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摘  要：【目的】确定东北地区白桦预测不同高度直径和材积的最优削度方程，以弥补该地区没有白桦削度方程的不足。【方法】以伊勒呼里山北坡西北部立地亚区253株白桦伐倒木3 795对直径/高度数据为基础，基于林业上广泛应用的8个削度方程，利用SAS软件的非线性回归SUR法对方程进行拟合。使用一阶连续自回归误差结构模拟方程误差项并解释空间自相关，采用条件数评价方程多重共线性，选择确定系数（R2）、均方根误差（RMSE）、平均误差绝对值（MAB）和相对误差绝对值（MPB）作为方程评价指标，运用拟合统计量、直径和材积残差分布的箱式图和检验统计量进行削度方程的综合比较。【结果】 1）从各削度方程拟合统计量来看，Kozak（2004）-2、Fang等（2000）和Max等（1976）方程排在前3位，Sharma等（2001）方程表现最差；2）基于直径和材积残差分布的箱式图，Kozak（2004）-2、Fang等（2000）、Max等（1976）和Bi（2000）方程在预测直径和材积时误差较小且具有相似的等方差分布，Sharma等（2001）、Sharma等（2004）、Sharma等（2009）和Kozak（2004）-1等方程具有较强的方差异质性；3）模型检验证实 Kozak（2004）-2、Fang等（2000）和Max等（1976）方程表现较好，Kozak（2004）-2 削度方程在预测直径和材积方面表现出一致性，且优于其他削度方程。【结论】根据模型拟合和检验统计量、图形分析和条件数，Kozak（2004）-2 方程被推荐用于预测东北地区白桦不同高度的直径、总材积和商品材积。
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Abstract: [Objective] Stem taper functions are important components in forest management and planning systems. Currently, there is no taper function for Betula platyphylla in northeast China, therefore, it is necessary to develop the taper function for this species. Eight commonly used taper functions in forestry were compared to evaluate which provided a better prediction for diameter at a specific height and total volume for Betula platyphylla in northeast China. [Method] The data used in this study were collected from 253 destructively felled sample trees with 3795 diameter/height measurements in the northwest of the northern slope of Yilehuli Mountains of northeast China. A first-order continuous autoregressive error structure was used to model the error term and account for autocorrelation. Multicollinearity was also evaluated with condition number. Coefficient of determination(R2), Mean absolute bias(MAB), root mean square error(RMSE), and mean percentage of bias(MPB) were selected as evaluation criteria of models. Comparison of the taper models was carried out using goodness-of-fit statistics, box plots of diameter and volume residual distributions, and validation statistics. [Result] 1) In terms of model fitting statistics, the models of Kozak(2004)-2, Fang et al. (2000) and Max et al. (1976) were the top three models. The model of Sharma et al. (2001) showed the poorest performance. 2) Based on the box plots of diameter and volume residuals, the models of Bi(2000), Max et al. (1976), Kozak(2004)-2 and Fang et al. (2000) are more accurate in diameter and volume prediction with smaller errors and almost similar residual diameter and volume distribution. The models of Sharma et al. (2001), Sharma et al. (2004), Sharma et al. (2009) and Kozak(2004)-1 have non homogeneous distribution of the diameter residuals along different sections of the stem. 3) Model validation also confirmed that Max et al. (1976), Kozak(2004)-2, and Fang et al. (2000) showed better performance. In general, the model of Kozak(2004)-2 showed consistent performance and was superior to other taper models in predicting diameter and volume. [Conclusion] Based on the evaluation statistics of fitting and validation, graphic analysis, and condition number, the model of Kozak(2004)-2 was recommended for estimating diameter at a specific height, total volume and merchantable volume for white birch in Northeast China.
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Taper models are one of the essential component in current systems of forest management and planning (Heidarsson et al., 2011). Recently, the estimation of tree volume by using taper equations has gained popularity. As reported in previous studies, taper functions are a valuable tool to estimate the tree contents for a wide range of products. Taper models, owing to their flexibility, are extensively applied in forest inventories to estimate diameter and merchantable stem volume. Merchantable stem volume is of greater concern since it enables the classification of timber products by merchantable dimensions. Additionally, it was indicated by Li et al. (2010) and de-Miguel et al. (2012) that taper equations stay ahead of existing volume tables in volume estimation. This benefit is attributed to the ability of taper functions to predict the diameter (over bark or inside bark) accurately at any height along stem. As a result of which, calculation of merchantable volume for any required specification is easily made possible. Besides the prediction of timber volume availability (Zhang et al., 2006), stem taper as a regressor variable, has also been applied to determine the number of growth rings in cross section (Wilhelmsson, 2006) and to evaluate the correct sampling design for the collection of stem diameter data (Newton et al., 2008). 
White birch (Betula platyphylla) is extensively distributed in northeast China. Currently, there is no taper function for this species in northeast China. A practical stem taper equation is required to estimate wood volume of white birch. Objectives of this study were to evaluate selected existing taper functions and to develop a taper equation for the prediction of diameter, total volume and merchantable volume of white birch. 
1  Materials and methods
1.1 Data

Data used in this study were collected from uneven-aged white birch stands in the northwest of the northern slope of Yilehuli Mountains of northeast China. A total of 253 trees covering the existing range of stand conditions and densities were selected for destructive sampling. Before felling, diameter at breast height (D, 1.3 m above ground level) was measured for all trees. Summary statistics for tree diameter and total height are shown in Tab.1.
Tab.1 Descriptive statistics for fitting and validation sample trees of white birch

	Data 
	Variable
	No of trees
	Mean
	Min.
	Max.
	SD

	Fitting
	D
	191
	18.18
	5.0
	43.8
	8.26

	
	H
	191
	17.25
	7.9
	24.1
	3.92

	Validation
	D
	62
	16.84
	5.2
	36.3
	8.00

	
	H
	62
	15.77
	8.5
	22.1
	3.09


D=diameter at breast height over bark; H=total tree height (m).

1.2 Methods
1.2.1 Functions selected for comparison
Eight commonly used taper equations were selected. These models belong to the categories of simple taper function i.e. Sharma et al. (2001), segmented taper functions i.e. Max et al. (1976), Fang et al. (2000), and variable form taper functions i.e. Bi (2000), Kozak (2004)-1 and 2, Sharma et al. (2004), Sharma et al. (2009). Mathematical expressions of these models are presented in Tab.2.
Tab.2 Analyzed taper functions

	Model
	Expression

	Sharma et al.(2009)
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	Max et al.(1976)
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I1=1，if q ≤ a1;0 otherwise  I2 =1, if q ≤ a2; 0 otherwise


D, breast height diameter (cm); H, total tree height (m); h, height above ground level (m); d, diameter outside bark (cm) at height h (m); a0-a2, b0-b8,  p1, and p2 are the parameters to be estimated; q= h/H; t = 1.3/H; Z =( H-h)/H；m = 0.01; X = (H-h)/(H-1.3).

1.2.2 Model evaluation

Two goodness-of-fit statistics were used: coefficient of determination (R2) and root mean square error (RMSE). Mean absolute bias (MAB), root mean square error (RMSE), and mean percentage of bias (MPB) were used for validation. The expressions of these statistics are as follows:
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 are the measured, predicted and average values, respectively, n is the number of observations. 
2 Results
Initially, taper functions were fitted with non-liner least squares method and autocorrelation was not taken into account. An example of observed autocorrelation in the model of Kozak (2004)-2 is given in Figure 1 (first row). As expected, a strong positive autocorrelation was observed. After a first order continuous autoregressive error structure CAR(1) was incorporated into the model of Kozak (2004)-2, no obvious correlation trend was observed, indicating that autocorrelation can be reduced through CAR(1) (Fig.1, second row). 

[image: image14.emf]
Fig.1 Lagged residuals for the Kozak (2004)-2 model fitted without considering the autocorrelation parameters (first row), and using continuous-time autoregressive error structures of first order (second row).

Tab.3 Goodness-of-fit statistics, rank of models, and condition number of taper models
	Models
	RMSE
	R2
	Rank
	CN

	Bi (2000)
	1.528 7
	0.971 1
	1.667
	113.4 5

	Sharma et al. (2001) 
	1.885 1
	0.955 9
	8.000
	1.000 0

	Sharma et al. (2004)
	1.578 6
	0.969 1
	2.527
	1.800 0

	Sharma et al. (2009) 
	1.528 2
	0.971 1
	1.662
	8.904 8

	Max et al. (1976) 
	1.495 6
	0.972 3
	1.123
	274.69

	Kozak (2004)-1
	1.630 6
	0.967 1
	2.905
	30.220

	Kozak (2004)-2 
	1.488 7
	0.972 6
	1.000
	77.830

	Fang et al. (2000)
	1.492 4
	0.972 4
	1.074
	83.083


The box plots of d residuals versus relative height classes (Fig.2) indicated that the distribution of error along the stem is not same among different taper functions. The models of Sharma et al. (2001) and Sharma et al. (2004) overestimated the diameter above 10% of relative height. The model of Sharma et al. (2009) overestimated the diameter in the middle bole section (10%-90%). The model of Kozak (2004)-1 has non homogeneous distribution of the residuals along different sections of the stem. It underestimates the middle (30%-70%) and overestimates the upper portions (>80%) of the stem. The models of Bi (2000), Max et al. (1976), Kozak (2004)-2 and Fang et al. (2000) are more accurate in diameter prediction with smaller errors and almost similar residual diameter distribution.

Tab.4 Evaluation statistics with ranking of different taper models in estimating diameter and volume

	Models
	Diameter
	
	Volume

	
	MPB
	MAB
	RMSE
	Rank
	
	MPB
	MAB
	RMSE
	Rank

	Bi (2000)
	7.428 3
	0.982 2
	1.696 9
	1.613
	
	10.102 4
	0.022 0   
	0.046 8
	2.081

	Sharma et al. (2001)
	10.713 1
	1.416 5
	2.338 3
	8.000
	
	17.913 1
	0.039 1
	0.070 7
	8.000

	Sharma et al. (2004)
	7.814 3
	1.033 1
	1.714 9
	2.180
	
	10.621 4
	0.023 1    
	0.048 1    
	2.445

	Sharma et al. (2009)
	7.331 8
	0.969 4
	1.656 9
	1.358
	
	16.236 0
	0.035 4    
	0.066 7    
	6.817

	Max et al. (1976) 
	7.294 0
	0.964 4
	1.605 2
	1.143
	
	9.980 1 
	0.021 7
	0.047 1
	2.039

	Kozak (2004)-1
	8.463 2
	1.119 0
	1.811 4
	3.342
	
	8.771 7
	0.019 1
	0.041 8   
	1.000

	Kozak (2004)-2
	7.185 3
	0.950 0
	1.651 9
	1.148
	
	9.653 0
	0.021 0
	0.045 5
	1.745

	Fang et al. (2000)
	7.249 5
	0.958 5
	1.634 9
	1.179
	
	10.078 3
	0.022 0
	0.046 4
	2.043


3 Discussion

Numerous taper functions have been developed for many species. However, stem taper models for white birch have not been developed in Northeast China. In the present study, a total of 8 commonly used stem taper functions from three groups (simple polynomial, segmented and variable form taper functions) were fitted to estimate the stem diameter and total volume of white birch. Autocorrelation and multicollinearity were considered in model fitting process. It should be noted that inclusion of autocorrelation was to improve the interpretation of statistical properties of taper models. There was no substantial difference between the estimation of the models fitted with and without autocorrelation. Multicollinearity is not a decisive factor for selecting a best taper model, however, models with lower CN should be preferred (Kozak, 1997).

4 Conclusions

In this study, a taper equation for white birch in northeast China was developed to estimate diameters at any position along the stem, total and merchantable volume. A total of eight well-known taper functions were evaluated: simple taper function of Sharma et al. (2001), the segmented taper functions proposed by Max et al. (1976) and Fang et al. (2000), the trignonmetric and variable form taper functions proposed by Bi (2000), Kozak (2004), Sharma et al. (2004), and Sharma et al. (2009). It is obvious from the summary statistics and graphical analysis that the model of Kozak (2004)-2 showed the best performance followed by Fang et al. (2000) with a marginal difference in the prediction of diameters along the stem and total stem volume. Thus, the model of Kozak (2004)-2 was recommended for estimating diameter at s specific height and total volume for white birch.
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