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ABSTRACT 

Volume growth was modeled for even-aged Emory oak 

stands. Data were collected from 84 temporary plots located 

in the proximity of the Huachuca Mountains of southeastern 

Arizona. At each plot, trees were measured for current 

volume using non-destructive sampling techniques. Variable

density yield tables for Emory oak were developed from 

sample data collected on temporary plots. 

Yield tables are a system of equations used to 

estimate current yield and predict future yield. A system 

of equations consisting of two components was developed in 

this study. The first component predicts yield, the second 

predicts future yield by estimating changes in density. 

Basal area is the density measure used. By using 

basal area, current yield is obtained by determining present 

stand conditions. Future yield is estimated by adjusting 

basal area for future stand conditions. Estimated changes 

in basal area are placed back into the yield equation and 

solved, providing an estimate of future yield. Therefore, 

yield and future yield of Emory oak can be estimated by 

using basal area as the density variable. The variable-



density equations are used to estimate the volume of un

thinned or thinned stands of Emory oak. 
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INTRODUCTION 

The purpose of this study was to develop variable

density yield tables for Emory oak (Quercus emoryi) of 

southeastern Arizona. A yield table is a tabular 

presentation of volume per-unit area for even-aged stands. 

yield tables typically are presented by species, age, site 

index, and stand density (Husch, Miller, and Beers 1982). 

Using temporary plots, an abstract growth series' can be 

obtained to determine the appropriate growth and yield 

functions, the core of yield tables. 

11 

Growth and yield information provides the foundation 

upon which sound forest management decisions are based. 

until recently, there has been limited interest or need for 

developing growth and yield relationships for non-commercial 

species such as Emory oak. However, increased use of the 

woodlands (including fuelwood harvesting and recreation) 

warrants the investigation and quantification of the growth 

and yield relationships. 

, Growth series project the growth of a forest stand 
from establishment to harvest. Abstract growth series are 
developed from plot data covering a diverse range of sites 
and age. The data then are used to reconstruct a 
chronological history of stand growth on different sites at 
various ages. 
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yield tables enable the forester to plan the amount 

and timing of harvest from a particular stand. By 

predicting the course of development of a stand from an 

early age to the maximum rotation age, the tables can be 

used to simulate the growth pattern of the stand in relation 

to age, site productivity, and volume of wood on the site. 

The tables also allow the forester to predict the 

effect of various management scenarios on the woodland. 

Management practices then can be implemented with a better 

understanding of the outcomes of the various management 

options. The development of yield tables for Emory oak, a 

predominant species of the oak woodlands of southeastern 

Arizona, should assist the forester in planning for the 

diverse and increased demands upon the oak woodlands. 

Of the types of yield tables (normal, empirical, and 

variable-density), variable-density yield tables are best 

suited for the Emory oak woodland type. The natural 

variability in stand density, from open savannah to complete 

crown closure, can be accommodated with variable-density 

yield tables in which stand density is an independent 

variable. Variable-density yield tables are well-suited to 

predicting stand growth in areas which have variable 

densities due to past harvesting practices, therefore, 

enabling yield to be projected for areas where fuelwood has 

been harvested. 



LITERATURE REVIEW 

Emory Oak 

Emory oak was classified originally by Dr. John 

Torry in 1848 from a plant collection assemble during the 

military reconnaissance from Missouri to California. In 
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1846, Lt. Col. W. H. Emory, under the command of Col. s. W. 

Kearny, left Fort Leavenworth to strike a blow at the 

northern provinces of Mexico, especially New Mexico and 

California (Emory 1848). It was during the exploration of 

this region that the oak, which now bears the name of the 

army explorer, was first encountered. 

The Tree 

Emory oak varies in form, size, and character more 

than any other oak in its range (Little 1968, Phillips 

1912). Emory oak commonly attains a height of 30 feet, and 

rarely exceeds 40 feet. 2 The tree is branchy, and the live 

crown typically makes up one-half of the tree's total 

height. The tree exhibits either a single stem trunk or a 

2 Phillips (1912) reported Emory oak trees 60-70 feet in 
height and 2 to 3 feet in diameter. While a few trees 
approaching this stature are found south of the Patagonia 
Mountains near Duquesne, Arizona, they are not typical for 
that area. 



mUlti-stern form. Emory oak exhibits poor form. The trunk 

commonly is crooked, swept, or bent. Younger trees have a 

bark which is grey and smooth. As the tree matures, the 

bark becomes black and fissured. 

The tree occurs by itself in open savannahs or in 

woodland stands. Emory oak frequently is referred to as a 
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live oak~ in fact, the species is drought deciduous. Emory 

oak drops its leaves in the dry spring and sprouts new 

leaves with the onset of the summer rains. The species can 

remain barren if drought conditions persist, as seen in the 

summer of 1989. 

The Woodland 

Emory oak is found in a variety of biomes. 3 These 

biomes include warm, temperate forest and woodlands, warm, 

temperate grasslands, and the warm, temperate wetland biome 

(Brown 1982). The woodland type of southeastern Arizona 

occurs in the warm, temperate forest and woodland biome, 

specifically the Madrean evergreen woodland biotic 

communi ty . 4 

3 Biome is defined as natural formations, characterized 
by distinctive vegetation physiognomy, within a biotic 
province (Brown 1982). 

4 A biotic community is one step below a biome in this 
hierarchical classification system. Delineation of biomes 
requires a knowledge of their identity (natural ecosystems); 
mapping biotic communities, therefore, requires the recogn
ition and delineation of classified vegetation (Brown 1982). 



This woodland sometimes is referred to as the encinal 

woodland. 5 

Emory oaks are distributed largely in the Sierra 
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Madre of Mexico, with the northern most end of its range in 

southeastern Arizona, southwestern New Mexico, and west 

Texas. The Madrean evergreen woodland encompasses 

approximately a 31,080 square miles area (19,891,550 acres). 

An estimated 5 percent of the woodland is in the 

southwestern United states (Ffolliott 1989). 

si1vica1-Biological Traits 

The regeneration abilities of Emory oak are 

primarily by stump and root sprouting (Little 1968, Phillips 

1912). The tree must regenerate originally from seed. 

Seedlings from acorns are rare in the field, but the oak 

does produce acorn crops periodically. Nevertheless, 

attempts to germinate and grow seedlings from acorns in the 

greenhouse environment by Al-Hazzouri, Ffolliott and Bennett 

(1988) were unsuccessful. It is assumed, like other 

southwestern tree species, that favorable climatic 

conditions along with a good seed crop must occur for 

regeneration from seed. The required conditions for 

germination of Emory oak are unknown. 

5 Encinal is a Spanish word for evergreen woodlands made 
up wholly or partially of oaks (Brown 1982). 
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Several pathogens and diseases develop in the 

woodlands. Heart rot in Emory oak is common. The heartwood 

is attacked by several species of fungus, including 

Polyporus dryophilis, ~ sulphureus, ~ obtusus, Fomes 

everhartii, and Hydnum erinaceus. Mistletoe (Phoradendron 

flavescens) is often found in oak trees, reducing vigor and 

in extreme cases killing the tree (Phillips 1912). 

Field observations suggest Emory oak can hybridize 

with Mexican blue oak (Quercus oblongifolia). 

utilization 

utilization of Emory oak has varied through time. 

Historically, the oak woodlands have provided sustenance, 

building material, and fuel. The acorns, low in tannic 

acid, have been used as a food source (Little 1968). In 

1912, Phillips reported large quantities of acorns being 

collected by inhabitants of the region (Phillips 1912). In 

good years, upwards of 50 pounds per man were collected 

daily for consumption. with the introduction of grazing, 

the oak woodland became grazing lands as well as a source of 

post and poles for the construction of fences and corrals. 

In a region where wood is scarce, Emory oak is 

valued primarily for fuel. Households use oak for cooking 

and heating. The mining industry utilized the oaks for 

charcoal smelting and fuelwood for heating steam boilers. 
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At the turn of the century, the heavy demand for oak wood by 

the mining industry resulted in localized large scale 

cutting activities in the region (Bahre and Hutchinson 

1985) • 

Later, with the availability of inexpensive fossil 

fuels and the changes in mining techniques, came a decline 

in the demand for wood in the region. While the utilization 

of the woodland for grazing and as a source of fence posts 

remained steady, the demand for fuelwood dropped off 

dramatically. From 1940 to 1973, the demand for fuelwood 

from the oaks was minimal (Bahre and Hutchinson 1985). 

Currently, the demand for use of the oak woodland 

type is increasing. The growing southwest population has a 

greater recreational use of the oak woodland type. The 

rising cost of fossil fuels also has increased the demand 

for firewood in all woodland types (Ffolliott, Rasmussen, 

Warfield and Borland 1979, and Tolisano 1984). 

On the Sierra vista Ranger District of the Coronado 

National Forest, the demand for firewood has risen from less 

than 500 cords6 per year before 1976 to a high of 5,100 

cords a year in 1978. In 1979, the united states Department 

of Agriculture, Forest Service was forced to limit the 

6 A standard cord is the amount of stacked wood in a 
pile measuring 4 x 4 x 8 feet or its equivalent. The 
stacked wood occupies an area of 128 cubic feet (Avery and 
Burkhart 1983). 



amount of permits to 1,500 cords to meet sustained yield 

requirements (Bennett 1989). 
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The Forest Service, a major manager of the oak 

woodland in the southwestern United States, manages the 

woodlands for multiple uses. Multiple use management plans 

must consider the consequences of actions in the woodlands 

to wildlife habitat, watershed protection, recreational 

opportunities, grazing lands, mineral interest, and woodland 

products. 

To meet multiple use objectives of the woodlands, 

the Coronado National Forest Management Plan (Coronado 

National Forest 1986) stated that the woodland resources 

will be managed emphasizing recreation and visual quality. 

Although grazing will continue in the woodlands, fuelwood 

harvest will be limited to areas of at least 10 percent 

crown cover. Fuelwood harvests are to be designed to 

enhance wildlife habi'tat, and trees will not be harvested in 

highly erodible areas or in areas where a harvest would have 

detrimental effects upon the watershed. 

utilization demands on the oak woodlands are 

expected to increase. The development of growth and yield 

projections, therefore, will provide a tool to facilitate 

the multiple use management of the woodlands. 
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Growth and yield 

Growth and yield models provide a quantitative 

foundation upon which forest management decisions are based. 

The models enable the user to determine the rotation period, 

degree of thinning, and timing of harvest. Avery and 

Burkhart (1983) defined growth as the incremental increase 

in biomass (volume) and yield as the total amount of biomass 

available for harvest at a given time. Growth and yield 

prediction techniques are used to calculate stand 

development. 

Development of growth and yield models is a major 

topic in forest research studies. Therefore, it is not 

surprising there are numerous approaches to developing 

growth and yield models. These approaches range from simple 

regressions to mathematically complex models. Models 

reflect different silvicultural practices, modeling 

philosophies, and levels of mathematical complexity. 

The type of approach used is dependent upon the 

stand characteristics as well as the desired information. 

Approaches to growth and yield models are yield table 

models, diameter distribution models, individual tree 

models, and other models. The type of model developed 

depends largely upon whether the forest stand is natural or 

a plantation, unthinned (no recent cutting) or thinned 

(recent cutting), and even-aged or uneven-aged. 
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yield Table Models 

Traditionally, yield tables are a tabular 

presentation of the volume-per-unit area of even-aged 

stands, typically categorized by age classes, site classes, 

species, and density (Husch et ale 1982). However, with the 

use of computers, yield tables can be presented as an 

equation or system of equations. Yield tables have been 

used in Europe for over a century and in the united states 

since 1900 (curtis 1972). The three types of yield tables, 

are normal, empirical, and variable-density. 

Normal yield tables were in general use in the 

united states until the early 1970s, but difficulties arise 

in using them when the basic developmental assumptions of 

mortality are considered. Normal yield tables are based 

upon the concept of fully stocked stands. The model of an 

ideal fully stocked stand is subjective, depending upon the 

individual forester's interpretation. Also, it is assumed 

that all sample plots are located in forest stands that have 

always been fully stocked (Avery and Burkhart 1983, Clutter 

Fortson, Pienaar, Brister and Bailey 1983, curtis 1972, and 

Husch et ale 1982). 

Empirical yield tables are an attempt to overcome 

the deficiencies of normal yield tables. These tables are 

based on the average stocking, applying only to the average 

density levels found on sample plots used. Because the 



tables must be adjusted when applied to other stands, 

empirical yield tables offer little advantage over normal 

tables (Avery and Burkhart 1983, Husch et al. 1982). 
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To overcome the problem of stocking, a measurement 

of forest density can be included as a variable. When 

forest density is an independent variable, the result is a 

variable-density yield table. These tables present the 

yield of forest stands for various levels of forest density. 

A multiple regression approach to yield tables, 

using forest density as a variable, was applied by 

Mackinney, Schumacher and Chaiken first in 1937, and then 

again by Mackinney and Chaiken (1939), and Schumacher 

(1939). Since then, many researchers have applied multiple 

regression techniques to predict growth and yield of total 

forest stands. Variable-density yield tables do not provide 

information on volume distribution by size class; therefore 

the approach is referred to as a whole-stand model (Avery 

and Burkhart 1983, Clutter et al. 1983). 

The independent variables in variable-density yield 

tables typically are, age, site index, and some measure of 

forest density. These variables then are used to predict 

growth and yield. 

The Schumacher yield model is a frequently use 

approach in developing variable-density yield tables. When 

using the Schumacher yield model, the following 
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transformations are made to conform the variables to the 

assumptions customarily made in linear regression analysis. 7 

Logarithmic transformation of yield is made before equation 

fitting. The reciprocal of age is used to allow for the 

leveling off (asymptotic) effect of yield with increase age. 

Logarithmic transformation of site index can be used. 

Forest density commonly is expressed as the logarithmic 

transformation of basal area (Bennett 1970, Clutter 1963, 

Sullivan and Clutter 1972, Sullivan, Matney and Hodges 

1982.) Variable-density yield tables are a relatively 

simple and accurate method of estimating the growth of even-

aged stands. 

Diameter Distribution Models 

Diameter distribution models present the 

distribution of stand volume by size class, usually dbh. 8 

These models operate by predicting values for the parameters 

7 Regression analysis assumes the functional 
relationship between the dependent and independent 
variable(s) can be expressed in a linear or curvilinear form 
and the variables are distributed normally. 

8 Dbh is diameter at breast height, the point at which 
a tree's diameter is measured. In English units, dbh is 
measured at a height 4.5 feet above the ground, while in 
metric, units the height is 1.3 meters above the ground. 



of some probability function. The probability function 

commonly used is the Weibull function. 9 

23 

In even-aged forest stands, a common technique is 

estimating the number of trees per diameter class, and then 

the mean heights per diameter class can be determined. 

Volume of the stand is calculated by substituting the 

height, diameters, and number of trees into a volume 

equation and summing the diameter classes (Avery and 

Burkhart 1983, Bennett and Clutter 1968, Clutter and Jones 

1978, and Schreuder, Hafley and Bennett 1979). The model 

then predicts diameter class frequencies and average 

heights. Input variables usually include age, site index, 

and total number of trees. 

Diameter distribution models also are used to 

predict the growth and yield of uneven-aged stands (Adams 

and Ek 1974, Hyink and Moser 1983). Diameter distributions 

in uneven-aged stands generally are inverse J-shaped. The 

Weibull function can be used to model J-shaped diameter 

distributions and, therefore, uneven-aged stands. 

9 Like the normal curve, the Weibull function defines a 
distribution. The Weibull function defines the amount of 
probability density associated with each possible random 
variable X. The Weibull is a three parameter distribution: 
~ location, Q scale, and £ shape. For a detailed discussion 
of the use of the Weibull function in growth and yield 
models, the reader is referred to Avery and Burkhart (1983) 
and Clutter et al. (1983). 
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Individual Tree Models 

Individual tree growth models predict stand growth 

using each tree as the basic unit. Components of growth are 

linked together, simulating the growth of each tree and 

aggregates of trees. Individual tree models provide 

information about stand dynamics and stand structure (Avery 

and Burkhart 1983). 

Individual tree models can be either distant 

dependent or distant independent tree-level models. Distant 

dependent models typically ~stablish initial stand 

conditions with a coordinate location for each tree. The 

growth of individual trees is simulated with reference to 

individual tree characteristics, site quality, and 

competition with other plants. 

The competition index varies, but it is usually a 

function of tree sizes and distance to competitors. yield 

estimates then are summed and the volume of individual trees 

extrapolated by factors of growth and stand dynamics (Avery 

and Burkhart 1983). 

Distant independent models forecast tree growth, 

individually or by size class, as a function of present 

stand conditions. These models differ from distant 

dependent models in that information on individual tree 

location is not necessary (Avery and Burkhart 1983). 
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other Models 

Some models do not fit into the above categories. 

The most notable is the Chapman-Richards model (Pienaar and 

Turnbull 1973). The Chapman-Richards model is a 

deterministic model, where the effect is assumed to be 

absolutely determined by the formulated cause. This model 

is opposite to a mUlti-variate approach. The initial model 

is a simplified expression of an hypothesis of basic 

elements. It represents a shift from empirical, inductive 

approaches towards a deductive approach. The Chapman

Richards model is an attempt to develop a flexible universal 

growth theory (Pienaar and Turnbull 1973). 

The Chapman-Richards model, a generalization of von 

Bertalanffy's growth model,10 conceptualizes the growth rate 

of a tree or forest stand as the result of an anabolic 

growth rate (constructive) and a catabolic growth rate 

(destructive). The anabolic growth rate is assumed 

proportional to size of the population, raised to a power. 

The catabolic growth rate is assumed directly proportional 

to size. 

10 Von Bertalanffy's model is derived from allometric 
relations in organisms. It arises from the assumption that 
in normal individuals, the specific growth rate of P will 
bear a constant proportional relationship to the specific 
growth rate of Q, that is: 

dP/P dt = a(dQ/Q dt). 
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The Chapman-Richards model is based upon the 

assumption of allometric relations in organisms; in a 

forest, this can be expressed as the proportional growth 

rate of stems-per-acre to volume-per-acre. The allometric 

concept is demonstrated in the constancy of final yield over 

a diverse range of initial stocking, establishing a limit to 

the live biomass that can be sustained by a site (Clutter et 

al. 1983, Pienaar 1965, Pienaar and Turnbull 1973, and 

Turnbull 1963). This model can be applied as either a whole 

stand model or an individual tree model. 

Growth and Mortality Functions 

Regardless which growth and yield model is selected, 

the core of any model is the growth and mortality functions. 

Current yield can be calculated accurately from basic 

measurements of the stand characteristics; however, growth 

and mortality can be more difficult to quantify. The 

ability to predict growth and mortality provides the 

forecasting component for any model. 

Ideally, the growth and mortality rates of a stand 

are recorded from seedlings to harvest; these records are 

rare, however, and waiting for this length of time is 

impractical. To overcome the time obstacle, there are two 

basic approaches to empirically determining growth and 



mortality: the use of permanent plots (explicit) or 

temporary plots (implicit). 
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Use of permanent plots provides a measure of changes 

in growth and mortality over varying time intervals. Plots 

of known area and location are established in a forest. 

Then, the plots are measured and remeasured at various 

points in time, recording any changes in the stand. Growth 

or mortality is expressed as changes in basal area, stand 

structure classes, and stand density. 

Remeasurement intervals of permanent plots and total 

time periods of the study vary with tree species and type of 

studies (Avery and Burkhart 1983, Bowersox and Ward 1976, 

and Husch et al. 1982). Procedures for establishing 

permanent plots are described by curtis (1983). Standards 

for permanent plots are suggested by curtis (1987). 

Temporary plots are a one-time sample over a diverse 

range of stand conditions. The resulting data then are used 

to imply growth and mortality of a stand. Various 

approaches using temporary plots determine growth and 

mortality. Smith and Schuler (1988), and Standiford and 

Howitt (1988) used increment cores to provide past growth 

rates. curtis (1967) used stem analysis to determine past 

height growth, and derived basal area curves for appropriate 

site index classes to project changes in growth and 

mortality (1972). Monserud (1976) determined the 



probability of survival in accounting for growth and 

mortality. 
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Lenhart (1972) described the use of temporary plots 

in forest plantations (where initial stocking is known) as 

an approach between temporary plots and permanent plots in 

application. The site is sampled twice, as the initial 

conditions are known. The second sample (temporary plots) 

is a one-time record of change over a specific time period. 

Whether permanent or temporary plots are used, the 

purpose of any approach is to develop a model accurately 

predicting the growth and yield of a stand. Accurate models 

provide a forecast for stands exposed to a range of site 

conditions and management regimes. 
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DESCRIPTION OF THE STUDY 

Description of the study is presented in the 

following sections: model selection, study area, and 

methods. The model selection section justifies the 

selection of the variable-density yield table approach in 

modeling the growth and yield of Emory oak. The study area 

section describes the topography, soils, climate, and tree 

species of the area. The methods section recounts the field 

procedures and analytical techniques employed in the study. 

Model Selection 

The purpose of the study was to develop a variable

density growth and yield model for the Emory oak woodland of 

southeastern Arizona. Variable-density approach to modeling 

growth and yield was selected because the oak woodland 

generally is even-aged, exhibits highly variable stand 

densities, and temporary plots were used for data 

collection. 
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A forest or woodland structure should be defined as 

even-aged or uneven-aged. 11 An even-aged woodland consists 

of trees established within a 20 year period of each other 

(Avery and Burkhart 1983, Clutter et ale 1983, and Husch et 

ale 1982). An uneven-aged stand, therefore, consists of 

trees with age differences exceeding 20 years. The diameter 

distributions of an even-age woodland look similar to a 

normal distribution (Avery and Burkhart 1983, Clutter et ale 

1983,and Husch et ale 1982). Diameter distributions on a 

per-plot-basis indicate the oak woodland structure is that 

of an even-age stand (Figure 1). As mention before, 

variable-density yield tables are used to project growth and 

yield of even-aged stands. 

While most modelers of variable-density yield tables 

use the Schumacher yield model, there is variation in the 

independent variables used. The disparity among models is 

in the variables selected to predict current yield, future 

yield, or growth. The use of the independent variables of 

site index and age are largely universal. site index, a 

measure that integrates the various elements that effect 

growth in a site (Standiford and Howitt 1988), does not 

11 The age structure of a forest is best determined by 
determining the age of every tree within the plot. This was 
not done for this study. An alternative approach to 
determining the age structure is to examine the diameter 
distribution of the woodland. This was the approach used in 
this study. 
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Figure 1. Typical diameter distribution of a sample plot. 



change over time. 12 Age, when it can be determined, 

provides a reference to the level of stand development 

(i.e., juvenile, mature, over-mature), which must be 

incorporated into the yield estimation. 

32 

Variations occur in the selection of the independent 

variable to represent forest density. Density measures vary 

in terms of the tree species, the modeler's preference, and 

the method used to depict growth. 

Density can be used in estimating current yield, 

future yield, and growth. For estimating the two yields, 

density often is presented as basal area; however, number of 

trees-per-acre can be used (Alexander, Shepperd and 

Edminster 1975). Several methods in estimating growth 

include, but are not restricted to density measures. 

Methods used to depict growth in variable-density yield 

equations include height increments (Curtis 1967), radial 

growth increments (Joyce 1982, Lemmon and Schumacher 1962, 

Standiford and Howitt 1988) and changes in basal area 

(Bennett 1970, curtis 1972, Sullivan and Clutter 1972, 

Sullivan et ale 1982). Changes in basal area being an 

example of a density measure being used to depict growth. 

12 site index can change over geological time or with 
site modification, although modelers tend to ignore change 
caused by geological time. site modifications, such as the 
addition of fertilizer, are considered special cases and 
treated as such. 
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Growth of Emory oak can be projected using either 

radial increments or changes in basal area. Radial 

increments were not used in this study because the oak's 

slow growth rate, and because the lack of symmetry of the 

cross-sections are a source of potential error. Changes in 

density measures indicated changes in future yield, using 

basal area. 

study Area 

The study area was part of the Sierra vista Ranger 

District of the Coronado National Forest, located in 

southeastern Arizona (Figure 2). Sample plots were located 

in the San Rafael Valley and the Canelo Hills. 

The San Rafael Valley, between the Huachuca 

Mountains and the international border with Mexico, is a 

large valley with slopes ranging from 5 to 45 percent. 

Canelo Hills area is made up of undulating hills, exhibiting 

diverse aspects and topography. Elevations where Emory oak 

occurs range from 5,000 feet to 6,550 feet. 

The Casto-Martinez-Canelo association (MH1) is the 

predominant soil of the San Rafael Valley (Hendricks, 

Krausman, Mannan, Hole, Peirce, Levine, Post, Guernsey, 

Havens, Jay and Richardson 1985). These soils are deep, 

moderately fine to very finely textured, gravelly, and 

nearly level to steep slopes on dissected fan surfaces and 
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Figure 2. The sample area of the San Rafael Valley and Canelo 
Hills. 
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valley slopes. The soils are generally more than 60 inches 

deep, formed in old alluvium from mixed sedimentary and 

igneous rocks. 

In addition to the MH1 soil association, the lithic 

haplustolls-lithic-agriustolls-rock outcrop association 

(MH2) make up the soils of Canelo Hills (Hendricks et al. 

1985). The MH2 soils are shallow, gravelly and cobbly, 

moderately coarse to moderately fine-textured, gently 

sloping to very steep soils and rock outcrops on hills and 

mountains. In the Canelo Hills area, MH1 soils generally 

are found in the bottoms and MH2 soils are associated with 

the benches, ridges, and hills. 

Average annual precipitation on the general study 

area is 15 to 20 inches. Distributed in a bimodal pattern, 

the majority of the rainfall occurs in the summer monsoon 

season of July and August, with rains in the months of 

November and December. 

The western live oak woodland (forest cover type 

241) is the major cover type of this area (Ffolliott 1980). 

At lower elevations, the type is bordered by grassland cover 

types. The cover type mixes with the pinyon-juniper type at 

intermediate elevations and with mixed conifer type at the 

highest elevations in the Huachuca Mountains (Figure 3). 

In the western live oak woodlands, Emory oak is the 

predominate species. other species of oak mixed in the 
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type, including silverleaf oak (Quercus hypolevooides), 

Arizona white oak (~arizonica), Mexican blue oak, shrub 

live Qak (~turbinella), gray oak (~grisea), and netleaf 

oak (~rugosa). 

Methods 

Methods employed in the study include: field 

procedures and analytical techniques. Field procedures 

encompass methods used for sample distributions, criteria 

for data collection, and measurement techniques. The 

analytical techniques include definition and calculation of 

the sample parameters of site index, basal area, and volume. 

In addition, descriptive statistics for the sample data are 

presented. Data distributions in this study were examined 

for normality. Lastly, an overview of regression techniques 

were surveyed. 

Field Procedures 

Sample data were collected on 84 temporarily located 

one-tenth-acre circular plots in the San Rafael Valley and 

Canelo Hills area. Plots were distributed in a stratified 

random sample, into unthinned and thinned stands. Fifty-one 

plots were located in unthinned stands and 33 plots in 

thinned stands. The thinning regimes sampled ranged 50 to 

80 percent of the standing trees removed from the sites. 
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The data collected at each plot included dbh to the 

nearest O.l-inch. Total tree height was estimated to the 

nearest foot. Each tree was classified in terms of crown 

position, either dominant, co-dominant, intermediate, or 

suppressed. If present on the plot, a dominant and co

dominant was cored with an increment borer to determine 

age13 and site index. If a "site tree" was not found on the 

plot, a dominant tree off the plot was used. A count of 

trees on the plot was taken, and individual tree 

measurements then were summarized on a per-plot-basis. 

Analytical Techniques 

After collecting and summarizing the sample data, 

site index, basal area, and volume were calculated. Again, 

site index is a quantitative classification of an area's 

potential to produce wood (Avery and Burkhart 1983). Basal 

area, by definition, is the cross-sectional area of a tree 

13 The difficulty of coring and counting the rings of 
Emory oak has been documented (Callison 1988, Harlan 1988). 
Coring problems were overcome by use of WD-40 upon the 
increment borers before and after each coring. The 
increment cores were mounted permanently in wooded racks, 
the rays perpendicular to the horizontal plane. The cores 
then were faced with a utility razor; the faced surface was 
sanded with #220 sand paper followed by sanding with 400 
sandpaper. After sanding, the rings were counted with the 
aid of a Baush and Lomb stereo Zoom@ 5 scope with power 
ranging from .8X to 40X. Even using these techniques there 
were cores that could not be counted. To minimize this 
problem tree were double-cored. 
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at dbh. Total basal area is the sum of the areas of cross

sections per-unit-area (Husch et ale 1982). Volume is the 

measure of solid content or capacity, expressed in cubes of 

linear units (Husch et ale 1982). 

site index was determined for each plot using the 

following equation (Callison 1988): 

In(S) = In(H) + 8.57 (A"' - Ao"') (1) 

where: 

s site index value for the individual tree 

H total height of tree in feet 

A age of the tree in years 

Ao = index age (20 years) 

In = natural logarithm 

Basal area per tree was calculated using the 

equation (Avery and Burkhart 1983): 

BA 0.005454(dbh)2 (2) 

where: BA basal area in square feet. 

The values attained from solutions of equation (2) 

were summed on a plot basis, yielding basal area per plot 

values, which then were expanded to per acre values. 

Cubic feet volume was estimated for trees greater 

than 1.5 inches dbh using Chojnacky's (1988) volume 



equations: 14 

Single stem equations: 

v -0.068 + 2.4048(X) + 0.1383(X2 ) for X~4 

v 6.571 + 2.4048(X) - 17.704/X for X>4 

where: 

V volume in cubic feet. 

X (drc2) (height)/1,000. 

drc diameter at the root collar. 

The equations (3) and (4) use drc to calculate volume. 

Therefore, it was necessary to estimate drc from the dbh. 

The equation used for this purpose: 

drc = 0.41 + 1.3552 (dbh) - 0.0122(dbh2
) 

Multiple stem equations: 

v -0.028 + 1.9545(X) + 0.1400(X2
) for X~4 

v 6.691 + 1.9545(X) - 17.918/X for X>4 

40 

(3) 

(4) 

(5) 

(6) 

(7 ) 

14 Because of the multi-stem nature of the Emory oak, 
trees were differentiated into multiple stem and single 
stem. A tree with a fork at or above dbh was considered 
multiple stemmed. For trees that forked below dbh, each stem 
of the fork was counted as a tree. 
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where: 

v volume in cubic feet. 

x (edrc2
) (height)/1,OOO. 

edrc estimated drc. 

Multiple stem edrc was calculated as shown below: 

edrc = I;n 02 

i=1 i 
(8) 

where: 

n = number of stems 

D basal diameter of each stem. 

The volume for individual trees then were summed on a per-

plot basis and expanded to a per-acre value. 

A total of 1,239 trees, with a dbh greater than 1.5 

inches, were measured. The descriptive statistics for the 

sample data are summarized in table I. 

Distributions of the data variables were examined to 

determine if the assumptions of normality were satisfied. 

Sample data were distributed normally as shown in Appendix 

I. Next, relations of independent variables to the 

dependent variable were examined to identify trends and 

determine possible need for data transformations, as 

illustrated in Appendix II. 

Age was transformed using the reciprocal value to 

minimize the asymptotic affect. Basal area and site index 

values were transformed to natural logarithm to minimize the 
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Table 1. Descriptive statistics for sample data. 

----------------------------------------------------------------------------------------------------------
Item units Minimum Average Maximum std. 
-----------------------------------------------------
Dbh inches 1.5 4.5 28 2.6 
Drc inches 2.4 6.2 29 3.1 
Height feet 2 12 46 4 
Ba/Acre square 0.35 20 89 16.84 

feet 
Trees/Acre count 10 139 840 140 
Vo1./Acre cubic 0.92 228 1865 278 

feet 
site Index 6.8 15 29 4.5 
Age years 7 50 109 21 
----------------------------------------------------------------------------------------------------------
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variance and to plot data on a straight line. 

The sample data then were analyzed using the least 

squares regression analysis. Least squares linear 

regression line is a line through a set of points that 

minimizes the sum of squares, or the regression line that is 

close to as many data points as possible (Sokal and Rohlf 

1981). 

Mul tiple regression equations (Y = a + b1X1 + b2X2 + 

+bjXj) were used to estimate the dependent variables. 

When the data exhibited a linear relationship, a multiple 

linear regression equation was used to express the 

relationship. Multiple regression equations were developed 

using the stepwise procedure. 15 

When the data exhibited a curvilinear relationship, 

the data were either transformed to logarithmic linear 

equations or polynomial equations. Linear transformation of 

curvilinear equations typically used to describe biological 

phenomenon are presented in Appendix III. Selection of type 

15 stepwise multiple regression procedures evaluate each 
independent variable by the independent variable. The 
independent variable with the largest partial correlation is 
chosen first. other variables are added in order of 
decreasing partial correlations. Independent variables are 
excluded and the addition of independent variables ceases when 
the partial F significance level exceeds the user selected 
alpha level. Once some variables have been added, with the 
addition of more variables, the data set is scrutinized to 
determine whether prior additions or deletions should be 
modified (Sokal and Rohlf 1981). 
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of curvilinear equation depends upon the biological process 

being modeled and the fit of the curve to the sample data 

(Little and Hills 1978). 

Data initially were examined as a total sample (all 

sample data) and then were grouped according to whether the 

samples were from unthinned or thinned stands. Where 

appropriate, data were further grouped according to site 

index class. Then the computed regression lines were 

compared with respect to slope and Y-intercept. When the 

regressions were equal statistically, the data were 

combined. Equations were tested at the 0.05 alpha level for 

statistical significance. The objective here was to develop 

the minimum number of equations necessary to model the 

growth and yield of Emory oak. 



45 

RESULTS AND DISCUSSION 

After the data were transformed and the variable

density model type selected, the data were regressed to 

develop a system of equations. The first equation, upon 

which the system of equations are based, is a Schumacher

type variable-density equation for estimating yield. 

Current yield is estimated by solving the equation for 

current stand conditions. Future yield is estimated 

subsequently by making adjustments in the basal area input, 

changing the age input, and re-solving the yield equation. 

So, future yield estimates are current stand conditions 

adjusted to projected future stand conditions. 

Adjusting the basal area input requires estimating 

the change in basal area over time. Therefore, this 

variable-density yield table requires two types of 

equations: one to estimate yield and another to estimate 

change in basal area. 
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Yield 

Yield is an estimate of volume for given stand 

conditions. The dependent variable, volume, is estimated as 

a function of the independent variables basal area, age, and 

site index. A difficulty with volume is it is user defined. 

For example, volume can mean merchantable volume for saw 

logs (the main trunk), total above-ground biomass (trunk, 

branches, stems, and twigs), or volume to an arbitrarily

defined upper stem diameter. Volume frequently is define by 

a potential wood product to be processed. In this study, 

volume is the above-ground biomass of stem and branch wood 

with an outside bark diameter of 1.5 inches or larger 

(Chojnacky 198b). 

Like volume, basal area is a density measure. 

However, basal area provides no indication of the form of 

the volume. Two sites with the same basal area can have 

completely different forms of volume. One can consist of a 

few mature trees, while the other can consist of many small 

saplings. 

The relationship of volume and basal area can be 

seen in the graph presented in Appendix II. As basal area 

increases, so does volume. The cross-sectional area (basal 

area) is a component of volume equations; however, unlike 

volume, basal area has only one definition. An advantage of 



using basal area is that it provides a standardized 

expression of density measure. 
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As previously mentioned, age provides a reference 

point for comparisons of stands in a range of developmental 

phases. 

site index is a rating of the potential for biomass 

production on an area. Using age as a variable, it is 

computed, then the productive potential of an area is 

estimated and comparisons of data from different stands 

made. In theory, an area with a higher site index will 

produce more biomass than an area of lower site index in the 

same period of time. 

In this study, volume is based upon the interactions 

of basal area (an indicator of density), age (an indicator 

of the stage of stand development), and site index (an 

indicator of the productive potential of an area). 

A multiple regression was used on the Schumacher 

equation type format. The resulting yield equation is: 

lnV 1.25 + 1.01(lnBA) 

- 8.83(A-') + O.565(lnSI) 

SYoX = .186 

r2 = .951 

(9) 



Where: 

V volume in cubic feet/acre 

BA basal area in square fep.t/acre 

A- 1 = age in years 

SI site index 

In natural log 

Sy.x = standard error of the Y estimate 

r2 = coefficient of determination 

48 

To estimate current yield, equation (9) is solved 

for current stand conditions. Equation (9) also is used to 

estimate future yield; however, the basal area input must be 

adjusted for some future age. 



Basal Area Adiustment 

Systems for predicting future yield generally 

involve one of the following three approaches (Clutter et 

al. 1983): 
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1. Predicting volume growth and adding it to estimates 

of present volume. 

2. Predicting forest stand density at a projected age, 

then using this in solving current yield equations. 

3. Predicting future yield by using current stand 

conditions and length of projected period as 

variables. 

Typically, predictions of volume growth (the first 

approach) are made from observations of growth over a 

limited time period. If observations of growth were made 

for a 5-year period, for example, the projections of growth 

must be made for 5-year intervals. A difficulty of this 

method is that the growth rates of trees are not constant. 

The growth rate eventually observed will over-estimate 

volume when extrapolated over long periods. 

The second and third approaches both require a 

prediction of change in density to estimate volume. By 

estimating change in density along with change in growth, 

both growth and mortality functions are included in the 

future yield equation. Estimating change in density 

provides a more realistic estimate of volume over time. In 



the future yield equations presented herein, basal area, a 

measure of density, was used to forecast change in volume 

(second approach). 
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Basal Area Curves. Theoretically, a site has a 

maximum amount of biomass that can be produced per-unit

area, which is considered to be the law of constant final 

yield (Pienaar and Turnbull 1973). In theory, all areas of 

the same site index eventually will produce the same amount 

of basal area, regardless of the initial stand density. 

Basal area curves have been used to project the rate at 

which the basal area is accrued and the maximum amount 

attainable. Therefore, basal area curves were used to 

project growth and mortality. 

Pienaar (1965) and Turnbull (1963) investigated the 

final yield concept and found it to be generally true, with 

two exceptions. First, if stands are under-stocked 

severely, height growth can be reduced due to a lack of 

competition and the area will never achieve maximum biomass 

production. Second, when forest stands are over-stocked, 

causing growth stagnation, maximum basal area is never 

achieved. A modeler should be aware if either of these 

conditions is present. 

In Emory oak, predicting changes in basal area also 

facilitates predicting future yield. Future yield is a 

function of growth and mortality. In this case, it is 
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desirable to predict basal area at a specified projected age 

and this association is presented in basal area curves. To 

analyze the data, some basic assumptions about the 

interaction of factors on a forest stand were made. First, 

it was assumed that site index is related to available soil 

moisture throughout the year (Callison 1988). Second, it 

was assumed that densities will be higher in stands with 

higher site indexes after the first few years of 

establishment due to competition for water. Third, as the 

age of the stand increases, it was assumed that the density 

of the stand decreases because of competition among trees 

and the effects of age on growth and mortality. 

The data were grouped by site index class and, 

within each class, they were grouped into age and mean basal 

area classes. Then, a regression, using a second degree 

polynomial format, was used. The resultant equations were: 

site index class 10 

BA = 9.71 + 0.155A - 0.00115A2 

Sy.x = .393 

r2 = .734 

(10) 
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site index class 15 

BA = -18.6 + 1.55A - 0.0138A2 (11) 

SYoX = 2.55 

r2 = .831 

site index class 20 

BA = 0.0286 + 1.85A - 0.0159A2 

SYoX = 8.45 

r2 = .745 

(12) 

The equations are displayed graphically in figure 4. The 

average amount of basal area accumulated over time varies 

with the site index class. 

As expected, in site index class 10, there is little 

variation in basal area over time, because it is lower in 

productivity than the other classes. The trees on the site 

are existing at the maximum level of basal area that the 

site is capable of supporting. 

The site index class 15 basal area curve shows a 

greater variation in basal area associated with age, 

indicating that the site is able to sustain more basal area 

than present at the younger stages of stand development. 

The maximum amount of basal area is attained at 

approximately the 60-year age class. Basal area declines as 

the stand ages due to the mortality rate exceeding the 
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growth rate after age sixty. 

The site index class 20 basal area curve exhibits 

the greatest amount of variation in basal area associated 

with age. This variation is caused by the same factors in 

site index class 15. The increase in the variation is due 

to the greater production potential of site index class 20. 

As illustrated in the graph, the accrual of basal 

area is almost static in site index class 10 (figure 4). 

The accrual of basal area increasingly becomes dynamic as 

site index classes increase. These curves represent the 

average change in basal area over time. 

To determine the rate of change in basal area, with 

respect to time, the above equations were differentiated. 

The equations, in the form of second-degree polynomials, Y = 

c + b,X, + b2X/, were differentiated to dY/dX = b' + 2b2X" as 

presented herein: 

site index class 10 

dBA/dA = 0.155 - 0.0023A (13) 

site index class 15 

dBA/dA = 1.55 - 0.0276A (14) 

site index class 20 

dBA/dA = 1.85 - 0.0318A (15) 
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To solve for future yield, the future basal area is 

estimated by summing the estimated annual changes in basal 

area from the current to future ages for the appropriate 

site index class. The total change in basal area then is 

added to the current basal area to provide the estimate of 

basal area in the future. For example, for site index class 

10: 

where: 

Af 
BAc + p:: dBA/ dA 

Ac+1 
0.155 - 0.0023A) 

BAf future basal area in square feet/acre 

BAc current basal area in square feet/acre 

Af future age in years 

Ac current age in years. 

(16) 

The estimated future basal area, along with future age and 

site index (which remains constant) then are used to solve 

equation (9), which estimates future yield. 
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Applications 

Variable-density yield tables, in general, are used 

to estimate current yield, future yield, growth rates, 

rotation age, and harvest age. Examples of estimating 

current yield, future yield, growth rate and rotation age 

are presented for an unthinned stand of Emory oak. Harvest 

age was not estimated, because it is a function of rotation 

age and the market value of the desired wood product, the 

latter value being unknown in this example (Avery and 

Burkhart 1983). 

Current Yield. The unthinned stand is 25 years old, 

the current basal area is 15.9 square feet/acre, and the 

site index is 15. Current yield is estimated by solving 

equation (9) in terms of the given inputs. The estimated 

current yield in this example is 185 ! 1.48 cubic feet/acre. 

Future yield. Future yield at age 40, is predicted 

by first estimating the annual changes in basal area by 

solving equation (14) (site index class 15) for ages 26 

through 40 and totaling the estimates. The total is 9.59 

square feet/acre. The total change in basal area then is 

added to the current basal area to estimates a future basal 

area of 25.5 square feet/acre. This value, the age 40, and 

site index of 15 are used to solve equation (9) once again, 

this time for an estimate of future yield. The estimated 

future yield of the stand is 340.5 ! 1.46 cubic feet/acre. 



Growth Rate. The growth rate is the change in the 

volume divided by time: 

Vf - Vc 
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T 
(17) 

where: 

Gr net annual growth rate in cubic feet/acre/year 

Vf = future volume in cubic feet/acre 

Vc current volume in cubic feet/acre 

T = time in years. 

In this example, the net annual growth rate is (340.5 -

185/15) or 10.4 cubic feet/acre/year. 

Touchan (1988) estima.ted the gross annual growth 

rates of Emory oak for four thinning strata in the San 

Rafael Valley of southeastern Arizona, using a stand table 

projection method developed by Ffolliott (1965). He 

estimated the gross annual growth rate to range from 4.9 

cubic feet/acre/year to 15.0 cubic feet/acre/year, depending 

upon the thinning strata. 

Net annual growth rate has been estimated for all 

oaks (Quercus spp.) of Arizona. The source data were from 

all site index classes and age classes, collected from 

public and private lands throughout Arizona. The estimated 

net annual growth rate for all oak species in the state of 

Arizona is 11.7 cubic feet/acre/year (preliminary, 

unpublished data). 
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The net annual growth rate of the example is 

comparable to the other two independent estimates of growth. 

While Touchan' s estimates are for gross annual growth ~e.t':)S, 

the estimate of the example presented above fall within the 

range of his estimates. The similarity of the estimates may 

be because the data for both estimates were obtained in the 

San Rafael Valley. 

The estimates of net annual growth rates for all 

oaks differ somewhat from the example. The differences 

might be explained by the difference in the sample data. 

The example estimate is for a specific oak species and site 

index class of the oak woodland of southeastern Arizona. 

The other estimate represents all oak species and all site 

index classes throughout Arizona. 

still, the similarity of the respective estimates 

suggest that the variable-density yield tables for Emory oak 

produce acceptable estimates of growth. 

Rotation Age. Rotation age is the age of maximum 

mean annual increment. It is determined, in this example, 

by solving for volume of a range of ages, dividing the 

volume by the age, and determining the age with the maximum 

mean annual increment (Avery and Burkhart 1983). In this 

example, the rotation age is 38 years, at which time the 

mean annual increment is 8.2 cubic feet/acre/year and total 

volume is 312 cubic feet/acre. 



In estimating growth and yield for thinned stands 

the same equations are used, but the procedure may be 

modified slightly. Thinned Emory oak stands frequently 

consist of two stories. The first story consists of the 

residual trees remaining after thinning, the second story 

consists of sprouts resulting from thinning. 
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Current yield is estimated from data obtained from 

both stories. However, due to the often differing growth 

rates, future yield can be estimated for each story 

individually. The age and basal area of the residual story 

is used to estimate change in basal area for the first 

story. The age and basal area of the sprouts are used to 

estimate the change in basal area of the second story. The 

site index will be the same for each story. Equation (9) 

then is solved for each story and the volumes added together 

to estimate total future volume of the stand. 

Procedural steps for determining current yield and 

future yield of unthinned and thinned stands of Emory oak 

are illustrated in a flow chart (Figure 5). 
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Figure 5 Flow chart for equations to predict growth and yield 
of Emory oak stands. 
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Sources of Errors 

There are sources of error when modeling variable 

natural populations. The sources of error in this study 

were the subjectivity of site index ratings, the lack of 

ingrowth in forest stand density curves, the inability of 

the model to allow for variation in stands with the same 

input variables, and the lack of a mechanism in the 

equations to account for the interaction between two-storied 

stands, as described below. 

The method of site index determination used in this 

study has been criticized because it is a subjective rating 

system (Avery and Burkhart 1983, Clutter et ale 1983, and 

Husch et ale 1982). A forester selects the tallest, most 

vigorous tree to represent the site potential. However, the 

vigor of the tree may be due to the genetic heritage of the 

tree as well as the site's potential. Furthermore, 

different "site trees" may be selected by different 

foresters. 

Clutter et ale (1983) suggested that site index may 

best be determined by using the average stand height and 

age, rather than the height of the tallest tree. Because of 

the likeness of tree heights in an Emory oak stand, this 

method can reduce sampling error when determining site index 

for Emory oak. 
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This model does not allow for ingrowth of trees or 

sprouts in a plot. This would have the greatest impact on 

plots where the sprouts are present but not counted because 

they are less than 1.5 inches dbh. In the unthinned stands, 

this is not as much of a concern because the stands are 

even-aged and regeneration appears not as dynamic as uneven

aged stands. 

This model will give the same results for the same 

inputs. In nature, this may not be the case. Several 

factors change the final results, for example, the outbreak 

of an insect population or a disease effecting the growth of 

a stand. To allow for an occurrence like this, Myers (1971) 

included a random number generator to incorporate random 

elements into a variable in a variable-density yield table. 

For example, Myers varied the dbh input by including random 

estimates to be added to orsubtracted from dbh. In this 

model, there is no mechanism to introduce random elements to 

allow for variability in stand development. 

There is no mechanism incorporated into the 

equations to account for the interaction between the 

residual and sprout components of two-storied stands. While 

different growth rates may be utilized for the two stories, 

there is no accounting for the effect of competition between 

the stories on total growth; this is due to the lack of data 

on the observed interactions between stories. The yield 



table estimates assume (de facto) that the growth rates of 

either story are the same as single storied stands of the 

same age. 
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CONCLUSIONS 

The purpose of this study was to develop a growth 

and yield model for Emory oak, specifically, variable

density yield tables. The variable-density yield tables 

were developed from data collected from temporary plots, 

using commonly implemented sampling techniques and measuring 

procedures. A system of equations was generated to estimate 

the current volume and predict future yield. 

The system of equations consist of a yield equation 

and basal area adjustment equations. Current volume is 

estimated by solving the yield equation for current stand 

conditions. Future yield is Gstimated by first predicting 

basal area, then using the predicted basal area and future 

age to re-solve the yield equation. 

The system of equations can be used for either 

unthinned or thinned stands, though the procedure differs 

slightly. Perhaps, the same system of equations for both 

unthinned and thinned stands emerged because in either, the 

primary form of regeneration is from sprouts. 

As with any model, there are possible future 

refinements. First, the model needs to be validated on an 
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independent set of data. Second, the model might be 

improved by better quantification of the interaction of the 

two-storied stands. Third, random elements to express 

natural variation could be introduced into the model to more 

closely simulate a stand in nature. 

still, as presented, the model should prove to be a 

useful tool for the multiple use management of Emory oak. 
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APPENDIX I 

Variable Distribution 

Age Class Average P I at OBH 

1. Age Frequency. 2. DBH Frequency. 

Site Index CIl3SS 8050 I Area Class 

3. site Index Frequency. 4.Basal Area Frequency. 



APPENDIX II 

Relationship of dependent variable 
to independent variables 
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• D 

aa 

a. 
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1. Volume versus Basal 
Area. 2. Volume versus Age. 
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3. Volume versus site 
Index. 4. Basal Area versus age. 
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APPENDIX III 

Curvilinear Equations 
------------------------------------------------------------------------------------------------------------------------
Name Equation Logarithmic 

version 
Biological 
Phenomena 

------------------------------------------------------------------------------------------------------------------------
Exponential 
Curve Y 

Power 
Curve Y 

Asymptotic 
Curves Y 

Polynomial 
type 

Quadratic 

Cubic 

Y = a + bX, + 
cX 2 + dX 3 + , , 
••• nX'i 

Y = a + bX, + 
CX 2 , 
Y = a + bX, + 
CX/ + dX,3 

InY = Ina 
+ (Inb)X 

InY = Ina 
+ b (InX) 

In(Y-c) = 
Ina + (Inb)X 

loaarithmic 
transformation 
of variables 

" 

" 

growth and 
decay 

height-weight, 
width-area, 
length-volume 
relationships 

asymptote 
(e.g. basal 

area and age) 

parabola 

* Polynomial type curves continue (quartic, quintic, etc ... ) 
respectively yet are not usually used, in biological 
applications, above the cubic level. 
___ ... ______ ....... ., __ .. .Ao_c:.. ____________________________________________ _ 

------~-----------------------------------------------------
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