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Abstract

:

Volume increment is one of the main concerns in forestry practice. The aim of our study was to examine the impact of factors influencing the periodic annual increment of oak. To meet our objective, we used measurement data from the national forest inventory in Poland from 2005 to 2019 for oak-dominated stands. Our study used data of 1464 sample plots with dominant oak species (Quercus sessilis Ehrh. ex Schur and Quercus robur L.) measured within the national forest inventory in Poland. We developed models explaining the dependence of the periodic annual volume increment on stand characteristics using the generalized additive model. The generalized additive model allows us to analyze each variable’s effect on the dependent variable, with all other variables fixed. We documented the effect of age, height, basal area, and relative spacing index (RSI) on the periodic annual volume increment (PAIv) of oaks in Poland. The PAIv of oaks decreased gradually as the tree aged. The dependence of the PAIv on stand density was shown through its relationship with the basal area and RSI. The developed model explained about 64.6% of the periodic annual volume increment variance.
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1. Introduction


The volume increment of stands is one of the most important indicators of forest dynamics. Knowledge of volume increment allows for forecasting and developing appropriate forest management plans [1,2]. It is also vital in the context of determining biomass production and the potential for CO2 sequestration by forest ecosystems [3,4,5,6]. Identifying how individual stand factors influence volume increment can be useful in forestry practice and is of growing importance in sustainable forest management.



Essentially, increment describes the rate at which the tree or stand increases in weight or size over a given period of time [7]. The measurements on sample plots in national forest inventories (NFIs) can provide accurate and comprehensive information on the various components of the annual increment [8]. Instead of annual measurements, periodic surveys at n-year intervals are carried out; then, the recorded increment in height, diameter, and volume must be divided by n and is called the periodic annual increment [9]. The periodic annual increment is a more realistic indicator of a tree’s capacity (or a stand’s) to grow to a given age or size. The volume increment can be influenced by environmental factors and tree characteristics [7,10]. Toledo et al. [11] demonstrated that competition from neighboring trees is an essential biological factor limiting volume growth. Some studies have shown that stand volume increases with narrower plantation spacing. However, when a certain threshold is reached, the narrow plantation spacing can decrease the volume growth rate [12]. A study on Oriental beech (Fagus orientalis Lipsky) in Iran showed that stand volume at the beginning of the measurement period and tree diameter had the greatest impact on the variation in volume increment [13]. The influence of these on forest growth, productivity, and biodiversity can be important for sustainable forest management [14,15]. Periodic change in volume is the foundation of many forest growth and productivity models [8,10,13,16,17,18] and is necessary for determining sustainable harvests in unevenly aged forest management [2,19].



Regression analyses are often used in forest growth models to predict the response of a dependent variable to changes in the relationship with the independent variables [20]. However, due to the complex relationship between the dependent and independent variables, as well as the interaction between the independent variables in the environment, regression analysis may be limited [2,21]. Regression models often lose their ruggedness due to strong linear correlations between independent variables. In addition, regression models do not automatically take care of nonlinearities and do not work with categorical variables [22]. Among the many possible modeling methods, Aertsen et al. demonstrated the usefulness of generalized additive models (GAMs) for the prediction of a site index in Mediterranean mountain forests [23]. GAMs enable making estimates for multivariate variables using the additive approximation of the regression function by substituting the linear function of the explanatory variable with nonparametric functions. The use of a GAM allows us to analyze the effect of each individual variable on the dependent variable, with all other variables fixed. GAMs can model highly complex nonlinear relationships when the number of potential predictors is large, and it also works with categorical variables [24,25].



The Quercus genus belongs to the Fagaceae family; in Europe, 27 native species of Quercus genus have been found [26,27]. This study focused on Quercus robur L., known as pedunculate or English oak, and Quercus petraea (Matt.) Liebl., known as sessile oak. These two species occur in many sites as a major component of temperate deciduous mixed forests. The large ecological amplitude is responsible for the wide range of this species at different sites [28]. Oak is of great economic importance, and predicted changes in site conditions may increase their importance in forest ecosystems in Europe in the future [29,30].



Therefore, the aim of our study was to examine the impact of factors influencing the periodic annual increment of oak. To meet our objective, we used measurement data from the national forest inventory activities in Poland from 2005 to 2019 for oak-dominated stands. This extensive data set allowed us to analyze the relationship between the periodic annual increment and the features of oak stands. The results can extend our knowledge of how individual stand factors affect the periodic annual increment patterns for oak, which can be of significant operational and theoretical importance.




2. Materials and Methods


2.1. Sample Plot Data


The material used in this study was measurement data from the NFI activities in Poland from 2005 to 2019. The measurement period started in 2005, with a length of one inventory cycle being 5 years. The NFI measurements started in 2005. Every year, a fifth of the sample plots determined for the whole country were measured. Thus, for plots measured for the first time in 2005, the data covered three periods: The first covered 2005–2009, the next covered 2010–2014, and the third period was 2014–2019. For plots measured for the first time in subsequent years, the increment covered two incremental periods. The study used data collected from 1464 sample plots of three cycles with the dominant oak species (Quercus sessilis and Quercus robur) (Figure 1). The analyses did not distinguish between the two oak species as they are very similar in terms of growth and productivity [31]; moreover, hybrids that are difficult to assign unambiguously to either species are very common in Poland.



The sample plots were set up with an area of 200 or 500 m2. The basic properties were determined and calculated for each plot:




	−

	
Density (number of trees per hectare);




	−

	
Quadratic mean diameter at breast height (DBH), in centimeters;




	−

	
Top height (TH), calculated as the mean height of the 100 trees with the largest DBH per hectare, in meters;




	−

	
Total basal area (total cross-sectional area of trees at breast height):











  G =   π × D B  H 2    40000    



(1)








	−

	
Stand volume (V):











  V = g × h × f  



(2)




where g is the basal area; h is the height of the tree; f is the form factor, which refers to the characteristic shape of the tree and is the reduction factor of the cylinder volume to the actual tree volume. For our study, we considered the form factor functions of Bruchwald et al. [32]:


  f = 0.5441 × D B  H  − 0.0415       D B H − 3   0.9549 + 0.9439 ×   D B H − 3        



(3)








	−

	
The stand density index(SDI) was calculated by the average DBH and the number of trees per ha (N) using the Formula (4) [33]:











  S D I = N ×       D B H   25       1.605    



(4)








	−

	
The relative spacing index (RSI) was calculated as the ratio, which was expressed as a percentage, between the average distance among trees and the top height of the stand, according to Formula (5) [34,35]:











  R S I =   A S   T H   ∗ 100 =     10  4  ×    2  N ×  3          T H    



(5)




where TH is the top height of the stand, N is the number of trees per hectare, and AS is the average spacing between trees. For the estimation of AS using N, trees were assumed to be positioned on a triangular grid.




	−

	
The periodic annual volume increment (PAIv) is the volume growth rate of tree or stand over some period of time and was calculated using Formula (6) [13,16]:











  P A I v =        V   E  +  V H  −  V B     T j  −  T i     



(6)




where VE is the volume at the end of the measurement period; VH is the average volume that was harvested or died (cut and mortality) across all plots during the same period; VB is the volume at the beginning of the measurement period; Ti is the year at the beginning of the measurement period; Tj is the year at the end of the measurement period. In this study, we calculated the PAIv of stands between each measurement, with the length of the period being five years.




	−

	
The stocking index (wg) is the ratio of the actual volume of the stand to the model volume estimated using the yield tables (for the same tree species, with the same site index and age):











   w g  =    V g     V t     



(7)




where Vg is the actual volume per 1 ha; Vt is the volume per 1 ha estimated using yield tables.



The sample plots were established in oak stands with age varying from 10 to 198 years and the number of trees per hectare ranged from 20 to 2275 (Table 1). The average volume on the sample plots is 218 m3/ha and the average of PAIv is 6.90 m3/ha/year (Table 1).




2.2. Model Development


This study aimed to develop models explaining the dependence of the PAIv on the characteristics of the stand using a GAM. GAMs provide good predictability and allow analysis of a wide range of data types (qualitative and quantitative) as well as allowing us to determine the importance of the variables and their suitability for the model [24,25,36]. GAMs strike a balance between an interpretable but unbiased linear model and highly flexible “black box” learning algorithms [24,25,36]. GAMs allow us to control the smoothness of prediction functions to prevent overfitting. We can directly solve the bias/variance trade-offs by controlling the swings of the prediction functions [24,25,36].



Variables that can cause multicollinearity were detected by calculating the variance inflation factor (VIF) with helper functions for using “mgcv package” in R (Version 4.2.2, Vienna, Austria) [37]. When the predictors have absolutely no absence of collinearity, the VIF value is 1. In practice, there is usually a collinearity among the predictors. A VIF value that exceeds 5 or 10 indicates a problematic amount of collinearity [38,39,40]. Variables are evaluated with the VIF function and removed one by one, starting with the highest VIF, until all parameter estimates are significant with VIF at around 5.



The VIF for each variable can be computed using the following formula:


  V I  F   X J    =  1  1 −  R   X J  |  X  − J    2     



(8)




where    R   X J  |  X  − J    2    is R2 from a regression of XJ onto all of the other predictors.



The structure of the GAM is:


g(E(Y)) = α + s1(x1) + … + sp(xp)








where Y is the dependent variable (i.e., what we are trying to predict); E(Y) denotes the expected value; g(Y) denotes the link function that links the expected value to the predictor variables x1, …, xp; s1(x1), …, sp(xp) denote smooth, nonparametric functions.



We also used the variable importance plots (vip) function of the “vip package” in R to evaluate the significance of the variables participating in the GAM model [41]. This is a general framework for constructing variable importance plots from various types of machine learning models in R. With vip, there is one consistent interface for computing variable importance for many types of supervised learning models across a number of packages [41]. The selected variables were included in the GAM model for analysis.



In the process of building the GAM model, we used plots, coefficient tables, and the ANOVA function of the “mgcv package” in R to analyze the deviance for the GAM model to determine if any variable is a crucial term to include in the model. The model should only be as complex as necessary to describe the dataset. Therefore, to select the maximum complexity of the model and decide whether to include a given variable in the model, we used ANOVA. The ANOVA function takes the model objects as arguments and returns an ANOVA testing whether a more complex model including an additional variable is significantly better at capturing the data than a simpler model without that variable. If the resulting p-value was sufficiently low (we used the 0.05 level), we concluded that the more complex model is significantly better than the simpler model and thus favor the more complex model. If the p-value was not less than 0.05, we chose the simpler model without the additional variable.



The model performance and possible overfitting in calculating the adjusted R2 were analyzed by the use of 10-fold cross-validation. In this method, the data were randomly divided into 10 parts. Then, 9 of those parts were used for training and 1 for testing. This procedure was repeated 10 times, each time reserving a different tenth for testing. This method uses all the data for training and validation and also for estimating the prediction error [42,43]. The procedure was performed using the R language packages gam and caret [42,43]. In the last step, we evaluated the performance of the model using:



Mean absolute error(MAE):


  M A E =  1 n    ∑   i = 1  n     y i  −    y i   ^     



(9)







Root mean square error(RMSE):


  R M S E =     ∑      y i  −    y i   ^     2   n     



(10)







Adjusted coefficient of determination:


   R  a d j  2  = 1 −   1 −  R 2      n − 1   n − p − 1    



(11)




where    y i    terms are the observed values,      y i   ^    terms are the model values, n is the number of errors, p denotes the number of parameters used in the model, and R2 is the coefficient of determination.





3. Results


Incorporating all of the variables used to describe stand characteristics into the model (Table 2, variable set 1) resulted in high redundancy. The highest redundancy with the other variables was shown by the diameter. When the diameter was excluded (variable set 2), high redundancy was shown by the volume, which was excluded in the next step. In order to develop a model describing the increment, variables for which the VIF was at most around 5 were finally selected (Table 2, variable set 3).



Examining the significance of the predictor variables indicated their different influence on the PAIv of the oak stands (Figure 2).



Our results showed that the basal area is the most important variable determinant of the PAIv of oak stands. We found that with an increase in the basal area, the PAIv of oak stands substantially increased (Figure 3).



We also found clear overall effects of stand age on the PAIv. Stand age significantly decreased the PAIv of the oak stands. The average PAIv of the oak stands decreased by approximately 1.5 m3/ha/year every 20 years (Figure 4). However, in stands older than 100 years, the decrease was not so pronounced.



The next important variable determining the PAIv was the height of the oak stands. As the height increased, an increase in the PAIv was observed. The greatest increase in the PAIv was in the range of 25–38 m (Figure 5).



Our results also showed slight effects of the stocking index, relative spacing index, stand density index, and density on the PAIv of the oak stands (Figure 6). We found that the fixed-effect stocking index, relative spacing index, stand density index, and density variables were of low significance in the model (Table 3).



In order to test whether the inclusion of variables related to stand density affects growth, a comparison of the simple model with models augmented with the RSI, SDI, stocking index, and density was used. However, using ANOVA of the more complex models that included additional variables describing stand density and of the simpler models without this variable, it was found that the models with the SDI, stocking index, and density variables were not significantly better at capturing the data. Only the addition of the RSI variable significantly increased the predictive ability of the model (ANOVA, p < 0.05) (Table 4).



Our results demonstrated that the model developed with four predictor variables (age, height, basal area, and relative spacing index) can explain approximately 64.6% of the PAIv variability. The mean absolute error of the model (MAE) was 1.80 m3/ha/year and the root mean square error (RMSE) was 2.35 m3/ha/year (Table 5). R2 adj calculated on the basis of 10-fold cross-validation was 61.4%, suggesting model overfitting was not a concern. Also the distribution of residuals of the volume increment (Figure 7) indicates the good predictive ability of the developed model.




4. Discussion


We identified the most important factors determining the PAIv of oak. This study documented a relationship between the PAIv and the basal area, age, height, and RSI of oak stands. The developed model explained approximately 64.6% of the variance of the PAIv.



Our study showed a strong positive relationship between the basal area and the PAIv of oak stands. We also found that the PAIv of oak stands started to slow down when the basal area increased beyond 30 m2/ha. This information can be used in forestry practice to determine thinning intensity. The effect of the basal area on the volume increment has been previously reported by other authors. Allen and Burkhart [44] conducted studies on thinning loblolly pine plantations in the southeastern United States. The results-based growth–density relationships suggested that thinned stands can exhibit increased growth at relatively lower densities compared to that of an un-thinned stand on a similar site [44]. Hamidi et al. [2] demonstrated that the basal area is the most important predictor value for estimating the annual volume increment in uneven-aged mixed forests. A study on spruce plantations in Norway showed that the volume increment increases with increasing basal area up to the maximum basal area of a given site [45]. Another study in the Boreal Forest Natural Region of Alberta, Canada, also indicated a significant positive relationship between the volume increment and the basal area of white spruce stands [46]. The basal area is a useful index to help forest managers take appropriate silvicultural measures. From the point of view of the intensification of timber production in the case of oak stands, it is therefore advantageous to maintain a relatively large (30 m2/ha) basal area, which can be achieved by, among other things, less intensive silvicultural treatments. However, the problem of stand stability must be taken into account when planning treatments. This is because a high basal area leads to an increase in the slenderness and shortening of tree crowns, which can have an adverse effect on wind risk and the condition of individual trees.



Besides the basal area, we verified the significance of the RSI for the PAIv of oak stands. Saud et al. [47] used the RSI as a predictor in the growth model, showing that a quality nonlinear model with minimum information loss can be obtained. Our results showed a proportional relationship between the RSI and PAIv of oak stands; however, when the RSI value exceeded 30%, it hardly affected the PAIv anymore. Another study documented the effectiveness of using the RSI to determine thinning schedules and delineate indirectly derived survival patterns over time for young loblolly pine plantations [48]. A study by Socha et al. using NFI data for Scots pine in Poland also demonstrated a strong correlation between the RSI and volume of stands [35]. Relative spacing is therefore a measure of crowding and competition in stands, relating well to a stand’s growth rate, canopy depth, and self-thinning capacity [34,35]. Relative spacing is an indicator that can be quantified and predicted in the future. Thus, it is essential for planning and determining when to take future management actions for stands.



Our results confirmed the high significance of age for the PAIv, which is in line with other studies on the effect of age on the growth increment. These results could be explained by trees undergoing physiological changes as they age, including lower rates of photosynthesis, reduced efficiency in transporting water, and shifting carbon sources to different parts of the tree [49,50,51,52,53,54]. Yang et al. [55], through regression analysis, proved that forest age is one of the most important factors affecting growth. Research conducted in a primary forest in Heilongjiang province, northeastern China, found that forests have a faster growth rate at a young age and decrease after reaching a maximum [56]. Another study in the eastern United States demonstrated that black oak in older age classes grows much more slowly than younger black oak throughout the lives of these older trees [54]. The results of a study on oak forests in the Eastern Carpathians also showed similar results for the decline in biomass with age [57]. A study in mixed stands (pine/oak) in the Netherlands noticed a decline in the PAIv with age in each species [58]. Moreover, Stimm et al. [59] showed that the stand age variable has a negative effect on the PAIv of oak in both monospecific and mixed oak stands (Quercus petraea and Quercus robur). The high importance of age for the PAIv should be an important guideline in forest management for optimization the potential of forests for timber production. However, the inhibition of the PAIv should also be an important signal in the context of exploiting the potential of forests for climate change mitigation and carbon sequestration in forest ecosystems.



Tree height is the most dynamic biometric features due to its sensitivity to the environmental changes and silvicultural treatments. The volume increment varies depending on the tree height and height increment [7,9,20,60,61]. Our results demonstrated a positive relationship between height and the PAIv. In forest management practice, information about stand height is often used due to the facility of data collection and high accuracy under application of modern methods [51,62,63,64]. Therefore, stand height can be commonly used as a good proxy for predicting the PAIv. RSI and stand height can be determined using remote sensing data such as airborne laser scanning point clouds [35]. Therefore, the relationship of volume increment with RSI and stand height documented in our study can be used in the remote sensing determination of volume increment of oak stands. In addition, the change in height growth trends is a good indicator of the effect of climatic and environmental changes on forest conditions. Thus, establishing a relationship between height and the PAIv can provide additional insight into the importance of climatic and environmental factors in shaping tree growth.



In addition to the basal area and RSI indicators, researchers also use other indicators to assess the competition level of the trees in a stand. A study on Norway spruce and European beech proved a relationship between the SDI and periodic annual increment. When the SDI is reduced in young stands, periodic annual increment follows a unimodal curve, while in older stands, it follows an increasing pattern [65]. Allen and Burkhart [44] showed that the relationship between the periodic annual increment and SDI increases at low to mid-densities, but the benefits of increasing density gradually decrease at higher densities. Another study using Spanish NFI data demonstrated that the maximum volume increment of oak occurs at the maximum stocking index [66]. In our study, we also evaluated the effect of density, SDI, and stocking index on the PAIv of oak stands. Our analyses showed that when the RSI is included, the SDI does not increase the significance of the model, so the SDI was excluded from the final version of the model.



The influence of tree characteristics on periodic annual tree increment trends is useful for understanding stand growth. Knowing the contribution of each factor to the size of the PAIv during tree development provides information for silvicultural work to stimulate the volume increment. In our study, we did not analyze factors related to site or climate, which can also significantly affect the PAIv. Toledo et al. [11] showed that climate is the most vital driver affecting volume growth and has significant consequences for forest productivity. Baribault et al. [67] demonstrated that volume growth is also affected by irradiance, soil fertility, and topography. Therefore, future research on oak volume increment should be expanded to include analyses that additionally take into account environmental factors and genetic variation.




5. Conclusions


We documented the effect of age, height, basal area, and RSI on the PAIv of oaks in Poland. The PAIv of oaks decreased gradually as the tree aged. The dependence of the PAIv on stand density was also shown through its relationship with the basal area and RSI. The results of the study may be helpful in determining the intensity and frequency of silvicultural treatments in oak stands in order to achieve the optimal level of volume increment through appropriate regulation of basal area and density in relation to stand height and age. The volume increment of stands is one of the most important indicators of forest dynamics. The possibility of modeling the volume increment allows for forecasting forest development and is important in determining wood and biomass production and the potential for CO2 sequestration by forest ecosystems. Therefore, identifying how individual stand factors influence the volume increment is crucial in sustainable forest management.
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Figure 1. Location of 1464 NFI oak-dominated sample plots in Poland. The colors represent groups of plots measured for the first time in a given year. 
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Figure 2. Significance of the predictor variables on the periodic annual volume increment of the oak stands estimated using the variable importance method. 
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Figure 3. Partial effect of the basal area on the periodic annual volume increment of the oak stands. 
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Figure 4. Partial effect of age on the periodic annual volume increment of the oak stands. 
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Figure 5. Partial effect of height on the periodic annual volume increment of the oak stands. 
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Figure 6. Partial effects of the stocking index (a), relative spacing index (b), stand density index (c), and density (d) on the periodic annual volume increment of the oak stands. 
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Figure 7. Histogram of the residual values of the model describing the volume increment of oak as the function age, height, basal area, and relative spacing index. 
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Table 1. Basic characteristics of the sample plots.
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Variable

	
Mean

	
Minimum

	
Maximum

	
Standard Deviation






	
Predictor Variable




	
Age (years)

	
77.22

	
10.00

	
198.00

	
37.04




	
Diameter (cm)

	
32.46

	
7.06

	
86.16

	
15.42




	
Height (m)

	
22.06

	
3.50

	
38.47

	
6.97




	
Density (trees/ha)

	
632.00

	
20.00

	
2275.00

	
359.79




	
Volume (m3/ha)

	
217.86

	
0.10

	
780.90

	
152.53




	
Basal area (m2/ha)

	
17.14

	
0.59

	
47.43

	
9.09




	
RSI (%)

	
20.17

	
10.33

	
43.106

	
5.64




	
Stocking index

	
0.84

	
0.00

	
2.93

	
0.55




	
SDI

	
718.64

	
6.48

	
2479.44

	
441.04




	
Dependent Variable




	
PAIv (m3/ha/year)

	
6.90

	
0.31

	
18.39

	
3.98
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Table 2. Variance inflation factor for each predictor variable considered in the volume increment modeling.
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Covariate

	
Variance Inflation Factor




	
Variable Set 1

	
Variable Set 2

	
Variable Set 3






	
Age

	
5.70

	
4.50

	
4.29




	
Height

	
7.64

	
6.23

	
5.60




	
Diameter

	
8.21

	
x

	
x




	
Volume

	
6.82

	
6.55

	
x




	
Density

	
3.31

	
3.13

	
2.92




	
Basal area

	
1.86

	
1.84

	
1.72




	
Stocking index

	
5.31

	
5.02

	
1.14




	
RSI

	
2.03

	
1.92

	
1.89




	
SDI

	
2.43

	
2.06

	
2.03
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Table 3. Approximate significance of seven predictor variables on the periodic annual volume increment described using the GAM model.
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	Predictor Variable
	Effective Degrees of Freedom
	Reference Degrees of Freedom
	F
	p-Value





	Age
	4.441
	5.511
	70.657
	<0.0001



	Height
	2.449
	3.168
	61.930
	<0.0001



	Basal area
	4.652
	5.746
	266.957
	<0.0001



	Relative spacing index
	3.904
	4.869
	2.834
	0.0154



	Density
	1.001
	1.002
	3.526
	0.0608



	Stocking index
	1.001
	1.003
	0.779
	0.3774



	Stand density index
	1.796
	2.304
	0.100
	0.8342
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Table 4. Analysis of deviance for the periodic annual volume increment model.
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Simple Model (Number)

	
Extended Model (Number)

	
F

	
p






	
(1) Age, height, basal area

	
(2) Age, height, basal area, density

	
2.56

	
0.0330




	
(3) Age, height, basal area, stocking index

	
0.87

	
0.3355




	
(4) Age, height, basal area, RSI

	
3.12

	
0.0079




	
(5) Age, height, basal area, SDI

	
1.77

	
0.1352




	
(4) Age, height, basal area, RSI

	
(6) Age, height, basal area, RSI, density

	
2.90

	
0.0766
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Table 5. Statistical indicators of the models.






Table 5. Statistical indicators of the models.





	Indicator
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5
	Model 6





	R2-adjusted
	0.643
	0.645
	0.643
	0.646
	0.644
	0.646



	Root mean square error (m3/ha/year)
	2.37
	2.37
	2.37
	2.35
	2.36
	2.35



	Mean absolute error of the model (m3/ha/year)
	1.82
	1.82
	1.82
	1.80
	1.81
	1.80
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