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Assessing Larix
principis-rupprechtii productivity
and its determinants based on
national forest inventory data in
Hebei Province, China

Yiwen Wang', Nigiao Fan', Jialong Qian, Jing Zhang,
Zhaoxuan Ge, Chong Liu and Zhidong Zhang*

College of Forestry, Hebei Agricultural University, Baoding, China

Tree productivity is not only determined by stand structure, but also influenced
by soil chemical properties, climate and topography. However, the relative
importance of each indicator on larch (Larix principis-rupprechtii) productivity
were uncertain. In this study, 76 pure larch forest plots were selected based on
national forest inventory (NFI) data in Hebei Province, China. Structural equation
model (SEM) was used to analyze the direct and indirect effects of stand structure,
soil chemical properties, climate and topography on larch productivity, and to
quantify the relative importance of each indicator in determining productivity.
The results showed that stem volume growth (SVG) of larch was influenced by
a combination of stand density, diameter at breast height (DBH), mean winter
snow (PAS), annual temperature range (TD), slope, and alkali-hydrolysis nitrogen
(AN). SVG tended to increase with decreasing stand density and AN content and
increasing DBH. Stand density, DBH and AN were more important than PAS, TD,
and slope in explaining SVG variation. The results can provide a scientific basis
for adaptive management of larch forests.
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1 Introduction

Forests are a major component of terrestrial ecosystems, covering approximately one third
of the earth’s land area and sequestering about two thirds of the carbon of terrestrial ecosystems
annually (Jin et al.,, 2022). They play a crucial role in regulating the global carbon balance,
reducing greenhouse gas concentrations and mitigating global warming (Li T. et al., 2022).
Forest productivity is fundamental to studying nutrient cycling and energy flow in forest
ecosystems, reflecting the relationship between forests and the environment, as well as the
essential characteristics of community structure (Brown, 2002; Poorter and Sack, 2012),
making it a core research area in forest ecosystem studies (Johnsen et al., 2001). Various
factors, including stand structure, climate, topography, and soil chemical properties, influence
tree growth, adaptability, and ultimately, forest productivity (Johnsen et al.,, 2001; Knoke et al.,
2008; Wang et al., 2013; Zhao et al., 2015). Therefore, clarifying the relative importance of each
factor’s impact on productivity is beneficial for guiding adaptive forest management.
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Stand structure, particularly stand density, significantly impacts
tree growth and productivity (Morin et al., 2011; Forrester et al., 2018;
Lu et al, 2021). Different stand densities can lead to changes in
community structure and soil environment, ultimately affecting stand
productivity levels (Han et al.,, 2023). Higher stand density often
results in intensified tree competition, as limiting space and resources
and leading to decreased productivity and increased mortality rates
(Kweon and Comeau, 2023). Additionally, tree size is an important
factor affecting productivity, with larger trees generally exhibiting
higher productivity (Yang et al., 2022; Zhang J. et al., 2022). This is
attributed to medium-and large-diameter trees being more adept at
occuping environmental resources compared to smaller trees, thereby
positively impacting tree growth and resulting in higher productivity
(Gersonde et al., 2004; Wright et al., 2014; Augusto et al., 2015).
However, the positive relationship between medium-and large-
diameter trees and productivity may also be influenced by stand age
and density (Canham et al., 2004; Dong et al., 2021).

Forest productivity is influenced not only by stand structure, but
also by environmental factors, including soil (Zhou et al., 2018),
climate (Li et al., 2019), and topography (Li X. et al., 2022). Nitrogen
is an essential element that limits plant growth in forest ecosystems (Li
et al., 2012), particularly in boreal forests (Du et al., 2020). Alkali-
hydrolysis nitrogen (AN) is an important indicator of soil nitrogen
pool dynamics. It directly affects forest productivity (Geng et al., 1999)
and is also considered the most effective indicator for evaluating soil
fertility (Wang et al., 2018) and stand productivity (Jones et al., 2005).
Climate directly affects forest productivity through changes in
temperature and precipitation (Lii et al, 2019). The annual
temperature range (TD), which measures the range of average daily
temperature throughout the year, reflects environmental stability (Lin
etal, 2009). TD has a significant impact on productivity (Gao et al.,
2019), as a stable living environment can mitigate the adverse impacts
of climate extremes on plants (Zhang and Lei, 2010). Moderate climate
warming and increased precipitation are beneficial for enhancing the
productivity of larch trees in northern China (Zhao et al., 2018; L
et al., 2019). Topography, in conjunction with climate and soil
chemical properties, plays a crucial role in forest productivity. In the
context of stable climate change, temperature is identified as the key
determinant of tree growth at lower elevations. However, as
temperatures rise moderately, precipitation emerges as the dominant
influence on tree growth in higher altitude areas (Li X. et al., 2022).
Slope is also significantly related to productivity, which tends to
initially increase and then decrease as the slope becomes steeper
(Zhang 7. H. et al., 2022). This pattern may be attributed to the
increased light energy received by stands on steeper slopes, promoting
tree growth (Chen and Peng, 1996). Additionally, slope is closely
linked to soil physical and chemical properties (Grimm et al., 2008).

Larch (Larix principis-rupprechtii) is a major silvicultural and
timber species in northern China, offering various functional benefits
(Ye et al,, 2018). However, larch forests currently face several issues,
including low productivity and ecological efficiency. While existing
studies primarily focus on the unilateral effects of stand structure (Xu
etal., 2023), climatic factors (Li et al., 2019), and soil physicochemical
properties (Jones et al., 2005) on larch productivity, combined effects
are less explored. Structural equation model (SEM) is a method for
establishing, estimating and testing causal models (Joreskog, 1978;
Bentler, 1980). The model involves both observable explicit variables
and potential variables that are not directly observable. To address
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these gaps, this study utilized national forest inventory (NFI) data and
selected 76 pure larch stands in Hebei Province, China. The study aims
to explore two key questions: (1) the pathways and magnitude of the
effects of various indicator of stand structure on productivity, and (2)
the relationship between abiotic factors (climate, topography and soil)
and forest productivity. The results of the study can provide a scientific
basis for the adaptive management of larch forests in northern China.

2 Study area and methodology
2.1 Study area

Hebei Province is located between 36°05” N and 42°40” N latitude,
and 113°27" E and 119°50 E longitude. It has a terrain that is high in
the northwest and low in the southeast. It has a temperate continental
monsoon climate, characterized by four distinct seasons. The annual
frost-free period ranges from 81 to 204 days and the average annual
precipitation amounts to 484.5 mm. The distribution of precipitation
follows a pattern of being higher in the southeast and lower in the
northwest, with the average annual precipitation ranging from
approximately 400 to 800 mm. In January, the average temperature
drops below 3°C, while in July, temperatures range from 18°C to
27°C. Notably, the high-altitude areas exhibit average temperatures of
—10.3°C in January and 23.4°C in July. In contrast, the low-altitude
regions report average temperatures of —4.2°C in January and 27.1°C
in July. Hebei Province has a relatively rich tree species diversity. The
main tree species include Mongolian oak (Quercus mongolica), birch
(Betula platyphylla), larch (Larix principis-rupprechtii) and so on.

2.2 Data collection

The data were obtained from the eighth and ninth NFI data. A
systematic sampling method was used in NFI, dividing the province
into a 4km by 4km grid and setting permanent sampling plots. It was
surveyed every 5years. Plot size was 20m x 30m. A total of 99 pure larch
forest sample plots were surveyed. The plot data were checked and
verified, excluding plots with incomplete data, to obtain valid plot data.
Ultimately, a total of 76 plots were selected (Figure 1). Based on data
from NFI and Forest Farm archives, the management approaches
employed in larch plantations primarily consisted of near-natural
management, structural management, and understory thinning. The
main management objective was to optimize stand structure. The
sampling plot data included tree measurement factors such as DBH, tree
height, volume, elevation, stand age and dominant species (Table 1).

2.3 Environmental factors

To obtain temperature and precipitation data for the 76
sampling plots, the high-resolution climate model ClimateAP
(Wang et al., 2016) was employed. This model utilized the latitude,
longitude, and elevation data to generate the bioclimatic data.
Additionally, GIS interpolation analysis method was applied to
generate DEM based on vector data of contours and rivers in the
study area. Subsequently, slope raster data with a resolution of
30mx30m were extracted from the DEM. The soil data were
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FIGURE 1
Distribution of sample plots of larch in Hebei Province.
TABLE 1 Basic conditions of the sampling plots.
Items Variable name Code Range Mean Standard deviation
Diameter at breast height (cm) DBH 5.0-30.9 12.1 5.09
Stand
Stand density (tree - km™2) 267-3,383 2068 778.21
structure
Age (a) 11-36 21 6.75
Topographic Slope (°) 0-27 8 7.53
factors Elevation (m) 670-2,120 1,534 318
Total phosphorus (g - kg™) TP 0.04-0.10 0.07 0.02
Alkali-hydrolysis nitrogen (mg - kg™") AN 57.39-274.00 183.48 70.83
Soil factors Available potassium (mg - kg™) AK 47.85-347.78 172.90 52.59
Available phosphorus (mg - kg™") AP 2.40-16.29 9.38 4.46
Potential of hydrogen pH 6.3-8.4 6.8 0.50
Climatic Mean winter snow (mm) PAS 14.80-89.67 57.81 17.55
factors Annual temperature range (°C) TD 32.26-37.00 35.38 0.65

mainly sourced from the soil feature dataset (Shangguan et al,
2013) with a spatial resolution of 30 arcsec. This dataset contained
comprehensive information on commonly used soil physiochemical
properties. A raster dataset of 12 soil factors was generated for the
study area. In total, 17 environmental factors were initially selected,
encompassing two climatic factors, three topographic factors, and
12 soil factors. Considering comprehensively, all environmental
factors were resampled at 30 m x 30 m resolution.

To reduce the inter-correlation among environmental indicators
and identify environmental factors significantly affecting stand
volume growth (SVG), Pearson correlation analysis was performed on
17 environmental factors, three forest structure indices, and
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SVG. Finally, 10 variables with low intercorrelation (|r] <0.7) and a
significant impact on SVG (p <0.05) were selected to build a linear
regression model (Figure 2).

2.4 Calculation of productivity

The volume of each tree was calculated using its DBH and H,
while the stand volume was determined by summing the volumes
of all trees in each plot. Stand volume growth was then calculated
as the difference between two consecutive measurements. Only
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FIGURE 2
Relationship between In (SVG) and environmental factors. AN, pH, AK, TP, AP, PAS, and TD denote alkali-hydrolysis nitrogen, potential of hydrogen,
available potassium, total phosphorus, available phosphorus, mean winter snow and annual temperature range, respectively. *p <0.05 and **p <0.01.

living trees that were remeasured at least once during both periods
were included (Tian et al., 2022); thus, stand volume growth refers
to living trees in a specific permanent plot. Therefore, SVG was used
to quantify periodic annual increment of living stem volume in each
plot and as an indicator to assess productivity, which was calculated
based on Eq. | and Eq. 2:

v =0.000053403288 x DBH!-3080721 ; fy1.0724207 (1)
SVG; = (V(i,j)t - V(i,j)t—T) /T 2

where SVG,; is the periodic annual increment of living stem
volume in the ith sample plot (m*a™"), v is the stem volume of an
individual tree (m?®); DBH is the diameter at breast height of a single
tree (cm); H is the tree height of a single tree (m); (i) and V(i )T are
the living stem volume of an individual tree at plot, at time ¢ and
t—T years (m?); T'is the study period.

2.5 Construction of the linear regression
model

Before conducting the regression analysis, the response variables
were log-transformed to ensure normal distribution. The explanatory
variables were standardized using the Z-score method. Multicollinearity,
which can affect the explanatory and predictive power of variables, was
assessed using the variance inflation factor (VIF). A VIF value below 10
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was considered to ensure that there was no multicollinearity among the
variables (Fox and Monette, 1992; Fox, 2008).

The response variable used in this study was SVG. Explanatory
variables included factors related to stand structure, topography, soil
chemical properties, and climate variables. A linear regression model
was constructed using SVG as the response variable, and the
importance of each indicator was evaluated using the relative weight
indicator (RW). The RW indicates the contribution of each indicator
to the model’s R, considering both its individual contribution and its
joint effect with other variables (Johnson, 2004; LeBreton and
Tonidandel, 2008). The importance of these predictors in the
regression equation was determined through a transformation process
that yielded a set of orthogonal variables corresponding to each
predictor. The relative weight (&J,) was calculated according to Eq. 3
(Li et al, 2019). The regression weight vector () of the correlated
orthogonal variables and the target variable, and the regression
coefficient matrix (I) were obtained. By calculating the squares of the
elements in fand I (i.e., ﬁ,g and l’%k), the relative weight (&) of the
first variable could be determined.

@1 =2 BL +A5B3 + o+ A B (3)

2.6 Structural equation model construction

SEM is a statistical technique that assesses direct and indirect
effects between variables, tests the statistical significance of the
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FIGURE 3

SEM conceptual model of the effects of stand structure and environmental factors on SVG.

model, and provides an accurate description of the data (Sande
et al, 2017). In this study, SEM was constructed to analyze the
relationships between stand structure, soil chemical properties,
climate, topographic variables, and larch SVG (Figure 3). Based on
the linear regression model and RW analysis, variables with higher
RW were selected for inclusion in the SEM. The SEM was fitted
using the maximum likelihood method. The model’s accuracy was
evaluated using the chi-square freedom ratio (y*/df), comparative
fit index (CFI), root mean square error of approximation (RMSEA),
and p-value (Howard, 2013). Generally, y*/df value of 1-3 is
considered acceptable, while CFI >0.9, RMSEA <0.08, and p > 0.05.
The standardized coefficients of each pathway in the model were
utilized to quantify the relative importance of different factors
affecting larch SVG. This indicator allowed for the quantification
of the direct, indirect and total standardized effects of each variable
on the larch SVG (Edwards and Lambert, 2007).

2.7 Statistical analysis

One-way ANOVA was used to compare the differences in SVG
among different stand structures and environmental factors. SEM was
employed to demonstrate the coupling effects of various indicators on
productivity. All the above analyses were performed using R 4.2.2 (R
Development Core Team, 2023).

3 Results
3.1 Relative importance of variables

A linear regression model was constructed for each indicator and
SVG (Figure 4A). The relative importance of each variable was
determined based on the relative weight in the linear regression model
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(Figure 4B). The following factors with larger RW were selected and
included in the SEM: Two stand structures (density, DBH), one soil
factor (AN), two climate factors (PAS, TD), and one topographic
factor (slope).

3.2 Effect of stand structure and
environmental factors on SVG

Stand density and DBH significantly influenced SVG (p < 0.05).
Specifically, SVG showed a significant decreasing trend with
increasing stand density. Conversely, SVG exhibited a significant
increasing trend with increasing DBH. SVG increased significantly
with increasing slope, reaching its maximum at 21-30° (p <0.05).
SVG decreased significantly with increasing soil AN content
(p <0.05). SVG at precipitation accumulation of 60-89.99 mm was
significantly greater than that at <59.99 mm (p <0.05). Additionally,
the SVG in the temperature range of 32-33.99°C was significantly
higher than that in the range of 34-35.99°C (p<0.05) (Figure 5).

3.3 Structural equation model

The SEM was constructed using selected parameters (Figure 6).
The »*/df, CFI, RMSEA, and p-values of the SEM were 1.716, 1, 0.012,
and 0.190, respectively, indicating the predictive results was acceptable.
The model showed that all the variables together accounted for 32.6%
of the variation in larch SVG. Stand density had a negative influence
on SVG, indicated by a path coefficient of —0.260, while DBH
exhibited a positive correlation with SVG, with a path coefficient of
0.180. Stand density had a more significant direct and indirect effect
on SVG than DBH (Figures 6, 7A). Among the climate factors, TD
was negatively correlated with SVG, represented by a path coefficient
of —0.065. PAS had a positive effect on SVG, with a path coefficient of
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FIGURE 4
Results of multiple regression model selection. (A) The effects of stand structure, climate, soil and topography indicators on SVG. (B) The relative
weights of each indicator.
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FIGURE 5
Differences in SVG under different stand densities (A), DBH (B), slope (C), AN (D), PAS (E), and TD (F). Different lowercase letters indicate significant
differences among indicators (p < 0.05).
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FIGURE 6
Results of SEM analysis of the effects of stand structure (stand density and DBH), topography (slope), climate (PAS and TD), and soil chemical properties

(AN) on SVG in larch forests. The values next to the arrows are standardized path coefficients with corresponding statistical significance. R? indicates
the total variation in the dependent variable explained by the combined independent variables. ***p < 0.001. In the figure, the solid line indicates a
significant effect, the dashed line indicates a non-significant effect, and the thickness of the line indicates the size of the standardized coefficient.
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FIGURE 7
Direct, indirect and total effects of stand structure (stand density and DBH), topography (slope), climate (PAS and TD), and soil chemical properties (AN)
on SVG of larch (A) and the total relative contribution of each factor to SVG (B).

0.200. Furthermore, PAS had a higher positive effect on SVG 4 Discussion

compared to TD (Figures 6, 7A). While slope did not have a direct

effect on SVG, it exerted an indirect influence by affecting soil AN~ 4.1 Relationship between stand structure
(Figures 6, 7A). AN had a negative relationship, with a path coefficient ~ and pI’Od UCtiVity

of —0.279 (Figures 6, 7A). Stand density and AN had the largest

contribution to SVG, followed by DBH, PAS, slope, and TD in pure This study found a significant negative correlation between
larch stands (Figure 7B). productivity in larch forests and stand density within a given range,
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irrespective of abiotic factors. These findings are consistent with
previous studies (Magruder et al., 2013; Tun et al., 2018). Lower stand
density reduces competition among individual trees in the stand
(Dong et al,, 2021) and allows for increased resources allocation to
individual tree, thereby enhancing stand productivity. However,
excessively low stand density can lead to stand structure damage, soil
erosion, and detrimental effects on tree growth (Powers et al., 2010).
In addition, the impact of stand density on productivity was also
affected by the soil physicochemical properties and tree size.
Excessively high or low stand densities can cause soil degradation and
acidification, adversely affecting the normal growth of trees (Zhao
etal, 2019). Different stand densities can lead to distinct patterns of
tree DBH distribution (Forrester, 2019), which can have either positive
(Danescu et al,, 2016) or negative (Bourdier et al., 2016) effects on
productivity. Similar results were obtained in this study, that is, stand
density exhibited a significant negative correlation with pH and DBH
(Figures 2, 6).

Tree size, generally represented by DBH, served as an
important indicator of productivity. The results of this study
demonstrated a significant positive correlation between DBH and
larch productivity. These results align with the findings of Bordin
etal. (2021), indicating a positive correlation between DBH and
productivity. This relationship can be attributed to the vertical and
horizontal stratification structure within the canopy layer, which
allows larger trees to occupy dominant positions and gain more
access to light, water and nutrients. Consequently, larger trees
exhibit enhanced competitive abilities, leading to increased stand
productivity (Bordin et al., 2021). However, it has also been found
that larch productivity shows a trend of increasing and then
decreasing with increasing DBH (Hui et al., 2012). This
phenomenon may be attributed to previous studies considering the
effect of stand age on productivity, as the positive relationship
between tree size and productivity diminishes with increasing
stand age (Canham et al., 2004; Zhao et al., 2015). In this study,
stand age was not included in the SEM as its contribution to
productivity was significantly lower than that of stand density and
DBH. Moreover, large trees can positively influence carbon
sequestration through the regulation of above-and below-ground
resource allocation, facilitated by abundant roots and branches
(Luyssaert et al., 2008; Lutz et al., 2012). In northern China, larch
forests serve as major potential carbon sinks and play an important
role in timber production. Therefore, studying these important
stand structures can provide valuable insights for forestry
production and sustainable forest management.

4.2 Relationship between abiotic factors
and productivity

Temperature and precipitation are crucial climatic indicators that
significantly influence productivity (Ratcliffe et al., 2016; Schaphoft
et al, 2016). In this study, two climate factors, PAS and TD, were
selected and analyzed through correlation analysis and SEM to explore
their relationship with productivity and the underlying mechanisms.
The results showed that PAS had a positive impact on productivity,
consistent with previous studies (Cui and Xiang, 2017). This positive
relationship can be attributed to the contribution of sufficient snowfall,
which provides abundant water supply to plants during the warming
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period when snow melts, thereby promoting an increase in
productivity (Kholdaenko et al., 2023). This interpretation is indirectly
supported by the finding that isolated precipitation treatments lead to
a significant reduction in productivity (Zhong et al., 2016). On the
other hand, TD was significantly negatively correlated with
productivity, which is consistent with earlier findings (Zhang et al,
2018). This negative relationship can be attributed to the more
pronounced seasonal temperature fluctuations associated with higher
TD values (Zhang and Lei, 2010). Higher temperature differences in
a given year can lead to extreme weather events that are unfavorable
for tree growth. Our study found that the cumulative temperature
above 5°C was higher in the plots with TD of 34-35.99°C compared
to those with TD of 32-33.99°C and 36-37.99°C. This observation
may explain the higher productivity in the former one, as cumulative
temperature is an important factor influencing plant growth and
development (Zheng et al., 2021). Additionally, the study found that
the effect of PAS on productivity was significantly higher than that of
TD. This difference may be attributed to the study area’s high-altitude
nature, where precipitation plays a dominant role in affecting tree
growth (Li X. et al,, 2022).

Soil chemical properties are essential indicators to characterize
soil fertility and have a direct impact on tree growth and forest
productivity (Zhang et al., 2019). Nitrogen content in the soil is a
critical measures of soil fertility, and the selection of key soil indicators
varies based on research objectives. Previous studies have suggested
that temperate forests are primarily limited by nitrogen supply (Fyllas
et al., 2009; LeBauer and Treseder, 2008). In this study, after a
comparative analysis of variables, AN was chosen as an indicator to
assess its impact on productivity. The results showed a significant and
negative relationship between productivity and AN. This negative
correlation could be attributed to the adverse spillover effects of high
AN content on other soil factors. For instance, an excessive amount of
AN may lead to soil acidification and the dilution and loss of other
trace elements, adversely affecting tree growth and ultimately decrease
productivity (Fan et al., 2007). Previous nitrogen deposition
experiments indirectly support this conclusion, suggesting that an
overabundance of nitrogen in the soil could reduce AP and hinder the
mineralization of soil organic matter (Cai et al., 2016), thereby
impacting tree growth. However, it is worth noting that research by
Zhou et al. (2005) showed a positive correlation between soil AN
content and productivity, while studies by Gower and Son (1992) and
Gower et al. (1993) found no correlation between productivity and
AN. These findings diverge from the results of the current study,
possibly due to differences in forest types, soil types, and geographical
gradients across various studies. Additionally, the widespread high
AN content in the study area may exert negative impacts on the soil,
inhibiting tree growth and leading to a negative correlation between
AN and productivity.

The effect of slope on productivity was investigated in this
study, revealing no significant direct relationship between slope and
larch productivity in Hebei Province. Instead, slope primarily
influenced productivity indirectly by affecting AN (based on direct
effects). Nonetheless, a positive correlation (based on total effects)
between slope and productivity was observed, as shown in the
linear regression model and correlation analyses presented earlier.
The study found that the highest productivity occurred on slopes
between 20° and 30°. This finding is consistent with previous
findings. For instance, Zhang 7. H. et al. (2022) and Tian (2018)
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reported optimal slope ranges for larch productivity between 20° to
27° and 21° to 30°, respectively. Both studies showed that tree
growth is markedly inhibited on slopes exceeding 30°. The
suppression of productivity on steeper slopes may stem from several
factors. Up to a slope of 30°, increased slope enhances sunlight
exposure in the canopy, thereby augmenting the trees’ capacity to
absorb and fix CO, (Chen and Peng, 1996), which in turn boosts
tree productivity. Conversely, flat terrains lead to shading and
waterlogging issues, while steep slopes cause soil erosion and
reduced soil fertility, both detrimental to tree growth. Additionally,
while some studies (e.g., Li et al., 2016) have reported larch
productivity decreasing with increasing slope, our findings differ,
possibly due to lower altitude and higher temperatures at previous
study sites, mitigating thermal variations’ impact on tree growth.
However, the growth-limiting effects of thinning soil layers and soil
erosion due to increased slope are still significant and evident.

5 Conclusion

In this study, the relationship between stand structure, soil
chemical properties, climate, topography, and larch productivity was
explored using a structural equation model based on NFI data in
Hebei Province, China. The SEM model indicates that in pure larch
forests, AN has the highest impact on productivity, followed by stand
density, PAS, DBH, TD, and Slope (based on direct effects). However,
when considering the interactions among these factors, the results
differ, with stand density having the highest contribution, followed by
AN, DBH, PAS, Slope, and TD (based on total effects). This suggests
that the effects of various factors on productivity in larch forest
ecosystems are not simply positively or negatively correlated, but
rather involve a combination of multiple factors with direct or indirect
relationships, as well as facilitative or inhibitory effects. Therefore, the
application of SEM provides a deeper understanding of the
relationships between these factors, offering a theoretical foundation
for enhancing forest productivity and formulating management
strategies. However, the study has certain limitations due to the
selection of representative factors from stand structure, soil properties,
and climatic factors, potentially overlooking the roles of other factors.
Consequently, further analysis of the interactions among the
remaining indicators and their interplay with productivity is
highlighted as a key area for future research. In practical forestry
production, it is essential to consider the interplay between stand
structure, climate, soil chemical properties, topography, and stand
growth. Implementing appropriate management approaches, such as
controlling stand density conducive to tree growth and applying
appropriate fertilization, can significantly enhance the productivity of
larch in Hebei Province.
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