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Abstract
Based on data from 702 standing Mongolian pine (Pinus sylvestris var. mon-
golica) trees in 22 sample plots of artificial pure stands in the Zhanggutai area,
we constructed basic models, generalized models, and basic and generalized
models based on mixed effects for the crown width-DBH relationship of Mongo-
lian pine sand-fixing forests; compared the prediction accuracy of mixed models
when calculating random parameters using four schemes: random selection of
sample trees, selecting trees with average DBH, selecting trees with smaller
DBH, and selecting trees with larger DBH; and finally analyzed the effects of
different tree factors and stand variables on the crown width-DBH relationship.
Model evaluation metrics included the coefficient of determination (R²), mean
absolute error (MAE), and root mean square error (RMSE). The results showed
that height to crown base (HCB), relative spacing (RS), and stand age (A) had
the most significant effects on the crown width-DBH relationship; the fitting ac-
curacy of mixed models (R², MAE, and RMSE of the basic mixed model were:
0.7030, 0.3866, and 0.5154, respectively; R², MAE, and RMSE of the general-
ized mixed model were: 0.7051, 0.3822, and 0.5136, respectively) was higher
than that of ordinary least squares (OLS) regression models (R², MAE, and
RMSE of the basic model were: 0.5875, 0.4696, and 0.6075, respectively; R²,
MAE, and RMSE of the generalized model were: 0.6618, 0.4155, and 0.5500, re-
spectively). The difference between the basic mixed model and the generalized
mixed model was small (the R², MAE, and RMSE of the two models differed by
approximately 1%). Crown width decreased with increasing HCB and A, and
increased with increasing RS. For crown width prediction, it is recommended to
use the basic mixed model and select 2 average trees from each sample plot to
calculate their random parameters, or to use the simpler OLS generalized model
to predict individual tree crown width.
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Abstract

This study utilized data from 702 individual trees of Pinus sylvestris var. mon-
golica across 22 temporary sample plots in pure plantations at Zhanggutai,
Liaoning Province, northeast China, to develop canopy-DBH (diameter at breast
height) models. Four modeling approaches were compared: a basic model fitted
by ordinary least squares (OLS), a generalized model fitted by OLS, a nonlinear
mixed-effects basic model, and a nonlinear mixed-effects generalized model. The
goodness-of-fit and prediction accuracy of these four models were evaluated. For
the mixed-effects models, four sampling strategies were designed to calculate ran-
dom parameters: random sampling, large-DBH tree sampling, small-DBH tree
sampling, and medium-DBH tree sampling. The effects of individual-level and
stand-level variables on the canopy-DBH relationship were simulated. Model
evaluation indices included the coefficient of determination (R²), mean absolute
error (MAE), and root mean square error (RMSE).

Results showed that height to live crown base (HCB), relative spacing index
(RS), and stand age (A) were the dominant factors influencing canopy-DBH
models. The mixed-effects basic model achieved goodness-of-fit statistics of R² =
0.7030, MAE = 0.3866, and RMSE = 0.5154, while the mixed-effects generalized
model achieved R² = 0.7051, MAE = 0.3822, and RMSE = 0.5136. Both mixed-
effects models outperformed their OLS counterparts. However, the difference in
goodness-of-fit between the mixed-effects basic and generalized models was not
significant (below 1%). Canopy width decreased with increasing stand age and
HCB, but increased with increasing RS.

Keywords: Pinus sylvestris var. mongolica; sand-fixing plantation; canopy-
DBH; mixed-effects basic model; generalized model

1. Introduction

The canopy-DBH relationship is fundamental for understanding tree growth
dynamics and stand development in forest ecosystems. For Pinus sylvestris
var. mongolica plantations established for sand fixation, accurate canopy width
prediction is essential for assessing crown competition, light interception, and
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overall stand productivity. Previous studies have demonstrated that mixed-
effects models provide superior predictive performance compared to traditional
OLS approaches by accounting for hierarchical data structures and between-plot
variability [?, ?].

Mixed-effects modeling has become increasingly important in forestry research
for characterizing individual tree attributes. The methodology effectively parti-
tions variation between fixed population-level parameters and random plot-level
effects, providing more robust predictions across different stand conditions [?].
For canopy-DBH relationships, both tree-level factors (e.g., HCB) and stand-
level variables (e.g., RS, age) significantly influence model performance [?].

2. Materials and Methods

2.1 Data Collection The study data comprised 702 trees from 22 tempo-
rary sample plots in Pinus sylvestris var. mongolica plantations at Zhanggutai,
Liaoning Province. The dataset included measurements of canopy width (CW),
DBH, HCB, relative spacing index (RS), stand age (A), and other stand charac-
teristics. The plots represented a range of stand densities and age classes typical
of sand-fixing plantations in the region.

2.2 Model Specification Ten candidate model forms were evaluated for the
canopy-DBH relationship (Table 1). These included linear, polynomial, power,
exponential, logarithmic, and several nonlinear growth functions (Mitscherlich,
Gompertz, Logistic). The power function (Model 3) was ultimately selected as
the base model based on preliminary analysis.

Table 1. Candidate models for canopy-DBH relationship

Model Form
M1 𝐶𝑊 = 𝛽0 + 𝛽1𝐷𝐵𝐻 + 𝜀
M2 𝐶𝑊 = 𝛽0 + 𝛽1𝐷𝐵𝐻 + 𝛽2𝐷𝐵𝐻2 + 𝜀
M3 𝐶𝑊 = 𝛽0𝐷𝐵𝐻𝛽1 + 𝜀
M4 𝐶𝑊 = 𝛽0𝛽𝐷𝐵𝐻

1 + 𝜀
M5 𝐶𝑊 = 𝛽0 exp(𝛽1𝐷𝐵𝐻) + 𝜀
M6 𝐶𝑊 = 𝛽0 + 𝛽1 ln(𝐷𝐵𝐻) + 𝜀
M7 𝐶𝑊 = exp(𝛽0 + 𝛽1𝐷𝐵𝐻) + 𝜀
M8 𝐶𝑊 = 1/(𝛽0 + 𝛽1𝐷𝐵𝐻) + 𝜀
M9 𝐶𝑊 = [𝐷𝐵𝐻/(𝛽0 + 𝛽1𝐷𝐵𝐻)]2 + 𝜀
M10 𝐶𝑊 = 𝛽0[1 − exp(−𝛽1𝐷𝐵𝐻)] + 𝜀

where 𝛽0, 𝛽1, and 𝛽2 are model parameters, and 𝜀 is the error term.

Table 2. Basic information of the investigated forest stands of Pinus
sylvestris var. mongolica
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Parameter Value
Number of plots 22
Number of trees (n�) 501 (modeling)
Number of trees (n�) 201 (validation)
Stand age (A) 16.09 years (range)
Mean DBH 10.04 cm
Mean canopy width 13.61 m
Stand density 22.29 trees/ha
Mean HCB 14.28 m
Mean RS 33.34

2.3 Statistical Methods The analysis employed both OLS and nonlinear
mixed-effects modeling approaches. The general mixed-effects model structure
was:

𝑦𝑖 = 𝑓(𝛽, 𝑢𝑖, 𝑥𝑖) + 𝜀𝑖

where 𝑦𝑖 is the response vector for plot 𝑖, 𝛽 represents fixed effects parameters, 𝑢𝑖
are random effects, 𝑥𝑖 denotes covariates, and 𝜀𝑖 is the residual error. Random
effects were assumed normally distributed: 𝑢𝑖 ∼ 𝑁(0, 𝐷), and residuals: 𝜀𝑖 ∼
𝑁(0, 𝑅𝑖).
For model selection, we used Akaike Information Criterion (AIC), Bayesian
Information Criterion (BIC), and log-likelihood values. Prediction accuracy
was assessed using R², MAE, and RMSE.

Four sampling strategies were implemented to estimate random parameters: 1.
Random sampling (MPA) 2. Large-DBH tree sampling (MPS) 3. Small-DBH
tree sampling 4. Medium-DBH tree sampling

3. Results

3.1 Model Fitting and Selection Among the 12 candidate models evalu-
ated, the power function (Model 3) and modified power function (Model 10)
demonstrated superior performance. Model 3, expressed as:

𝐶𝑊𝑖𝑗 = 𝛽0𝐷𝐵𝐻𝛽1
𝑖𝑗 + 𝜀𝑖𝑗

where 𝐶𝑊𝑖𝑗 and 𝐷𝐵𝐻𝑖𝑗 are canopy width and DBH for tree 𝑗 in plot 𝑖, respec-
tively, provided the best balance of simplicity and predictive power.

Table 4. Fitting results and statistical indices of different canopy-
DBH models
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Model �� �� �� AIC BIC -2LL R² MAE RMSE
OLS
(7)

0.5043 0.7150 - 928.31 940.96 922.31 0.5875 0.4696 0.6075

OLS
(8)

0.3427 -
0.0077

0.8882 834.78 860.07 822.78 0.6618 0.4155 0.5500

MPA
(9)

0.3095 0.1310 -
0.0012

828.55 845.42 820.55 0.7030 0.3866 0.5154

MPS
(10)

0.3234 0.1219 -
0.0013

792.97 806.97 786.97 0.7051 0.3822 0.5136

The mixed-effects models (MPA and MPS) substantially outperformed OLS
models, with R² improvements of 12.65% and reductions in MAE (11.51%) and
RMSE (9.46%). The difference between MPA and MPS was not statistically
significant (F = 36.34, P < 0.001).

3.2 Parameter Estimation Random effects were significant for the intercept
parameter (��) across plots. The final mixed-effects model structure incorporated
HCB, RS, and stand age as covariates:

𝐶𝑊𝑖𝑗 = (𝛽0 + 𝑢𝑖)𝐷𝐵𝐻𝛽1
𝑖𝑗 + 𝜀𝑖𝑗

for the basic model, and

𝐶𝑊𝑖𝑗 = (𝛽0 + 𝑢𝑖 + 𝛽1𝐻𝐶𝐵𝑖𝑗 + 𝛽2𝑅𝑆𝑖 + 𝛽3𝐴𝑖)𝐷𝐵𝐻𝛽4
𝑖𝑗 + 𝜀𝑖𝑗

for the generalized model.

The likelihood ratio test confirmed the superiority of the full mixed-effects gen-
eralized model (LRT = 27.58, P < 0.0001). Compared to the basic mixed-effects
model, the generalized version increased R² by 0.30% and reduced MAE and
RMSE by 1.14% and 0.35%, respectively.

3.3 Sampling Strategy Evaluation [Figure 1: see original paper] shows
the residual distribution of canopy mixed-effects models. [Figure 2: see original
paper] compares observed versus predicted canopy-DBH relationships across
sample plots. [Figure 3: see original paper] illustrates the relationship between
prediction accuracy and sampling intensity.

The MPS sampling strategy (large-DBH trees) provided the most accurate pa-
rameter estimation, reducing MAE and RMSE by 28.1% and 20.9% compared to
random sampling for two sample plots. For three sample plots, the improvement
was even more pronounced, with reductions of 31.5% and 24.3%, respectively.

chinarxiv.org/items/chinaxiv-201809.00022 Machine Translation

https://chinarxiv.org/items/chinaxiv-201809.00022


3.4 Simulation of Factor Effects [Figure 4: see original paper] presents
canopy-DBH simulation curves under different stand conditions. Canopy width
decreased nonlinearly with increasing stand age and HCB, but increased with
RS. The mixed-effects models captured these relationships more accurately than
OLS models, particularly at the extremes of the DBH distribution.

4. Discussion

The incorporation of random effects significantly improved model performance
by accounting for plot-to-plot variability in stand structure and site conditions.
HCB emerged as a critical individual-level predictor, reflecting its direct con-
trol on crown dimensions. As HCB increases, available crown length decreases,
resulting in narrower canopies [?].

RS, a measure of competition intensity, positively influenced canopy width, con-
sistent with ecological theory that trees in less crowded conditions develop larger
crowns [?]. Stand age effects were nonlinear, with canopy expansion slowing in
older stands due to increased competition and physiological aging [?].

The marginal improvement of the generalized model over the basic mixed-effects
model suggests that while stand-level variables are important, the random effects
structure captures most of the between-plot variation. This aligns with findings
from previous studies on conifer species [?, ?].

Sampling strategy significantly affected parameter estimation accuracy. Target-
ing large-DBH trees (MPS) proved most efficient, as these trees represent the
realized potential of site conditions and competition history. This approach re-
duced sample size requirements by approximately 30% while maintaining equiv-
alent prediction accuracy.

5. Conclusions

Nonlinear mixed-effects models provide superior predictive accuracy for canopy-
DBH relationships in Pinus sylvestris var. mongolica plantations compared to
traditional OLS methods. The power function form with random intercepts
offers an optimal balance of parsimony and precision. Key factors influencing
canopy width include HCB, RS, and stand age. For operational implementa-
tion, sampling approximately 2-3 large-DBH trees per plot provides efficient
random parameter estimation. These models support improved silvicultural
decision-making in sand-fixing plantations by enabling accurate crown dimen-
sion predictions across diverse stand conditions.
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