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ABSTRACT 

The oak woodlands surrounding the Fort Huachuca Military 

Reservations were studied to aid in the estimation of fuelwood 

yield. Oak trees (predominately Emory oak, Quercus emoryi Torrey) 

were felled and measured for stump diameter, total height, crown 

density, crown ratio, and vigor. The data were grouped into four 

main catagories: one-stem, two-stem, multiple-stem trees, and the 

collective group of all trees. Regression analysis was then used 

to develop empirical models for predicting individual tree volume. 

The model selected predicts volume as a function of tree height and 
2 

stump diameter squared, with an R -adj. of .872 (n = 383; p = 

0.000). Qualitative measurements of crown size and vigor did not 

significantly improve regression correlations. The selected model 

was used to build a volume table for oak species on the Fort 

Huachuca Military Reservation. 



CHAPTER I 

INTRODUCTION 

Rising costs of fossil fuel and the rapid increase in human 

populations have given new incentive to the investigation of using 

fuel wood as a viable alternative to petroleum and other costly (and 

often non-renewable) energy sources. In the Southwest, and Arizona 

in particular, research has focused on a variety of organic fuel 

resources which may augment present home heating technologies. 

Approximately 8 million hectares in the state consist of forests 

and woodlands which can be classified as mixed conifer forests, 

ponderosa pine forests, pinyon-juniper woodlands, chaparral and oak 

woodlands, or mesquite shrub communities; about 726,000 hectares 

of this are oak woodlands (Tolisano 1984). 

While the role of oak as a fuel source is clear, its value 

as a food source can also be considered: Apaches relied on acorns 

as a food source and their strongholds coincided with the range of 

Quercus emoryi Torrey throughout the Southwest (Peattie 1953). Oak 

foliage is an important browse for deer and other wildlife (Lamb 

1975; Harlow 1979). 

In California, the value of oak cover for various land 

management objectives has generated considerable debate among 

resource managers and community groups (McClaran and Bartolome 

1985). Several coastal counties in that state have been concerned 

that harvesting of hardwoods would adversely affect local 

1  
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watersheds .as well as reduce the visual quality of scenic 

foothills; this resulted in the petitioning of the Board of 

Forestry to classify Quercus species as "conmercial" to bring them 

under the control of the Forest Practice Act (Walt et al. 1985). 

To cope with the need for information on California's 

hardwood resources, the State Department of Forestry and the 

University of California allocated $585,000 over a three year 

period for research projects throughout the state (M. McClaran, 

personal communication). This is intended to: 1) determine the 

effects of manipulating oaks on livestock forage and wildlife 

habitat production; 2) develop methods for regenerating oaks; 3) 

determine growth and yield of managed oak woodlands; 4) develop 

alternative strategies for managing forested wooded range so as to 

achieve desired crown cover, produce fuelwood and provide habitats 

for wildlife and livestock; 5) develop information and 

methodologies for evaluating tradeoffs, both economic and 

ecological, in the management of forested wooded range (Passof and 

Bartolome 1985). 

Several of these same research objectives have been 

addressed in the state of Arizona. Ffolliott et al. (1979) have 

investigated the supply/demand aspects of fuelwood markets in 

Arizona. Tolisano (1984) and Patterson (1980) have looked into the 

potential energy production of various vegetation types in Arizona. 

Touchan (1986) assessed Emory oak growth and yield in southeastern 
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Arizona woodlands. My study attempts to add to this existing body 

of knowledge by focusing on oak fuel wood production in the Huachuca 

mountains of southern Arizona. Volume tables, based upon data 

obtained from the Fort Huachuca Military Reservation, have been 

constructed. Land managers can then use this information in 

estimating fuel wood availability and in developing woodland 

management plans. 



CHAPTER II 

LITERATURE REVIEW 

Determination of Tree Volume 

Tree volume can be measured using a variety of techniques, 

depending upon: a) ease/speed of measurement, b) accuracy and c) 

correlation between the measure and values for which the estimate 

is desired (e.g. volume and growth) (Spurr 1952). Actual volume 

may be derived through the application of Archimedes' principle, 

where the measured volume of water displaced is equivalent to the 

cubic volume of wood immersed (Avery and Burkhart 1983). 

Traditional volume measurements focus on the main bole of 

commercial timber species, but fuel wood usage often utilizes branch 

volume, and evergreen oak species may contain the bulk of their 

wood volume in the branches (Born and Chojnacky 1985). Because of 

the mandate for sustainable yield management plans measurement 

techniques for determining the volume of the shrub-like, multiple-

stem character of oaks and other woodland tree species have been 

developed. 

Diameter, Height, and Form 

Stem wood content often is considered to be a function of 

diameter at breast height (dbh), height, and 

tree form, and can be expressed in terms of volume, weight, or 

output from a manufacturing process (Clutter et al. 1983). In 

4  
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addition to breast height (1.3 meters), diameter also can be 

measured at stump height (approximately 0.3 meters), or at the root 

collar (DRC), a common practice when measuring small, multiple-stem 

trees such as pinyon, juniper and cercocarpus (Chojnacky 1984; 

Chojnacky 1985). Tree height can be measured as total tree height, 

the linear distance from ground level to the upper tip of the tree 

crown or as merchantable tree height, which refers to the 

commercially usable portion of the stem (Avery and Burkhart 1983). 

Stem form is addressed in several ways. Taper is the 

decrease in diameter of an entire tree or section from its base to 

its tip (Husch et al. 1983). It is used to measure stem form 

through the use of form quotients, the ratios of diameters at 

specified heights to tree dbh. Taper equations can be used to 

predict stem diameter at specific heights as a function of total 

tree height and dbh, and can be used to estimate the volume of the 

stem between dbh and total height (Clutter et al. 1983). Form 

factors are the ratio of actual volume to the volume of a chosen 

solid (Husch et al. 1983). A variety of geometric forms may be 

uses; the solids most frequently used for these comparisons are: 

1) a truncated neiloid (area/4 x length) when taper tends to 

decrease, 2) a truncated conoid (area/3 x length) when taper is 

relatively constant, and 3) a truncated paraboloid when taper tends 

to increase (Avery and Burkhart 1983). 

The use of form factors or quotients can be important in 
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the estimation of wood volume from trees used as saw-log timber. 

For fuel wood harvesting, however, taper becomes a less important 

variable and, due to the time and expense in obtaining form 

measurements, is often left out of volume-prediction equations. 

Measurement of Stem and Branch Volume 

Several methods have been used to measure stem and branch 

volume. Pillsbury and Kirkley (1984) measured thirteen types of 

California hardwoods (including several species of oaks) using 

diameter tapes, a Relaskop, and qualitative values for habit class 

and stand quality. Stem and branch segment volumes were computed 

using Smalian's formula, and were summed to obtain the total volume 

for the tree. Born and Chojnacky (1985) utilized a technique 

termed "visual segmentation" to estimate the volume of pinyon pine 

and juniper. Each 2-foot stem or branch segment in a tree is 

classified into a 2-inch diameter class. After classification, 

segment volumes are computed from the segment diameter class and 

length class values using Huber's formula. Gholz (1980) measured 

stem volume of western juniper, Juniperus occidentals, by felling 

trees at ground level, dividing the stem into 1 or 2-meter 

sections, tracing the outline of the heartwood, sapwood, and bark 

on tissue paper and measuring the area with a surface area meter. 

Touchan (1986) determined the stand volume of Emory oak in 

southeastern Arizona based on stand basal area, height, and a form 

factor. 
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Computation of Cubic Volume 

Stem cubic volume can be computed several different ways, 

depending upon the physical limitations and expense imposed by the 

measurement. Three common formulas used in determining cubic 

volume which use the average cross-sectional area and length of 

each piece are: 

1) Huber's: cubic volume = B(1/2) * (L) 

2) Smalian's: cubic volume = (B + b) * (L) 
2 

3) Newton's: cubic volume = (B + 4B(l/2) + b) * (L) 
6 

where: 
B(1/2) = cross-sectional area at log midpoint 
B = cross-sectional area at large end of log 
b = cross-sectional area at small end of log 
L = log length 

(from Avery and Burkhart 1983) 

In a summary of the utility of the three formulas, Avery 

and Burkhart (1983) regard Huber's as intermediate in accuracy but 

often limited (physically) in its use, Smalian's as the easiest and 

least expensive to apply (though less accurate), and Newton's as 

the most accurate and most expensive to apply. All three formulas 

give similar results, with relative errors of less than 1%, if the 

difference between the diameters of the small and large ends of the 

stem is less than 18% of the large diameter (Cailliez 1980). 

Volume Table Construction 

Volume tables are tabulated statements or equations which 
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are used to predict the average contents of standing trees using 

such volumetric units as cords, cubic feet, board feet, or cubic 

meters (Avery and Burkhart 1983). Standard volume tables assume 

that the form of the trees used to construct the table agree with 

the form of the trees to which the table is applied and are based 

on both diameter and height. They can involve individual species, 

species groups, or various geographical localities (Husch et al. 

1982). Local tables, which predict volume in terms of diameter 

only, can be derived from standard tables for an area on the basis 

of a small sample of trees measured to determine local height-

diameter relationships (Spurr 1952). Intended for application with 

a diversity of species, composite tables may incorporate tree form 

or correction factors (developed for various species) to compensate 

for differences in stem taper and volume between species groups 

(Avery and Burkhart 1983). 

Empirical Relationships to Determine Volume 

Stem volume can be measured on randomly or methodically 

selected trees, and can be used to develop empirical relationships 

between stem volume and various dimensions of a tree that can be 

more easily measured. Once these relationships have been 

established, they can be used to estimate the volume of other 

standing trees with similar growth characteristics through the use 

of volume tables or equations (Husch et al. 1982). 

While numerous methods have been used to construct volume 
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tables since the early nineteenth century, few are in common use 

today, owing to their lack of simplicity, objectivity, and accuracy 

(Husch et al. 1982). Spurr (1952) describes several graphical 

techniques which have largely been replaced by the use 

mathematical models which describe necessary empirical 

relationships. Such relationships may be developed through 

standard regression procedures. Regression analysis is used to 

develop a quantitative relationship whereby one or a number of 

independent variables are used to predict the dependent variable of 

tree volume (Avery and Burkhart 1983). Felled trees, rather than 

standing trees, are better able to provide the necessary 

measurements of volume, height and diameter required to develop 

regression models,'and representative trees sampled should include 

a full range of diameter and height sizes (Avery and Burkhart 

1983). Husch et al. (1982) recommend several equations which can 

serve as models for the construction of volume tables (Table 1). 



Table 1. Suggested mathematical models for the 
construction of volume tables 
(from Husch et al. 1982). 

Type of 
Volume Table Model Form Equation Name 

Local 

Standard 

Standard 

Standard 

Form 

where: 

V 

D 

H 

F 

a,b,c,d 

V = aD 

V = bD H Constant form factor 

V = a + bD H Combined variable volume 

b c 
V = aD H 

b e d  
V = aD H F 

cubic volume 

diameter at breast height 

total or merchantable height 

a measure of form 

constants 



Oak Ecology 

Ericinal, or oak, woodlands are a major vegetation type in 

southeast Arizona characterized by evergreen oak species with shrub 

and/or grass understories. The predominant tree species found on 

my study site is Emory oak, with a small proportion of Arizona 

white oak, Quercus arizonica Sarg., scattered throughout the area. 

Emory oak is one of southern Arizona's most common trees, 

occupying both open savannah and narrow canyon habitats. Its range 

extends from the mountains of central Mexico north to the Mogollon 

Rim in northern Arizona and New Mexico, and east from the western 

slopes of the Pajarito Mountains, Arizona, to western Texas, where 

it grows on most of the mountain ranges west of the Pecos River 

(Phillips 1912; Peattie 1953). It is the dominant tree of the 

Arizona encinal zone, occupying upland sites, such as canyons, 

rocky hillsides and high rangelands as well as riparian habitats 

(Peattie 1953). 

While growing up to 25.6 meters tall on deep valley soils, 

Emory oak usually is found in more modest soil depths, from 1 to 4 

meters deep, where growth is markedly affected by soil depth, 

moisture availability and aspect (Miller and Lamb 1985; Phillips 

1912). 

Stand and Form Characteristics 

Emory oak woodlands have characteristic bottom stands and 

slope stands* Bottom stands are located in broad open valleys at 



elevations of 1066 to L371 meters, in narrower valleys at 1371 to 

1672 meters, and on slope bases and bench lands at elevations of 

1158 to 1672 meters. Slope stands are those located on north and 

east slopes at 1524 to 2133 meters and on south and west slopes of 

1524 to 2133 meters elevation (Phillips 1912). Miller and Lamb 

(1985) categorize Emory oak as being in the upper edge of the Lower 

Sonora Life Zone and extending up into the Upper Sonoran Life Zone 

in SAF forest types no. 239 - pinyon-juniper, no. 240 - Arizona 

cypress, and no. 241 - Mexican blue and gray oaks. 

Oaks found in narrow valleys and canyons are generally 

smaller than those found in broad valleys on areas of deep soil and 

adequate moisture, with diameters of 15 to 20 centimeters and 

heights of 6 to 10 meters (Phillips 1912). Trees occurring on 

slopes tend to be shorter and have wider crowns in proportion to 

their height; stands on north and east slopes are up to three 

times as dense as those on south and west slopes (Phillips 1912). 

Emory oaks tend to have crowns which vary according to the 

age of the tree, with younger trees having tall, oblong crowns and 

older specimens having broad, flat oval-shaped crowns (Phillips 

1912). The past season's foliage of Emory oak may be dropped in 

the spring a month before new leaves appear (Peattie 1953). The 

wood is tightly-grained, strong but brittle, hard and very heavy, 

containing 430,000 to 445,000 BTU's per cubic foot (Peattie 1953; 

Ffolliott et al. 1979). 
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Emory oak is considered valuable for wildlife food because 

of its sweet acorns, the production of which is heavily dependent 

on previous winter precipitation (Miller 1985; Pase 1969). 

Emory oaks reproduce from seed and by sprouting. The 

infrequency of oak seedling establishment indicates that required 

conditions are unusual, suggesting that reproduction by sprouting 

is more prevalent (Pase 1969). Phillips (1912) classifies oak 

sprouts into two types: injury sprouts which result from 

"accidental harm" such as grazing or fire, and stump sprouts which 

arise from the stump of a felled tree. Emory oaks sprout readily 

after fire and browsing, and are highly resistant to damage by 

pests and disease (Pase 1969). 

Management/Uti1i zation 

Phillips (1912) makes two recommendations for the 

management of Emory oak: 1) the suppression of fire in oak 

woodlands and, 2) the restriction of cutting from November to 

April, inclusive, for the best results in securing coppice 

reproduction. The US Army/Soil Conservation Service (SCS) Interim 

Report (1985) recommends a 15 to 20 percent canopy cover of oak 

woodlands to achieve a good mix of fuel wood production, wildlife 

habitat, and recreational use. Because of the sprouting nature of 

the main woodland tree species (all live oak species and alligator 

juniper), cutting cycles of 20 to 25«years on the higher 



productivity sites are possible. Touchan (1986) estimates a 

rotation age of 25 to 30 years for oaks of sprout origin, with 

trees over 25 years of age being highly susceptible to heart rot. 



CHAPTER III 

SITE DESCRIPTION 

The Huachuca Mountains lie in Cochise County, southeastern 

Arizona, approximately 130 kilometers southeast of the city of 

Tucson (Figure 1). They are part of the Mexican Highland Section 

of the Basin and Range Physiographic Province (Wallmo 1955). The 

Huachucas are one of the highest and most isolated ranges in 

southern Arizona, ranging from 1077 to 2878 meters in elevation. 

They consist of a single, southeast-northwest ridge, approximately 

40 kilometers long and 7 kilometers wide, which straddles the 

Mexican-United States Boundary near the 110th parallel and extend 

northwesterly about 32 kilometers (Wallmo, 1955; Brady and Bonham, 

1976) 

The Garden Canyon Study Site 

The Garden Canyon study site location in many respects 

represents a "typical" fuelwood cutting situation within the 24,000 

acres of oak woodlands on the military reservation (Mike 

Shaugnessey, personal communication). 

Site selection was dependent upon several factors: 

1) the site represented current fuelwood cutting areas within the 

military reservation; 2) the area should be near present cutting 

areas for ease of comparison; 3) the site excludes any 

military/civilian activities which might interfere with the present 

15 
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and future studies; 4) the site does not interfere with military 

activities. Garden Canyon was found to be a satisfactory location 

based upon the stated criteria and was thus chosen as a permanent 

study site for the collection of data concerning oak fuelwood 

production. 

Topography/Aspect 

The blocks within the study site vary in slope, with the 

average values as follows: Lower Block (6%), Upper Block (10%), and 

Hillside Block (14%). The Lower Block faces west-northwest, while 

the Upper and Hillside Blocks have a northwest aspect. All blocks 

are at approximately 1584 meters elevation (Figure 2). 

Soils, Precipitation arid Vegetation 

The soils dominating the Garden Canyon study site are 

primarily of the Huachuca-Ridgelite-Rock outcrop association with 

35 percent Huachuca very gravelly fine sandy loam, 25 percent 

Ridgelite extremely gravelly loam and about 20 percent rock outcrop 

(US Army/SCS Interim Report 1985). Huachuca soils are shallow and 

excessively drained, with the brown very gravelly fine sandy loam 

surface layer about 3 inches thick and the dark grayish 

brown very gravelly fine sandy loam subsoil about 4 inches thick. 

The underlying material is granite and schist bedrock. About 50 

percent of the surface is covered with gravel. Huachuca-Ridgelite-

Rock outcrop associations are generally characterized by 8 to 50 
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percent slopes, elevations of 1585 to 1737 meters, precipitation of 

40 to 51 centimeters annually, an average air temperature of 57 to. 

60 degrees F, and 180 to 200 frost-free days per year (US Army/SCS 

Interm Report, 1985). 

Huachuca Mountain precipitation is predominantly in the 

form of summer rain, though winter snows can influence total 

precipitation. Typically, the heaviest rains occur in July and 

August while the lightest are in April and May. A nine-year 

average for a gauge set 122 meters lower in elevation than the 

study site was 38 centimeters, with unusually wet years in 1983 and 

1984 (averaging 54 centimeters each year) (Department of the Army 

Atmospheric Sciences Laboratory 1986). 

The Garden Canyon study site contains alligator juniper 

(Ouniperus deppeana Steud.) trees which make up the majority of . 

non-oak cover. Also contributing to the variety of tree and shrub 

species found on the site are pinyon (Pinus edulis Engelm.) and 

manzanita (Arctostaphylos pungens H.B.K.). Understory plants 

include beargrass (Nolina microcarpa Wats.), datil yucca (Yucca 

baccata Torr.), and prickly and cholla cacti (Opuntia spp.). 

Huachuca Woodland Forestry 

The mountain ranges of southeastern Arizona have 

historically supplied most of the fuel wood needed by local 

inhabitants. While timber harvested from the coniferous regions of 



the Santa Rita, Chiricahua and Huachuca Mountains has been used in 

construction and mining, the majority of the lands woody resources 

(predominately encinal desert scrub vegetation) were used as fuel 

(Bahre and Hutchinson 1985). The Fort Huachuca Military 

Reservation (Ft. Huachuca) was founded in 1877. The years 1879 

through 1886 constituted the "Tombstone Bonanza" period in 

southeastern Arizona, and fuel wood consumption in the Huachucas and 

neighboring mountain ranges increased rapidly. Silver mining 

operations consumed thousands of cords of wood, some of which was 

collected from the Huachucas. In 1917 forested areas in the 

Huachuca mountains, excluding Ft. Huachuca, were put under the 

jurisdiction of the Coronado National Forest (Bahre and Hutchinson, 

1985). Fuel wood cutting for mining purposes declined on the lands 

surrounding the military reservation. Presently, the majority of 

the fuel wood taken from the Coronado Forest and military lands is 

used for domestic heating purposes (M. Shaugnessey, personal 

communication). 

The Fort Huachuca Forestry Section 

Today the Forestry Section of Fort Huachuca manages about 

9,600 hectares of woodlands and 2,160 hectares of urban forests. Of 

the former, approximately 67 percent are oak woodlands (U.S. Army 

Internal Procedure ASH-FEB 1985). Primary responsibilities of the 

woodland forestry program include; 1) maintaining the multiple-use 
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character of natural resources compatible with the military 

mission, and 2) the sustained utilization of forest products 

through sound forest management, cultural treatments and practices 

with consideration of related natural resource values. Fuelwood is 

produced by Forestry Section thinnings (trees removed for military 

excersises, safety, etc.), fuelwood sales to private fuelwood 

cutters, or commercial thinnings by professional fuelwood cutters. 

About 633 cords of wood are sold annually (U.S Army Internal 

Procedure ASH-FEB 1985). 



CHAPTER IV 

METHODOLOGY 

This study utilized a randomized complete block design, 

consisting of three blocks of five plots each, with each plot 

approximately 20 meters wide and 30 meters long. Both Emory oak and 

Arizona white oak were sampled at the Garden Canyon study site. 

Blocks were located in areas of similar site qualities, stand 

densities and topography. A total of 160 stems were cut from the 

Lower Block, 134 from the Upper Block and 182 from the Hillside 

Block. Of the 476 total, the number of stems was reduced to 384 

due to discrepancies in the field recording of data. Sample tree 

variables were of two types: quantifiable measurements and 

qualitative tree characteristics. The former consisted of segment 

diameters, segment lengths and tree height while the latter 

involved subjective values of crown ratio, crown density and vigor. 

Measurements 

Crown ratio, crown density and vigor were ocularly 

estimated using scales tabulated in Table 2. Estimates were taken 

of both the entire tree and each stem to be cut. Trees were felled 

and measurements of total height, segment length, and segment mid

point diameter were taken. 
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Table 2. Description of tree measurements. 

Variable units Measurement Description 

stump diameter 

height 

crown ratio 

cm 

cm 

% 

crown density ocular 
estimate 

1-5 

vigor ocular 
estimate 

1-5 

diameter of main stem at 
0.3 to 1.0 m; measured to 
the nearest centimeter 

linear distance from the 
base of the trunk to the 
terminal leader; measured 
to the nearest centimeter 

crown to height ratio: 
100% = crown reaches the 
ground 
50% = crown halfway down 
the stem 
0% = no crown 

an estimate of crown 
thickness: 
1 = full,no holes in 
crown 
2 = >90% crown intact 
3 = 70%-90% crown intact 
4 = 50%-70% crown intact 
5 = <50% crown/few to no 
patches of foliage 

an estimate of tree 
health: 
1 = vigorous sprouting, 
full crown 
2 = >90% crown,some 
sprouting 
3 = moderate crown,some 
yellowing of foliage 
4 = dead branches exposed, 
pronounced yellowing of 
foliage.no sprouts 
5 = pathogens present, 
more dead than live 
branches 



The total height of each felled tree was made using a tap 

measure. The felled trees were sectioned into approximately one 

meter lengths, and the length and midpoint diameter (outside bark) 

of each segment was measured with a meter stick. The lowest 

diameter measures was taken at approximately 0.3 meters. 

Measurement proceeded along all accessible trunks and branches 

larger than 5 centimeters diameter. All cut tree stumps were 

tagged in order to establish permanent plots for the observation of 

oak sprouting response to cutting. 

Individual stem and branch volumes were computed using a 
2 

variation of Huber's formula: cubic volume = L x d (3.14), 
4 

where L is the length of the piece being measured, and d is the 

diameter of the piece at its midpoint. Stem and branch volumes 

were then summed to determine total volume of each felled tree. 



Statistical Methods 

Data on all individual tree measures from live trees were 

collected and organized into three groups: single-stem trees, 

double-stem trees, and multiple-stem trees (>2 stems per tree). 

One hundred fifty-five stems from the single-stem group, 89 stems 

from the two-stem group, and 140 stems from the multiple-stem group 

were analyzed. Groups were analyzed separately and in combination 

to develop empirical multiple linear relationships between volume 

and the more readily measurable tree dimensions of diameter and 

height. Crown ratio, crown density, and vigor were also evaluated 

as predictor variables. Approximately sixty-six percent of the 

cases were randomly designated as data to be used for model 

development, with the remaining cases withheld for model 

validation. Regression equations of fifteen models (Table 3) were 

estimated (Draper and Smith 1981; Systat 1985; Sokal and Rohlf 

1981) for each group of data, including the data groups set aside 
2 

for validation. These models were compared on the basis of R-adj. 

values, F-ratios, significance of the regression equation, and 

ability to meet the regression assumptions in order to select 

equations from each group for further evaluation. 



Table 3. Models empirically estimated and compared with 
respect to ability to predict volume. 

Model # Variables 

1.  V sd 

2. V = ht 

3. V sd + ht 
2 

4. V = sd + sd 
2 

5. V = ht + sd 
2 

6. V s  sd + ht + sd 

7. V = constant + sd 

8. V a  constant + ht 
2 

9. V s  constant + sd + sd 

10. V = constant + (sd*ht) 

11. V 3 constant + sd + ht (sd*ht) 
2 3 

12. V = sd + sd + sd 

13. V sd + ht + (sd*ht) 
2 

14. V = (ht*sd ) 
2 3 

15. V = sd + ht + (sd*ht) + sd + sd + 

where: 
v = cubic volume 

sd = stump diameter 

ht = height 
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At this point, observed outliers were examined for unusually 

large stump diameters, heights, or volumes, and for unusually high 

residual and leverage values (Sokal and Rohlf 1981). Outliers 

which met this criteria were deleted from the data set, and the 

regression equations were re-estimated using the resulting data. 

Selected models were further analyzed using Mallows Cp statistic 

(Draper and Smith 1981) to compare the remaining equations, and one 

model was selected for final analysis. Regression coefficients 

(slopes) from the data withheld for validation and from the 

original data were then compared for stability. Developmental data 

and validation data were combined and a regression equation was 

estimated for the complete dataset. Measured volumes were then 

compared with predicted volumes to complete the model validation 

process. 



CHAPTER V 

RESULTS 

The fifteen models presented in Table 3 were estimated for 

single-, double- and multiple-stemmed trees, and for any stem 

regardless of the occurance of another stem (combined data). 

Models containing the independent variables crown ratio, crown 

density, and vigor also were estimated. All regression equations 

were significant at the 0.0005 level. Models (1), (2), (3), (6), 

(7), (8), (9), (10), and (11) were not selected for further 
2 

analysis based upon comparisons of R -adj. values and F-ratios. 

Models containing crown ratio percentages, crown density and vigor 

variables were found to not contribute significantly to the 

regressions and were not included in further analysis. Six models 
2 

were accepted for further analysis (Table 4) based on R -adj. 

values, F-ratios, and significance. Estimated equation 

coefficients are shown in Table 5. 

Models (13) and (14) were selected for final appraisal for 

single-stemmed trees. One outlier was removed from the original 

developmental set, leaving 97 stems used for equation estimation. 

The excluded stem, with a stump diameter of 38 centimeters, was 

exceptionally larger than the remaining stems, which had stump 

diameters of 30 centimeters or less. 
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Table 4. Original and tested models with 

F-sig. .0005 or less. 
Original Tested 

Model No. 2 2 
(from Table 3) R-adj F Cp R-adj F 

SINGLE-STEM N = 97 N = 57 
(Til .901 146 5.91 .851 $4 
(13) .899 284 5.31 .879 137 
(14) .870 645 35.50 .873 384 
(12) .853 187 60.57 .825 89 
(4) .833 240 81.29 .831 135 
(5 ) .849 269 62.83 .827 134 

DOUBLE-STEM N = 57 N = 32 
JJS) .934 159 5.96 .987 456 
(13) .910 189 21.79 .955 222 
(14) .923 674 11.24 .977 1345 
(12) .930 250 5.26 .946 180 
(4) .930 373 4.54 .947 279 
(5 ) .921 325 12.39 .938 233 

MULTIPLE-STEM N = 87 N = 53 
(15) .919 195 6.07 .871 75 
(13) .919 325 15.64 .825 82 
(14) .913 899 23.17 .717 132 
(12) .881 212 61.28 .853 101 
(4) .876 305 65.99 .758 82 
(5 ) .871 291 71.36 .770 88 

COMBINED N = 266 N » 117 
(15) .902 483 5.80 .874 162 
(13) .898 769 18.43 .870 259 
(14) .895 2254 20.30 .837 595 
(12) .847 489 152.75 .849 219 
(4) .843 724 156.63 .824 280 
(5 ) .845 710 163.49 .828 272 

COMBINED N = 383 
TT5) .894 "537 6.87 

(13) .887 1005 26.54 
(14) .872 2606 80.06 
(12) .848 709 169.90 
(4) .836 971 213.03 
(5) .839 998 199.76 



Table 5. Coefficients for six regression models. 

Model No. Variables 
(from Table 3) 2 3 2 

sd ht (sd*ht) sd sd (ht*sd ) 

One-stem Coefficients (N = 97) 
(15) -900.90 -8.79 1.76 138.95 -6.53 0.23 
(13) -597.54 -22.52 6.74 
(14) 0.23 
(12) -2044.42 417.02 -10.10 
(4) 750.33 68.04 
(5) 21.96 75.57 

Two-stem Coefficients (N = 57) 
(15) 1008.47 -42.47 8.10 -192.53 11.84 -0.19 
(13) 1385.74 -85.11 7.47 
(14) 0.28 
(12) -431.96 111.63 3.30 
(4) -1236.67 220.07 
(5) -16.11 117.99 

Multiple-stem Coefficients (N = 87) 
(15) -2753.90 91.63 -20.35 618.25 -28.98 1.23 
(13) -483.61 -37.68 7.90 
(14) 0.26 
(12) -2188.11 393.93 -6.81 
(4) -595.91 175.79 
(5) -0.82 142.42 

COMBINED (N = 266) 
(15) 1669.45 -35.45 2.23 -146.7(5 -0.07 0.36 

-473.94 -42.78 8.16 
(14) 0.26 
(12) -1516.18 319.18 -5.49 
(4) 7.61 116.53 
(5) -124.97 136.46 

COMBINED (N = 383) 
(15) -1624.92 40.98 -8.52 307.37 -13.76 0.68 
(13) -445.71 -38.55 7.73 
(14) 0.25 
(12) -1997.99 379.87 -7.32 
(4) 41.59 123.75 
(5) 9.15 111.17 



31 

Examination revealed extremely high residual and leverage values 

for this stem, further justifying its exclusion from the data set. 
2 

Each of these models have acceptable R -adj. values. Mallows Cp 

statistic compared reasonably well with the Cp statistic of the 

model containing all of the variables. The F-ratio of the equation 

of model (14), however, is more than double that of model (13). 
2 

Analysis of double-stem tree data showed similar R - adj. 

values for all six models. The F-ratio of model (14) was 

considerably higher than the F-ratio of the next closet model. 

Mallows Cp statistics for models (12) and (4) were closer to the 

six-variable model (15) than were the statistics for models (13), 

(14), and (5). Analysis of all three criteria resulted in the 

selection of model (14) as the best predictor of volume for double-

stem trees. 

The analysis of multiple-stemmed tree data showed 
2 

similar results as the data for double-stemmed trees. R -adj. 

values were similar for all six models, and the F-ratio for model 

(14) was exceptionally higher than the next highest ratio. This F-

ratio, coupled with the second best Cp statistic, resulted in the 

selection of model (14) for further analysis. 

The combination of all three groups of data resulted in an 

analysis of 266 stems (approximately sixty-nine percent of all 
2 

stems available). Models (13) and (14) displayed high R-adj. 

values, and, while all F-ratios were large, the ratio of model (14) 



was more than three times as large as the next nearest F-ratio. 

Mallows Cp statistics for models (13) and (14) were similar. Due 
2 

to the large F-ratio, reasonable R -adj. value and Cp statistic, 

model (14) was set aside for further analysis. The analysis of all 

383 stems (266 stems + 117 stems) showed similar results. 

After analysis of the developmental data (comprising 

approximately sixty-six percent of the available data) the data 

withheld for model validation was analyzed in a similar fashion. 

The results are included in Table 4. Correlation of coefficients 

of the developmental data and the validation data were compatible, 

with the exception of a low value for model (14) in the multiple-

stem group. Regression coefficients (slope) among groups for model 

(13) were not stable, indicating that the form of the relationship 

varies with the number of stems present. The developmental data 

and validation data were then combined and analyzed as one dataset. 

The analysis of variance for the equation of model (14) is shown in 

Table 6, and the normal probability plot is shown in Appendix B. 
2 

Based upon the consistently high R -adj. values, larger F-ratios, 

and adequate Cp statistics, the equation for model (14) of the 

combined data was selected as the final regression equation. This 

equation was then used in the construction of volume tables for 

oaks of the Huachuca woodlands (Table 7; Appendix A). 



Table 6. Analysis of Variance for 
2 

Volume = 0.26(HT*DIA ) 

Regression Equation 

Source 
of 

Variation 

Sum 
of 

Squares df 
Mean 

Square F-ratio Sig. 

Regression 
11 

2.48x10 1 
11 

2.48x10 2254 .000 

Error 
10 

2.91x10 265 
8 

1.10x10 
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Table 7. Cubic volume table for Huachuca Oak 
Woodlands (Metric units) 

2 
Volume = 0.26(height*stump diameter ) 
Range of data is outlined. 

HEIGHT (meters) 
STUMP 2 3 4 5 6 7 

DIAMETER 
centimeters Cubic meters 

5 0.001 0.002 0.003 0.003 0.004 0.004 

7 0.003 0.004 0.005 0.006 0.008 0.009 

9 0.004 0.006 0.008 0.011 0.013 0.014 

11 0.006 0.009 0.013 0.016 0.019 0.021 

13 0.009 0.013 0.018 0.022 0.026 0.030 

15 0.012 0.018 0.023 0.029 0.035 0.039 

17 0.015 0.023 0.030 0.038 0.045 0.051 

19 0.019 0.028 0.038 0.047 0.056 0.063 

21 0.023 0.034 0.046 0.057 0.069 0.077 

23 0.0.28 0.041 0.055 0.069 0.083 0.093 

25 0.033 0.049 0.065 0.081 0.098 0.109 

27 0.038 0.057 0.076 0.095 0.114 0.128 

29 0.044 0.066 0.087 0.109 0.131 0.147 

31 0.050 0.075 0.100 0.125 0.150 0.168 

33 0.057 0.085 0.113 0.142 0.170 0.191 

35 0.064 0.096 0.127 0.159 0.191 0.214 

37 0.071 0.107 0.142 0.178 0.214 0.240 

39 0.079 0.119 0.158 0.198 0.237 0.266 



Table 7. Cubic volume (continued) 

Volume = 0.26(height*stump diameter ) 
Range of data is outlined. 

HEIGHT (meters) 
STUMP 8 9 10 11 

DIAMETER 
centimeters Cubic meters 

12 

5 0.005 0.006 0.006 0.007 0.008 

7 0.010 0.011 0.012 0.013 0.015 

9 0.016 0.018 0.020 0.022 0.024 

11 0.024 0.027 0.030 0.033 0.036 

13 0.034 0.038 0.042 0.046 0.051 

15 0.045 0.051 0.056 0.062 0.068 

17 0.058 0.065 0.072 0.079 0.087 

19 0.072 0.081 0.090 0.099 0.108 

21 0.088 0.099 0.110 0.121 0.132 

23 0.106 0.119 0.132 0.145 0.159 

25 0.125 0.141 0.156 0.172 0.188 

27 0.146 0.164 0.182 0.200 0.219 

29 0.168 0.189 0.210 0.231 0.252 

31 0.192 0.216 0.240 0.264 0.288 

33 0.218 0.245 0.272 0.299 0.327 

35 0.245 0.276 0.306 0.337 0.368 

37 0.274 0.308 0.342 0.376 0.411 

39 0.304 0.342 0.380 0.418 0.456 



CHAPTER VI 

DISCUSSION 

Regression analysis is a statistical tool which can aid in 

the prediction of fuelwood volume. Because data accumulation can 

be costly and time consuming, regression models have been developed 

which allow workers to estimate volume based upon independent 

variables which may be quickly measured without unnecessarily 

damaging standing trees. 

The development of regression models requires the 

identification of independent variables which can be used to 

develop equations allowing the prediction of tree volume. Height 

and some form of diameter are the most common variables used by 

investigators. Other measures such as crown density, crown ratio, 

age, site index, or stand basal area may be used in regression 

analysis, though their inclusion does not necessarily improve model 

prediction capabilities. The type of tree for which empirical 

relationships are to be developed, and the use to which they are to 

be put, may determine which, and how many, variables are to be 

included. The model should be simple, with the fewest number of 

coefficients possible; the more numerous the coefficients the more 

likely volume is to vary illogically with the entries (Cailliez 

1980). 

Over fifteen regression models have been investigated in 
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this study of the Huachuca oak woodlands; of these, three have 

shown potential for the prediction of stem volume. One model 

contains the variables of total tree height and stump diameter 

squared, another contains the measures of total height, stump 

diameter, and the interaction of the two (diameter*height), while a 

third encompasses six variables, including two interaction terms. 
2 

The latter, model (15), provides the best R-adj. values in two of 

the four groups of data, yet a large number of variables. The 

model containing the height-diameter interaction, model (13), also 
2 

showed high R-adj. values compared to the other models. However, 

in this model, as is the case with model (15), the coefficients 

calculated are not stable. This variation in coefficient values 

does not lend to easy fitting of one equation to all four groups 

of data. 
2 

The model of volume = (height x stump diameter ) 
2 

provides an adequate range of R-adj values, as well as excellent F-

ratio values. The coefficients, ranging from 0.23 to 0.28, showed 

little variation, and the difference in regression slopes proved 

insignificant (p = 0.000) (Sokol and Rohlf 1981). 

2 
The predictor variable (height*diameter ) has historically 

provided foresters with adequate estimations of tree volume (Spurr 

1952; Husch et al 1983; Avery and Burkhart 1983). In this study, 

model (14) has provided a simple means of utilizing two easily 



measured variables (height and stump diameter) to predict stem 

volume. The reliability of the selected model was tested by 

calculating the total percentage error (Chojnacky 1985) of 

predicted volumes versus actual volumes. The percentage errors, 

computed as predicted volume minus actual volume divided by 

predicted volume, were as follows: single-stem trees, -14%; 

double-stem trees, -23%; and multiple-stem trees, -18%. This 

relatively low average percentage of error (-18%), compared to 

Chojnacky's (1985) figures, appears to validify this equation, 
2 

0.26(height*stump diameter ), as a reliable predictor of stem 

volume. 



CHAPTER VII 

SUMMARY and CONCLUSIONS 

The objective of this study has been to develop a simple 

means of estimating the volume of individual oak trees in the 

Huachuca Mountains. The ecology of Emory oak, the predominant tree 

of the Garden Canyon study area, has been discussed in some detail, 

as have volume estimation techniques. A mathematical model has 

been developed which contains easily measured predictor variables, 

height and stump diameter, and a single regression coefficient. 

The regression equation tends to underestimate stem volume by an 

average of 18 percent. This average percentage of underestimation 

is not a reliable value for use in a general sense, for its 

derivation was based upon data collected from a very small portion 

of the Huachuca oak woodlands. For a better estimate of model 

reliability, stem volumes from trees of a wider geographic range 

should be measured and compared to predicted volumes. 

In conclusion, model (14) has the potential to assist land 

managers predict oak fuel wood volume in areas similar to Garden 

Canyon. Future work on volume estimation may center on the 

investigation of more reliable predictor variables, as well as 

other prediction techniques. 
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APPENDIX A. CUBIC VOLUME FOR THE HUACHUCA OAK WOODLANDS. 
(English units) 

2 
Volume = 0.229(height x stump diameter ) 
Range of data is outlined. 

HEIGHT (feet) 
STUMP 

DIAMETER 
(inches) 

5 10 15 20 25 30 STUMP 
DIAMETER 
(inches) 

2 0.03 0.06 0.10 0.13 0.16 0.19 

3 0.07 0.14 0.21 0.29 0.36 0.43 

4 0.13 0.25 0.38 0.51 0.64 0.76 

5 0.20 0.40 0.60 0.80 0.99 1.19 

6 0.29 0.57 0.86 1.15 1.43 1.72 

7 0.39 0.78 1.17 1.56 1.95 2.34 

8 0.51 1.02 1.53 2.04 2.54 3.05 

9 0.64 1.29 1.93 2.58 3.22 3.86 

10 0.80 1.59 2.39 3.18 3.98 4.77 

11 0.96 1.92 2.89 3.85 4.81 5.77 

12 1.15 2.29 3.44 4.58 5.73 6.87 

13 1.34 2.69 4.03 5.38 6.72 8.06 

14 1.56 3.12 4.68 6.23 7.79 9.35 

15 1.79 3.58 5.37 7.16 8.95 10.73 

16 2.04 4.07 6.11 8.14 10.18 12.21 

17 2.30 4.60 6.89 9.19 11.49 13.79 

18 2.58 5.15 7.73 10.31 12.88 15.46 

19 2.87 5.74 8.61 11.48 14.35 17.22 
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Appendix B. Normal Probability Plot of Regression Model 
2 

Volume = 0.26(HT*DIA ) 
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APPENDIX C. SINGLE-STEM TREE DATA. 

Stump Volume 
Diameter Height 3 

Plot Tree (cm) (cm) (cm ) 
11 4 9 260 9472 
11 11 11 510 22321 
11 16 16 460 35233 
13 6 19 520 38481 
13 9 18 530 45435 
15 1 17 370 22297 
15 3 8 500 5851 
15 4 16 490 18928 
15 9 22 430 49237 
15 10 11 320 9660 
15 15 19 520 53721 
15 16 19 450 29806 
15 17 9 360 7854 
15 18 15 370 13627 
15 21 18 440 30159 
15 23 23 410 48263 
15 26 16 410 25918 
15 27 12 340 9189 
12 1 11 320 9303 
12 4 13 490 25329 
12 19 15 610 32861 
12 7 18 620 71408 
12 10 9 300 8875 
.12 16 13 590 37621 
12 17 15 600 46511 

7 1 16 650 26334 
7 2 13 450 7597 
7 3 11 500 15629 
7 4 14 580 30670 
7 6 17 620 47006 
7 7 11 550 24355 
7 8 10 410 14420 
7 9 26 640 73513 
7 10 14 460 28039 
7 17 7 300 1963 
7 18 10 400 23169 
4 2 10 410 9700 

3 13 460 11443 
4 4 9 320 5545 
4 5 15 620 55371 
4 6 9 410 7461 
4 7 18 620 77236 
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Plot Tree SD HT Vol 
4 8 12 490 19737 
4 9 15 560 39828 
4 11 9 310 7948 
4 12 12 270 21991 
4 17 18 540 96486 
4 19 16 410 37385 
4 21 12 490 25997 
4 22 6 180 4807 
4 27 12 460 21127 
1 2 21 600 70953 
1 6 12 510 13038 
1 24 8 320 5113 
2 2 15 550 30316 
2 11 10 610 18143 
2 14 9 310 3613 
2 15 13 510 30191 
2 17 17 520 42906 
2 19 20 570 50697 

10 1 16 470 19949 
10 8 17 440 21701 
10 10 14 410 25093 
10 11 14 310 42207 
10 12 21 450 28078 
10 15 12 440 15551 
10 19 23 500 46990 
10 21 13 250 5027 
10 22 27 400 30764 
10 24 12 380 13972 
10 25 13 360 13352 
10 26 6 310 2395 
10 27 15 470 18339 
10 28 9 280 3495 
10 30 8 400 2827 
10 32 9 390 5812 
8 3 14 520 18158 
8 12 6 220 1374 
8 22 16 410 16556 
8 23 17 420 23483 
6 1 11 420 20805 
6 6 15 410 12958 
6 10 8 270 3354 
6 11 18 320 30041 
6 15 12 350 13721 
S 16 13 450 26138 



Plot Tree SD HT Vol 
9 4 7 280 3416 
9 8 18 440 29924 
9 9 16 500 26350 
9 17 12 340 14420 
9 19 7 370 2827 
9 20 21 510 47045 
9 22 19 410 56376 
9 23 18 530 36207 
9 27 19 450 30945 
9 31 10 370 11255 
9 34 11 430 14035 



APPENDIX D. DOUBLE-STEM TREE DATA. 

Stump Volume 
Di ameter Hei ght 3 

Plot Tree (cm) (cm) (cm ) 
11 10 12 370 13312 
11 15 16 530 24308 
11 15 13 700 18692 
11 18 19 660 53281 
11 20 26 560 133149 
11 20 18 580 83456 
13 2 23 610 91750 
13 5 16 430 49834 
13 5 7 390 5979 
15 20 7 300 1963 
15 20 6 150 2827 
12 3 7 310 6990 
12 15 10 240 12975 
12 15 6 480 2545 

7 14 11 420 17475 
7 15 14 550 32633 
4 13 16 510 45121 
4 16 13 550 20656 
4 16 11 480 8443 

20 15 400 36144 
4 26 11 390 12810 
1 5 17 580 39231 
1 5 13 480 17554 
1 7 14 530 20538 
1 8 6 270 1963 
1 11 22 560 58748 
1 11 20 500 38602 
1 17 6 310 2788 
1 17 10 430 13179 
1 20 • 5 230 589 
1 22 5 290 1374 
1 22 6 340 2529 
1 23 7 280 2686 
1 23 9 280 4760 
2 4 13 600 30183 
2 8 18 690 55724 
2 9 16 490 33411 
2 10 13 580 35264 
2 10 11 600 17122 
2 16 14 540 30670 
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10 
10 
10 
10 
10 
10 
8 
8 
6 
6 
6 
6 
6 
9 
9 
9 

Tree SD HT Vol 
2 12 470 14216 
2 16 490 18339 
5 20 300 52111 
5 9 430 5812 
6 10 370 7446 
6 9 310 4108 
7 12 350 2128 

25 10 460 10053 
5 12 490 17632 
5 8 290 2395 
8 7 260 3982 
9 9 240 2906 

17 11 340 4068 
13 14 400 35115 
15 12 390 11585 
24 5 170 491 



APPENDIX E. MULTIPLE-STEM TREE DATA. 

Stump 
Diameter Height Volume 

Plot Tree (cm) (cm) (cm ) 
11 1 21 530 60491 
11 1 15 420 16203 
11 5 26 600 76749 
11 5 7 220 1963 
11 8 13 470 22305 
11 8 14 490 34330 
11 12 11 350 10603 
11 12 6 250 2827 
11 12 10 340 9582 
11 12 9 360 10218 
11 13 8 460 8938 
11 13 12 420 21913 
11 14 20 630 72500 
11 14 18 600 50548 
11 14 14 630 28903 
11 17 18 560 50894 
11 17 11 430 19439 
11 19 21 730 121776 
11 19 19 620 57444 
11 19 16 630 70819 
11 19 7 360 5655 
11 21 12 380 18457 
11 21 15 460 20695 
13 18 570 34432 
13 4 15 190 21591 
13 7 13 310 15356 
13 7 9 230 4979 
13 7 11 350 15661 
13 7 6 150 1963 
13 10 21 500 75461 
13 10 17 510 38037 
13 10 19 530 86197 
13 10 10 360 12763 
13 16 21 490 36859 
13 16 13 470 28337 
13 16 15 440 29193 
13 16 14 460 23845 
13 17 12 310 12056 
13 17 14 400 18535 
13 17 5 210 1178 
13 18 14 380 20263 
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13 
13 
13 
13 
13 
15 
12 

4 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

10 
10 
10 
8 
8 
8 
8 
8 
8 
8 
6 
6 
6 
9 
9 
9 
9 
9 
9 

Tree SD HT Vol 
18 5 240 2356 
18 10 370 8663 
18 12 410 17239 
18 9 330 5749 
18 5 320 1963 

6 10 390 5812 
11 12 450 38532 
23 9 370 5812 
23 12 460 20263 
23 8 370 6110 
24 7 270 2553 
24 10 470 15826 
1 12 550 19007 
3 13 560 19556 
3 14 580 20342 

10 16 470 23366 
10 23 610 54232 
10 16 550 33458 
16 6 290 2765 
16 6 340 2199 
16 5 270 785 
13 19 750 78956 
16 8 240 2945 
16 14 430 15629 
18 11 530 15315 

2 9 370 14098 
2 12 390 20224 
4 11 500 12936 
4 11 510 14805 

26 10 360 7775 
26 15 540 21858 
26 6 200 1963 

3 6 230 1963 
3 10 350 11805 
3 9 430 8262 
2 17 460 31117 
2 9 310 3998 

11 12 390 21598 
18 6 270 2113 
18 7 270 2262 
26 9 360 7516 
28 13 340 11577 
28 6 280 785 
35 16 550 41453 
35 13 360 13383 
35 15 480 30379 
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