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Abstract:
							                           
Estimated volume (V) in various tree component based on the model Schumacher and Hall (1933) log-transformed; i.e., Ln (Vi) =Ln(a) + b Ln(DBHi) + c Ln(Hi)*cf + ei for 9 species or species groups common to temperate forests of Northwestern Mexico are presented, including one for all pines and all oaks. A total of 1 299 trees (1 177 Pinus spp., 24 Pseudotsuga menziesii and 98 Quercus spp.) were harvested and dissected into their component parts: stumps, branches and boles. Log transformed linear regression methods were used to fit the model for three components of volume (bole, branches, and stumps). The data fit the model well and the resulting prediction equations coupled with the forest inventory data for the region project a mean (confidence interval) bole, stump, branch and total tree volume of 127.4 (5), 6.5 (0.2), 80 (3.3) and 213.9 (8.2) m3 ha-1, respectively. Large sample sizes and the economic and ecological importance of the species studied make prediction equations uniquely useful for volume estimations at the tree and stand scale using forest inventory data and for understanding the inherent heterogeneity of tree structure in dynamic temperate environments of Northwestern Mexico.



Keywords: Shank, branch, stump, volume equations, biomass expansion factors, linear regression.
		                         


Resumen:
						                           
La ecuación de Schumacher y Hall (1933) transformada al logaritmo, Ln (Vi) = [Ln(a) + b Ln(DBHi) + c Ln(Hi)]*cf ± ei se ajustó para estimar los componentes de volumen, V, de 9 especies o grupos de especies comunes a los bosques templados del noroeste de México, incluyendo una para todos los pinos y otra para los encinos. En total se cosecharon 1 299 árboles (1 177 Pinus spp., 24 Pseudotsuga menziesii y 98 Quercus spp.) y se seccionaron en sus componentes: tocones, ramas y fustes. Regresión transformada al logaritmo se utilizó para ajustar el modelo para cada uno de sus componentes de volumen. El modelo se ajustó adecuadamente y las ecuaciones de predicción resultantes junto con datos del inventario forestal para la región predicen un promedio (intervalo de confianza) de fustes, tocones, ramas y volumen rollo total árbol de 127.4 (5), 6.5 (0.2), 80 (3.3) y 213.9 (8.2) m3 ha-1, respectivamente. La fuente de datos tan amplia y la importancia económica y ecológica de las especies estudiadas hacen que las ecuaciones de predicción sean únicas y útiles en la estimación del volumen a la escala del árbol y del rodal con el uso de los datos del inventario y también para un entendimiento de heterogeneidad inherente a la dinámica estructural de los bosques templados del noroeste de México.



Palabras clave: Fuste, rama, tocón, ecuaciones de volumen, factores de expansión de biomasa, regresión lineal.
                                








Introduction


The estimations of volume in forests require adequate and reliable functions. Allometric equations describe mathematically the relationship between the volume or the biomass of the tree and other more easily measured variables, such as diameter at breast height (DBH) and/or the height (H) of the tree. There are a wide range of stem volume equations in the literature (Clutter et al., 1983; Vanclay, 1994; Husch et al., 2003) but there is less information on other volume component equations such as stump and branches of temperate trees. Contreras and Návar (2002) developed volume component equations for P. teocote trees of temperate forests of northern Mexico.

In this report, we developed allometric volume equations for nine species of temperate forests regarding branches, boles, and total aboveground, taking advantage of measurements made during an intensive study in 19 forestry communal lands (ejidos) of Northwestern Mexico. Sampled trees spanned a wide range of sizes and included the largest sizes attainable by the species. These samples are typical of today's native forests grown in the Sierra Madre Occidental mountain range of Durango and Chihuahua. Allometric equations for each component, as each harvested tree was dissected into various volume components (branches, bole, and total aboveground) were developed. These equations fitted a forest inventory data (637 plots of temperate forests) to estimate volume components with the aim to understand stand volume inherent variability. The economic and ecological value of the species studied, the uniquely large sample sizes, the breakdown of each species into morphological components, and the application to forest inventory data make this a rich data set that can provide insights into volume allocation of temperate trees and forests in Northwestern Mexico.





Material and methods




 Study site.
 This study was conducted at the community-based land ownership or ejidos of southern Chihuahua (Papajichi, Guachochi, and Caborachi) and Durango (El Tarahumar, El Tule, La Soledad, El Negro, Altares, Valle de Topia, San Miguel, Salto de Camellones, Milpas, Tambores, San Manuel de Villa Corona, San Luis de Villa Corona, San Bartolo, and Santiago Teneraca). The ejidos of Durango and Chihuahua are located in the temperate pine-oak forests of the Sierra Madre Occidental mountain range, where the mean annual temperature and rainfall are approximately 12 °C and 900 mm, respectively. Soils in upland sites are characterized by Litosols and Regosols.



 Species. 
For this report, nine tree species were chosen because they spanned a broad range of phenological and physiological traits, and are species known to distribute well in temperate pine-oak forests of the Sierra Madre Occidental mountain range of Northwestern Mexico. This mountain range boasts valuable biodiversity since twenty-three different species of pine and about 200 species of oak reside within this ecoregion. Many distinctive species have evolved as a result of the landforms, altitude, temperature and rainfall. Extensive areas of pine-oak forests occur along the eastern side of the continental divide in western Chihuahua. Along the western slope of the Sierra Madre Occidental, the climate is generally somewhat wetter with presumably milder winter temperatures, resulting in a more diverse flora with more tropical elements including Apache pine (Pinus engelmannii), Durango pine (P. durangensis), egg-cone pine (P. oocarpa), pino chino (P. herrerae), and Mexican tropical-montane oaks. Pine-oak forests are continuous with oak woodlands at lower elevations. This ecosystem is included within the concept of the Madrean Evergreen Woodland, and the pine forest has been called the Madrean Montane Conifer Forest (Brown, 1994). At higher elevations within the pine-oak zones, the pines become increasingly conspicuous and the tree density increases. In Chihuahua, the pine forest is characteristically dominated by one species of pine, usually Arizona pine (Pinus ponderosa var. arizonica) with scattered individuals or small groups of oaks, especially Gambel oak (Q. gambelii) and net-leaf oak (Q. rugosa). In Durango, P. cooperi Ornelasi dominates the overstory and Q. sideroxyla the understory of most pine forests at higher elevations.



 Samples
. Using a diameter distribution for the forest inventory of 1997 for the ejidos of Mexico’s Northwestern forests, trees were selected proportionally per diameter class until completing approximately 50 trees per ejido. Diameter at breast height was recorded using diameter tapes on standing trees. Trees were felled and diameters were measured at the base, 0.5, 1.0, 1.3, and 2.0 meters and every meter thereafter up to top height. A total of 1 299 trees were harvested for the determination of volume components: 1 177 Pinus spp, 24 Pseudotsuga menziesii and 98 Quercus spp (table 1). Pseudotsuga menziesii trees were lumped together with pine species (P. oocarpa and P. engelmannii) that have a small number of individuals to develop one equation for the group of trees called other spp.

The diameter of each species harvested surpassed 5.7 cm (P. ayacahuite) and the largest measured was 62.5 cm (Quercus sideroxylla) (table 1). Diameters over bark were recorded to 0.1 cm every meter from the base of the stem to the tip using diameter tapes. Top height was recorded to 0.1 m and measured directly on the main stem after trees were felled. Harvested trees were dissected into their component parts; branches and boles. All branches were trimmed at 50 cm of length and piled up to measure width, length and height of piles. Basal and top diameters over bark and height of stumps were recorded after felling trees. Branch volume was estimated from the ratio of dry weight of branches to branch density. Branch density was calculated by the ratio of dry branch mass to pile volume.





Table 1.
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Sample size and range of diameters of trees harvested to determine stature-biomass, volume relationships.













 Procedure for the bole and stump volume estimation.
 There are different procedures to estimate stem volume with bark of a felled tree. Nevertheless, comparisons that have been made with samples of trees noted that the conventional procedures of Smalian, Huber and Newton produce statistically similar estimators (Corral et al., 1999;
Corral and Návar, 2009) For this research we used the conventional equation of Smalian to estimate bole and stump volume of each tree.

Prediction volume component fitted an inventory data set to estimate tree and stand volume components at the stand scale using inventoried volume estimates. Data for 637 circular, 1/10 ha, plots was available for the estimation of tree volume, using the developed equations for pines and oaks. Plots distributed in 24 different properties; 20 ejidos and 4 private properties were used to calculate these components at the stand scale.

Data analysis. Data analyses were generated using SAS software (SAS, 2000). When analyzing the data, first scatter plots of volume components and the combined variable (DBH2H) were examined. In the case of suspected erroneous values, I reconfirmed field and laboratory data and all calculations. If correct, those data remained in the data set.

The Schumacher and Hall (1933) log-transformed volume equation in a multiplicative form: Ln(yi) = Ln(a) + b Ln(DBH)+ c Ln(H)+ ei, was fitted to data; where yi = volume of tree component i, DBH is the diameter at breast height, H is the top height, ei = error in estimating volume i. A correction factor, CF, that accounts for bias in the ln transformation of the data was calculated as CF = exp (MSE/2); and a, b and c are statistical parameters estimated in ln-linear regression. I then examined the fit of the data to the equation and reviewed for possible data-recording errors. Outliers, data points, two deviations off the mean of the plotted relationship between DBH2H-Vi were removed. After eliminating outliers, we again calculated the equation's parameters.

We first calculated the scaling factors for two sets of equations for each component of each species. Slopes and intercepts of all relationships were determined, as were the significance of differences among them using PROC REG (SAS, 2000). This method provides the slope and intercepts parameters and does require a correction factor to account for the presence of large biomass data or bias in the data ln-transformation (Parresol, 1993). Confidence intervals on graphed volume component equations were first computed in logarithmic form and thereafter converted to arithmetic units, as it has been previously reported by Parresol (1998).


Confidence intervals at the stand scale were calculated with the standard deviation and the number of stands (637). Therefore, calculated confidence bounds do not account for by the combined error from the sample plots with the error from the regression function, as it has been proposed earlier by Cunia (1987) and Parresol (1998).






Results


The volume component equations generally fit the data well, and in most cases, on the average more than 63% of the observed variation in component volume was explained by diameter at 1.30 m and top height (table 2). The total variance explained by the models was on the average (± standard deviation) 82% (± 18%). All equations were highly significant (p < 0.0001) for the scaling parameters, a, b and c. The value of the standard error of the dependent variable, Sy, is in the range of most allometric equations (0.089 ± 0.069 m3), between 10.08% (± 8.5%) of the mean. In general, the volume equations for branches and stumps exhibited a large variation, having large values for the Sy (0.11 and 0.012 m3, respectively) and small values for the r2 (63 and 75%, respectively).

The a, b and c values vary among the species and volume components, as was observed for biomass components early by Baskerville (1965) [6] and later by Zianis and Mencuccini (2004) [8] for allometric-biomass component equations. Parameters b and c are well related by a negative linear equation: c = 2.79 – 1.075 b; r2=0.81.

The groups of species differ in allometric relationships (figure 1). The regression lines reflect a substantial amount of inherent variation especially among large trees, resulting in few significant (p < 0.01) differences in slope among regression lines; species of oak trees have a steeper slope than species of the pine trees. A smaller range of measured top heights (4-24 m) in oak trees in contrast to pine trees (4.2-33 m) may explain the smaller slopes in branch and stump volume and the steeper slopes in bole volume (table 2). Other sources of variation could be due to determining the end of the bole or which one is the main bole after some branches protrudes the stem in oak trees.

Mean (confidence intervals) volume components at the stand scale for all 637 plots inventoried was 127 (5), 6.5 (0.02), 80 (3.3), and 213.8 (8.2) m3 ha-1, for boles, stump, branches and total aboveground volume, respectively. That is, bole, stump and branch volume accounts for by 60, 3, and 37% of the total standing, aboveground volume at the stand scale.





Discussion


The large sample size, coupled with a large variation in diameter and top height values, provides precise estimates of volume components as well as a degree of insight into the dynamics of tree allometry that would not have been forthcoming had we sampled fewer numbers of larger trees. Species-specific equations are very useful in assessing volume component estimates needed for accurate determination of linked factors such as merchantable timber, other volume products (e.g., for pulp and paper). These equations are also important to look into the allometry of volume components to be related to biomass (West et al., 1997; Niklas, 1994).

The allometric equation is a satisfactory predictor of volume since the total variation explained by the relationships was on the average above 62%, with an average of (± confidence interval) 82% (± 11%). The relationship is much stronger for trees with larger volumes (e.g., those having large volume amounts in the bole or total aboveground volume; r2 > 0.90). The branch and stump biomass components, as it is the volume of this research, are always difficult to predict with the precision of bole or total aboveground volume. Competition for light between neighboring trees may account for some of this variation; trees growing under strong competition and attaining a dominant position recorded small branch volume. On the other hand, trees growing in open spaces tended to have widespread crowns and large volume in branches in contrast to that of the bole or the stump. In stumps, the tapering of this small tree component and the stump height at which the bole is trimmed play a key role in defining the large variation presented in figure 1.

The ability to predict the volume of large woody components such as boles and total aboveground volume tends to be more stable than that of smaller, shorter-lived components such as branches. Branch volume is susceptible to inter-plant competition. In densely spaced forests, it is likely that intra-specific competition influences crown geometry and therefore the heterogeneity of branch volume from tree to tree. Because of the unusually large number of trees sampled, the equations are indicative of the degree of variation to be anticipated among nonspecific trees; breakage, reiteration, competition, and a number of other factors lead to the irregularity that is typical of species such as these.





Table 2. 
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Volume component equations for temperate pine-oak species and groups of species of Northern Mexico. All equations are in the form Ln(yi) = Ln(a) + b Ln(DBH) + c Ln(H) *exp(MSE/2). Scaling factors a, b, and c differ significantly from 0 (p < 0.01). Sx is the root mean square error (kg). The r2 is the coefficient of determination.
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Figure 1.







Examples of allometric equations developed for the fustal volume of 9 pine species distributed in the pine-oak forests of Northwestern Mexico.











The metrics most commonly used for tree allometry are diameter and height, as is evident in several forestry books and research papers (Miksys et al., 2007; Clutter et al., 1983;
Vanclay, 1994; Husch et al., 2003). Statistical fits are generally useful, enabling one to use locally developed equations with confidence for the stands from which they were derived. These equations provide mean estimates of 127, 7, 80, and 214 m3 ha-1 for boles, stumps, branches, and total aboveground, respectively for temperate, mixed (pine-oak) forests of Northwestern Mexico. Mean aboveground volume estimated in this study is larger than figures of 115 (27) m3 ha-1, for pine-oak forests of Nuevo Leon reported by Návar (2010). Gracia et al. (2004) recorded mean values of 39 m3 ha-1 of timber for Quercus ilex and Pinus halepensis forests of Cataluña, Spain.
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