmic "
[
= elatb/x+cinx) 6- Vapor pressure .
y=¢€ porp Expontial
y = aeb* 7- Expontial
y = ax? 8- Power A
y = ax"/x 9- Modified Geometric s
y = ab*x¢ 10- Hoerl Power
1 _ s
Y= 11- Harris ] i ) e
(a + bxc) Yield density model
y=a(l—e?) 12- Expontial Association
ax . o
y= - Saturation Growth Rate rowth
b+ 2 13-S G h R Growt|
y=ae " 14- Gompertz
a =z
Y= T pew 15- Logistic Sz S
;—+e - Sigmoidal
y=2 T 16- MMF
b+ x4
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Continued table 1.
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Equation Model number and name Model type
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19- Ratkowsky
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Table 2. Descriptive statistics of characteristics of DBH and height of trees

() gl e mles) a0 b
Height (m) DBH (cm) Sheo 55 slassll
bl Jbe 5 bl Jbe Js Descriptive statistics
Evaluation Model Total Evaluation Model Total
Sl
6.41 6.28 6.3 43.16 42.26 42.44 ok
Average
LnS
1.3 1.2 1.2 12.5 12.5 12.5 :
Minimum
17 17 17 140 150 150 T
Maximum
ol
5.8 5.7 5.8 39 38 38 -
Median
Lls
15.7 15.8 15.8 127.5 137.5 137.5
Range
0.45 0.78 0.72 1.07 154 1.42 S
Skewness
; Y
0.6 -0.07 -0.17 2.55 3.44 3.25 T
Kurtosis
5Ll
1098 12,07 11.84 427 468.98 460 i
Variance
Lo b ol
3.31 3.47 3.44 20.66 21.65 21.45 e =
Standard deviatio
0.29 0.15 0.13 1.81 0.95 0.84 Jlme ol
Standard Erorr
51.63 55.25 54.6 47.86 51.23 50.54 S g s
Coefficient of variation
129 513 642 129 513 642 s sl

Trees number
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Figure 2. Hyperpoints of tree height against DBH for training data (A) and test (B)
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Table 3. Regression coefficients of the models used in the current research
iy
wfp abayl Juke
Coefficients Equation Model
d c b a
0.15 0.08 y=a+bx Linear
-0.0005 0.21 -1.38 y = a+ bx + cx? Quadratic
-0.00001  0.00082 0.132 -0.17 y = a+ bx + cx? + dx® Cubic
-49.21 21.87 y = aeP’* modified expontial
6.44 -17.08 y =a+ blnx logarithmic
0.58 -19.55 0.16 y = e(@+b/x+cinx) Vapor pressure
0.01 3.41 y = aeb* Expontial
0.96 0.18 y = ax? Power
-17.39 30.97 y = ax"/x Modified Geometric
147 0.99 0.04 y = ab*x¢ Hoerl
1
-1.48 29.37 0.04 =—— Harris
Y (a + bx©)
_ Expontial
.002 4.91 = —e7bx -
0.0025 64.9 y=a(l—e™) Association
- - _ W Saturation Growth
2421657132.35 359010787.42 y b +x) Rate
0.03 1.16 17.96 y=ae" " Gompertz

J.LAC,;U\.,{\J,«: :d)CAb za;]u&bwﬁwﬁlﬁﬁzx ‘j*‘wjtl-d)‘y
Y: height (m), x: DBH (cm) and a, b, ¢ and d are constant coefficients of the model
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Continued table 3.

S

alayl Jos
Coefficients Equation Model
d c b a
a
0.05 1143 15.91 = Logisti
y 14 be~<* ogrstic
d
228 1934 14164.86 1.74 y = dbtext MMF
b + x4
1.83 0.0004 15.43 16.76 y = a — be~** Weibull
a
0.31 0.03 0.37 17.09 y= (1+eb——cx)1/d Richards
0.05 2.44 15.91 y=a/(1+ e’ ) Ratkowsky
b .
-186.63 11.85 y=a+-— Hyperbolic
X
3.92 0.02 9.55 6.84 y=a+bcos(cx+d) Sinusoidal
+b .
00001  -0.007 0.11 0.04 y=—t X Rational
1+ cx + dx?
Cc .
-169.33 0.14 0.53 y=a+bx+ =2 Heat capacity
—(x — b)? )
54.53 118.67 16.34 y=ae|—5— Gaussian

JJA\_AU&_,\.i\J.p d )Cub ‘aj,ué:;uijﬁlﬂjuzx gﬂwﬂcwj\:y
Y: height (m), x: DBH (cm) and a, b, ¢ and d are constant coefficients of the model

‘\/V'V c\/Y"V) Jl:M oL:;;.i':\ u.lj:aS ¢('//\-\ /M
JVWAY VY1) ol SleMbl jlas 5 V¥V
)i“: L aolis 53 (g jmln &35 3l 5 os g (YVV/0Y

G Y R2 slie lul o sdtestinul ladde

JJJJSA\??}S‘)OL&)JC@)‘JEQ\MJ"M}J/\T
gl — s slacsslad e 31 ol s (8 )
s MMF Gompertz sladie o5 sls olis Ol s

AV i et 2 5L bl 5 54 Richard

b e s s Jue YE gsledie cgr Sl Sledbl Jlas 5 5l ol s o b sldamnlons slis —§ J sl
Table 4. Calculated values of R?, standard error and AIC for modeling 24 linear and non-linear models

Jde

AIC Std-Err R?

Model
349.94 1.406 0.83 Linear
295.69 1.332 0.85 Quadratic
285.60 1.318 0.85 Cubic
367.28 1.430 0.83 modified expontial
444.89 1.542 0.80 logarithmic
308.32 1.350 0.84 Vapor pressure
688.85 1.956 0.68 Expontial
344.11 1.398 0.83 Power
308.00 1.349 0.84 Modified Geometric
284.96 1.318 0.85 Hoerl
288.71 1.323 0.85 Harris
330.78 1.380 0.84 Expontial Association
350.30 1.406 0.83 Saturation Growth Rate
276.04 1.307 0.86 Gompertz

YA
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Continued table 4.

Jde

AlIC Std-Err R?

Model
349.94 1.406 0.83 Linear
295.69 1.332 0.85 Quadratic
285.60 1.318 0.85 Cubic
367.28 1.430 0.83 modified expontial
444.89 1.542 0.80 logarithmic
308.32 1.350 0.84 Vapor pressure
688.85 1.956 0.68 Expontial
344.11 1.398 0.83 Power
308.00 1.349 0.84 Modified Geometric
284.96 1.318 0.85 Hoerl
288.71 1.323 0.85 Harris
330.78 1.380 0.84 Expontial Association
350.30 1.406 0.83 Saturation Growth Rate
276.04 1.307 0.86 Gompertz
278.66 1.311 0.85 Logistic
277.13 1.307 0.86 MMF
277.77 1.308 0.86 Weibull
277.03 1.307 0.86 Richards
278.66 1.311 0.85 Ratkowsky
779.87 2.138 0.62 Hyperbolic
283.84 1.316 0.85 Sinusoidal
281.67 1.313 0.85 Rational
346.40 1.400 0.83 Heat capacity
317.20 1.361 0.84 Gaussian

Linear gladis &5 As ascin el el 4 sl
Saturation Growth Cubic Modified Expontial
gl luis Heat Capacity s Hyperbolic Rate
b5 CUL., LS e A8l e 3l xS
03,50 0 Jadr 53 4ty JSa sladds Ll

Cwlo s

Sl eddeslaul glajlas 51 Jol> @Lq

Sladde a8 sy 0L 4, 84 gladde oo jlael

- s« RMSE L Richard ; MMF .Gompertz

54 MAE 55 5 doys YY/Te 5 YY/Ys (YY4

dasin Lol s fe doys YUVA 5 VYVE A4

cromen (0 Jad) S 550 1) Ok gl

%ﬂj&ﬁjdzl&w‘)w‘&)“w&b)ﬂﬁ@c%&@fﬁ@)j@@ﬁ@@ﬁ:m—o d).&:—

o 5 bt e VE e Lol (gl s
Table 5. Calculated values of RMSE, MAE, Bias, AIC and R? for validation of 24 linear and non-

linear models
i . Je

AIC R2 Bias% Bias MAE% MAE RMSE% RMSE

Model
102.01 0.76 -0.012  -0.0008 17.36 1.11 22.79 1.46 Linear
99.86 0.79 0.62 0.039 16.91 1.085 22.42 1.43 Quadratic
99.59 0.78 -0.29 -0.019 16.84 1.080 22.22 1.42 Cubic
118.22  0.78 -0.43 -0.027 18.34 1.17 24.27 1.55 modified expontial
131.36  0.73 0.32 0.02 19.69 1.26 25.53 1.63 logarithmic
101.83  0.78 0.24 0.015 17.14 1.09 22.6 1.45 Vapor pressure

Yq
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Continued table 5.

AlIC R? Bias% Bias MAE% MAE RMSE% RMSE e

Model
172.89 0.28 0.52 0.033 24.61 1.58 29.99 1.92 Expontial
100.72 0.75 0.71 0.045 17.29 1.10 22.67 1.45 Power
10365  0.79 0.18 0.011 17.22 1.10 22.93 1.47 Modified Geometric
98.95 0.79 0.61 0.039 16.80 1.07 22.34 143 Hoerl
99.20 0.79 0.53 0.034 16.83 1.08 22.37 143 Harris
98.63 0.75 1.37 0.088 17.16 1.10 22.49 1.44 Expontial Association
102.31 0.76 -0.25 -0.016 17.38 1.11 22.81 1.46 Saturation Growth Rate
97.13 0.79 0.99 0.063 16.69 1.07 22.19 1.42 Gompertz
98.45 0.79 1.46 0.094 17.08 1.09 22.30 143 Logistic
99.29 0.79 1.20 0.077 16.74 1.07 22.20 1.42 MMF
99.34 0.79 1.09 0.070 16.79 1.07 22.21 1.42 Weibull
99.26 0.79 1.15 0.073 16.79 1.07 22.20 1.42 Richards
98.45 0.79 1.46 0.094 17.08 1.09 22.30 143 Ratkowsky
199.91 0.46 -0.80 -0.051 27.24 1.74 33.31 2.13 Hyperbolic
99.62 0.79 0.81 0.052 16.83 1.07 22.23 1.42 Sinusoidal
99.46 0.79 0.76 0.049 16.81 1.07 22.22 1.42 Rational
104.30 0.76 -0.10 -0.006 17.49 1.12 22.81 1.46 Heat capacity
101.82 0.77 1.22 0.078 17.53 1.12 22.59 1.44 Gaussian

s Hoerl Richard Gpmpertz sladae oLl ol

(Vdsd) Lsls olasst] st w |y 45, o e

LsLb)L:M J.:zl.?u J»L..u‘ Ba LQJJ\.A M‘J\ DL

ool s, Sl 5 Lus gluad; (63 ,Sas

(U dsde) A el ool Cowsas glaad g yoomes

Olael slaesls (gl s Shas glajlas olil 5 lssl gladde (guas ; =1 J s
Table 6. Ranking of selected models based on performance criteria for validity data

o ke AIC  Bias%  MAE%  RMSE% R S

Average rank Model
14.2 17 1 17 17 19 Linear
11.8 13 12 10 12 12 Quadratic
9.4 11 6 9 6 15 Cubic
17 21 8 21 21 14 modified expontial
19 22 7 22 22 22 logarithmic
12.2 16 4 13 15 13 Vapor pressure
204 23 9 23 23 24 Expontial
15.8 14 13 16 16 20 Power
13.2 19 3 15 20 9 Modified Geometric

7 5 11 5 10 4 Hoerl

8.2 6 10 8 11 6 Harris
14.8 4 22 14 13 21 Expontial Association
15.4 18 5 18 19 17 Saturation Growth Rate
4.4 1 17 1 1 2 Gompertz
11 3 24 12 9 7 Logistic
7.4 9 20 2 3 3 MMF
7.8 9 18 3 4 5 Weibull
6.6 7 19 4 2 1 Richards
104 2 23 11 8 8 Ratkowsky
21.8 24 15 24 24 23 Hyperbolic
10.6 12 16 7 7 11 Sinusoidal
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Continued table 6.

0 e AlC Bias% MAE% RMSE% R? S
Average rank Model
9 10 14 6 5 10 Rational
15.4 20 2 19 18 18 Heat capacity
17.2 15 21 20 14 16 Gaussian

VAYANY VETWA L o 5 ) sl palis L
cla“ 03 Bl sslie L Lo 4 ol )J}Iﬂ

(Y Jsdr) 550 Hls gme Loy 40 0Ll

sl Sl s p Sl sdelsn =l
gl aasetie 335551 5 slie L sddodalin slis
Gladde &5 sls oL wasolbsal Joe YE 5 eslaz b

Ol il o xS (gl,ls Richard s MMF (Gompertz

kﬁ)kgf‘)ﬁmﬁjéudmﬂeJLLZ...u\Ltw)‘WeMJJJTfﬁJuAL@ﬁbﬁJuﬁéuQ}Lﬂ;—V J}J}-

o gb’dﬁl

Table 7. The differences between the actual values and the estimated values of the height characteristic

using selected linear and non-linear regression models

e 31 Gl

) bosls SSka o 5550 SSka s Sk Jia
Mean Estimated Actual

Std. Error differences average average Model

difference
1.46787 0.00079 0.995™ 0.006 6.4153 6.4151 Linear
1.44388 -0.03979 0.775™ -0.313 6.4549 6.4151 Quadratic
1.43147 0.01921 0.879"™ 0.152 6.3959 6.4151 Cubic
1.56278 0.02798 0.389"™ 0.203 6.3871 6.4151 modified expontial
1.64457 -0.02099 0.885™ -0.145 6.4361 6.4151 Iogarithmic
1.45538 -0.01576 0.902" -0.123 6.4309 6.4151 Vapor pressure
1.93168 -0.03353 0.844"™ -0.197 6.4486 6.4151 Expontial
1.45982 -0.04587 0.722"  -0.357 6.4610 6.4151 Power
1.47716 -0.01189 0.927™  -0.091 6.4270 6.4151 Modified Geometric
1.43877 -0.03944 0.756™  -0.311 6.4546 6.4151 Hoerl
1.44032 -0.03412 0.788™  -0.296 6.4492 6.4151 Harris
1.44606 -0.08812 0.490™  -0.692 6.5032 6.4151 Expontial Association
1.46946 0.01616 0.901™  0.125 6.3990 6.4151 Sat“ratg’;frowth
1.42776 -0.06391 0.612™ -0.508 6.4790 6.4151 Gompertz
1.43345 -0.09417 0.475™ -0.746 6.5093 6.4151 Logistic
1.42801 -0.07737 0.539™ -0.615 6.4925 6.4151 MMF
1.42865 -0.07019 0.578*" -0.588 6.4853 6.4151 Weibull
1.42805 -0.07378 0.558%" -0.587 6.4889 6.4151 Richards
1.43345 -0.09410 0457 -0.746 6.5092 6.4151 Ratkowsky
2.14458 0.05183 0.784" 0.275 6.3633 6.4151 Hyperbolic
1.43096 -0.05254 0.677"  -0.417 6.4677 6.4151 Sinusoidal
1.43022 -0.04918 0.697" -0.391 6.4643 6.4151 Rational
1.46945 -0.00689 0.958%" 0.053 6.4082 6.4151 Heat capacity
1.45330 -0.07862 0.540%" -0.614 6.4937 6.4151 Gaussian

ns: non-significant at the 95% confidence level

AR
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Figure 3. Diameter and height curve of three top models
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Figure 4. The observed height curve against the estimated height of three selected models (Gompertz,
MMF and Richard)
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Figure 5. Residual curve of selected models (Gompertz, MMF and Richard)
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Abstract

Background and objectives: Efficient and high-quality information about the current and future state
of the forest is needed for sustainable management and basic planning of forest resources. Zagros forests,
as one of the most important vegetation areas of Iran, have a very important effect on water supply, soil
conservation, climate adjustment and economic and social balance in the whole country, hence, the
sustainable protection and management of these forest ecosystems The main concern of researchers and
managers in this area has become vegetation. The dominant species of these forests is Iranian oak
(Quercus brantii Lindl). According to geographical and environmental conditions, this species has
various habitats in the vegetation zone of the middle Zagros. Considering the noble position of the
Iranian oak species in the forests of Zagros, the importance of developing more researches regarding
this species is essential. The characteristics of tree diameter and height are the most important
components needed in forest statistics. These variables are one of the main variables for measuring the
appearance characteristics of forest trees and are used in cases such as determining the volume and
drawing the height curve. Considering that measuring the height of all forest trees is a long and
expensive operation, hence the use of diameter and height models to estimate the height of trees has
been developed. The purpose of this research is to investigate the linear and non-linear diameter-height
models of Iranian oak species (Q. brantii Lindl) in the high forests of the Middle Zagros in order to find
the answer to the question of whether it is possible to estimate the height of Iranian oak high forest trees
as There is a function of the diameter of the chest in this vegetative zone or not.

Methodology: This research was conducted in Sefidkoh protected area of Lorestan. The dominant tree
cover of this area is made of oak, like other areas of Zagros, but other plants and trees such as Cratagus
persica pojark, Amygdalus sp, Astragalus sp, etc. can be mentioned in it. To carry out this research, by
conducting numerous forest tours and getting to know the forests of the region, a stand with an area of
approximately five hectares, which had a high forest vegetation structure, was selected. In the selected
forest stand, the characteristics of DBH and total height of all Iranian oak trees whose DBH was more
than 12.5 cm were counted as 100%. In total, 642 Iranian oak trees were measured in DBH and height.
Linear and non-linear models were used to fit the data of DBH and height of trees, which include various
models of exponential, power, density-product, growth, sigmoid and other functions. In this research,
80% of the data were used in the modeling process and 20% were used for evaluation, as well as for
fitting the data and estimating the indicators of each of the models from the Curve Expert Professional
software, which is a software Comprehensive software was used to fit the curves. In the modeling
process, diameter data were used as independent variables and height data were used as dependent
variables. In the upcoming research, to verify the accuracy of the obtained models, the RMSE, MAEand
Bias in absolute and relative terms, as well as the R? and the AIC was calculated as validation indices.

Results: Based on the descriptive statistics of Iranian oak trees, the average, minimum and maximum
DBH was 42.42, 12.5 and 150 cm, respectively, and the height was 6.3, 1.2 and 17 meters, respectively.
Based on R? values, the used models explained 62 to 86% of the total changes in tree height. The results
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of tree height-diameter modeling showed that Gompertz, MMF and Richard models have the highest
explanatory coefficient (0.86, 0.86, 0.86), respectively, and the lowest standard error (307. 1, 1/307,
1/307) and AIC information criterion were (276/04, 277/13, 277/03). The results of the criteria used to
validate the used models showed that the Gompertz, MMF and Richard models have RMSE of 22.22,
22.20 and 22.20%, respectively, as well as MAE respectively. 16.69, 16.74 and 16.79 percent were
better able to estimate the characteristics of the height of trees. According to the mentioned results, it
was found that Gompertz, MMF, and Richard models have a higher ability to estimate the characteristic
height of Iranian oak trees compared to other models.

Conclusion: Overall, the results of this research showed that linear and non-linear models have the
ability to estimate the height of Iranian oak high forest trees in the growing region of the middle Zagros,
and among these models, three non-linear models are Gompertz, MMF and Richard based on evaluation
criteria. The performance was more accurate. Therefore, these models can be used in the forest areas of
the middle Zagros vegetation zone, which have the same structure and habitat conditions as the studied
area. It is suggested to use the generalized models of height and diameter in future researches.

Keywords: Modeling, Quercus brantii, Regression, Statistics, Validation.
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