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Background and Obijectives: Accurately estimating tree height is crucial
for assessing forest stand volume and above-ground biomass. Nonlinear
mixed-effects models, incorporating random effects to address variation
between plots while preserving the diameter-height relationship, enhance
model precision by accounting for both intergroup and intragroup
variation. Consequently, this study aimed to develope a Height-Diameter
relationship for Oak (Quercus Castanefolia C.A.M) using nonlinear
models and nonlinear mixed-effect models within uneven-aged
broadleaved stands situated in Golestan province, specifically within the
Shast-kalateh, Jafar-abad, and Loveh forestry areas.

Materials and Methods: We employed a systematic sampling approach to
collect field data across a 150200 m grid (comprising 71 circular plots),
where we recorded tree species, height, and diameter at breast height
(DBH) for all trees in each plot. Initially, we scrutinized 20 non-linear
diameter-height models to identify candidate models. Subsequently, in the
second stage, these models were refined using a mixed-effect model
incorporating dominant height, mean quadratic DBH, basal area, BAL,
stand volume, and tree density as covariates.

Results: The results of fitting non-linear models for Oak indicated that
RMSE and R? ranged between 15-17% (3-4 meters) and 0.4-0.62,
respectively. Integrating dominant height, mean quadratic DBH, basal area,
BAL, stand volume, and tree density as random effects in the nonlinear
mixed-effect model enhanced R® by approximately 10 to 16%, while
reducing RMSE by about 2-3% (0.2-1 m).

Conclusion: The study demonstrated that employing the nonlinear mixed-
effect method, as opposed to traditional nonlinear regression models,
enhanced the accuracy of height estimation, particularly within uneven-
aged broadleaved stands. These models effectively capture height
variability within stands, presenting a viable alternative for height
estimation despite limited prior research in this domain. Further
investigations into employing nonlinear mixed-effect models for key
species in the Hyrcanian forests and other vegetation regions of Iran are
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imperative. The precise insights derived can inform sustainable forest
management and conservation strategies, with potential applications in
forest planning endeavors.
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Figure 1. Location of study area Shast-kalateh (A), Jafarabad (B) and Loveh (C) in Golestan province, Iran.
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Table 2. Nonlinear mixed-effects model selected for Q. castaneifolia.

awee] S HIL e 8 Jue Jde oyles
Nonlinear mixed-effects model Model Number

H = 1.30 + 30 exp(—Blexp(—B2DBH))

Bo=ap+a; xBAL+a,XxBA+a3;XxHD+a,XV+agXQM+agXN+a, XxH 15
H = 1.30 + 30 exp(—Blexp(—B2DBH))
Bo=ap+a; XxBAL+a,XxBA+a;xXxHD+a,XV+agXQM+agXN+a, XxH 16
H = 1.30 + 0 exp(—B1DBH?)
Bo=ap+a; xBAL+a,XxBA+a;xXxHD+a,XV+agXQM+agXN+a;, XxH 18
0
H=130+ P 1
1+ 5ipBne 20
[30=ao+31XBAL+32XBA+a3XHD+a4XV+35XQM+a6XN+a7XH
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Table 3. Descriptive statistics of investigated characteristics of Q. castaneifolia in.
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Table 4. Coefficients and validation of the selected nonlinear regression models.

Coefficients Jus .l ,»

RMSE%  RMSE R? e e e olad
B B, Bo Name Model Number
18.76 4.42 0.526 - 11.93 1.69 Naslund 1
18.48 4.36 0.504 - 12.29 32.08 Curtis 2
18.82 4.44 0.52 - 0.011 30.70 Michailoff 3
26.17 6.08 0.522 - 0.38 50.05 Meyer 4
17.93 4.227 0.552 - -1.77 5.31 Power 5
18.76 4.42 0.526 - 1.17 1.69 Naslund2 6
18.76 4.42 0.526 - -1.08 0.53 Naslund3 7
18.66 4.40 0.526 - 26.70 0.53 Naslund4 8
18.66 4.40 0.536 - 0.03 36.31 Michaelis-Menten 9
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Continue Table 4.

Coefficients Ju ol ,»

RMSE%  RMSE R e e e oslacd
B B, Bo Name Model Number
20.21 4.76 0.536 - -12.30 0.74 Michaelis-Menten2 10
19.09 4.5 0.507 - 11.93 3.424 Wykoff 11
19.09 4.5 0.493 0.02 142 -13.44 Prodan 12
18.11 4.27 0.534 0.02 2.27 50.05 Logistic 13
18.75 4.42 0.5 0.87 0.04 27.50 Chapman-Richards 14
17.83 4.20 0.55 0.51 0.09 50.05 Weibull 15
17.88 4.22 0.54 0.09 1.27 50.05 Gomperz 16
18.43 4.35 0.529 0.18 1.96 0.5 Sibbesen 17
17.81 4.2 0.541 0.45 4.22 50.05 Korf 18
18.45 4.35 0.524 5 17.39 32.88 Ratkowsky 19
17.86 4.21 0.54 0.66 0.08 50.05 Hossfeld 1V 20
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Table 5. Nonlinear mixed-effects model and fixed and random coefficients.

Hlad ol

S wesl S e

RMSE% RMSE R? Random coefficients Fixed coefficients Nonlinear mixed-
az a, a, B> B1 Bo effects model
15.54 3.62 0.63 1.12 2.68 341 7.02 10.86 31.47 Weibull
15.40 3.59 0.64 7.32 6.93 4.09 12.82 20.1 33.42 Gomperz
15.8 3.68 0.62 1.21 3.9 7.88 0.024 1.57 33.8 Korf
15.37 3.57 0.64 7.19 2.05 151 13.68 25.9 36.12 Hossfeld
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Figure 2. Residual values of Weibull (A), Gomperz (B), Korf (C) and Hosfeld (D) models with standardized
residual blue point and black point on the 0-line y = average residuals that shows 10 DBH class standardized.
Thin vertical lines indicate the confidence interval of individual observations (mean + 1.96 standard
deviations), and thick vertical lines (within black dots) indicate the 95% confidence interval of the class mean.
Thick lines that do not cross the horizontal line y = 0 are shown in red.
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Figure 3. Residuals, normal and histogram residuals diagram of Weibull (A), Gomperz (B), Korf (C) and

Hosfeld (D) with blue dots against estimated tree height and their relationship with the tree density (N.ha™)
which is determined by the size of the circle and the BAL is determined by the blue color.
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