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ABSTRACT 

Various methods for summarizing and ordering phytosociological 

data have been developed and utilized on a wide range of vegetation 

types during the past 25 years. The common objective shared by all 

methods is to produce meaningful groupings of stands of vegetation 

which approach a natural classification scheme by creating groups which 

are internally homogeneous with respect to a wide variety of variables. 

Supposedly, therefore, the different methods are only unique approaches 

to obtain essentially identical end results. Only in rare instances 

have two or more methods been concurrently applied to the same commun

ity or communities to compare the results of the methods for consist

ency and/or efficiency. 

The objective of this study was to compare the results from 

several quantitative descriptive methods involving association analy

ses, linear ordination and factor/cluster analyses. The stands utilized 

in the study were located in a relatively uniform desert grassland com

munity in southeastern Arizona. The groupings of stands derived from 

the application of the several methods to a common group of stands were 

evaluated for the "best" method. The "best" method was defined as the 

method which resulted in significant (p < .01) F statistics for the 

greatest number of ecologically important variables from one-way anal

yses of variance for among group and within group mean squares. 

vii 
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The results indicate that the methods used were not simply dif

ferent approaches to obtaining the same final objective of producing 

groups with the greatest internal homogeneity for a maximum number of 

variables. The groups of stands produced by any particular method were 

highly dependent upon the exact criteria utilized to perform the group

ings. Furthermore, the exact type and amount of data which were input 

to the method affected the final results. In general, the use of a 

greater variety of types of vegetative data and the inclusion of en

vironmental variables as used in the factor/cluster analysis method re

sulted in groups that more nearly fulfilled the objectives of producing 

groups of maximum internal homogeneity for a wide variety of variables. 

The primary objection to the use of the factor/cluster analysis 

method concerns the time and effort required to collect the input data. 

This objection can be partly overcome by the judicious use of more 

rapid qualitative methods to initially stratify the study area permit

ting optimum allocation of samples within the delineated areas. The 

stratification should result in fewer total stands being required, thus 

making the factor/cluster analysis method more competitive in terms of 

time and cost relations. 



INTRODUCTION 

Man has a desire to impose some type of orderly arrangement 

upon natural phenomena that he encounters. Evidence of this desire to 

either find or impose order, particularly in natural phenomena, can 

easily be found in the natural sciences such as geology, zoology, soil 

morphology, and plant taxonomy. The purpose of such an ordering is to 

organize the individual objects being studied into fewer but larger 

entities of a relatively homogenous nature, so that the properties of 

the objects may be remembered and their relationships may be most eas

ily understood for some specific objective (Goodall 1953, Cline 1949). 

From the standpoint of land management, it is desirable to have meth

odology which permits the land manager to stratify the landscape into 

units which are relatively homogeneous in terms of their physical char

acteristics. Management plans are then developed on the assumption 

that the geographical areas within a given unit will respond similarly 

to a particular management practice. 

Because no two objects in nature are exactly identical in all 

respects, any grouping introduces some degree of heterogeneity. As the 

number of classes or groups decreases toward the "top" of the classi

fication, the groups become less homogeneous internally. A basic ques

tion becomes the degree of homogeneity to be required at any given 

level in the classification, balanced with the desire to have as few 

classes as possible for each level. The objective of any particular 
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classification determines the characteristic or characteristics that 

can most efficiently be utilized to differentiate the population mem

bers into the various classes (Cline 1949). 

Several approaches to defining homogeneity in vegetation clas

sifications have been proposed in the past. Goodall (1953, p. 42) 

stated: "The vegetation of an area may be regarded as heterogeneous 

if, in at least one species, the distribution of individuals, or groups 

of individuals behaving in distribution as a unit, is patchy." Since 

it is highly unlikely that variations in habitat factors would affect 

only one species, we can expect several species to react similarly to 

give a nonrandom distribution pattern to groups of species over an area 

(Daubenmire 1968, Greig-Smith 1964). Therefore, if analysis of sam

pling data indicates significant interspecific correlations, it is prob

able that the distributions of the species are nonrandom and that this 

is a reflection of nonrandom habitat factors. This approach (Goodall 

1953) then defines heterogeneity as a condition indicated by a statis

tically significant degree of correlation among species for a given 

group of stands. To define basic groups, subdivision of groups is exe

cuted until such time as statistically significant correlations no 

longer remain among species in the stands. 

Another approach is to utilize various quantitative measures 

such as species density, coverage, productivity, etc., to establish 

groups that are the most homogeneous in a least squares statistical 

sense (Sokal and Sneath 1963). These methods utilize cluster analysis 

and/or factor analysis as the method of establishing homogeneous groups. 
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Various methods for summarizing and ordering phytosociological 

data have been developed and utilized on a wide range of vegetation 

types during the past 25 years (Goodall 1953; Hopkins 1957, Williams 

and Lambert 1959, 196 0; Curtis and Mcintosh 1951; Mcintosh, 1962). 

Only in rare instances, however, have two or more methods been concur

rently applied to the same community or communities to compare the re

sults of the methods for consistency and/or efficiency. 

Goodall (1953) proposed four methods of subdivision to obtain 

homogeneous groupings when a particular collection of stands was heter

ogeneous in terms of significant positive interspecific correlations. 

Goodall's stands were located in the Victorian Mallee of Australia. 

The vegetation of his study area is probably within the Eucalyptus 

oleosa-E. dumosa association as defined by Wood (1937) and Beadle 

(1948). 

Williams and Lambert (1959, 1960), also utilizing interspecific 

correlation values, proposed somewhat different criteria and methodology 

than that used by Goodall (1953) for subdivision. Their initial study 

area encompassed two heathland communities of the New Forest heathland 

in Australia. Both communities were comparatively simple in terms of 

numbers of species, with only five species in the "Beaulieu Road" com

munity and 10 species in the "Matley Ridge" community. In a second 

study, an additional heathland community with 29 species and a grazed 

marsh with 72 species were analyzed. 

Hopkins (1957) used a method involving interspecific correla

tions to define "basic units" or characteristic species groups to order 
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stands from three communities, a marsh, a bog, and a wood, in Britain.. 

Mcintosh (1962) used a nearly identical method to order stands from a 

community known as the York Woods, a deciduous hardwood community in 

Green County, Wisconsin. 

Curtis and Mcintosh (1951) proposed a method of ordination 

based upon a synthetic quantitative value that they called "Importance 

Value." The value is the sum of the relative (percent) density, rela

tive (percent) dominance, and percentage sum of frequency for each 

species in each stand. The stands were located in the deciduous forest 

region of southern Wisconsin. 

Goodall (1954) applied factor analysis to stands from the Vic-* 

torian Mailee, which he also analyzed by interspecific correlation 

analysis. However, no attempt was made to compare the two methods, as 

the factor analysis was used to produce an ordination of the stands 

rather than a classification. 

The common objective shared by all methods is to produce mean

ingful groupings of stands which approach a natural classification 

scheme by creating groups which are internally homogeneous with respect 

to a wide variety of variables. Supposedly, therefore, the several 

different methods are only different approaches to obtain nearly iden

tical end results. 

The objectives of my study are to compare the results of sev

eral quantitative descriptive methods in classifying stands from a 

relatively uniform grassland community in southeastern Arizona, so that 
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an evaluation of the consistency and efficiency of the results can be 

made to determine if, in fact, the methods are equally good or if a 

"best" method exists. 



DESCRIPTION OF THE STUDY AREA 

The study area is situated approximately 60 miles south of 

Tucson, Arizona, in sections 15, 16, 21, and 22, Township 21 South, 

Range 18 East, of the Gila and Salt River Base and Meridian. The study 

area, which ranges in elevation from 4800 to 5000 ft., is surrounded 

by the Huachuca Mountains on the southeast, the Canelo Hills on the 

south and southwest, and the Mustang Mountains on the northeast. In 

1968 a formal agreement was made between The University of Arizona 

Agricultural Experiment Station and Mr. and Mrs. Frank Appleton to con

duct basic as well as applied research on the Elgin Ranch on a long-

term basis. The ranch has not been grazed by domestic livestock since 

late 1967, and future plans include protection of the study site from 

livestock grazing. This research was initiated under Atomic Energy Com

mission contract number AT(11-1)-1821 entitled: "A statistical study 

of basic ecological variations in a shortgrass site," Dr. Charles D. 

Bonham, principal investigator. 

Climate 

The climate at the study site is greatly affected by both the 

surrounding mountains and the monsoon precipitation pattern, which is 

typical of southeastern Arizona. The general climate is warm and dry 

with an average annual precipitation of 18 inches. Approximately 60% 

of the total precipitation occurs as a result of convection thunder-

showers during the months of July, August, and September. The 
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remainder of the yearly precipitation occurs during the winter months 

as gentle, prolonged, tropical Pacific storms that cover relatively 

large areas of the State. May and June are usually the driest months 

and are often without measurable precipitation. Snow is common in late 

fall and winter months and frequently remains on north-facing slopes 

for several days. 

Temperatures are mild in the summer and cool in the winter, as 

a result of the elevation and the surrounding mountains. The late 

June-early July period is the warmest time of the year with tempera

tures in the 90's (degrees Fahrenheit) occurring frequently. Winter 

nighttime temperatures often fall below freezing, owing to cold air 

drainage from the mountains, but rarely fall below 0 F. Maximum winter 

daytime temperatures are usually above 32 F. The main growing season 

coincides with the summer rainy period. Some growth may also occur in 

March and April if sufficient winter rain and/or snow has been received. 

The frost-free period in the area averages about 200 days. 

Soils 

The major geomorphic features of the area surrounding and in

cluding the research site were formed during the early Quaternary pe

riod approximately 15 to 20 million years ago. The existing soils were 

derived primarily from mixed alluvium and conglomerates and are classi

fied into at least four soil series: Bernardino, Hathaway, Pima, and 

White House. Soil descriptions are according to Soil Conservation 

Service Soil Series descriptions (Soil Conservation Service, unpub

lished). 
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Bernardino Series 

The Bernardino series belongs to the family of fine, mixed, 

thermic Mollic Haplargids. The soils are characteristically mildly 

alkaline in the surface layer, contain fine-textured, red-brown B hori

zons, and show distinct accumulations of calcium carbonate at depths of 

20 inches or less. The pH ranges from 7.5 in the surface layers to 8.0 

in the lower depths. Bernardino soils typically occur on level to roll

ing alluvial fans and are derived from a mixed alluvium of andesite, 

basalt, chert, limestone, quartzite, rhyolite, sandstone, shale, and 

tuff. These soils are generally well drained, moderately permeable, 

and have a medium surface runoff rating. 

Pima Series 

The Pima series belongs to the Fluventic Haplustolls family and 

characteristically has dark brown clay loam A and C horizons. The 

soils are usually calcareous throughout and contain more than 1% or

ganic matter. The upper layers generally have a pH of about 7.5; the 

lower layers have a pH of 8.0. These soils occur on level to gently 

sloping low terraces and flood plains (slopes from 0 to 37») and are 

derived from a mixed alluvium of acid and basic igneous rocks, lime

stone, quartzite, and shale. The Pima soils are generally well drained 

and have moderately slow to slow permeabilities with a surface runoff 

class of slow to medium. 
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White House Series 

The White House series, like the Bernardino series, belongs to 

the Mollic Haplargids family. These soils have well developed, red-

brown B horizons with some concentrations of calcium carbonate in the 

lower horizons. The series typically contains at least 1% organic 

matter and range in pH from 5.5 to 8.0 in upper and lower layers, re

spectively. The White House soils are primarily found on alluvial fans 

or plains and are derived from a mixed alluvium of andesite, dacite, 

granite, quartzite, and rhyolite with basalt and limestone influences. 

The permeability of the White House series generally ranges between 

moderately slow to slow, and the series is considered to be well 

drained with a medium surface runoff rating. 

Hathaway Series 

The Hathaway series belongs in the family of Typic Calciustolls 

and usually has dark colored A horizons over gravelly, coarse-textured 

C horizons. The pH typically ranges from 8.0 in the upper layers to 

8.2 in the lower soils. The soils occur on nearly level (27o) to steep 

slopes (707°) of alluvial fans or plains and are derived from andesite, 

dacite, granite, limestone, quartzite, rhyolite, sandstone, shale, and 

tuff. These soils are generally well-drained, moderately permeable, and 

have a medium surface runoff rating. 

Vegetation 

The vegetation of the research site is now primarily shortgrass 

with oak (Quercus arizonica and Quercus emoryi) savannahs occurring 



along drainages. The herbaceous vegetation is dominated by Bouteloua 

chrondrosoides. Bouteloua gracilis. Bouteloua hirsuta. Bouteloua curti-

pendula. Hilaria belangeri and Aristida spp. [scientific nomenclature 

according to Kearney and Peebles (1967)]. Mimosa dysocarpa and Mimosa 

biuncifera are the only shrub species of consequence in the study area. 

They occur primarily on very rocky, shallow soils in the southwest por

tion of the study site. Shreve (1951) and Nichol (1952) refer to the 

area as a desert grassland community. Weaver and Clements (1938) 

recognized that this desert grassland type resembles the shortgrass re

gion of the Great Plains and cannot be distinguished from the latter 

when overgrazed. Previous grazing on the Elgin Ranch has probably re

sulted in a depleted floristic composition as reflected in the relative 

homogeneity of the vegetation even across edaphic and topographic dis

continuities where more distinct vegetative boundaries might be ex

pected. Figures 1 and 2 give an overall perspective of the vegetation 

and topography of the study area. 
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Figure 1. View to the north from the vicinity of stand number 68. 

Figure 2. View to the southwest from the northeast corner of the study 
area at stand number 1. 



EXPERIMENTAL METHODS 

The study area was an 1800- x 1800-m (1,000-acre) area covering 

a variety of microenvironmental combinations. Macroplots 10- x 10-m in 

area were chosen to represent "stands" of vegetation within the study 

area after several sizes and shapes of such plots were sampled. The 

locations of stands within the study area were determined by two grid 

systems. In the first year of the study, 100 stands were selected to 

create a symmetrical matrix of 10 rows and 10 columns with a distance 

between stands of 200 m. During the second year 25 additional stands 

were located in a symmetrical matrix with a spacing interval of 400 m 

between stands. The grid system and the identification numbers as

signed to each stand are shown in Figure 3. Fifty quadrats (40- x 40-

cm) were placed within each stand according to a random start method. 

These quadrats were used to obtain samples of environmental and vege-

tational data. The sampling scheme was initially developed to meet the 

requirements of the A.E.C. research project, which involved computer 

display techniques based on having input data from points arranged on a 

uniform grid basis. Samples were obtained as follows: 

1. Frequency was defined as the percent of quadrats within a 

stand which contained a particular species. The presence or absence of 

each species was recorded on 50 random quadrats within each stand. 

2. Constancy was defined as the presence or absence of each 

species within each stand. The species was considered present if it 

occurred in any of the 50 quadrats sampled in No. 1 above. 
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Figure 3. Field sampling design for stands (10- x 10-m). 



3. Density was defined as the number of individuals per quad

rat by species. Individuals were counted on 10 random quadrats within 

each stand. 

4. Cover was defined as the percent basal cover for three 

groups of plants [blue grama (Bouteloua gracilis), other grasses, and 

forbs and shrubs3. Determinations were made on the same 10 quadrats 

which were used for density. 

5. Yield was defined as above ground biomass. Plants in the 

10 quadrats used for density were clipped to the ground line and sepa

rated into the following groups: blue grama, other grasses, and forbs 

and shrubs. Data were expressed as pounds per acre air dry weight. 

6. Soil factors. Samples of soil collected at two depths (0 

to 6 inches and 6 to 12 inches) from quadrats 3, 7, and 9 of the 10 

production quadrats. 

Description of Methods to be Compared 

The quantitative descriptive methods compared in this study can 

be conveniently grouped into three categories: (1) association analy

ses, (2) linear ordination, and (3) factor and cluster analyses. The 

various steps involved in the data manipulation will be discussed for 

each method utilized. 

Association Analyses 

The several methods that employ association analysis utilize 

constancy data. The initial calculations involve a series of 2 x 2 

contingency tables for each possible pair of species across all stands. 



From these tables, the observed numbers of presence and absence data 

are compared with expected values to determine a chi-square value 

(Figure 4). 

Species #1 

Present Absent Total 

Present a b a + b 

Absent c d c + d 
CO 
V 
•H 
O 
GJ 
n Total a+c b+d a+b+c+d CO 

Chi 
2 (ad - bc)^ (a + b + c + d) 

(a + b) (c + d) (a + c) (b + d) 

Figure 4. Contingency tables and chi-square determinations. 

Those pairs of species whose observed joint occurrences were greater 

than expected under a hypothesis of independence of occurrences and for 

which the calculated chi-square value's probability of occurrence ex

ceeds a predetermined level are declared to have a positive interspe

cific correlation. Similarly, those pairs of species whose observed 

joint occurrences are lower than expected and for which the probability 

of the calculated chi-square exceeded the predetermined level would be 

declared to have a negative interspecific correlation (Greig-Smith 

1964, Goodall 1953, Dice 1945, Dixon and Massey 1957). 

Six methods involving association analyses of constancy data 

were utilized in this study. 
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The first of four methods by Goodall (1953) is based on sub

division of the stands by taking as a potentially homogeneous group all 

stands that contain the most frequently present species that has a sig

nificantly (p < .05) positive interspecific correlation with other spe

cies. The most frequently present species is the species which occurred 

in the greatest number of stands before subdivision. This subset of the 

original stands is then reanalyzed. If still found to be heterogeneous 

(i.e., to contain an excessive number of significant chi-square values), 

it is again subdivided by taking as a potentially homogeneous group 

those stands that contain the most frequently present species that has 

2 
a significantly positive interspecific correlation. More than [.025 n -

.025 n] significant (p < .05) chi-square values was defined as excessive 

where n equals the number of species compared. The subdivision process 

is repeated until a "homogeneous" group of stands is found in which the 

number of significant chi-square values is acceptable under the pre

determined criteria. The residual stands from each step are then 

grouped, and a new cycle of subdivision is begun. This subdivision 

and regrouping of the residuals is continued until the residual group 

also qualifies as a homogeneous group. At this point an attempt is made 

to recombine all possible combinations of the groups without introduc

ing heterogeneity. The groups that can be so recombined and remain ho

mogeneous are considered as a single unit for the final results. This 

method results in the smallest number of homogeneous groups which are 

characterized by the complete presence or absence of certain species 

within given groups. Williams and Lambert (1959) have taken exception 
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to the manner in which this method involves pooling of the residual 

stands. This will be discussed later under an explanation of Williams' 

and Lambert's method (p. 18). 

The second method proposed by Goodall (1953) involves the re

moval of heterogeneity by elimination of those stands in which the most 

frequent species is present (i.e., absence of the most frequently oc

curring species with significant positive interspecific correlation is 

the criterion for retention in a potentially more homogeneous group). 

Pooling of the residual stands following the declaration of a homogene

ous group and reexamination of the residuals is followed as in the 

first method. Again, when the final residual group is no longer hetero

geneous, recombinations of the various groups are attempted. 

Goodall's (1953) third method is based on a progressive selec

tion of stands in which the criterion for selection is the presence of 

both of the two species that have the highest joint occurrence and that 

have a significant positive interspecific correlation. Reanalysis and 

further subdivision occurs until a homogeneous group of stands is de

fined. Again, residual stands are pooled and the process of subdivi

sion is repeated until such time as a homogeneous residual group is 

formed. Recombinations of homogeneous groupings are attempted to re

duce the final number of groups without the reintroduction of hetero

geneity. 

The fourth and final method suggested by Goodall (1953) is the 

two-species analog to method No. 2. In this method, the criterion for 

subdivision is the absence of both members of the most frequently 
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occurring pair which displayed a significant positive interspecific 

correlation. The mechanics of the method are similar to the first 

three procedures. 

A method developed by Williams and Lambert (1959, 1960) is sim

ilar to Goodall's (1953) methods in that it begins with the calculation 

of chi-square values from two-by-two contingency tables for each possi

ble pair of species under consideration. From this point on, the 

methods differ considerably. Williams and Lambert (1959) establish a 

case for considering negative as well as positive interspecific corre

lations in subdivision. They begin subdivision of the stands with the 

species that has the greatest sum of significant chi-square values. A 

series of dichotomous divisions of the stands follows sequentially un

til no further significant chi-square values are found within the groups 

of stands. The primary differences between this method and Goodall's 

(1953) methods are: (l) the method does not involve an attempt to re-

combine groups after subdivision or to pool residual stands during sub

division, (2) positive and negative associations are considered to be 

of equal importance, and (3) all significant chi-square values are re

moved during subdivision rather than stopping subdivision when the num

ber of significant chi-square values is less than the expected number 

based on the probability level selected. 

Hopkins (1957) and Mcintosh (1962) developed a method which 

uses chi-square values obtained from two-by-two contingency tables sim

ilar to the previous methods. The "basic units" of Hopkins (1957) are 
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characterizing species lists developed by grouping species according to 

their significant positive and negative associations, as follows: 

1. Any species which exhibits a significant (p < .001) nega

tive association with any other species is identified, and each of 

these species forms the nucleus of an initial basic unit. 

2. To these initial units are added any species that are posi

tively associated with the nucleus species. Three probability levels 

(p < .001, p < .01, and p < .05) were used in separate analyses to pro

duce different basic units. 

3. When two or more units contain one or more common species, 

the units are merged together. 

4. All remaining species are examined and those groups of two 

or more species found to be positively associated form the nuclei of 

additional basic units. 

5. Repeat step No. 3. 

6. The basic units are now defined by the various species 

groupings developed. 

Stands are identified with the various basic units based on the degree 

of fidelity the stand has for a particular basic unit. The fideltiy 

decision is facilitated by calculating a value, R, which is a numerical 

index of the relative number of positive associations in the basic 

unit. The formula used to determine the value of R for each basic unit 

is as follows: 

R = 1 + 2A/S 



where R is the number of species from a basic unit that must occur in a 

stand for the stand to be identified with the group of stands which is 

characterized by a particular basic unit or species list, A is the num

ber of significant positive associations within the basic unit, and S 

is the number of species in the basic unit. The value of R is rounded 

off to the nearest integer. Stands that meet the required R for only 

one basic unit are given a score of one; those meeting the required R 

for more than one basic unit are given fractional scores for the basic 

units (Hopkins 1957). For the purposes of this study, it was undesir

able to identify stands with more than one basic unit. Therefore, ad

ditional groups of stands were established to accommodate stands having 

affinity for more than a single basic unit. For example, if one or more 

stands met the criteria for basic units "A" and "B", then these stands 

were placed into a separate group. 

Linear Ordination 

Curtis and Mcintosh (1951) described a method of linear ordina

tion for the upland hardwood forests of the prairie-forest floristic 

province of southern Wisconsin. Stand data were analyzed by developing 

an "importance value" for the major species. This value was the sum of 

relative (percent) density, relative (percent) dominance, and percentage 

sum of frequency for each species within a standi A maximum 

1. Relative (percent) density of species A equals (number of 
individuals of species .A/total number of individuals of all species) 
x 100. Relative (percent) dominance of species A equals (basal area of 
species A/total basal area of all species) x 100. Percentage sum of 
frequency of species A equals (frequency of species A/total of fre
quencies for all species) x 100, 



importance value of 300 is possible for any given species within a par

ticular stand. Additionally, a ranking scale was developed for the 

most important trees which expressed their successional status from 

pioneer through climax. The numbers on this scale ranged from 1 to 10 

and were called climax adaptation numbers. The climax adaptation num

bers were used as a means of weighting the importance values of each 

species in a stand. The summation of these weighted numbers resulted 

in an index that served to locate the stand along a gradient. No dis

tinct groups of stands were apparent but rather the series of communi

ties formed a continuum in which a gradient from pioneer communities 

through the climax community was evident. Curtis and Mcintosh (1951) 

called this gradient a "vegetational continuum." 

Because of differences in life form of the vegetation in the 

present study and that of the hardwood forest, relative dominance was 

not included in calculating an importance value for each species. For 

this study, the importance value is composed of the sum of relative 

(percent) density and percentage sum of frequency. Since serel posi

tion of the stands is not a primary concern in this study but rather 

the relative likeness or unlikeness among groups of stands, climax 

adaptation weighting also was not undertaken. 

The final ordination of stands was accomplished using the five 

species that displayed the highest average importance values. By in

spection, stands were arranged so that a graph of the importance values 

of each species along the ordination of stands would display a smooth 

curve of decreasing or increasing value. For purposes of comparison 



with other methods, the ordination of the stands was divided into 

groups defined by a particular species having the greatest importance 

value for stands in the group. 

Factor and Cluster Analysis 

Various methods of putting similar objects into groups or hier

archical classifications by utilizing information from multiple factors 

on each object have been undertaken under the general descriptions of 

factor analysis, numerical taxonomy, or cluster analysis (Parks 1970, 

Goodall 1954, Sokal and Srieath, 1963, Greig-Smith 1964). In general, 

this method involves expressing the original variables for each stand 

as linear functions of a new set of fewer, uncorrelated variables (i.e., 

components). This is called an R mode principal component analysis. 

Then an analysis referred to as a Q mode analysis is performed with the 

objective of determining which stands display the closest similarities 

in a stand by stand comparison over the components or factor variables 

derived during the R mode analysis. 

The method to be used in this project begins by performing an R 

mode principal component analysis on selected variables (Table 1) for 

the stands. Then component measurements are computed for each sample. 

This results in a reduction in the number of (transformed) variables. 

The R mode analysis is performed on a one-complement normalized dis

tance function matrix because of mixed mode data: 

V  • l-°" 
' 1=1 ' ' 



Table 1. Variables used in cluster analysis and to compare methods. 

Density of 

Bouteloua chondrosoides 

B.. gracilis 

J3_. hirsuta 

_B_. curtipendula 

Aristida glabrata 

Evolvolus arizonica 

J2. sericus 

Hilaria belangeri 

Lycurus pheoides 

Yield of 

Bouteloua gracilis 

Other grasses 

Forbs and shrubs 

Total production 

Coverage of 

Bouteloua gracilis 

Soil pH 

0- to 6-inches depth 

6- to 12-inches depth 



where D is the element in the Kth row and Jth column of the distance 
K ,  J  

function matrix; ^ is the normalized value of the ith observation on 

the Kth variable: XT . is the noi-malized value of the ith observation 

on the Jth variable; N is the number of observations or stands; matrix 

size is S x S where S equals the number of variables. Normalizing the 

observations for a particular variable is accomplished by subtracting 

from each observation the minimum observation and dividing by the dif

ference between the maximum and minimum observations. The resulting 

values range from 0 to 1. Then a Q mode similarity matrix is computed, 

and each stand is compared with all other stands across all variables. 

The similarity coefficient used is the distance function: 

\k - C " Zi,R)2/M:|! 

where D _ is the element in the Lth row and the Rth column of the sim-
L, K 

ilarity matrix; Z. . is the factor score value of the Lth stand for the 
1, L 

ith component; Z^ ^ is the factor score value of the Rth stand for the 

ith component; M is the number of components; matrix size is N x N 

where N equals the number of stands. Finally, a dendrogram of the 

stand groupings which result is produced, indicating the degree of rela

tionship among various stands and groups of stands. 

Evaluation of Methods 

My criterion for the evaluation of the various methods requires 

the "best" method to result in the fewest number of groups with the low

est internal variability. The procedure used to estimate lowest internal 
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variability consisted of calculating one-way analyses of variance (see 

Appendix). An analysis was calculated for variance within and among 

groups of stands formed by each method. A separate analysis was com

puted for each ecological variable that was selected as being important 

in the study area (Table 1). The evaluation consisted of ranking the 

methods from "best" to the "poorest." The "best" method was that 

method which resulted in the most variables having significant (p<.01) 

F values, where F equals between group mean square/within group mean 

square. The "poorest" method was that classification that resulted in 

the fewest number of variables having significant F values. The F sta

tistic was selected as a suitable integration of the criteria of fewest 

number of groups and greatest internal group homogeneity. 

To evaluate consistency among methods, contingency tables were 

prepared for every possible pair of methods (Table 2). The numbers in 

the separate cells of the table represent the number of stands classi

fied into various group combinations between methods. For example, the 

data in Table 2 indicate that 21 stands were identified with group B by 

method 1 and group C by method 2. An index of agreement is determined 

by totaling the largest numbers in the table, with the stipulation that 

only one value be selected from any column or row. This technique is 

based on the assumption that equivalent or similar groups of stands 

produced by separate methods should have the greatest number of stands 

classified in common. The index of agreement for the data in Table 2 

is 21+20 + 10 = 51, or 51% of the stands may be classified similarly 

into three groups by the two methods. 
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Table 2. An example of evaluation of consistency among methods. 

Groups of 
stands A 

Method 1 
B C 

Totals 

A 10 5 6 21 

CM g 17 3 20 40 
T) 
o 
•5 c 5 21 8 34 
<1) 
S 

D 0 1 4 5_ 

Totals 32 30 38 100 stands 

Table 3. Data analysis programs. 

Program name 

Dinplusl 

Dinplus2 

Dinplus3 

Dinplus4 

Dalemex 

Kuclust 

ANOVA 45 

Analysis 

Goodall method #1 

Goodall method #2 

Goodall method #3 

Goodall method #4 

Williams and Lambert method 

Cluster analysis 

Analysis of variance 
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Evaluation of efficiency of the various methods and finally a 

decision as to the overall "best" method is somewhat subjective in that 

it involves (1) an evaluation of the effort necessary to obtain the 

data required by the method, (2) an evaluation of the effort required 

to apply the methods (i.e., the data analyses), and (3) an evaluation 

of the acceptable level of homogeneity within groups consistent with 

minimizing the number of groups. 

A final attempt at evaluation was undertaken by comparing the 

various quantitative groupings with a qualitative method. The study 

area was photographed during 1969 with color film and during the 1972 

growing season with color infrared film. The area was delineated into 

sections with similar image signatures using standard photographic 

interpretation techniques (Fish and Smith 1971). Stands occurring 

within these areal delineations were then grouped for comparison with 

the groups produced by the quantitative methods. 

Every step of the analyses required extensive quantitative cal

culations to determine various statistics. To facilitate these calcu

lations, various computer programs were adopted or developed and 

utilized as indicated in Table 3 (p. 26). 

The data analyses were performed on three categories of data to 

provide information on the effect of the number of stands and the in

clusion of rare species in the analysis of results. The categories 

were as follows: 

1. The 100 stands with all species regardless of their con

stancy of occurrence (57 species). 



28 

2. The 100 stands with only those species having a relative 

constancy greater than 5% (39 species). 

3. The 125 stands with only those species having a relative 

constancy greater than 107<> (16 species). 



RESULTS AND DISCUSSION 

The data in Table 4 indicate the number of groups into which 

the stands were placed by the various methods. In three instances the 

methods resulted in a large number of groups. These cases were not 

considered further, for the classification objective of reducing the 

number of objects under consideration was not adequately achieved. The 

cases eliminated were Williams' and Lambert's (1959, 1960) association 

analysis method on 100 stands with 57 species and on 100 stands with 39 

species, and Mcintosh's (1962) and Hopkins' (1957) association analysis 

method with positive correlation criterion p < .001. Excessive sub

division resulted because of the sensitivity of the methods to the oc

currence of rare species. Most of the groups produced in this manner 

contained one or two stands in which a rare species was present. 

The number of stands analyzed did not consistently affect the 

number of groups produced. Apparently the method of analysis was more 

important in determining the final number of groups into which the 

stands were placed. 

Where one method results in a given number of groups and a sec

ond method produces a larger number, the question of whether the first 

method is a generalization of the second method at a higher level of 

classification arises. Review of all possible pairs of methods during 

consistency comparisons (Table 2) demonstrates that this apparently was 

29 
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Table 4. Numbers of groups produced by various methods 

, 100 Stands 100 Stands 125 Stands 
Method r-, on in 57 species 39 species 16 species 

Association analyses 

Goodall No. 1 

Goodall No. 2 

Goodall No. 3 

Goodall No. 4 

Williams and Lambert 

Mclntoch and Hopkins 
Positive correlation .001 
Positive correlation .01 
Positive correlation .05 

Linear ordination 

Curtis and Mcintosh 

Cluster analysis 

Photographic interpretation 

3 2 3 

2 2 3 

2 2 3 

3 2 3 

36a 25a 8 

43a 4 4 
6 9 4 
4 4 4 

4 4b 4 

7 7b 6 

5 5 5 

a. Results are erratic owing to the inclusion of rare or infrequently 
occurring species. 

b. Number of species does not affect this analysis. Results are iden
tical to 100 stands, 57 species. 



not the case. Rather the methods generally produced different classes 

or groupings based on their unique basis for subdivision. 

The data in Table 5 show the results from the one-way analysis 

of variance tests performed on each of 16 variables sampled in each 

stand (Table 1). Table 6 presents a ranking of the various methods by 

"best" groups produced. The "best" grouping is that which results in 

the greatest number of significant F values being produced by the one

way analysis of variance tests on the 16 ecologically important vari

ables of interest. 

The factor analysis/cluster analysis method ranks first in 

every category. This result was not unexpected, as the input data con

sisted of the same variables as the evaluation data, and the method is 

designed to produce internally homogeneous groupings of the stands on 

the basis of the input variables. In terms of efficiency, the factor 

analysis/cluster analysis is the least efficient from the standpoint 

of effort expended to collect the input data. It requires that meas

urements be made on each of the several variables involved. This takes 

considerably more time than the collection of species presence and ab

sence data such as is used in the various association analysis tech

niques. 

The ordination method described by Curtis and Mcintosh (1951) 

ranks second in terms of best for the data categories containing 100 

stands. Since the method is primarily concerned with dominant species, 

there was no effect due to the inclusion or exclusion of rare species. 

In the category containing 125 stands, this method ranks fourth; 
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Table 5. Number of significant F statistics from one—way analysis of 
variance tests on each of 16 variables. 

Method 

100 
57 

Stands 
species 

100 
39 

Stands 
species 

125 
16 

Stands 
species 

Method 

.01 a .05 .01 .05 .01 .05 

Association analyses 

Goodall No. 1 9 12 7 12 7 13 

Goodall No. 2 1 7 7 12 13 15 

Goodall No. 3 4 6 6 9 5 6 

Goodall No. 4 9 11 8 10 8 11 

Williams and Lambert _ _ _ 13 13 
Positive correlation .001 - - 3 5 11 13 
Positive correlation .01 6 9 7 8 9 12 
Positive correlation .05 3 5 4 5 9 12 

Linear ordination 

Curtis and Mcintosh 12 13 12 13 12 13 

Cluster analysis 14 15 14 15 14 15 

Photographic interpretation 6 10 6 10 11 13 

a. Significance levels for the F statistic. 
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Table 6, Ranking of methods based on number of significant F statis
tics from one-way analysis of variance. 

. . . .  1 0 0  S t a n d s  1 0 0  S t a n d s  1 2 5  S t a n d s  
Method c_ . ,n . 

0/ species 39 species lb species 

Association analyses 

Goodall No. 1 3 4-5 9 

Goodall No. 2 9 4-5 2 

Goodall No. 3 7 8 11 

Goodall No. 4 4 3 9 

Williams and Lambert -  - 3 

Mcintosh and Hopkins 
Positive correlation .001 - 10 5-6 
Positive correlation .01 5 6 7-8 
Positive correlation .05 8 9 7-8 

Linear ordination 

Curtis and Mcintosh 2 2 4 

Cluster analysis 111 

Photographic interpretation 6 7 5-6 
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however, there is very little difference among the second, third, and 

fourth ranks in terms of number of significant F values (13 vs. 12). 

In terms of efficiency from the standpoint of data collection 

efforts, the ordination method is intermediate between the factor 

analysis/cluster analysis methods and the association analysis methods. 

Data must be collected on the density and frequency of the dominant 

species across all stands. The fact that these data represent an 

intermediate level of information between presence or absence data and 

the data collected for input into the cluster analysis which are more 

detailed probably accounts for the intermediate ranking of this method 

in terms of "best" results. 

Considering the association analysis methods, the three varia

tions of Mcintosh's (1962) and Hopkins' (1957) methods are, overall, 

the least acceptable with rankings ranging from five to ten (Table 6). 

The method of Williams and Lambert (1959, 1960) appears to be extremely 

sensitive to rare species; however, it ranks high when the rare species 

are excluded. It ranks third when only species with constancies 

greater than 10% are considered (Table 6). Overall, Goodall's (1953) 

four methods are intermediate in terms of ranking (Table 6). When all 

species are considered, Goodall's (1953) methods No. 1 and No. 4 gave 

the best results. When species with constancies of less than 5% were 

eliminated, Goodall's (1953) methods 1, 2, and 4 were nearly equally 

good. Considering only species having constancies of 10% or more in 

the analysis wit;h 125 stands, Goodall's (1953) method No. 2 was the 

best. There is some indication that all of Goodall's (1953) methods 
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may be adversely affected by considering too few species or only the 

most constant as evidenced in the third column of Table 6 (i.e., 

Goodall's methods 1, 3, and 4 obtained low rankings when only 16 spe

cies were used in the analysis). 

All of the association analysis methods involve identical in

put data, namely presence and absence of species. In terms of data 

collection efforts, this is the easiest data to collect and analyze, 

assuming the collector has a good taxonomic background and is familiar 

with the flora of the study area. As a group, association analysis 

methods rank below linear ordination and cluster analysis in reducing 

internal variation when variables in addition to presence or absence 

are considered. 

For evaluation of consistency among the methods, the stand 

groupings produced by the methods were compared in pairs (Table 2). 

Tables 7, 8, and 9 indicate the indices of agreement based on the num

ber of stands similarly grouped by the various methods. Attempts to 

cross compare more than two methods at once indicate a rapid decline in 

the agreement values to generally less than 107« agreement if four or 

more methods were considered. 

The nature of the study site in terms of input data is note

worthy. As previously stated, the area was relatively small and, in 

terms of major environmental factors, relatively uniform. This basic 

homogeneity is reflected in several ways, particularly in that five 

species occurred in 90% or more of the stands. The groupings produced 

are, therefore, subdivisions of a relatively homogeneous entity and 
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Table 7. Indices of agreement between quantitative methods for 100 
stands, 57 species. 

Method 
and rank 

r—1 to 
o • 

o 

0) 0) 
c 

to •H •r-l 
0 (0 ir> P< a 

•H c O 0 to H c ffi 
N o r-4 o CO CM 

X T3 O •H T) 
cti « • C 4J • C • 
c T> o 0 c0 X Cd o CO o 
cj c 55 a a 4J S3 53 

cd XI cO <D ,C 
U f~—1 CO U H to 1 ' 
0) w 1—J r—I o t>0 a. r—' 0 »-i 
+J •r4 cd CO •P 0 CO •u 
(0 4J T3 T) c +J (U T3 C •X) 

• 0 O 0 M O •p O H o 
i~i O O o X a O O o 
o o O o s PH •r-1 o s o 

Cluster analysis 1 100 (Percent of stands similarly grouped) 

Curtis and Mcintosh 2 54 100 

Goodall No. 1 3 41 41 100 

Goodall No. 4 4 45 50 62 100 

Mcintosh & Hopkins .01 5 52 40 49 60 100 

Photographic interpre
tation 

6 38 44 57 50 39 100 

Goodall No. 3 7 43 42 54 53 46 57 100 

Mcintosh & Hopkins .05 8 43 37 47 45 60 51 50 100 

Goodall No. 2 9 38 35 66 45 46 47 53 71 100 
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Table 8. Indices of agreement between quantitative methods for 100 
stands, 39 species. 

Method 
and rank 

r—1 
r~i m o 
o 

— 
_ O _ o_ 

CO CO CO 
rC C a a 0) W •H •H •H 

•H o 
(/) 4J a G O. a 
>> G CM <1- o O m O o r—1 M a .H « cd a • « • •H +J • 

c £ 0 O o rC to 0 *3 <0 s 55 S5 a -M ss 
rC co a) x: 43 u H t-H i-4 (0 u u r—f (0 (0 

<D to I—1 i—1 r-4 0 to a 1—4 o O 4J •H cO cd nJ •M o u td 4-1 +J 
0) •M T3 TJ X) c u <u c c 
3 M O o O M O o M M r—f P O 0 o O s: a 0 o O 
o O O o a X AH *H u s S 

1 2 3 4-5 4-5 6 7 8 9 10 

(percent of stands similarly grouped) 
Cluster analysis 

Curtis & Mcintosh 

Goodall No. 1 

Goodall No. 2 

Goodall No. 4 

100 

54 100 

3 51 48 100 

4-5 51 48 100 100 

4-5 45 46 90 90 100 

Mcintosh & Hopkins £ 

.01 6  39 34 37 37 39 100 

Photographic 
interpretation 

Goodall No. 3 

Mcintosh & Hopkins 
.05 

7 38 44 59 59 60 33 100 

8 48 50 63 63 67 37 46 100 

9 39 40 66 66 63 50 56 57 100 

Mcintosh & Hopkins 10 39 37 68 68 75 44 57 58 67 100 
.001 
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Table 9. Indices of agreement between quantitative methods for 125 
stands, 16 species. 

u • 
0) CO 4J 

o 0) 
co •P 

•H § a a 
CO H-3 M M 

CsJ O a) r—1 ro 
T) S T3 r—• 4-> Td 

Method cti 
C o 

C 
cti ID 

e o 
cti O 

e 
M 

C  ̂
cti O 

C 
cti 0

5
 

0 0 0 
and rank CD 

CO g rC & 
• 2 JS 

u T—1 £ CO CO CO CO CO CO p—< r—1 r—1 0) cti CO o e 60 0 c 0 c i—i r—1 t—1 
•M cti •r4 •H «r-J O 4J •H cti cti cti CO TJ .-4 C 4J c ̂  C *0 -a TD 
3 O r—1 U M a O M PL W a O 0 O 
H O 2 o o rC o O u o O o o 
o e> a S tc PM S w O u o 

1 2 3 4 5-6 5-6 7-8 7-! 8 9 10 11 

Cluster analysis 1 

Goodall No. 2 2 

Williams & Lambert 3 

Curtis & Mcintosh 4 

Mcintosh & Hopkins 
.001 

Photographic 
interpretation 

Mcintosh & Hopkins 
.01 

Mcintosh & Hopkins 
.05 

(Percent of stands similarly grouped) 
100 

48 100 

31 36 100 

50 48 28 100 

5-6 45 55 42 41 100 

5-6 34 57 40 41 45 100 

7-8 32 46 42 38 47 45 100 

7-8 32 46 42 38 47 45 100 100 

Goodall No. 4 9 

Goodall No. 1 10 

Goodall No. 3 11 

34 43 42 38 44 47 63 63 100 

40 84 34 45 54 56 54 54 47 100 

35 66 30 42 49 42 47 47 52 65 100 



possibly many of the variations between groups are due to extremely 

minor differences among the stands which are not reflected adequately 

in species presence and absence data alone. Because the methods use 

different specific criteria to differentiate groups, comparison between 

two methods may result in groups that have a "core" of similarly allo

cated stands and a "fringe" of stands that are allocated differently, 

depending upon which criteria the methods emphasize. In two cases, 

pairs of methods resulted in identical grouping of the stands. Good-

all's (1953) methods No. 1 and No. 2, using 100 stands and 39 species, 

produced identical results because the subdivision criteria for these 

methods are reciprocals and only one step in the subdivision process 

was required to obtain "homogeneous groups." In the second case, 

Mcintosh's (1962) and Hopkins' (1957) methods of .01 and .05 positive 

correlation resulted in identical groups because no groups were merged 

or added when the level of significant positive correlation was lowered 

from .01 to .05. 

One example of a desirable outcome in terms of practical land 

management would be the ability of the methods to separate the stands 

occurring on Hathaway soils. The productivity difference between these 

soils and the other soils in the study area would certainly be of im

portance to a range manager for calculating carrying capacities of pas

tures which included a mixture of soil types. The methods employing 

association analysis were not effective in separating these stands, 

probably because the stands are not well defined in terms of species 

presence or absence only. There are noticeable differences in species 
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distribution patterns as reflected by density and also measurable soil 

alkalinity•differences. The cluster analysis method and the method by 

Curtis and Mcintosh (1951) were effective in grouping stands on Hatha

way or lime soils. This ability is undoubtedly the result of both 

methods using species density data and the cluster analysis method 

additionally using soil pH data. 

In a final evaluation, grouping of stands by the various meth

ods was compared with that obtained by photographic interpretation. 

The delineation of the study area into sections with similar image 

signatures resulted in delineation of five signature areas. This most 

closely approximates the areal delineations that would reasonably re

sult from an intensive qualitative mapping of the area. This approach 

ranks intermediate in terms of "best" method, as indicated in Tables 5 

and 6. There was no unusual affinity displayed between the photographic 

technique and any of the quantitative methods (Tables 7, 8, and 9). One 

particular item of interest that the photographic method illustrated 

was that approximately 157o of the stands occurred in positions on the 

boundaries between groups. At least a portion of the disagreement be

tween methods can be attributed to the fact that these boundary stands 

would tend to fluctuate between groups depending upon which character

istics a method emphasizes in subdivision. 



CONCLUSIONS 

Two basic conclusions are evident from the results. The ini

tial basic hypothesis was that all of the methods using similar data 

were simply different approaches to obtain the same final objective of 

producing groups with the greatest internal homogeneity for a number of 

variables. The resulting groups of stands from any particular method of 

classification or ordination evaluated in this study were highly de

pendent upon the criteria utilized to perform the groupings. This 

study indicates that the methods utilizing identical input data are not 

equally good in terms of producing an acceptable natural classification 

of the stands. This conclusion is strongly supported by considering 

the low degree of similarity among the groups produced by the various 

association analyses methods which all utilize identical input data in 

the form of species presence and absence data. 

Secondly, the exact type and amount of data that are input to 

the method will affect the classification of stands. In general, meth

ods using a variety of vegetative data and environmental variables will 

result in groups of stands that more nearly fulfill the objective of 

producing groups of maximum internal homogeneity for a wide variety of 

variables than will methods using only species or presence or absence 

data. The implications of this conclusion are particularly relevant 

in areas similar to this study site in which microenvironmental 

41 
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differences are not strongly reflected in species presence and absence 

data alone. 

Based on the definition as used in this study of "best" method, 

which requires the "best" method to result in the fewest number of 

groups with the lowest internal variability, the factor/cluster analy

sis method produces the most desirable results. However, this method is 

least efficient in terms of amount of time required to collect the de

tailed input data. Exact records of time involved for the collection 

of various data were not kept; however, the field time spent collecting 

data for the factor/cluster analysis method was on the order of 5 to 10 

times greater than the time required to obtain data for the methods in

volving association analysis. 

The sampling scheme used in this study specifically avoided lo

cating stands on the basis of information available to the investigator. 

This was done to avoid the possibility of adding information to the re

sults of a method which the method itself did not utilize as input data. 

From these conclusions, with systematically arranged stands the 

quantitative methods, except for factor/cluster analysis, evaluated in 

this dissertation did not provide consistent groups of stands which 

would be of value in land planning. The data required for an effective 

cluster analysis with random or systematically arranged plots would be 

too expensive to be practical. If the objective of a particular project 

is to determine the "best" grouping of stands within an area and not 

the evaluation of methods per se, one possible approach I would recom-

ment would be using photographic interpretation, with community 



delineations field-checked by an experienced ecologist to initially 

stratify the study area. Then samples of typifying stands may be taken 

within these delineations for input data to factor/cluster analysis, 

The interpretation of the cluster analysis results should lead to a 

refinement of the photographic interpretation delineations and provide 

quantitative descriptions of the characteristic variables of signifi

cance within each group or community. A combination of photographic 

interpretation with factor/cluster analysis should maximize the bene

fits to be obtained from the experience of a trained ecologist and the 

use of a quantitative method to ultimately permit the establishment of 

a confidence level on the resulting groups. Optimum allocation of the 

number of stands to each photographic delineation would be required to 

make this approach acceptable in terms of time and cost factors for the 

quality of the results produced. 



APPENDIX 

ONE-WAY ANALYSIS OF VARIANCE (SYMBOLIC) 

Expected 
Source of variation df Sum of squares mean square 

— — 2 9 2 
Between groups g-1 rI(X, - X ) 0 + E T./(g - 1) 

i • •• i 
i i 

Within groups g(r-l) T. (X. .-X . ) 
.. 1J 1' 
ij 

Total gr-1 

2 a2 

F = (Sum of Squares Between Groups) (g) (r-1) 
(Sum of Squares Within Groups) (g— 1) 

44 



REFERENCES 

Beadle, N. C. W. 1948. The vegetation and pastures of western New 
South Wales with special reference to soil erosion. Dept. Con-
serv. N.S.W., Sydney. 99 p. 

Cline, M. G. 1949. Basic principles of soil classification. Soil 
Sci. 67:81-91. 

Curtis, J. T., and R. P. Mcintosh. 1951. An upland forest continuum 
in the prairie-forest border region of Wisconsin. Ecology 32: 
476-496. 

Daubenmire, R. 1968. Plant Communities: A Textbook pf Plant Syn-
ecology. Harper and Row, New York. 300 p. 

Dice, L. R. 1945. Measures of the amount of ecologic association be
tween species. Ecology 26:297-302. 

Dixon, W. J., and F. J. Massey, Jr. 1957. Statistical Methods. 2nd 
ed. McGraw-Hill, New York. 488 p. 

Fish, E. B., and E. L. Smith. 1971. Application of remote sensing to 
watershed inventories. Proc. 2nd ARETS Symp., The Univ. of Ari
zona, pp. 110-112. 

Goodall, D. W. 1953. Objective methods for the classification of 
vegetation: I. The use of positive interspecific correlation. 
Aust. J. Bot. 1:39-63. 

Goodall, D. W. 1954. Objective methods for the classification of 
vegetation: III. An essay in the use of factor analysis. Aust. 
J. Bot. 2:304-324. 

Greig-Smith, P. 1964. Quantitative Plant Ecology. 2nd ed. Butter-
worths, London. 246 p. 

Hopkins, B. 1957. Pattern in the plant community. J. Ecol. 45:451-
463. 

Kearney, T. H., and R. H. Peebles. 1969. Arizona Flora. University 
of California Press, Berkeley. 1085 p. 

Mcintosh, R. P. 1962. Pattern in a forest community. Ecology 43: 
25-33. 

45 



46 

Nichol, A. A. 1952. The natural vegetation of Arizona. The Univ. of 
Arizona Coll. of Agr. Tech. Bull. 127. 31 p. 

Parks, J. M. 1970. Fortran IV program for Q-mode cluster analysis on 
distance function with printed dendrogram. State Geol. Surv., 
Univ. of Kansas. Computer Contrib. 46. 31 p. 

Shreve, F. 1951. The role of grasses in the vegetation of Arizona. 
Univ. of Ariz. Bio. Sci. Bull. 7. 352 p. 

Sokal, R. R., and P. H. A. Sneath. 1963. Principles of Numerical Tax
onomy. W. H. Freeman and Co., San Francisco. 359 p. 

Weaver, J. E., and F. E. Clements. 1938. Plant Ecology. McGraw-Hill, 
New York. 520 p. 

Williams, W. T., and J. M. Lambert. 1959. Multivariate methods in 
plant ecology: I. Association-analysis in plant communities. 
J. Ecol. 47:83-101. 

Williams, W. T., and J. M. Lambert. 1960. Multivariate methods in 
plant ecology: II. The use of the electronic digital computer 
for association-analysis. J. Ecol. 48:689-710. 

Wood, J. G. 1937. The Vegetation of South Australia. Govt. Printer, 
Adelaide. 439 p. 


