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INTRODUCTION 

The increasing demand for forest products in this 

country is being placed on a decreasing land base. This has 

resulted in an increase in the intensity of forest 

management in order to produce a larger volume of wood from 

a qi ven amount of land. As the intensity of forest 

management increases, the need for more sophisticated and 

realistic growth and yield projection methods is also 

increased. 

Loblolly pine (Pinus taeda, L.), one of the most 

important commercial tree species in the United States, has 

been the subject of much recent growth and yield research 

and there are many growth and yield models available for 

loblolly pine. These models have become increasingly 

sophisticated in order to allow forest managers to consider 

the results of many management alternatives in a short 

·period of time. Questions dealing with the planning of 

thinning operations are typical of the management decisions 

being investigated with the aid of these models. There are 

a number of variables which must be considered in planning a 

thinning operation to obtain optimal results. Among these 

1 
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are economic considerations such as harvesting costs and 

product values of trees to be left or removed as well as 

biological questions dealing with the growth of the residual 

stand. The selection of trees to leave in the residual 

stand and their growth following thinning are critical 

concerns in the planning process. 

Ideally, after a thinning operation, the residual 

stand contains vigorous trees of good quality and form that 

are well distributed in order to utilize the increased 

resources available to them to increase their growth rate. 

One objective of a thinning algorithm, which may be applied 

subjectively in the field but which must be applied 

objectively in a computer model, is to generate a residual 

stand containing the desirable type of trees mentioned 

above. To evaluate such algorithms with a computer model, 

one must have a computer generated stand with realistic 

distributions of tree locations, and, given the locations, 

realistic distributions of individual tree characteristics. 

If the presence of a characteristic in one tree 

tends to be associated with either the presence or absence 

of the characteristic in neighboring trees, spatial 

autocorrelation is said to be present in the system. If, 

for example, the presence of disease in a tree leads to an 

increased likelihood of disease occuring in neighboring 
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trees, positive spatial autocorrelation exists in the 

system. If, on the other hand, the presence of large or 

wolf trees is associated with smaller neighboring trees, a 

negative spatial autocorrelation is exhibited. 

Spatial autocorrelation information can be used to 

improve current methods of evaluating certain management 

alternatives. This information can be used, for instance, 

to gain knowledge concerning the response of stands to 

changes in their level of competition. A suitable 

mathematical method for assessing the spatial 

autocorrelation associated with a characteristic within a 

stand is needed. This measure of spatial autocorrelation 

should not require any tenuous assumptions or be extremely 

difficult to interpret once it is calculated. The change of 

this measure as the stand evolves is important in 

understanding the response of individual trees to changes in 

the level of competition within the stand. To make computer 

generated stands more realistic, it must be possible to 

generate stands with any given level of spatial 

autocorrelation existing between individual trees. Whether 

the desired value of the spatial autocorrelation measure is 

arbitrarily set or estimated from the desired stand 

conditions should not be crucial to the method of assigning 

tree characteristics within computer generated stands. Both 
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options of specifying the level of spatial autocorrelation 

within the stand should be possible within the framework of 

the methodology. 

Successful completion of these steps will lead to a 

more thorough understanding of the response of stands to 

changes in the level of competition and to the ability to 

generate more realistic stands for use in evaluating certain 

management options. 



OBJECTIVES 

The objectives of this study were: 

1. To identify suitable measures of spatial 

autocorrelation for dealing with individual tree 

characteristics in a forest stand. 

2. To investigate the change in amount of spatial 

autocorrelation within a stand as stand 

characteristics and the level of competition change. 

3. To develop methodology using the measures of 

spatial autocorelation to assign characteristics to 

individual trees in computer generated stands. 

5 



LITERATURE REVIEW 

Most past ecological research into spatial patterns 

and spatial distributions has dealt with point locat_ions of 

individuals in a two dimensional plane. Many indices have 

been developed to quantify spatial patterns of individuals 

and good reviews of these are given by Pielou ( 1977), 

Goodall (1970), and Somers (1981). These indices usually 

deal with the number of trees found within a randomly 

located quadrat of a given size or with the distances 

between a random point and the nearest tree or a random tree 

and its nearest neighbor. Examples of these types of 

indices can be found in Pielou ( 1959), Morisi ta ( 1959), 

Hopkins and Skellam (1954), and Clark and Evans (1954). 

Information regarding the point location of 

individuals in a plane can be very significant when 

investigating the relative effectiveness of such things as 

harvesting systems (Hypes, 1979) or inventory methods 

(Oderwald, 1981). When dealing with the amount or effects 

of competition on an individual, however, it is necessary to 

know the sizes as well as the location of competitors. This 

has been reflected in competition indices such as the one 

given by Hegyi (1974) in which: 

6 
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CI. = 
l. 

n 
r 

j=l 
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(D. /D.) /DIST .. 
J l. l.J 

Dk = Diameter at breast height for the kt.n 

tree 

DIST .. = Distance between the i th tree and the 
l.J 

jth competitor 

CI. = Competition index for the ith tree 
l. 

n = Number of neighbors within a 10 foot 

competition radius. 

Variations on this index were tested by Daniels and 

Burkhart (1975) who selected a slightly modified form, in 

which competitors are defined with point sampling techniques 

rather than with a fixed radius plot, as a competition index 

to be used within an individual tree simulation model for 

loblolly pine. 

Another example which uses both location and tree size 

to calculate a competition index is given by Ek and Monserud 

(1974). In their index, the competition radius was defined 

as an open grown crown radius and the influence of 

competitors was weighted by total tree height and crown 

ratio. 
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In both of the above examples, the need to combine 

knowledge of location and individual tree size 

characteristics in order to better understand growth has 

been recognized and attacked in an empirical manner. 

Situations conceptually similar to the problem of 

competition in ecology arise in the fields of geography and 

sociology and, in those fields, the approach to the problem 

has been more structured and theoretical than it has been in 

ecology or forestry (Sokal and Oden, 1978a). Examples of 

situations conceptually similar to competition in ecology 

can be found in the work of Cruickshank (1940, 1947), who 

investigated regional variation in the incidence of human 

cancer in the counties of England and Wales, and Cox (1969), 

who investigated regional variation in the percentage of 

Democratic voters by state in U. S. Presidential elections. 

Both of these examples deal with the effect of the level of 

a characteristic (cancer rate or percent Democratic voters) 

of a unit at a given location (county or state) on the 

levels of the characteristic at neighboring locations. This 

is analogous to situations in ecology where the presence of 

a characteristic (such as a disease) in one individual may 

increase or decrease the chances of finding the 

characteristic in neighboring individuals. In the case of 

competition, the level of a characteristic such as basal 
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area in one individual may have an effect on the level of 

the characteristic displayed by neighboring individuals. 

In any situation where individuals or mutually 

exclusive units are located in a plane, if the presence or 

absence of some characteristic in an individual affects the 

likelihood of its presence or absence in neighboring 

individuals, or if the level of the characteristic displayed 

by an individual affects the level of the characteristic in 

neighboring individuals, spatial autocorrelation is said to 

exist in the system. Cliff and Ord ( 1973) define the 

absence of spatial autocorrelation by saying that if, for 

every pair of individuals i and j in the plane, if the 

characteristics associated with those.individuals, xi and~ 

are uncorrelated, then there is no spatial autocorrelation 

exhibited in the system. If, on the other hand, the values 

of x1 and xj are not all pairwise uncorrelated, spatial 

autocorrelation is exhibited in the system. 

Whittle {1954) has pointed out that spatial 

autocorrelation in a plane differs from autocorrelation in a 

time series in a dimensional sense. In a time series, the 

dependency extends in only one dimension (backwards) while 

in the more general two dimensional case, the dependency can 

extend in all directions in the plane. 
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Before proceeding further, a description of a general 

system of interest is needed. Consider an area, usually a 

two dimensional plane in the cases here, which is 

exhaustively partitioned into n nonoverlapping regions. 

These regions can be entities in themselves, such as states 

or counties, or each region can consist of that part of the 

plane which is nearest to the point or location defining the 

region. As pointed out by Ripley (1981), this corresponds 

to the Dirichlet cell associated with each point (also 

called a Voronoi or Thiesson polygon) and is equivalent to 

the area potentially available or tree area polygon as 

described by Brown (1965). A characteristic of interest, X, 

is associated with each region. The characteristic X can 

take on either discrete or continuous values. The goal of 

spatial autocorrelation analysis is to examine the spatial 

distribution of X over the area to determine if the presence 

or level of the quality in one region makes its presence or 

level in neighboring regions more or less likely. 

The method of analysis differs depending on whether X 

is a discrete or a continuous variable. First, let X be a 

binary classification, 

variable. Moran (1948) 

the simplest case of a discrete 

gives the following method of 

analysis for this situation. 

Define X such that: 
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xi = 1 If region i possesses the characteristic 

of interest 

x1 = 0 If region i does not possess the 

characteristic of interest. 

Also let {oij} define a join matrix. Define ~ij as 

follows: 

oij = 1 If region i has a common boundary with 

region j of nonzero length 

= 0 If region i and region j do not have a 

common boundary of nonzero length. 

The observed numbe~ of 1-1 joins in the system (the 

number of pairs of neighbors where both possess the 

characteristic of interest) is given by: 

1-1 = ~ E 
i j x. x. 

l. J 

The observed number of 1-0 joins in the system (the 

number of pairs of neighbors in°which one possesses the 

characteristic of interest and the other does not) is given 

by: 

1-0 E E = ~ i j 
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Cliff and Ord (1973) prove that under the assumption 

of no spatial autocorrelation, which is equivalent to 

assuming a random spatial distribution of X, the join count 

statistics are asymptotically normally distributed. The 

moments of the 1-0 and 1-1 join counts can be evaluated 

under either of two assumptions (Cliff and Ord, 1973): 

1. Free Sampling - The individual regions are 

independently assigned values of X to be one or zero 

with probability p and q=l-p respectively 

2. Nonfree Sampling - Each region has the same 

probability of being assigned a one or a zero subject 

to the overall constraint that there are n 1 taking 

the value of xi to be one and n 2 taking the value of 

x 1 to be zero where n 1 + n 2 =n. 

The first two moments for both join count statistics 

are given by Moran (1948) and can be found in Appendix I. 

The assumption of nonfree sampling is appropriate in most 

ecological situations where individuals are observed and 

assigned the value of one or zero depending on whether or 

not they possess the characteristic of interest. A value of 

p is usually not known but the values of n 1 and n 2 are known 

after the entire population has been observed. 

Cliff and Ord (1973) extend the above discussion and 

statistics to the case where there are more than two values 
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assigned to X as in the case where there are more than two 

classes of individual in the population. 

For cases where X takes on continuous values, there 

have been indices proposed which correspond to the 1-1 and 

1-0 join counts for discrete X. The first of these is due 

to Moran (1950) and is given by: 

where 

n 

I = 

= x. - x 
]. 

E E 
i j 

2 A l: 
i 

o .. z. z. 
l.J ]. J 

2 z. 
]. 

A = The total number of joins in the system 

= 1 E. 
~ i Li 

= The number of regions joined to the ith 

region. 

The second index was given by Geary (1954): 

(n - 1) r. r. 
oij (x. - x.) 2 

i j . l. J 
c = 

4 A E 2 
i z. 

]. 



14 

Both Moran's I and Geary's C are asymptotically 

normally distributed under the assumption of no spatial 

autocorrelation (Cliff and Ord, 1973; Sen, 1976). The 

moments of I and C can be evaluated under either of two 

assumptions: 

1. Normality - The x. are assumed to be the results 
l. 

of n independent drawings from a normal population; 

2. Randomization - The observed value of I or C is 

considered relative to the set of all possible values 

which I or C could take if the x were randomly 
i 

permuted around the system, regardless of the 

underlying distribution of X. 

The moments under both assumptions are given by Cliff 

and Ord (1973) and can be found in Appendix II. 

The similarity between the 1-1 join count and Moran's 

I with the Pearson product moment correlation coefficient 

and between the 1-0 join count and Geary's C with the 

Durbin-Watson statistic (Kendall, 1973) are pointed out by 

Sokal and Oden (1978a) and Haggett and others (1977). 

The choice of which statistic to use to test for 

spatial autocorrelation in a given situation is not always 

clear. Cliff and Ord (1973) show that the 1-0 join count 

statistic is superior to the 1-1 join count statistic in 

terms of asymptotic relative efficiency. They also show 

that combining the two statistics in a linear form where: 



15 

u = a (1-1 join count) + (1 - a) (1-0 join count) 

where O <a< 1 and a is an arbitrary constant cannot 

improve upon using the 1-0 join count by itself. Thus, for 

discrete X, the 1-0 join count statistic is recommended 

(Cliff and Ord, 1973). For continuous X, the choice between 

Moran's I and Geary's C is less clear. Cliff and Ord (1973) 

show that tests based on Moran's I are generally more 

powerful than those based on Geary's C. In addition, the 

variance of I is less affected by the distribution of the 

sample data than the variance of C (Cliff and Ord, 1969). 

In most ecological situations, however, Sokal and Oden 

(1978a) and Jumars and others (1977) recommend looking at 

both C and I to obtain the best results since each is 

sensitive to slightly different patterns of data, I being 

more sensitive to the nearness of X values a great distance 

from their mean while C is sensitive to the nearness of 

similar or dissimilar values of X, regardless of their 

relationship to their mean. 

It should be pointed out that the measures of 

spatial autocorrelation mentioned above are not specific to 
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any lattice shape or join structure. The join matrix, {oij}, 

can be defined for specific situations. It is easy to 

imagine a situation in geography where main transportation 

routes run at right angles to each other. In this case, it 

may be appropriate to exclude diagonal joins from the join 

matrix. In ecological situations such as the application of 

fertilizer to a field, it might be appropriate to consider 

diagonal as well as right angle joins. 

There is also no reason to restrict the analysis to 

regular lattices. As long as an appropriate join matrix can 

be constructed, the indices given above are valid for any 

lattice shape. In the case of irregular lattices, and 

possibly in regular lattices, it may be necessary to weight 

the interaction between two regions by some characteristics 

of the regions. One possible example when dealing with 

competition in a forest situation is the competition index 

given by Hegyi (1974): 

D./D. 
J l. 

w .. = 
l.J 

where 
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wij = The weight for the ij th regional 

interaction 

dij = The di stance between the two region's 

point of reference 

D. = The DBH of the ith tree 
J. 

D = The DBH of the J"th tree j 

Note that, in this case, w ij is not necessarily equal 

to w ... 
J J. 

Cliff and Ord (1973) point out that the most powerful 

tests of spatial autocorrelation are achieved when the 

weights are specified correctly. That is, the structure of 

the weights should correspond with the pattern of spatial 

autocorrelation expected under the alternative hypothesis. 

Jumars and others (1977) point out the similarity between 

this and a Bayesian approach (Box and Tiao, 1973). As 

indicated by Jumars and others, if the weighting scheme is 

very specific, autocorrelation present under other weighting 

schemes may be missed but if the weighting scheme is very 

general, the test for spatial autocorrelation may be weak. 

The measures of spatial autocorrelation under a 

weighting scheme are given by Cliff and Ord (1973). Cliff 

and Ord also give the moments under weighting and these can 

be found in Appendix III. The statistics are: 
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1-1 = ~ I: 
i j 

· 1-0 

I: I: n i j 

I = 
w I: 

i 

(n - 1) 

c = 
2 w 

L: I: 

w •• 
l.J 

z. 
l. 

I: 
i 

I: 
i 

x. x. 
l. J 

z. z. 
l. J 

2 

I: 
j w •. 

l.J 

2 
zi 

(x. - x.) 2 
l. J 

where W= i j w ij and other variables are as described 

previously. 

Applications of spatial autocorrelation analysis in 

ecological situations have been increasing. Ford ( 1975) 

used 1-0 join count statistics to examine the mortality of 

forest trees and annual plants grown in a greenhouse. In 
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both cases, the seedlings were planted in regular lattices. 

If the seedling in planting position i survived, the value 

given to xi was one; if the seedling in position i died, xi 

was set equal to zero. Ford then used the 1-0 statistic to 

examine the number of plant-space (mortality) joins. 

Results indicated that as lattice size decreased, indicating 

narrower spacing, increasing aggregation (nonrandomness) was 

observed. 

Sokal and Oden (1978b) used the 1-0 and 1-1 join count 

statistics and data given by Selander (1970) to examine the 

genetic variation among mice in a barn. Considerable 

heterogeneity was observed between mice captured in various 

locations in the barn. This was attributed to the social 

structure of the mice. Mice establish tribes with specific 

territories within the barn and there is very little 

migration between tribes but there is considerable 

inbreeding within the tribes. This social structure was 

reflected in the spatial autocorrelation of gene 

frequencies. 

In another application of the join count statistics, 

Sokal and Oden (1978b) used data collected by Taylor (1972) 

to examine the spatial distribution of tree species in a 

hardwood forest. Seventeen species of trees were identified 

in the population and each species was assigned a value of 
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X. This corresponds to the more general multiway 

classification of X described by Cliff and Ord ( 1973). 

Pairs of species showing negative autocorrelation differed 

in their tolerance to high moisture conditions. Several 

positive correlations were found among individuals of the 

same species while a positive autocorrelation was also found 

between two moisture loving species, Red Ash ( Fraxinus 

pennsylvanica, Marsh.) and Swamp Oak (Qµercus bicolor, 

Willd. ) . 

Cannell and others (1977) used the 1-1 join count and 

Moran's I to examine the distribution of yield and leaf 

color in tea plantations. Leaf color was divided into 

categories of dark and light green with xi = 1 if the ith 

plant had dark leaves and xi = 0 if its leaves were light 

colored. Leaf color was found to be distributed randomly 

and this was interpreted as meaning that genetic variation 

was randomly distributed over the sample plots. Using 

Moran's I, yield was found to be aggregated on the sample 

plots. Because leaf color (genetic variation) was random, 

the distribution of yield was interpreted as being caused by 

competition between plants and not because of the occurence 

of genetically superior individuals. 

Mead (1968) used a variant of spatial autocorrelation 

analysis to develop an index of competition between 
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individual plants. Mead examined the correlation between a 

plant's weight and the weights of its neighbors for carrot 

and cabbage plants. The results indicated an increasing 

negative correlation as spacing decreased. The negative 

correlation indicates that a plants weight (yield) decreased 

as the weight of its neighbors increased. Mead also cites 

Kira and others (1953) as finding a positive correlation 

between the weight of soybean plants and the mean weight of 

the plants neighbors, indicating cooperation rather than 

competition. Mead states correctly that the small sample 

sizes used by Kira and others and any fertility trend over 

the study area will introduce positive biases in the 

correlation coefficient. 

In summary, considerable research has been performed 

in the fields of geography and sociology dealing with 

spatial autocorrelation and a theoretical background has 

been developed for measuring and interpreting spatial 

autocorrelation. Use of these techniques is relatively new 

to ecology or forestry but is increasing. Through the use 

of this type of information, realistic stands can be 

generated for use in evaluating management options and a 

more complete understanding of the biological relationships 

involved in competition can be achieved. 



METHODS AND MATERIALS 

Statistical Methods 

One of the objectives of this study is to identify 

suitable measures of autocorrelation for use in fore st 

stands. Indices to test for randomness of individual tree 

characteristics have been identified for use in different 

situations. In addition to indices for use in tests of 

randomness, the correlation between the characteristics of 

neighboring trees is of interest in itself. These indices 

and a measure of the correlation between neighbors are 

described in the following sections. 

Spatial Autocorrelation Indices 

As seen previously, extensive research has been 

conducted to determine indices of spatial autocorrelation. 

The simplest type of discrete characteristic is a binary 

classification, such as a variable indicating the presence 

or absence of a characteristic in an individual. Cliff and 

Ord (1973) identify the number of pairs of neighbors in 

which one possesses the characteristic of interest while the 

22 
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other does not as the most efficient statistic 

(asymptotically) for use with a discrete X. This statistic 

is referred to as the 1-0 join count statistic and is given 

by: 

where 

1-0 = ~2 r r 
i j 

2 w •• (x. - x.) 
l.J ]. J 

w ij = The weight given to the interaction of 

the ith and jth individuals in the 

population. In the simplest case, 

w .. =1 if the ith and jth individuals l.J 

are neighbors and 0 otherwise. 

xk = The variable indicating presence or 

absence of the characteristic in the 

kth individual. Generally, xk=l if the 

kth individual possesses the 

characteristic of interest and 0 

otherwise. 

These statistics are asymptotically normal as n gets 

large (Cliff and Ord, 1973). Through simulation studies, 

however, Cliff and Ord (1973) found a better approximation 

to the tails of the statistic's distribution. They 

recommend a 100 <l percentage value of: 



where 

k = 
Cl 
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1-0 = y cr + µ k a. a a 

~ 1-(lOa) for the uppertail for both free 

and nonfree sampling. 
1 

= 2 ( 1- ( 10 a) ~ ) for the lower tail for 

= 

nonfree sampling. 
~ 3 ( 1- ( 10 a) for the lower tail for free 

sampling. 

ya = The 100 a percentage point of a standard 

normal distribution. 

µ = The expected value of 1-0. 

cr = The standard deviation of 1-0. 

In most ecological situations, the expected values of 

the moments of this statistic's distribution are evaluated 

under the assumption of nonfree sampling (Appendix III). 

This means that no a priori value can be given for the 

probability that an individual will posse~s the 

characteristic of interest but that each individual has the 

same probability of possessing the characteristic subject to 

the constraint that there are individuals in the 

population possessing the characteristic and n 2 lacking the 

characteristic where n 1 + n 2 =n. 
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For continuous X, there are two measures of spatial 

autocorrelation which are appropriate for use in ecological 

situations ( Jumars and others, 1977 and Sokal and Oden, 

1978a). The first of these is given by Moran (1950): 

I = 
w 

and the second is due to Geary (1954): 

(n - 1) E E (x. - x.) 2 
i j w .. 

l.J l. J 

c = 
2 w E 2 

i zi 

Both of these statistics are asymptotically normally 

distributed (Cliff and Ord, 1973). Through simulation 

studies, Cliff and Ord (1971, 1973) recommend the following 

approximations to the tails of the distribution of I. They 

recommend a lOOa percentage value of: 

I = y a - k µ a a a 

where 
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k ( 10 )k2 . f . < z ru - i , 2 ) A/ a. = a. 1 min In < n < 

min ( 2 ( ru - 1) ( 2 ru - 1) , 4) 
n 

= 1 otherwise 

A = The total number of joins in the system. 

µ = The expected value of I. 

a = The standard deviation of I. 

ya. = The 100 a. percentage point of a standard 

normal distribution. 

For C, they recommend: 

C = y a µ 
Cl. Cl. 

for the lower tail and: 

for the upper 

ka 

µ 

a 

c = 
Cl. 

µ Y a a 

tail where 

( lOa.) 12 = 
= The expected 

= The standard 

- k a. n - 1 
1 

value of C. 

deviation of c. 
ya = The 100 a percentage point of a standard 

normal distribution. 
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In ecological situations, it is usually appropriate to 

evaluate the expected values of the moments of these 

statistics under the randomization assumption. This does 

not require any assumption about the underlying distribution 

of X but rather considers the values of I and C relative to 

the set of all possible values which I and C could take if 

the xi were randomly permuted around the system. In some 

cases, it might be appropriate to evaluate the moments of 

these statistics under the assumption of normality, that is, 

assuming that the xi are the results of n independent 

samples from a normal population. 

Correlation Coefficient 

The value calculated for Moran's I is also an estimate 

of the correlation between neighboring individuals (Moran, 

1950). For this to hold, three assumptions must be made 

(Bartels, 1979): 

E(X1 ) 

V(X.) 
l. 

for all i, i=l,2, ... ,n 

for all i, i=l,2, ... ,n 

E ( X. X . ) = P a2 + Jl 2 for a 11 i and j , i , j = 1 , 2 , ... , n 
l. J 

if i and j are neighboring 

individuals, _µ 2 otherwise. 

It can also be shown that, in the normal case with the 

above three assumptions holding, Moran's I is the maximum 
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likelihood estimator of p , the common correlation 

coefficient for neighboring pairs. If a weighting scheme is 

used to evaluate Moran's I, the statistic is still the 

maximum likelihood estimator of P if, given the individual 

locations, regional interaction is nonstochastic for all i 

and j I i I j = 1 I 2 I • • • I n I i .,, j . 

Data 

Ideally, one would like actual mapped stand data for 

many combinations of stand age, density (expressed in trees 

per acre), site index, and percentage pine for use in 

analysis of spatial autocorrelation. Unfortunately, the 

amount of actual data available is limited and it was 

necessary to rely on computer generated data in some 

situations. 

Forest Models Data 

The Forest Model data file at Virginia Tech (Oderwald 

and others, 1980) is a library of mapped stands. This file 

contains information on 93 mapped stands including 

individual tree locations, diameters, heights, product codes 

(pulpwood, veneer, etc.) and defect codes (forked, broken 

top, etc.). Most of these stands are one acre in size. 

Twenty-eight of the stands are predominantly loblolly pine 

and are located across the Southern United States (Table 1). 
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Table 1. Characteristics of the Forest Models mapped stands which are 

Model 

Number 

1 
6 
7 

11 

17 
18 
20 
22 
23 
24 
25 
35 
39 
40 
41 
42 
46 
47 
48 
49 
50 
51 

predominantly loblolly pine. 

Age 

(Years) 

40 
45 
45 
40 
40 
50 
30 
20 
--
20 
30 
40 
16 
16 
19 
15 
20 
20 
50 
50 
18 
18 

Percent Total Number Previous Stand 

Loblolly of Trees Land Use ~/ Origin 'E./ 

100.0 330 OF NAT 
35.8 352 WD SDT 
46.2 197 WD SLC 

100.0 174 WD SDT 
42.8 166 WD SLC 
60.0 147 WD SLC 
73.9 391 WD NAT 
91. 7 805 OF NAT 

100.0 253 WD PLT 
99.6 567 OF PLT 
65.7 172 WD NAT 
92.4 447 OF NAT 
99.9 721 WD PLT 

100.0 ~18 OF PLT 
99.6 788 OF PLT 
99.5 418 OF PLT 
93.6 550 WD NAT 
94. 7 568 WD NAT 
67.7 319 WD NAT 
54.2 262 WD NAT 
98.6 486 WD PLT 
98.2 437 WD PLT 



Table 1 (continued). 

Model 
Number 

52 
53 
70 
86 
87 
88 

Age 
(Years) 

21 
25 
26 
25 
25 
25 

Percent 
Loblolly 

93.0 
100.0 

74.2 
54.8 
27.0 
44.2 

30 

Total Number 
of Trees 

457 
704 
368 
361 
415 
468 

Previous 
Land Use ~/ 

WD 

WD 
OF 
OF 
OF 
OF 

a/ OF= Old-field; WD = Wildland (Non-old-field). 

'!!../ NAT = Natural; SDT = Seedtree; SLC = Selection Cut; 
PLT = Plantation. 

Stand 
0 . . b/ rigin -

NAT 
SDT 
NAT 
NAT 
NAT 
NAT 
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Coop Data· 

The Loblolly Pine Growth and Yield Research 

Cooperative at Virginia Tech has established stem-mapped 

plots in loblolly pine plantations for use in a thinning 

study. These plots are located across the Southeastern 

United States and are all in relatively young (age 8 to 24) 

plantations on cutover, site-prepared lands. At each 

location, a 0.10 acre control plot and two larger (0.20 to 

0. 25 acre) thinned plots were established. Measurements 

prior to thinning from both of the treatment plots at each 

of 28 locations were used in this study (Table 2 ) . 

Al though somewhat smaller than the Forest Models plots, 

these plots contain the size, location, and quality of 'each 

tree in the stand including natural pines and hardwoods in 

the main canopy. These data were used in the development 

and validation of the stand generation methodology. 
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Table 2. Characteristics of the plots in the Coop data used in the 

analysis. 

Percent Loblolly Number of 

Location Eliot. Age Basal Number of Planted Trees 
I 

Number Area Trees Surviving per 

Acre 

257 2 10 100.0 100.0 648 
3 10 100.0 100.0 638 

1101 2 22 90.7 82.4 498 
3 22 86.8 76.4 418 

1102 2 18 79.9 71. 9 489 
3 18 92.8 85.l 507 

1103 2 12 78.l 65.8 547 
3 12 96.0 89.2 511 

1111 2 20 99.6 99.3 638 
3 20 99.7 99.4 679 

1112 2 18 91. l 86.8 837 
3 18 93.4 90.5 770 

1113 2 17 96.5 93.3 609 
3 17 95.0 88.8 616 

1114 2 11 95.3 92.3 630 
3 11 97.6 96.6 644 

1115 2 14 93.1 89.7 499 
3 14 96.5 91.5 589 

1303 2 19 91.3 80.9 359 
3 19 98.4 93.9 384 

1304 2 23 95.4 86.0 369 
3 23 96.4 93.8 453 
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Table 2 (.continued) • 

Percent Loblolly Number of 

Location Plot Age Basal Number of Planted Trees 

Number Area Trees Surviving per 

Acre 

1305 2 10 96.6 91.4 369 
3 10 95.5 88.5 344 

1307 2 11 96.3 89.4 550 
3 11 95.6 90.5 525 

1311 2 19 97.2 93.3 555 
3 19 96.2 92.5 495 

1314 2 16 95.8 89.0 810 
3 16 98.0 95.8 795 

1325 2 21 91.1 87.2 615 
3 21 90.5 82.1 595 

1326 2 16 97.6 93.6 730 
3 16 98.7 97.0 805 

1330 2 18 97.2 93.1 670 
3 18 97.5 93.0 660 

1341 2 20 94.6 84.3 565 
3 20 95.8 89.2 580 

1401 2 19 98.3 95.6 590 
3 19 99.6 99.2 553 

1402 2 21 96.5 91.3 595 
3 21 87.7 79.0 491 

1403 2 19 98.0 94.8 636 
3 19 95.8 91.3 695 
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Table 2 (continued). 

Percent Loblolly Number of 

Location Plot Age Basal Number of Planted Trees 

Number Area Trees Surviving per 

Acre 

1404 2 13 98.4 96.7 678 
3 13 100.0 100.0 854 

1405 2 8 99.2 96.8 438 
3 8 98.6 94.3 429 

1406 2 16 98.5 95.3 580 
3 16 92.4 90.6 548 

1407 2 13 100.0 100.0 439 
3 13 100.0 100.0 458 

2101 2 13 99.2 97.1 604 
3 13 99.1 98.5 578 

2102 2 11 97.9 97.1 587 
3 11 94.9 90.4 462 
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Computer Generated Data 

In some cases, there was not enough actual data 

available and it was necessary to generate stands over a 

wide range of ages, densities, and sites to simulate an 

experimental situation. For planted stands, the individual 

tree simulation model developed by Daniels and Burkhart 

(1975) (PTAEDA) was used though it was slightly modified for 

this situation. This simulator has been tested and seems to 

perform well on the stand level as well as the individual 

tree level (Daniels and others, 1979b). PTAEDA is not able 

to generate spatial patterns for mixed loblolly and hardwood 

stands so only pure loblolly stands can be generated for 

plantations. 

Daniels and others (1979a) developed a seeded stand 

individual tree simulation model (Seed PTAEDA) which 

performed well on a stand level but they were unable to 

calibrate the model on an individual tree level due to a 

lack of data. Since, in this study, it is individual tree 

characteristics which are of interest, Seed PTAEDA was not 

used. The use of computer generated stands was thus 

restricted to stands which PTAEDA is capable of simulating 

-- planted stands of loblolly pine over a wide range of 

sites, ages, and densities. 



36 

Autocorrelation of Individual Tree Characteristics 

Autocorrelation and Tree Quality 

As stated previously, one of the goals of a thinning 

algorithm is to leave well distributed, vigorous trees in 

the residual stand. To design a thinning algorithm, it 

would be helpful to know if trees within. a product class 

were grouped together or randomly spread throughout the 

stand. Often, tree characteristics such as defects are 

assumed to be randomly distributed over the trees in the 

stand and not clumped together. If the product classes or 

defective trees are grouped together in the field, any 

thinning algorithm developed under the assumption of 

randomness could have a different result when applied in the 

field as opposed to its application in a computer generated 

stand. 

The Forest Model data was used to evaluate the spatial 

distribution of product classes and, when the data 

permitted, tree defects in actual stands. Cliff and Ord 

(1973) state that tests based on the 1-0 (and also the 1-1) 

join count statistics can have very low power if the 

proportion of individuals possessing the characteristic of 

interest differs greatly from one half. Because of this, 

tests of spatial autocorrelation should not be made for tree 

defects or product classes in a stand unless at least 25 
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percent and less than 75 percent of the individuals in the 

stand possess the characteristic of interest. 

In the Forest Model data, trees are assigned one of 

seven product codes: 

1. Pulpwood only. 

2. Sawlogs and tops. 

3. Poles or piling and tops. 

4. Veneer and tops. 

5. Tops only. 

6. Nonmerchantable due to diameter, cull, or species. 

7. Leave tree of merchantable size and species. 

Each tree was also assigned one of ten defect codes: 

1. No defect. 

2. Sweep. 

3. Fork. 

4. Cat face or canker. 

5. Sweep and fork. 

6. Sweep and cat face. 

7. Sweep and top out. 

8. Dead top. 

9. Fork and cat face. 

10. Total cull. 

Spatial distribution of trees in the above product and 

defect classes was examined in each stand where the 



38 

proportion of trees assigned to the category of interest was 

between 25 and 75 percent. In addition, species group codes 

were also assigned to each tree as follows: 

1. Pine. 

2. Hardwood. 

3. Cypress. 

4. Cedar. 

5. Nonmerchantable species. 

Thus, the distribution of pines within mixed stands 

was also examined if the proportion of pines fell between 25 

and 75 percent. Similar information is also available for 

all of the trees in each plot of the Coop data set. 

Autocorrelation and Competition 

In discussing competition, the tree characteristic of 

interest is basal area. The change in amount of 

autocorrelation exhibited in the individual tree basal areas 

as stand conditions and the level of competition change 

helps in understanding the effects of a tree's size on its 

neighbors. A certain amount of these changes can be 

examined using the Forest Model data, especially with 

respect to the change in the percent pine in the stand, but 

an experimental type situation is necessary in order to 

control as many variables as possible. In this situation, a 
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series of computer generated stands (generated using PTAEDA) 

were constructed. These stands covered a range of site 

indices (50, 60, and 70 feet at ,age 25), ages (10, 20, and 

30 years), and densities (500, 750, and 1000 trees planted 

per acre), with three replications of each set of 

conditions. This allowed the behavior of the 

autocorrelation measures to be studied with respect to stand 

conditions in plantations. It also allowed the 

autocorrelation measures to be compared with common measures 

of co~petition levels such as basal area per acre and crown 

competition factor (Krajicek and others, 1961). The Coop 

data were used for verification and testing of results 

obtained using the computer generated data. 

In this study, the use of autocorrelation information 

to describe the level of interaction (competition) between 

individuals is primarily on a stand level. It is possible 

to consider each tree and its neighbors as a small lattice, 

similar to the way Mead (1968) expressed competition, but 

tests could no longer be made using the normal 

approximation. The spatial autocorrelation statistics for 

this small lattice might be considered as competition 

indices for individual trees and, if it were necessary to 

test for autocorrelation, the methods of finding exact 

distributions of the autocorrelation measures for small 

lattices are given by Cliff and Ord (1973). 
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Generating Realistic Stands 

Given the three assumptions made previously concerning 

the expected values and variances of a continuous 

characteristic associated with individuals in the 

population, namely: 

E(Xi} = µ 

V(Xi} = (J2 

E(X.X.} = pcr2 + µ2 
1 J 

for all i, i=l,2, ... ,n 

for all i, i=l,2, ... ,n 

for all i and j I 

i , j = l , 2 , . . . , n if the i th and 

jth individuals are neighbors 

and µ2 otherwise. 

the variance-covariance matrix of the x. 's can be found. 
i 

This matrix, E , is defined as follows: 

Eii 
2 = (J 

E .. = pa 
1J 

E.. = 0 
1J 

for all i, i=l,2, ... ,n 
2 if the ith and jth individuals 

are neighbors, i,j=l,2, ... ,n 

if the ith and jth individuals 

are not neighbors, i,j=l,2, ... ,n 

If a weighting scheme is appropriate, E is defined as 

follows: 

= 

= 

2 a for all i, i=l,2, ... ,n 
2 pcr wij if the ith and jth individuals 

are neighbors, i,j=l,2, ... ,n 

where w.. is the weight applied 
1J 

to the ijth regional interaction 
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l: = 0 ij if the ith and jth individuals are 

not neighbors, i,j=l,2, ... ,n.· 

For some families of multivariate distributions, it is 

possible to generate vectors of random variables meeting the 

above assumptions without any additional information. One 

example is the multivariate normal family of distributions. 

In this family, the conditional distribution of one of the 

x1 's given the remaining values is also a normal 

distribution. This conditional distribution of X 1 given Xj , 

j=2,3, ... ,n (f(X1 1 ~ 2 )) is defined by the following mean and 

variance (Johnson and Kotz, 1972): 

E(X1I~) = µ - <~2 - µ) I:;i (L:~i )-1 

V(Xlj~) = (I:~i)-1 

where the inverse of the variance-covariance matrix I: has 

been partitioned as follows: 

-1 
L:ll 

-1 
L:l2 

-1 I: = 

-1 
I:21 

-1 
I:22 
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Numerical techniques exist for generating vectors of 

multivariate normal random variables given the expected 

values and variance-covariance matrix (IMSL, 1980). Thus, 

if a characteristic of the individual trees in a stand can 

be expressed as a vector of multi variate normal random 

variables, the variance-covariance matrix can be constructed 

by estimating the variance of individual observations and 

the correlation coefficient between neighbors. This can be 

used in computer generated stands to assign realistic 

spatial distributions of the individual tree characteristic 

X to the stand. Johnson and Kotz (1972) show that some 

other multivariate distributions, such as the multivariate 

lognormal distribution, can be constructed from the 

multivariate normal distribution. 

For cases of discrete X, if a probability, p, of a 

tree possessing the characteristic of interest and a 

correlation coefficient indicating the relationship of the 

characteristic between neighboring trees can be expressed, a 

realistic spatial distribution of the characteristic, X, can 

also be generated using the multivariate normal 

distribution. A multi variate normal distribution having 

common mean zero with variances of one and covariances 

defined as p for neighboring individuals ( P wij under a 

weighting scheme) and zero for non-neighboring individuals, 
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can be generated for any given pattern of tree location in a 

stand. The percentage points of the marginal (standard 

normal) distribution of X for each individual can be used to 

assign the characteristic to individuals in the stand. This 

is accomplished by assigning the characteristic to 

individual i if the standard normal variable associated with 

individual i is less than the pth percentage point of a 

standard normal distribution. 

This method of generating realistic spatial 

distributions of individual tree characteristics was tested 

using the Forest Models data. Basal area distributions and, 

where permitted by the data, distributions of_ product 

classes or defective trees were generated to contain the 

same mean and covariance structure as exhibited by the 

actual stand. A two-sample Kolmogorov-Smirnov test 

(Hollander and Wolfe, 1973) was performed to compare the 

actual stand data from the Forest Models with the generated 

data. 



RESULTS 

Following the identification of suitable mathematical 

methods for assessing the levels of spatial autocorrelation 

occuring in forest stands, the spatial autocorrelation 

associated with several individual tree characteristics was 

examined using the Forest Models data. The discrete 

characteristics examined included species, defect, and 

product classes while the only continuous characteristic 

considered in this study was basal area. The change in the 

level of spatial autocorrelation associated with basal area 

as stand conditions change was examined using a series of 

computer generated stands covering a wide range of age, 

site index, and initial planting densities. Methodology was 

also developed allowing the creation of computer generated 

stands containing specified levels of spatial 

autocorrelation for either discrete or continuous individual 

tree characteristics. 

44 
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Autocorrelation of Discrete Tree Characteristics 

The spatial autocorrelation levels of three groups of 

discrete tree characteristics were examined using the Forest 

Models data. These three groups were: 

1. Species. 

2. Product Classes. 

3. Defects. 

Each of the predominantly loblolly pine stands in the 

Forest Models files was measured as four quarter acre square 

plots. These four square plots did not necessarily form a 

square acre in the field. On each quarter acre plot, the 

spatial autocorrelation statistics were calculated for every 

discrete individual tree characteristic which occured in at 

least 25 percent and not more than 75 percent of the 

individuals on the plot. These results are summarized in 

Table 3 . For a randomly selected subset of these quarter 

acre plots, the spatial autocorrelation statistics were 

calculated under a weighting scheme where the ijth regional 

interactions were weighted by the inverse of the square of 

the distance between the ith and the jth individuals, 

i, j=l,2, ... ,n. The inverse of the square of the distance 

between trees was chosen as a weighting factor because it 

appears in several published individual tree competition 

indices (such as Spurr, 1962) and it corresponds with other 
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units used in this study (such as basal area). Any other 

function could be used as a weighting factor if it was 

reasonable for the system of interest. The results of the 

weighted analysis are summarized in Table 4 . In the 

following sections, the results are discussed in detail for 

each group of tree characteristics. 



Table 3. Number of plots in the Forest Models data suitable for the spatial autocorrelation 

analysis and a summary of the tests of nonrandomness (unweighted analysis). 

Stand Sweep Cat Face Top Pine Pulpwood Saw logs Non-

Type or Canker Out Merchantable 

OF,PLT 

Total a/ 1 0 2 0 8 0 0 .i:-
-...J 

Sig. (l-1) b/ 0 0 0 0 8 0 0 
Sig. (1-0) - 0 0 0 0 8 0 0 

OF,NAT 

Total 18 0 0 8 22 4 14 
Sig. (l-1) 2 0 0 3 5 0 4 
Sig. (1-0) 3 0 0 5 5 0 6 

WLD,PLT 

Total 6 8 0 0 11 0 0 
Sig. (l-1) 0 0 0 0 2 0 0 
Sig. (1-0) 0 0 0 0 4 0 0 



Table 3 (continued). 

Stand 

Type 

WLD,NAT 

Total 
Sig. (1-1) ~/ 
Sig. (1-0) pj 

WLD,SDT 

Total 
Sig. (1-1) 
Sig. (1-0) 

WLD,SLC 

Total 
Sig. (1-1) 
Sig. (1-0) 

Sweep 

21 
2 
3 

0 
0 
0 

0 
0 
0 

Cat Face 

or Canker 

3 
0 
0 

0 
0 
0 

0 
0 
0 

Top 

Out 

0 
0 
0 

0 
0 
0 

0 
0 
0 

Pine 

10 
4 
6 

1 
0 
0 

5 
2 
2 

Pulpwood 

23 
2 
1 

3 
0 
2 

5 
1 
2 

Saw logs 

0 
0 
0 

0 
0 
0 

0 
0 
0 

Non-

Merchantable 

19 
1 
1 

3 
1 
2 

5 
2 
2 

.i:-
(X) 



Table 3 (continued). 

Stand 

Type 

TOTALS 

Tot!.' al 
Sig. (1-1) 2_/ 
Sig. (1-0) E_/ 

Sweep 

46 
4 
6 

Cat Face 

or Canker 

11 
0 
0 

Top 

Out 

2 
0 
0 

Pine 

24 
9 

13 

Pulpwood 

72 
18 
22 

Saw logs 

4 
0 
0 

2_/ Nwnber of significant tests using the 1-1 join count statistic and a = 0.05. 

E_I Nwnber of significant tests using the 1-0 join count statistic and a = 0.05. 

Non-

Merchantable 

41 
8 

11 ~ 
\0 



Table 4. Number of plots in the Forest Models data suitable for the spatial autocorrelation 

analysis and a sunnnary of the tests of nonrandomness (weighted analysis). 

Stand Sweep Cat Face Top Pine Pulpwood Saw logs Non-

Type or Canker Out Merchantable 

OF,PLT 

Totals I 0 0 0 0 2 0 0 
0 (2) E._/ \Jl 

Sig. (1-1) ~/ 0 0 0 0 0 0 0 

Sig. (1-0) - 0 0 0 0 1 (2) 0 0 

OF,NAT 

Totals 4 0 0 2 5 1 2 
Sig. (1-1) 0 (1) 0 0 0 (2) 0 (1) O (O) 1 (1) 
Sig. (1-0) 0 (1) 0 0 1 (1) 2 (2) 0 (0) 1 ( 1) 

WLD,PLT 

Totals 0 1 0 0 2 0 0 
Sig. (1-1) 0 0 (0) 0 0 0 (2) 0 0 
Sig. (1-0) 0 0 (0) 0 0 1 ( 1) 0 0 



Table 4 (continued). 

Stand Sweep Cat Face Top Pine Pulpwood Saw logs Non-

Type or Canker Out Merchantable 

WLD,NAT 

Totals I 4 1 0 4 6 0 3 
Sig. (l-1) .! 0 (l) E_/ 0 (0) 0 1 (2) 0 (0) 0 1 (O) c/ Sig. (l-0) - 0 (l) 0 (O) 0 1 (3) 0 (O) 0 0 (O) 

TOTALS 

Totals 8 2 0 6 15 1 5 
Sig. (l-1) 0 (2) 0 (0) 0 1 (4) 0 (5) 0 (O) 2 (1) 
Sig. (l-0) 0 (2) 0 (0) 0 2 (4) 4 (5) 0 (O) 1 (l) 

.!1 Number of significant tests using the 1-1 join count statistic and a = 0.05. 

'!!.../ Number in parenthesis indicates the number of significant tests on the same plots in 
the unweighted analysis. 

E:.f Number of significant tests using the 1-0 join count statistic and a ~ 0.05. 

1..11 ...... 
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Species 

In the Forest Models data, individual trees were 

grouped into five species groups: 

1. Pine. 

2. Hardwood. 

3 . Cypress. 

4. Cedar. 

5. Nonrnerchantable species. 

For this analysis, individual trees were classed as 

either pine or nonpine. On 24 of the quarter acre plots 

there were between 25 percent and 75 percent of the 

individual trees in the pine category. Of these, there were 

13 plots in which the spatial distribution of pines showed a 

significant departure from randomness (using the 1-0 join 

count statistic and a= 0.05). In the weighted analysis, 

there were six plots containing 25 to 75 percent pine. Of 

these, two showed a significant departure from randomness 

(using the 1-0 join count statistic and a= 0.05). In these 

same six plots, four had shown significant departures from 

randomness in the unweighted analysis. 

The group of wildland plots of natural origin included 

the most instances of plots containing 25 to 75 percent 
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pine. In Table 5 , the results of the analysis are given 

by plot for the plots in this stand type suitable for the 

analysis. As can be seen in Table 5 , and which is true for 

the plots in other stand types, there does not seem to be 

any relationship between the occurences of significant 

departures from randomness (using the 1-0 join count 

statistic and ~ = 0.05) and stand conditions such as age, 

percent pine, or density. Within the same stand, different 

quarter acre plots can show great differences in the spatial 

autocorrelation of pine occurence. These results lead to 

the conclusion that the nonrandom distribution of pine stems 

within a mixed stand is not related to overall stand 

conditions such as age, percent pine, or density as much as 

it is to local conditions. Local conditions which may 

affect the distribution of pine stems within a mixed stand 

include micro-site variability, seed source availability, 

and past stand management. This leads to great difficulties 

in trying to predict the distribution of pine stems likely 

to occur under a given set of overall stand conditions. If 

the distribution of pines is considered to be important to a 

given management problem, stands could be generated for 

specified levels of pine clumping and the analysis conducted 

under the realization that many levels of pine clumping can 

occur under a fixed set of overall stand conditions. 
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Table 5. Summary of the spatial autocorrelation analysis of pine stems 

Plot 

Number 

20-3 

20-4 

48-1 

48-2 

48-3 

48-4 

49-1 

49-2 

49-3 

49-4 

in wildland stands of natural origin in the Forest Models 

data (unweighted analysis). 

Age Density Percent 

(per Acre) Pine 

30 484 71 

30 256 50 

50 336 69 

50 324 73 

50 312 65 

50 304 63 

50 296 42 

50 256 61 

50 288 63 

50 208 52 

Pine p-level 

(1-0) a/ · 

0.002 

0.000 

0.015 

0.532 

0.425 

0.007 

0. 350 

0.418 

0.000 

0.000 

Spatial 

Distribution 

c 'E./ 
R b/ 

c 
R 

R 

c 
c 
c 
c 
c 

a/ The probability of the 1-0 join count statistic exceeding its 
calculated value under the null hypothesis of a random spatial 
distribution. If the p-level is less than 0.05, the test is significant 
for a. = 0.05. 

E_/ C indicates that a clumped spatial distribution (positive 
autocorrelation) of pine stems was present, R indicates that a regular 
spatial distribution (negative autocorrelation) of pine stems was 
present. For plots with p-levels greater than 0.05, random spatial 
distributions of pine stems were indicated ( a.= 0.05). 



55 

Product Classes 

Of the seven product classifications used in the 

Forest Models data, only three occured a suitable proportion 

of time in at least one of the Forest Models plots to be 

included in this analysis. 

were: 

1. Pulpwood. 

2. Sawlogs. 

3. Nonmerchantable. 

These three product classes 

There are certain problems inherent in analyzing the 

spatial autocorrelation of product classifications. The 

classification of individual trees into product classes is 

largely a discrete classification of trees by diameter 

class. This represents a loss of information compared to 

the analysis using just the diameters (or basal area) of 

individual trees. Cliff and Ord (1973) show that tests of 

randomness using such discrete classifications suffer 

severe losses of power compared to tests of randomness using 

the continuous variable. Also, in the Forest Models data, 

there are many stands in which all hardwoods as well as 

small pines are classified as nonmerchantable. In order to 

remain consistent between plots, all hardwoods and small or 

defective pines in the analysis were classed as 

nonmerchantable. This will affect not only the tests and 
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analysis conducted on the nonmerchantable classification, 

but also those on all other product classifications applied 

only to the pines in the stand. 

Pulpwood. The pulpwood classification was assigned to 

a suitable proportion of individuals in more plots in the 

Forest Models data than any other discrete classification. 

A total of 72 plots contained a suitable proportion of 

pulpwood trees to be included in the analysis. Of these, 

there were 22 in which the spatial distribution of pulpwood 

trees showed a significant departure from randomness (using 

the 1-0 join count statistic and a= 0.05). In the weighted 

analysis, there were fifteen plots with a suitable 

proportion of pulpwood trees to be included in the analysis 

and, of these, four showed significant departures from 

randomness (using the 1-0 join count statistic and a = 
0.05). Five of these plots had shown significant departures 

from randomness in the unweighted analysis. 

All tests on old-field plantation plots containing 

suitable proportions of pulpwood trees for analysis showed 

significant departures from randomness (using the 1-0 join 

count statistic and a = 0.05) in the spatial distribution of 

pulpwood trees. In all cases, the distribution of pulpwood 

trees tended to be regular (indicated by a negative 

autocorrelation) rather than clumped (indicated by a 



57 

positive autocorrelation). This result is probably due to 

the age structure of the plantations. All of the old-field 

plantation plots suitable for this analysis were young 

stands (age 16) with many trees near the merchantability 

threshold diameter. The trees over the threshold diameter 

were spread regularly through the stand. This trend is also 

present in the young wildland plantation plots suitable for 

this analysis with the trend disappearing as the plot age 

increases. The occurences of nonrandomness of the 

distribution of pulpwood trees in the nonplantation plots 

tends to be associated with significant departures from 

randomness in the spatial distribution of pine stems within 

the stands. These nonplantation stands tend to be older 

with few trees near the threshold diameter of 

merchantability and in most cases where significant 

departures from randomness (using the 1-0 join count 

statistic and ~ = 0.05) were observed, the departure from 

randomness of pulpwood stems seems to be due to the 

distribution of pine stems and the method of recording data 

(all hardwoods were classified as nonmerchantable). Among 

the pine trees alone, there does not seem to be any real 

departures from randomness in the location of pulpwood stems 

in older stands with few trees near the threshold diameter. 
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Sawlogs. The sawlog classification was present a 

suitable proportion of time in only four quarter acre plots 

in the Forest Models data. The four plots included in the 

analysis were all natural stands on old-field sites. There 

were no significant departures from randomness (using the 

1-0 join count statistic and a. = 0. 05) in the spatial 

distribution of sawlog stems on these plots. One of these 

plots was included in the weighted analysis and, again, no 

significant departure from randomness was detected in the 

spatial distribution of sawlog trees. These results seem to 

show that sawlog stems are randomly distributed within a 

stand but no firm conclusion can be drawn due to the small 

number of plots suitable for the analysis. No conclusions 

can be drawn for plantation situations since no data from 

plantation stands was suitable for the analysis. 

Nonmerchantable. The nonmerchantable classification 

was present in a suitable proportion of trees on 41 of the 

Forest Models plots. Of these, there were eleven in which 

the location of nonmerchantable trees showed a significant 

departure from randomness (using the 1-0 join count 

statistic and a. = 0.05). In the weighted analysis, there 

were five plots with a suitable proportion of 

nonmerchantable trees to be included in the analysis and, of 

these, only one showed a significant departure from 
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randomness (using the 1-0 join count statistic and a = 
0.05). This plot was also the only one of the five which 

had shown a significant departure from randomness in the 

unweighted analysis. 

In the Forest Models data, the nonmerchantable 

classification appeared on a suitable proportion of trees 

only in nonplantation stands. In these nonplantation 

stands, the analysis of the distribution of nonmerchantable 

trees is complicated due to the classification of all 

hardwood trees as nonmerchantable as well as small or 

extremely defective pines. Because of this, it is difficult 

to draw any conclusions from the nonmerchantable analysis 

other than those already presented in the analysis_of pine 

and pulpwood stems. Namely, product classes seem to be 

randomly distributed over the pine stems in stands not 

having many trees near the boundaries of the product 

classifications. The pine stems, however, may be 

distributed in many degrees of clumping due to local site 

conditions even though overall stand conditions may be 

constant. 
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Defects 

Of the ten defect codes used in the Forest Models 

data, only three occured on a suitable proportion of trees 

in at least one of the Forest Models plots to be included in 

this analysis. These three defect codes were: 

1. Sweep. 

2. Top Out. 

3. Cat Face or Canker. 

Sweep. Excessive sweep was possessed by between 25 

and 75 percent of the individuals in more plots in the 

Forest Models data than any other defect. A total of 46 

plots contained a suitable proportion of individuals with 

excessive sweep to be included in the analysis. Of these, 

there were eight plots in which the location of trees with 

excessive sweep showed a significant departure from 

randomness (using the 1-0 join count statistic and a = 
0.05). In the weighted analysis, there were eight plots 

containing a suitable proportion of trees with excessive 

sweep to be included in the analysis and, of these, none 

showed significant departures from randomness (using the 1-0 

join count statistic and a= 0.05). On two of these plots, 

the spatial distribution of trees with excessive sweep had 

shown significant departures from randomness in the 

unweighted analysis. 
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In two of the three wildland plots of natural origin 

in which the spatial distribution of trees with excessive 

sweep showed a significant departure from randomness, trees 

with defective or missing tops were present in at least 25 

percent of the individuals. This seems to indicate some 

type of damage occuring to the stand such as ice or severe 

wind storms. In two of the three old-field stands of 

natural origin in which the spatial distribution of trees 

with excessive sweep showed a significant departure from 

randomness, the pines were also clumped in the stand and 

pines were the only species group to which the sweep 

classification was assigned. The hardwoods were all classed 

as cull trees. After accounting for the above special 

cases, the Forest Models data indicates that the excessive 

sweep characteristic is distributed randomly over the 

individual trees on a plot. Most exceptions to this can be 

logically explained. The few exceptions that do not have 

any apparent explanation can be attributed to Type I error 

in the data. 

The missing top classification was only 

present in a suitable proportion of individuals on two 

plots. In neither plot did the distribution of trees with 

missing tops show any departure from randomness (using the 

1-0 join count statistic and a. = 0.05) in either the 
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weighted or the unweighted analysis. Both of the plots 

suitable for this analysis were in the same stand (Forest 

Model 42) and also showed a high proportion of trees with 

excessive sweep. This seems to indicate that the stand was 

subjected to some type of damage, possibly wind or ice, 

before the plots were established. Because of this, no 

conclusions can be drawn regarding the distribution of trees 

with missing tops in undisturbed stands of any type or 

origin. 

Cat Face or Canker. The cat face or canker defect 

occured on a suitable proportion of individuals on eleven 

plots in the Forest Models data. On no plot, in either the 

weighted or unweighted analysis, did the spatial 

distribution of this defect show any significant departure 

from randomness (using the 1-0 join count statistic and a = 
0.05). This defect could possibly result from past logging 

damage (in older stands) or the presence of disease. For a 

particular plot in the Forest Models data, it is difficult, 

if not impossible, to determine the cause of this defect on 

a large proportion of trees. No firm conclusions can be 

drawn but in no case did the occurence of this defect appear 

to be nonrandom over the trees on a plot. 
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Autocorrelation of Basal Area 

The spatial distribution of individual tree basal area 

over the trees in a stand was evaluated using the Forest 

Models data, the computer generated data, and the Coop data 

described previously. The computer generated data set 

simulated an experimental situation in old-field plantations 

and was also used to investigate the change in levels of 

spatial autocorrelation associated with basal area within 

stands as stand conditions and competition levels change. 

In the following sections, the results of the analysis of 

the spatial autocorrelation of individual tree basal area 

are presented for all three data sets as are the results of 

the investigation into the changes in autocorrelation levels 

as stand conditions change. 

In this study, the spatial autocorrelation of the 

basal area of an individual tree and the basal areas of all 

neighboring trees was examined. Trees are considered 

neighbors if their tree area polygons have a common boundary 

of nonzero length. It is possible to extend the analysis to 

include the neighbors of neighboring trees but this 

possibility was not examined here. Cooper (1961) showed 

that, for ponderosa pine (Pinus ponderosa, Laws.), there was 

no significant gain in correlation information by including 

trees other than the nearest neighbor. In any case, the 
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second or third nearest tree would possibly be considered a 

neighbor and little gain would be expected here from 

extending the analysis to include any but neighboring trees. 

Forest Models Data 

The spatial autocorrelation of individual tree basal 

area was examined using the Forest Models data. Each of the 

predominantly loblolly pine stands was divided into four 

quarter acre square plots. On each plot, Moran's I and 

Geary's C were calculated for individual tree basal areas. 

These statistics are summarized in Table 6 . For testing 

purposes, the moments of these statistics were calculated 

under the randomization assumption. For a randomly selected 

subset of the quarter acre plots, the spatial 

autocorrelation statistics were calculated under a weighting 

scheme where the ijth regional interactions were weighted by 

the inverse of the square of the distance between the ith 

and jth individuals, i,j=l,2, ... ,n. These results are 

summarized in Table 7 

As can be seen from Table 6 , in every timber type in 

the Forest Models data except the wildland seedtree stands, 

approximately the same number of plots showed positive 

spatial autocorrelation as showed negative spatial 

autocorrelation of basal area in the unweighted analysis. 
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Table 6. Suunnary of the analysis of spatial autocorrelation associated 

with basal area in the Forest Models data (unweighted analysis). 

Stand Type Number of Plots Number of Significant Tests a/ 

Total C 'E./ Total C b/ R b/ 

OF,PLT 

Moran's I 16 9 7 1 1 0 

Geary's c 16 9 7 1 1 0 

OF,NAT 

Moran's I 25 11 14 0 0 0 

Geary's c 25 13 12 8 4 4 

WLD,PLT 

Moran's I 15 8 7 5 5 0 

Geary's c 15 7 8 4 4 0 

WLD,NAT 

Moran's I 24 13 11 2 1 1 

Geary's c 24 12 12 11 7 4 

WLD,SDT 

Moran's I 12 8 4 1 1 0 

Geary's c 12 9 3 3 3 0 
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Table 6 {continued). 

Stand Type Number of Plots Number of Significant Tests 2:,.1 

Total Total 

WLD,SLC 

Moran!.s I 12 5 7 1 1 0 

Geary's c 12 7 5 2 1 1 

TOTALS 

Moran's I 104 54 50 10 9 1 

Geary's c 104 57 47 29 20 9 

a/ Tests were made under the randomization assumption using a = 0.05. 

b/ C indicates the plots with positive autocorrelation (clumping) 
and R indicates the plots with negative autocorrelation (regular). 
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Table 7. Sunnnary of the analysis of spatial autocorrelation associated 

with basal area in the Forest Models data (weighted analysis). 

Stand Type Number of Plots Number of Significant Tests a/ 

Total c 'p_/ Total 

OF,PLT 

Moran's I 3 3 0 0 0 0 

Geary's c 3 3 0 1 1 0 

OF,NAT 

Moran's I 7 2 5 0 0 0 

Geary's c 7 5 2 2 1 1 

WLD,PLT 

Moran's I 3 2 1 0 0 0 

Geary's c 3 2 1 1 0 1 

WLD,NAT 

Moran's I 7 6 1 0 0 0 

Geary's c 7 7 0 2 2 0 

TOTALS 

Moran's I 20 13 7 0 0 0 

Geary's c 20 17 3 6 4 2 

Tests were made under the randomization assumption using ~ = 0.05. 

b/ C indicates the plots with positive autocorrelation (clumping) 
and R indicates the plots with negative autocorrelation (regular). 
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In the wildland seedtree plots, more plots showed positive 

spatial autocorrelation than negative. In general, there 

were a greater number of significant (a= 0.05) tests of 

randomness showing positive autocorrelations than negative 

on all timber types. Also, use of Geary's C statistic 

generally led to a greater number of significant tests of 

randomness than did use of Moran's I. 

These results are surprising in that a negative 

spatial autocorrelation of basal area was expected to occur 

more frequently due to the effects of competition. As the 

sizes of a trees neighbors increase, the competitive stress 

on the tree is increased, probably leading to a decrease in 

basal area growth. Upon closer examination, however, 

several situations can be imagined where the occurences of 

positive spatial autocorrelation would not be at all 

surprising. For instance, in the wildland seedtree plots 

there were several plots in which there were very few trees. 

In Forest Model 11, the four quarter acre plots contained 

56, 35, 30, and 53 trees respectively (Figure 1). In these 

plots, many trees were essentially open grown for at least 

several years if not their entire lives. These trees were 

not subject to competitive stress from their neighboring 

trees. In fact, these trees could be expected to grow at 

approximately the same rate and be approximately the same 
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size as their neighbors. In such a case, positive spatial 

autocorrelation of basal area is to be expected. Similar 

situations also occured in several natural stands. In the 

plantations, if the survival rate was low, it would take 

many years before any competitive effects begin to appear in 

the stand. Since many of the plantations in the Forest 

Models data are less than 20 years old, the spatial 

autocorrelation may tend to be positive since the individual 

trees have not been under competitive stress for long 

periods of time. Because of the different timber types, 

ages, densities, and pine proportions present in the Forest 

Models data, there are few instances of comparable stands 

and it is difficult to draw any firm conclusions regarding 

the effects of competition levels on the autocorrelation 

measures. The experimental situation simulated by the 

computer generated data should present clearer results, at 

least for old-field plantation stands. 

In the weighted analysis (Table 7 ), there were more 

cases of positive spatial autocorrelation of basal area in 

the wildland natural stands and the old-field plantations 

than in the unweighted analysis. The analysis in the other 

stand types did not really seem to be affected by the 

weighting scheme. It is difficult to say that the weighting 

scheme actually led to a greater number of positive 

autocorrelations in the old-field plantations due to the 
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Figure 1. Map of Forest Model 11. A tree's size is reflected in the size 

of the circle centered at its location. The first quarter acre 

is in the upper right, the second in the lower right, the third 

in the lower left, and the fourth in the upper left. The axes 

are scaled in feet. 
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small number of these stands included in the analysis. In 

the wildland natural stands, the weighting scheme, which 

placed less weight on more distant trees, possibly combined 

with low densities and irregular location patterns to 

produce a greater number of positive autocorrelations. 

Placing less weight on more distant trees increases the 

similarity to open-grown trees in situations where there are 

few competitors to begin with. This is probably why the 

spatial autocorrelations in the wildland natural stands were 

more affected by the weighting than those in other stand 

types. 

Computer Generated Data 

The spatial autocorrelation of individual tree basal 

area was also examined using the computer generated data. 

Three quarter acre plots were simulated for each combination 

of three ages ( 10, 20, and 30 years), three planting 

densities (500, 750, and 1000 trees per acre), and three 

site indices (SO, 60, and 70 feet at 25 years). Moran's I 

and Geary's C were calculated for each plot and these 

statistics are summarized in Tables 8 and 9 . For testing 

purposes, the moments of these statistics were evaluated 

under the randomization assumption. The weighted analysis 

was not conducted on the computer generated data due to the 
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inconclusive results observed after weighting in the 

plantation plots of the Forest Models data. 

As can be seen in Table 8, there were a greater 

proportion of plots in the computer generated data set 

showing negative spatial autocorrelation measures than in 

the ~orest Models data. One reason for this may be that 

plots in the computer generated data were more uniform, at 

least in the sense of better survival, more regular spatial 

patterns, and less variability in site and. stand conditions, 

than those real stands included in the Forest Models data. 

Stands in the computer generated data set did not contain 

large areas with few (or no) trees like many stands in the 

Forest Models data and thus had fewer groups of neighboring 

trees in open-grown situations. 

In the computer generated data, the number of stands 

showing positive spatial autocorrelations of basal area 

increases as the stand age increases, increases as site 

index increases, and reaches a maximum with regard to 

planting density at 750 trees per acre. These are the 

conditions under which stand competition reaches a maximum 

in this data and, from Table 9, the proportion of plots 

showing positive spatial autocorrelation levels increases as 

both stand basal area and crown competition factor increase. 
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Table 8. Swmnary of the analysis of the spatial autocorrelation of basal 

area in the computer generated data. 

Class Number of Plots Number of Significant Tests ~/ 

Total Total 

Age 10 

Moran's I 27 5 22 2 0 2 

Geary's c 27 5 22 3 1 2 

Age 20 

Moran's I 27 6 21 3 0 3 

Geary's c 27 6 21 4 1 3 

Age 30 

Moran's I 27 10 17 2 1 1 

Geary's c 27 10 17 4 2 2 

500 Trees Planted per Acre 

Moran's I 27 6 21 2 0 2 

Geary's c 27 6 21 3 1 2 

750 Trees Planted per Acre 

Moran's I 27 10 17 3 1 2 

Geary's c 27 8 19 4 3 1 

1000 Trees Planted per Acre 

Moran's I 27 5 22 2 0 2 

Geary's c 27 7 20 4 0 4 
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Table 8 (continued). 

Class Number of Plots Number of Significant Tests 2,./ 

Total Total 

Site Index 50 Feet at Age 25 

Moran's I 27 7 20 1 0 1 

Geary's c 27 5 22 4 1 3 

Site Index 60 Feet at Age 25 

Moran's I 27 5 22 2 0 2 

Geary's c 27 6 21 3 1 2 

Site Index 70 Feet at Age 25 

Moran's I 27 9 18 4 1 3 

Geary's c 27 10 17 4 2 2 

Tests were made under the randomization assumption using a = 0.05. 

b/ C indicates the plots with positive autocorrelation (clumping) 
and R indicates the plots with negative autocorrelation (regular). 
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Table 9. Comparison of the number of plots showing positive and negative 

spatial autocorrelations of basal area in the computer 

generated data by crown competition factor and total basal 

area of the plot. 

Basal Area Crown Competition Factor 

(Square Feet 

per Acre) 

< 90 

Moran's I 

Geary's c 
90-125 

Moran's I 

Geary's c 

125-160 

Moran's I 

Geary's c 

160-195 

Moran's I 

Geary's C 

< 140 140-180 

C ~/ R ~/ C R 

3 9 0 4 
(0).£./ (O) (0) (O) 

3 9 0 4 

1 4 
(0) (1) 

1 4 
(0) (0) 

180-220 220-260 

C R C R 

1 5 
(O) (1) 

1 5 
(0) (1) 

1 3 2 4 
(O) (O) (0) (1) 

1 3 1 5 
(0) (O) (0) (1) 

1 0 4 19 
(0) (0) (0) (2) 

0 1 5 18 
(0) (0) (O) (3) 

> 260 

C R 

1 2 
(0) (0) 

1 2 
(0) (0) 



Table 9 (continued) • 

Basal Area 

(Square Feet < 140 

per Acre) C a/ R ~/ 

> 195 

Moran's I 

Geary's C 

76· 

Crown Competition Factor 

140-180 180-220 

c R c R 

220-260 > 260 

c R c R 

2 5 4 6 
(O)b/ (0) (1) (1) 

2 
(0) 

5 5 5 
(1) (1) (1) 

a/ C indicates positive autocorrelation (clumping) and R indicates 
a negative spatial autocorrelation (regular). 

b/ The number in parenthesis is the number of significant tests of 
nonrandomness under the randomization assumption using ~ = 0.05. 
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These results seem to be contrary to those expected, 

that is, spatial autocorrelation levels were expected to 

become increasingly negative as stand competition increased. 

In retrospect, however, this, expectation was probably too 

simplistic. A very young plantation stand, or an open-grown 

stand, will show positive autocorrelation levels. All trees 

are growing at the maximum of their ability and at 

approximately the same rate. All trees will be 

approximately the same size with any variation due to 

differences in microsi te or genetic makeup. Groups of 

similar sized trees may exist due to local soil or site 

conditions. Eventually the site will become fully occupied 

and the growth rates of individual trees will be affected by 

the sizes and distances to neighboring trees. After a 

period of time, the stand will begin to show a negative 

correlation of individual tree basal area as weak 

competitors begin to lose their place in the stand. 

Eventually, the weak competitors will be eliminated from the 

stand. As time passes, the basal area and crown competition 

factor of the stand will become very high. The stand will 

reach a nearly stagnated condition with minute individual 

tree basal area growth rates and very few trees being 

removed from the stand due to competition. The trees in the 

stand will again grow at approximately the same rate and, 
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being formerly dominant or codominant individuals, will be 

approximately the same size as their neighbors. A positive 

autocorrelation in individual tree basal area is also to be 

expected under these conditions. This near stagnation 

situation is easy to produce in computer generated stands 

but is scarce in real field situations. As stress on 

individual trees increases, individuals are more susceptable 

to insect or disease attack and are removed from the stand 

by means other than competitive elimination. 

In the computer generated data, there might be some 

question as to how well the results of the spatial 

autocorrelation analysis compared to the results of similar 

analyses using real data. To investigate this question, the 

values of Moran's I and Geary's C, and their associated 

tests of randomness, were calculated for the data used to 

develop the growth functions in PTAEDA. This data consisted 

of 18 stem-mapped plots with four remeasurements in old-

f ield plantations. Only information from the first 

measurement was used in this analysis. Of these 18 plots, 

there were no significant departures from randomness ( a = 
0.05) in the spatial distribution of basal area. There were 

two plots (11.1 percent) showing positive spatial 

autocorrelations (clumping) of basal area using Moran's I 

and eight (44.4 percent) showing clumping of basal area 
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using Geary's C. This corresponds to 25.9 percent of plots 

in the computer generated data indicating clumping of basal 

area. With these few actual plots no firm conclusions can 

be drawn, but there does not seem to be any real 

discrepencies between the spatial autocorrelation measures 

calculated in the real data and those ·calculated in the 

computer generated data. 

Coop Data 

There were a total of 56 plots at 28 locations in the 

Coop data. Values of Moran's I and Geary's C were 

calculated for each plot and these statistics are summarized 

in Table 10 For testing purposes, the moments of these 

statistics were evaluated under the randomization 

assumption. The weighted analysis was not performed on this 

data due to the inconclusive results observed after 

weighting in the plantation plots of the Forest Models data. 

As illustrated in Table 10 , the same basic trends are 

expressed in the Coop data as in the computer generated 

data. The Coop data contained plots with lower levels of 

basal area and crown competition factor than the computer 

generated data. At these low levels of competition, the 

spatial autocorrelation measures show positive 

autocorrelation levels (clumping). As the level of 
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Table 10. Comparison of the number of plots showing positive and 

negative spatial autocorrelations of basal area in the Coop 

data by crown competition factor and total basal area of 

the plot. 

Basal Area Crown Competition Factor 

(Square Feet 140-180 180-220 220-260 > 260 

per Acre) c R c R c R c R 

< 90 

Moran's I 10 0 2 2 
(3)E./ (0) (1) (0) 

Geary's c 10 0 2 2 
(4) (0) (2) (0) 

90-125 

Moran's I 3 4 6 3 
(1) (1) (0) (0) 

Geary's c 4 3 7 2 
(0) (1) (0) (0) 

125-160 

Moran's I 5 5 4 6 
(0) (0) (2) (0) 

Geary's c 6 4 5 5 
(0) (O) (1) (O) 

160-195 

Moran's I l 3 0 2 
(0) (0) (O) (0) 

Geary's C 3 l l l 
(O) (O) (0) (0) 
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Table 10 (continued). 

Basal Area Crown Competition Factor 

(Square Feet < 140 140-180 180-220 220-260 > 260 

per Acre) C 2:.I R a/ C R c R c R c R 

> 195 

Moran's I 

Geary's C 

~/ C indicates positive autocorrelation (clumping) and R indicates 
a negative spatial autocorrelation (regular). 

E_/ The number in parenthesis is the number of significant tests of 
nonrandomness under the randomization assumption using a = 0.05. 
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competition increases, more 

autocorrelation levels appear. 

low ages, does not extend to 

instances of negative 

The Coop data, due to the 

the levels of extreme 

competition present in some of the computer generated plots 

so no conclusions can be drawn regarding the behavior of the 

measures of spatial autocorrelation at high levels of 

competition in the Coop data. The Coop data could be 

expected to show the same trend as the computer generated 

data, that is, di splay increasing numbers of positive 

autocorrelations, at levels of extreme competition just as 

the two data sets followed the same basic trends at lower 

levels of competition. The levels of competition at which 

the spatial autocorrelation first becomes negative and the 

levels where it becomes postive again do not seem to be the 

same for the two data sets even though the same basic 

pattern is present. 

Stand Conditions and Spatial Autocorrelation Measures 

The computer generated data was used to investigate 

the change in spatial autocorrelation levels of basal area 

as stand conditions change. A 3 X 3 X 3 factorial analysis 

of variance was performed on Moran's I and Geary's Caswell 

as the percentage points of the asymptotic normal 

distributions of I and C. The three factors in the analysis 
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were the plot age (10, 20, or 30 years), planting density 

(500, 750, or 1000 trees per acre), and site index (SO, 60, 

or 70 feet at 25 years). Because the levels of the three 

factors were not chosen randomly, all three factors were 

considered fixed factors in the analysis. None of the main 

factors (age, planting density, and site index) or any of 

their interactions were found to significantly ( a = 0.05) 

affect the value of Moran's I, Geary's C, or the percentage 

point of the asymptotic distributions of these statistics. 

Because there were no indications in the computer 

generated data set of significant ( a = 0.05) relationships 

between the three major stand factors examined or any of the 

interactions of these factors, a correlation analysis was 

performed between the measures of spatial autocorrelation of 

basal area and other descriptive statistics of the stand 

such as total basal area, crown competition factor, and the 

number of surviving trees per acre and interactions of these 

variables with stand· age, planting density, and site index 

(Table 11). For Moran's I, a negative correlation with a 

stand characteristic would indicate a decreasing correlation 

between the basal areas of neighboring trees as the value of 

the stand characteristic increases. The opposite is true 

for Geary's C, a negative correlation with a stand 

characteristic would indicate an increasing correlation 
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between the basal area of neighboring trees as the value of 

the stand characteristic increases. There were no instances 

of high correlations, either positive or negative, between 

the measures of the spatial autocorrelation of basal area 

and the stand characteristics. Very few of the correlations 

were significantly different from.zero (a = 0.05). These 

only occured between the value of Geary's C (and the 

percentage point of its asymptotic distribution) and some of 

the stand characteristics. There were no significant 

correlations ( a= 0.05) between the value of Moran's I or 

the percentage point of its asymptotic distribution and any 

of the stand characteristics. Plots of the data did not 

reveal any discernible trends not detected in the above 

analysis with the exception of slight curvilinear 

relationships between both autocorrelation measures and the 

measures of competition (total stand basal area and crown 

competition factor). The autocorrelation measures remained 

relatively constant until the level of competition became 

very high and then the autocorrelation measures began 

showing increasing (positive) correlations between 

neighboring trees. 

There were more significant correlations between the 

spatial autocorrelation measures and stand conditions in the 

Coop data than in the computer generated data. As can be 
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Table 11. Correlations between the spatial autocorrelation measures of 

individual tree basal area and several descriptive stand 

characteristics in the computer generated data. 

Stand 

Characteristics a/ 

Moran's Geary's Percentage Point of 

I c Asymptotic Distribution 

I c 

BA 0.071 -0.239* E.I 0.106 0.230* 

BA2 0.094 -0.280* 0.126 0.262* 

CCF 0.078 -0.211 0.082 0.185 

CCF2 0.092 -0.237* 0.089 0.206 

NTS 0.021 0.136 -0.097 -0.198 

BA*AGE 0.095 -0.253* 0.154 0.251* 

BA*NTP 0.147 -0.206 0.109 0.177 

BA*SI 0.084 -0.281* 0.106 0.268* 

CCF*AGE 0.097 -0.239* 0.149 0.234* 

CCF*NTP 0.141 -0.145 0.072 0.102 

CCF*SI 0.081 -0.251* 0.076 0.230 

a/ Notation -- BA= total stand basal area (square feet per acre), 
CCF =crown competition factor (per acre), NTS =number of surviving 
trees per acre, AGE = stand age in years, NTP = number of trees planted 
per acre, and SI = site index (feet at age 25). 

b/ A * next to an entry in the table indicates a correlation 
significantly different from zero (a= 0.05). 
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seen in Table 12 , these correlations were greater and more 

significant in the Coop data. The linear trends in the data 

were more pronounced and, as in the computer generated data, 

plots indicated curvilinear trends in the measures of 

spatial autocorrelation with respect to the measures of 

competition. The measures of spatial autocorrelation have 

the same basic behavior patterns in the two data sets but 

there is a difference in degree with the trends being more 

pronounced in the Coop data than in the computer generated 

data. 
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Table 12. Correlations between the spatial autocorrelation measures of 

individual tree basal area and several descriptive stand 

characteristics in the Coop data. 

Stand 

Characteristics a/ 

AGE 

BA 

BAP 

CCF 

NTS 

NTP 

HD 

Moran's Geary's 

I c 

-0.350* b/ 0.457* 

-0. 472* 0.506* 

-0.484* 0.498* 

-0.478* 0.445* 

-0.340* 0.275* 

-0. 372* 0.264* 

-0.417* 0.504* 

Percentage Point of 

Asymptotic Distributions 

I c 

0.383* 0.286* 

0.467* 0.436* 

0.504* 0.430* 

0.489* 0.459* 

0.212 0.392* 

0.274* 0.388* 

0.440* 0.372* 

a/ Notation -- AGE = stand age in years, BA = total stand basal 
area (square feet per acre), BAP =pine basal area (square feet per 
acre), CCF =crown competition factor (per acre), NTS =number of trees 
per acre, NTP = number of planted trees surviving per acre, and 
HD = the average height of dominants and codominants in feet. 

b/ A * next to an entry in the table indicates a correlation 
significantly different from zero ( a= 0.05). 
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Generating Realistic Stands 

When generating a stand with a computer model, the 

objective is not to exactly duplicate an existing stand but 

rather to produce a typical stand given the overall stand 

conditions such as age, site, or number of trees per acre. 

In this study, the goal was to assign diameters (or basal 

areas) and other characteristics such as species, quality, 

and defect classes to individual trees in a generated stand. 

A pattern of individual tree location in a two dimensional 

plane was assumed to be given. This location pattern could 

be given to exactly match an actual stand or it could also 

be generated by a computer model such as done by Daniels and 

others ( 1979a). 

Methods 

The characteristics of individual trees in the stand 

to be generated were assumed to be samples from a 

multivariate distribution. The mean and variance of the 

marginal distribution of the characteristic of an individual 

tree were assumed to be identical to the mean and variance 

expected for the characteristic over the entire stand. This 

leads to the following three assumptions concerning the 

expected value and variance of the marginal distributions: 

E (X.) 
l. 

= µ for all i, i=l,2, ... ,n. 

V(X.) 
l. 

2 = cr for all i, i=l,2, ... ,n. 
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2 2 
E(XiXj) = P cr + µ for all i and j I 

i,j=l,2, ... ,n if the ith 

and jth individuals are 
2 

neighbors µ and 

otherwise. 

When dealing with a continuous characteristic, Moran's 

E E 8 .. n i j z. z. 
l.J l. J 

I = 

2 A E 2 
i z. 

l. 

is the maximum likelihood estimate of P . This information 

can be used to construct the variance covariance matrix of 

the x.'s, E , as follows: 
l.. 

E .• 
l.l. 

E •. 
l.J 

E •. 
l.J 

2 = (J 

= pcr 

= 0 

for all i, i=l,2, ... ,n. 
2 if the ith and jth individuals are 

neighbors, i,j=l,2, ... ,n. 

if the ith and jth individuals are 

not neighbors, i,j=l,2, ... ,n. 

If a multinormal distribution of the characteristic X 

can be assumed, the above information is all that is 

required to generate characteristics of individuals in the 

population. Johnson and Kotz (1972) show that some other 

distributions, such as the lognormal, can be generated from 

the multivariate normal. 
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Basal Area Generation 

Methods for generating individual tree basal areas, 

given the locations of the trees, were developed and tested 

using the Forest Models data and the Coop data. The Forest 

Models data were used to examine the form (normal or 

lognormal) of the distribution needed to model individual 

tree basal areas. There were few stands in the Forest 

Models data with common histories and origins. For this 

reason, one of the plots at each location in the Coop data 

was used to develop equations to predict the levels of 

spatial autocorrelation to be expected in old-field 

plantations of given characteristics. The system of 

generating individual tree basal areas was. tested on the 

remaining plots of the Coop data. 

Distribution Form. Strub (1976) indicated that the 

basal areas of individual trees within a plantation stand 

could be modeled using the normal distribution. In the 

Forest Models data, plots of the frequency distribution of 

individual tree basal areas showed that the basal areas of 

individual trees in many stands did indeed have bell shaped 

frequency curves. There were also a number of stands in 

which the frequency distribution was not bell shaped but was 

skewed to the right, much as would be found if the basal 

areas were lognormally distributed. To determine which 
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distribution form seemed to be appropriate for given stand 

conditions, the basal area distribution of each stand was 

simulated three times using both the normal and the 

lognormal distribution for each quarter acre plot in the 

Forest Models data which was 100 percent pine. The 

generated distributions had the same covariance structure as 

the observed distributions and were constrained to have the 

same mean and variance as the actual distributions. A two-

sample Kolmogorov-Smirnov test was used to determine if the 

actual basal areas and the generated basal areas were from a 

common distribution. The results of this analysis are 

summarized in Table 13. 

In most stand types, 

lognormal and the normal 

and on most plots, both the 

distribution adequately 

approximated the frequency distribution of basal areas. In 

the wildland seedtree plots, the lognormal distribution 

seemed to fit better on more plots due to the skewness of 

the actual basal area distributions. This is reflected in 

the greater number of rejections ( a = 0.05) when using the 

normal data (Table 10). This also seemed to be true in the 

old-field natural stands but the trend was much less 

pronounced. In the old-field plantation stands, however, 

the observed distributions were much more symmetric and the 

normal distribution seemed to perform better on most plots. 
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Table 13. Summary of the comparison of forms of the basal area 

distribution in the 100 percent pine plots of the Forest 

Models data. 

Stand Type Number of N b f R • • a/ um er o eJections -

Comparisons Normal Lognormal 

OF,PLT 33 3 9 

OF,NAT 12 3 l 

WLD,PLT 18 l l 

WLD,NAT 12 0 0 

WLD,SDT 24 9 0 

WLD,SLC 12 l 0 

Totals 111 17 11 

a/ Number of rejections of the two-sample Kolmogorov-Smirnov 
test using a = 0.05. 
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The normal distribution also seemed to do better on most 

wildland plantation plots but there was no difference in the 

number of rejections ( a = 0.05) between the two candidate 

distribution forms. 

Due to the above results, the normal distribution was 

used in modeling· the basal area distributions in the 

loblolly pine plantations. The findings in this study are 

not conclusive but when combined with those of Strub (1976), 

the use of the normal distribution to model basal area 

distributions in loblolly pine stands is justified. The 

normal distribution seemed to work well on most stand types 

but there are some cases, such as stands with several age 

groups or inverse j-shaped diameter distributions, in which 

the lognormal distribution would serve as a better model for 

the basal area distribution. 

Predicted Distributions. One of the plots at each 

location in the Coop data was used to validate the 

methodology for generating individual tree basal areas given 

the tree locations in the stand. The normal distribution 

was used to model the individual tree basal area 

distribution. The basal areas were generated using a 

multivariate normal distribution with the variance-

covariance structure described previously. The mean and 

variance of the basal area distribution were estimated by 
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first estimating the parameters of the Weibull distribution 

of diameter as given by Feduccia and others (1979). Their 

equations for predicting the parameter values are: 

a = 0.13391 - 0.076245 log (RD) + 2.3569 log (AGE) 

- 0.070442 log (NTS) 

R2 = 0 13 . s y.x = 1. 4190 

a+ b = 2.14570 - 8.1415 log (HD) + 2.1264 log (AGE) 

- 4.13600 log (NTS) 

where 

R2 = 0. 90 s = 2. 2300 y.x 

c = 2.63950 + 5.3594 log (HD) - 5.1274 log (AGE) 

- 0.53123 log (NTS) 

R2 = 0 15 . s y.x = 1.2443 

a,b,c = the parameters of the Weibull 

distribution of basal area. 

HD = the average height of dominants and 

codominants (feet). 
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NTS = the number of planted trees surviving 

per acre. 

AGE = the stand age in years. 

The mean and variance of the individual tree basal 

area distribution can then be found by evaluating the second 

and fourth moments of the diameter distribution as follows 

(Johnson and Kotz, 1972): 

E(B) = a 2 + 2 a b f(l + l/c) + b 2 f(l + 2/c) 

E(B2) = a 4 + 4 a 3 b f(l + l/c) + 6 a 2 b 2 f(l + 2/c) 

+ 4 a b 3 f(l + 3/c) + b 4 f(l + 4/c) 

where a, b, and c are the parameters of the Weibull 

distribution of diameter estimated using the above equations 

and B is the variable indicating individual tree basal area. 
2 

The mean, µ and variance, a of the basal area 

distribution are given by: 

µ = E(B) 

(E(B)) 2 
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The correlation coefficient for neighboring trees, p , 

was estimated by predicting the value of the maximum 

likelihood estimator of P , Moran's I. This equation was 

developed using one of the plots at each location in the 

Coop data and is given by: 

where 

P = 0.2242. - 0.0003324 NTS 

R2 = 0.54 s = 0.041 y.x 

p = the estimated value of the correlation 

coefficient for neighboring trees 

(Moran's I). 

NTS = the number of planted trees surviving per 

acre. 

This information allowed the construction of the 

variance-covariance matrix. Samples from the multivariate 

normal distribution of basal area can be generated using 

numerical methods ( IMSL, 1980) . The diameter of an 

individual tree can be calculated from the basal area 

generated for the tree as follows: 

(BA./0.005454) ~ 
l. 
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where BA i is the basal area generated for the tree and Di 

is the corresponding diameter value. 

This procedure was used to generate three sample 

distributions for the 28 test plots in the Coop data. A 

two-sample Kolmogorov-Smirnov test was used to test the 

goodness-of-fit between the generated diameter distributions 

and the actual diameter distributions observed on the plots. 

This gave a total of 84 comparisons in the test data. 

Differences between the observed and the generated diameter 

distributions were significant at the five percent level in 

60 comparions and at the one percent level in 45 

comparisons. On ten of the plots, the average basal area 

per tree was overpredicted by 0.05 square feet or greater. 

On these ten plots, there were 30 comparisons, all of which 

showed significant differences between the observed and the 

generated distributions at the five percent level and all 

but one of the comparisons were significant at the one 

percent level. On eight of the plots, the predicted average 

basal area was within 0. 01 square feet of the observed 

average basal area. Of these 24 comparisons, eight were 

significant at the five percent level and only one was 

significant at the one percent level. 
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The data used by Feduccia and others (1979) to develop 

the Weibull parameter prediction equations came from lands 

which were frequently burned and were relatively free of 

natural pine regeneration or hardwood invasions. Several of 

the plots in the Coop data had 20 square feet or more of 

hardwood basal area per acre and many of the other plots had 

numerous hardwood competitors present. Under these 

conditions, the equations would be expected to overpredict 

the average basal area. The above results indicate that the 

method of generating individual tree diameters given the 

spatial locations of the trees works well for the stand 

conditions used to develop the required prediction 

equations. The methodology should work well for any stand 

condition given prediction equations appropriate to the 

situation. 

Generation of Discrete Tree Characteristics 

Assigning discrete tree characteristics to individual 

trees in computer generated stands is reasonably simple if 

there is no spatial autocorrelation associated with the 

characteristic. This was true with all of the discrete 

characteristics tested except for the species 

classification. Under the assumption of randomness, a 

standard normal random deviate can be generated for every 
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tree in the stand. If the user wishes to specify a certain 

proportion, p, of trees in the population to contain the 

characteristic of interest, all trees with assigned random 

deviates either above the upper pth percentage point of the 

standard normal distribution, or those below the lower pth 

percentage point, are assigned the characteristic of 

interest. If it is more appropriate to the situation to 

specify a number, P, of individuals in a stand to posses the 

characteristic of interest, the P individuals with the 

largest (or smallest) values of the generated random 

deviates are assigned the characteristic. 

If the assumption of a random spatial distribution of 

the characteristic is not appropriate, a value of the 

correlation coefficient must be specified and a multivariate 

normal ( ~, t ) distribution generated where l;. is defined as 

described previously. All trees with assigned random 

deviates greater than the upper (or less than the lower) pth 

percentage point (or, if appropriate, the P individuals with 

the largest random deviates) of the marginal standard 

normal distribution are assigned the characteristic of 

interest. 

For characteristics with random spatial distributions, 

the method of assigning the characteristic to individual 

trees should work well whether the number of individuals 
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possessing the characteristic of interest or the probability 

of an individual possessing the characteristic of interest 

is specified. In the case of characteristics with nonrandom 

spatial distributions, it is necessary to construct the 

appropriate variance-covariance matrix for the multivariate 

random variables. This requires the specification of a 

value of p the common correlation coefficient for 

neighboring trees. A value of p can be estimated by first 

determining the value and then the p-level of the 1-0 join 

count statistic. An estimate of p is then found by solving 

for the value of Moran's I which will give the same p-level 

as required in the 1-0 join count statistic. This method 

should produce realistic results in a generated stand. The 

spatial distribution of trees assigned the characteristic of 

interest should not differ greatly from the desired 

distribution in terms of the value of the 1-0 join count 

statistic. This will be true if the probability of each 

individual possessing the characteristic was specified but 

the results will certainly be better if the number of 

individuals possessing the characteristic is fixed to be the 

same as the number actually desired on the plot. In 

practice, the value of P determines the amount of clumping 

(or regularity) in the spatial distribution of the 

characteristic and, through experimentation, can be set as 

required for a given situation. 



CONCLUSIONS 

The relationship between the levels or classes of a 

characteristic present in various individuals in a forest 

stand is conceptually similar to problems faced by 

geographers, political scientists, and other specialists in 

many fields. In forestry and ecology, the problem has been 

approached in an empirical manner in the past. An empirical 

solution to a problem is often the best solution available 

for a given situation but there is a lack of generality when 

dealing with different situations. In other · fields, 

especially geography, the problem of measuring and assessing 

the autocorrelation of a characteristic among individuals 

(or units) in a population has been approached in a more 

theoretical, and thus more general, manner. 

Suitable mathematical methods for assessing the 

spatial autocorrelation levels in forest populations were 

identified from existing literature. These methods required 

no tenuous assumptions and were subject to straightforward 

intuitive interpretations for the forest population. 

The spatial autocorrelation of a number of discrete 

individual tree characteristics were examined in loblolly 

pine stands. With the exception of the species 

101 
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classification, there was little evidence suggesting that 

the product classes of individual trees or the defects 

associated with individuals were nonrandomly distributed 

over the trees in a stand except in cases where the stand 

had been damaged in some manner by wind or ice. The species 

classification was different, however, in that there were 

many cases in which the distribution of pine stems within a 

stand was definitely nonrandom. This nonrandomness did not 

seem to be associated with overall stand conditions such as 

age, density, or percent pine but was probably related to 

local conditions such as microsi te variation, past stand 

history, initial seed source availability, etc. In several 

cases, the nonrandomness of pine stem location was 

associated with nonrandom spatial distributions of several 

other discrete tree characteristics. This was attributed to 

the method of collecting data where the characteristics were 

only observed on pine stems and not as an indication of true 

nonrandomness in the spatial distribution of the discrete 

tree characteristics other than the species classification. 

Individual tree basal area was the only continuous 

characteristic to which the spatial autocorre!ation analysis 

was applied. In stands which were essentially open grown or 

not yet old enough for the effects of competition to be 

measurable, there was often a positive spatial 
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autocorrelation between the basal area of individual trees 

in the stand. Trees in these stands were growing at their 

full potential and any variation in diameter was not due to 

competitive effects but rather to genetic or microsi te 

variation. As the stands aged, the effects of competition 

began to be expressed on certain individuals. The 

autocorrelation levels often became negative as the level of 

competition increased. If carried to the extreme, a nearly 

stagnated situation developed in the stand and, once again, 

the autocorrelation levels became more positive. Individual 

trees were under extreme competitive stress and very little 

growth or mortality occured. The variation in diameters of 

these once dominant and codominant individuals seemed to be 

due to past history, microsite, and genetic variation rather 

than to competition since weak competitors would have 

already been eliminated from the stand under these 

conditions. The levels of spatial autocorrelation of 

diameter are not comparable to measures of competitive 

stress in the stand but, when viewed alongside the measures 

of competition, lead to increased awareness of the processes 

involved in individual tree growth and development. 

Given the pattern of tree location within a stand, 

methods were developed for generating stands in which the 

spatial autocorrelation of individual tree characteristics 

could be specified at any level. Using a common framework, 
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methods were developed to assign either continuous or 

discrete characteristics to individuals in the stand. For 

the continuous characteristic, basal area, the amount of 

hardwood competition on several of the Coop plots used to 

test the methodology was outside the range of the data used 

to develop the necessary prediction equations and, as a 

consequence, the generated diameters were larger than the 

observed diameters. The results were encouraging in that 

the methodology worked well on plots where the prediction 

equations were appropriate. Given prediction equations 

appropriate to the situation, the methodology should produce 

realistic diameter distributions for computer generated 

stands. 

The objectives of this study were met in that: 

1. Sui table mathematical methods for assessing the 

spatial autocorrelation of individual tree 

characteristics within forest stands were identified. 

2. Changes in the levels of spatial autocorrelation 

within a stand as stand conditions and the level of 

competition change were investigated. An equation 

for predicting the.levels of spatial autocorrelation 

within a stand, given the stand conditions, was 

developed for use in generating realistic spatial 
. 

distributions of individual tree characteristics in 

forest stands. 
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3. Methodology was developed using the measures of 

spatial autocorrelation to assign characteristics to 

individual trees in computer generated stands. When 

assigning individual tree characteristics, such as 

basal area, it is important to insure that the 

prediction equations used in the generation of 

individual tree characteristics are appropriate for 

use under the conditions of the stand being 

generated. 



EXTENSIONS 

This pilot study investigated the methods of 

measurement of spatial autocorrelation levels in forest 

stands and possible uses of this information 

management decisions. The opportunities for 

in making 

further 

investigation in this area are many and varied. Some of the 

potentially productive applications of spatial 

autocorrelation information in forest stands are: 

1. The results of this analysis show that the 

measures of spatial autocorrelation, considered 

alone, are not good indicators of the levels of 

competition present within a stand. When considered 

alongside traditional measures of competition, such 

as basal area per acre or crown competition factor, 

the spatial autocorrelation levels can provide 

insight into the growth and relationships between 

individual trees in the stand. For this reason, the 

spatial autocorrelation measures are probably not 

significantly related to overall stand yield but may 

provide important information concerning growth and 

development of individual trees. An investigation in 

106 
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this area would require measurements on individual 

trees for several points in time in mapped stands 

such as will be available from the data being 

collected by the Loblolly Pine Growth and Yield 

Research Cooperative at Virginia Tech. 

2. In several of the stands examined, there was a 

correlation between the diameters of neighboring 

trees which was significantly different from zero 

( a= 0.05). One assumption made in most sampling 

procedures is the statistical independence of 

elements sampled. This assumption is made to 

determine the variance of estimators as well as their 

distributions. In cases where this assumption is 

violated, as might happen if the correlation between 

the diameters of neighboring trees was not zero, the 

use of the variance formulas and distribution forms 

derived using the assumption of randomness may be 

suspect. One additional area of investigation would, 

therefore, be to examine the effects of low level 

correlations between neighboring trees on the 

commonly used variance formulas and sampling 

procedures. It is possible that the commonly used 

procedures are robust enough that the levels of 

dependency observed in forest stands do not 
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measurably effect the outcomes of the procedures. If 

the levels of correlation between neighboring 

individuals in forest stands are high enough to 

invalidate the use of common sampling procedures, it 

would be helpful to know when these high correlation 

levels are present and, if possible, develop sampling 

procedures for use when the characteristics measured 

on individuals in the population are not independent. 

3. One of the most promising uses of the measures of 

spatial autocorrelation is in the area of developing 

integrated systems of stand models (Daniels, 1981). 

Daniels developed the mathematical framework for a 

system of compatible stand models of varying levels 

of resolution (stand level, diameter distribution, 

and individual tree models). Daniels began with the 

most complex set of models, the individual tree 

simulation models, and mathematically collapsed them 

into models at lower levels of resolution. Since the 

methodology presented here allows the generation of 

diameter distributions dependent on the spatial 

pattern, it may be possible to reverse the process 

given by Daniels. In other words, it may be possible 

to begin with stand level yield models, expand them 

to diameter distribution models (using such methods 



109 

as those given by Matney and Sullivan, 1982 and 

Frazier, 1981), and then further expand these models 

to distance dependent individual tree simulation 

models by developing a stand map and corresponding 

individual tree growth functions. 

This list is not exhaustive and there are undoubtably 

many other uses of the measures of spatial autocorrelation 

in addition to those listed above. These examples serve to 

illustrate the range of problems to which this information 

may be applied. 



LITERATURE CITED 

Bartels, C. A. P. 1979. Operational statistical methods 
for analysing spatial data. In: Exploratory and 
Explanatory Statistical Analysis of Spatial Data. C. A. 
P. Bartels and R. H. Ketellapper, eds. Martinus Nijhoff, 
Boston. p. 5-50. 

Box, G. E. P. and G. C. Tiao. 1973. Bayesian Inference 
in Statistical Analysis. Addison-Wesley, Reading, MA. 
588 p. 

Brown, G. S. 1965. Point density 
Zealand For. Res. Notes No. 38. 

in stems per acre. New 
13 p. 

Cannell, M. G. R., C. K. Njuguna, E. D. Ford, and R. 
Smith. 1977. Variation in yield among competing 
individuals within mixed genotype stands of tea: a 
selection problem. J. Appl. Ecol. 14:969-985. 

Clark, P. J. and F. C. Evans. 1954. Distance to nearest 
neighbor as a measure of spatial relationships. Ecology 
35:445-453. 

Cliff, A. D. and J. K. Ord. 1969. The problem of spatial 
autocorrelation. London Papers in Regional Science, 
Volume l, Studies in Regional Science. A. J. Scott, ed. 
p. 25-55. 

Cliff, A. D. and J. K. Ord. 1971. Evaluating the 
percentage points of a spatial autocorrelation 
coefficient. Geographical Analysis. 3:51-62. 

Cliff, A. D. and J. K. Ord. 1973. Spatial 
Autocorrelation. Pion Limited, London. 178 p. 

Cooper, C. F. 1961. Pattern in ponderosa pine forests. 
Ecology. 42:493-499. 

Cox, K. R. 1969. The voting decision in a spatial 
context. Progress in Geography, l· C. Board, R. J. 
Charley, P. Haggett, and D. R. Stoddart, eds. Arnold, 
London. pp. 81-117. 

110 



111 

Cruickshank, D. B. 1940. A contribution towards the 
rational study of regional influences: group formation 
under random conditions. Papworth Research Bulletin. 
5:36-81. 

Cruickshank, D. B. 1947. Regional influences in cancer. 
British Journal of Cancer. 1:109-128. 

Daniels, R. F. 1981. An integrated system of stand models 
for loblolly pine. Ph.D. Dissertation. Va. Polytech. 
Inst. and State Univ., Blacksburg, VA. 105 p. 

Daniels, R. F. and H. E. Burkhart. 1975. Simulation of 
individual tree growth and stand development in managed 
loblolly pine plantations. Div. of Forestry and Wildlife 
Resources, Va. Polytech. Inst. and State Univ., 
Blacksburg, VA. FWS-5-75. 69 p. 

Daniels, R. F., H. E. Burkhart, G.D. Spittle, and G. L. 
Somers. 1979a. Methods for modeling individual tree 
growth and stand development in seeded loblolly pine 
stands. School of Forestry and Wildlife Resources, Va. 
Polytech. Inst. and State Univ., Blacksburg, VA. 
Publication Number FWS-1-79. 50 pp. 

Daniels, R. F., H. E. Burkhart, and M. R. Strub. 1979b. 
Yield estimates for loblolly pine plantations. Jour. of 
Forestry 77:581-583, 586. 

Ek, A. R. and R. A. Monserud. 1974. FOREST: a computer 
model for simulating the growth and reproduction of mixed 
species forest stands. University of Wisconsin School of 
Natural Resources Res. Rep. R2635. 13 p. 

Feduccia, D. P., T. R. Dell, W. F. Mann, Jr., T. E. 
Campbell, and B. H. Folmer. 1979. Yields of unthinned 
loblolly pine plantations on cutover sites in the West 
Gulf region. USDA Forest Service Research Paper S0-148. 
88 p. 

Ford, E. D. 1975. Competition and stand structure in some 
even-aged plant monocultures. J. Ecol. 63:311-333. 

Frazier, J. R. 1981. Compatible whole stand and diameter 
distribution models for loblolly pine. Ph.D. 
Dissertation. Va. Polytech. Inst. and State Univ., 
Blacksburg, VA. 125 p. 



112 

Geary, R. C. 1954. The contiguity ratio and statistical 
mapping. The Incorporated Statistician. 5:115-145. 

Goodall, D. W. 1970. Statistical plant ecology. Ann. Rev. 
Ecol. Syst. 1:99-124. 

Haggett, P., A. D. Cliff, and A. Frey. 1977. Locational 
Analysis in Human Geography. John Wiley and Sons, New 
York. 605 p. 

Hegyi, F. 1974. A simulation model for managing jack-pine 
stands. In: Growth Models for Tree and Stand Simulation. 
Royal College of Forestry; Stockholm, Sweden. p. 74-80. 

Hollander, M. and D. A. Wolfe. 1973. Nonparametric 
Statistical Methods. John Wiley and Sons, New York. 
503 p. 

Hopkins, B. and J. G. Skellam. 1954. A new method for 
determining the type of distribution of plant 
individuals. Ann. Bot. N. S. 18:213-227. 

Hypes, T. L. 1979. The impact of tree size on the 
performance of longwood harvesting functions and systems 
in clear cut harvesting of southern pine stands. M. S. 
Thesis. Va. Polytech. Inst. and State Univ., Blacksburg, 
VA. 139 p. 

IMSL. 1980. IMSL Library Reference Manual, Eighth 
Edition. IMSL, Inc., Houston, TX. 

Johnson, N. L. and S. Kotz. 1972. Distributions in 
Statistics: Continuous Multivariate Distributions. John 
Wiley and Sons, New York. 333 p. 

Jumars, P. A., D. Thistle, and M. L. Jones. 1977. 
Detecting two-dimensional spatial structure in biological 
data. Oecologia. 28:109-123. 

Kendall, M. G. 1973. Time Series. Griffin, London. 197 
p. 

Kira, T., H. Ogawa, and N. Sakazaki. 1953. Intraspecific 
competition among higher plants. I. Competition-yield-
density interrelationships in regularly dispersed 
populations. J. Inst. Polytech. Osaka Cy Univ., Ser. D. 
4:1-16. 



113 

Krajicek, J. E., K. A. Binkrnan, and S. F. Gingrich. 1961. 
Crown competition -- a measure of density. Forest Sci. 
7:35-42. 

Matney, T. G. and A. D. Sullivan. 1982. Compatible stand 
and stock tables for thinned and unthinned loblolly pine 
stands. Forest Sci. 28:161-171. 

Mead, R. Measurements of competition between individual 
plants in a population. J. Ecol. 56:35-45. 

Moran, P. A. P. 1948. The interpretation of statistical 
maps. Journal Royal Stat. Soc., Series B. 10:243-251. 

Moran, P. A. P. 1950. Notes on continuous stochastic 
phenomena. Biometrika. 37:17-23. 

Morisita, M. 1959. Measuring of the dispersion of 
individuals and analysis of the distributional patterns. 
Mem. Fae. Sc. Kyushu Univ., Ser. E. (Biol). p. 215-235. 

Oderwald, R. G. 1981. Comparison of point and plot 
sampling basal area estimators. Forest Sci. 27:42-48. 

Oderwald, R. G., W. B. Stuart, and K. D. Farrar. 1980. 
The Forest Model file: a mapped stand library at 
Virginia Tech. Forest Sci. 26:193-194. 

Pielou, E. C. 1959. The use of point-to-plant distances 
in the study of the pattern of plant populations. J. 
Ecol. 47:607-613. 

Pielou, E. C. 1977. Mathematical Ecology. John Wiley and 
Sons, New York. 385 p. 

Ripley, B. D. 1981. Spatial Statistics. John Wiley and 
Sons, New York. 

Selander, R. K. 1970. Behavior and genetic variation in 
natural populations. American Zoologist. 10:53-66. 

Sen, A. 1976. Large sample-size distribution of 
statistics used in testing for spatial autocorrelation. 
Geographical Analysis. 9:175-184. 

Sokal, R. R. and N. L. Oden. 1978a. Spatial 
autocorrelation in biology. I. Methodology. Biol. Journ. 
of the Linnean Soc. 10:199-228. 



114 

Sokal, R. R. and N. L. Oden. 1978b. Spatial 
autocorrelation in biology. II. Some biological 
implications and four applications of evolutionary and 
ecological interest. Biol. Journ. of the Linnean Soc. 
10:229-249. 

Somers, G. L. 1981. Estimation of forest stand spatial 
patterns between the extremes of random and regular. 
Ph.D. Dissertation. Va. Polytech. Inst. and State Univ., 
Blacksburg, VA. 104 pp. 

Spurr, S. H. 1962. A measure of point density. Forest 
Sci. 8:85-96. 

Strub, M. R. 1976. A comparison of yield estimation 
techniques for old field loblolly pine plantations. 
Ph.D. Dissertation. Va. Polytech. Inst. and State Univ., 
Blacksburg, VA. 168 p. 

Taylor, S. M. 0. 1972. Ecological and genetic isolation 
of Fraxinus americana and Fraxinus pennsylvanica. Ph.D. 
Dissertation. University of Michigan, Ann Arbor, MI. 

Whittle, P. 1954. On stationary processes in the plane. 
Biometrika. 41:434-449. 



A P P E N D I C E S 

115 



116 

Appendix I. The first two moments of the 1-1 and 1-0 join count 

statistics (Moran, 1948). 

Moments of the 1-1 join count statistic 

Free Sampling 

Nonf ree Sampling 

n {2) 

- + 
n 

(2) 

( A (A - 1) 

+ 
n 

(A + 2 D) p 4 

2 D n ( 3) 
1 

n 

(4) 

(3) 

2 D) n(4) 
1 
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Appendix I (continued). 

Moments of the 1-0 join count statist:i.c 

Free Sampling 

µ2 (1-0) = 2 (A+ D) p q 

Nonfree Sampling 

2 A n1 n2 
µi (1-0) = 

(2) n 

2 A n1 n2 4 (A (A - 1) - 2 D) (2) 
nl 

(2) 
n2 

µ2 (1-0) = + 
(2) (4) n n 

(3) 
n 

(2) n r + 

Notation 

µi(X) = The first· moment af X about the origin, the expected 

value of X. 

µ2(X) = The second moment of X about the mean, the variance of X. 
(i) = (n - 1) (n - i + 1) n n . . . 



118 

Appendix I (continued). 

Notation (continued) 

n = The total number of individuals in the population. 

n 1 = The number of individuals in the population possessing the 

characteristic of interest. 

n2 = The number of individuals in the population not possessing 

the characteristic of interest. 

p = The a priori probability of an individual possessing the 

characteristic of interest. 

q 1 - p 

L. = The number 
i 

of individuals joined with the ith individual. 

A ~ 
E = . L. 
i i 

D E = ~ . L. (L. - 1) 
i i i 
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Appendix II. The moments of Moran's I and Geary's C (Cliff and Ord, 1973) 

The moments of Moran's I 

Normality 

1 
E(I) = -

= 

Randomization 

n - 1 

4 A n2 - 8 (A + D) n + 12 A2 

4 A2 (n2 - 1) 

1 
E(I). = - · ---
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n - 1 

1 
------,-.......- {n (4 A (n2 - 3 n + 3) 
4 A2 (n - 1)(3) 

- 8 (A + D) n + 12 A2) 2 - b 2 (4 A (n - n) 

16 (A+ D) n + 24 A2)} 

The mo men ts of Geary's C 

Normality 

E(C) = 1 

V(C) = 
(2 A+ D) (n - 1) - 2 A2 

(n + 1) A2 
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Appendix II (continued) 

The moments of Geary's C (continued) 

Randomization 

Notation 

E(X) 

V(X) 

n 

·n 

E(C) = 1 

1 
V(C) 2 2 

= n (n - 2) (n - 3) 2 A2 { 2 A (-(n - 1) b2 

+ (n2 - 3)) + 2 A (n - 1) (-(n - 1) b2 + n2 

3 n + 3) + (D +A) (n - 1) ((n2 - n + 2) b2 

(n 2 + 3 n - 6) ) } 

= The expected value of X. 

= The variance of X. 

= The number of individuals in the population. 

= The number of individuals joined with the ith individual. 
l: = ~ . L. 
]. ]. 

= The jth sample moment about the sample mean. 
2 = m/m2 
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Appendix III. Moments of the spatial autocorrelation statistics under 

a non-binary weighting scheme (Cliff and Ord, 1973). 

Moments of the 1-1 join count statistic 

Free Sampling 

2 = ~ w p 

1 
= 

4 

Nonf ree Sampling 

w (2) 
nl 

µi (1-1) = (2) 
2 n 

[ 1 
µ2 (1-1) = 

4 

s (2) 
1 nl 

n (2) + 

(W2 + Sl - s ) 2 
+ 

n (4) 

Moments of the 1-0 join count statistic 

Free Sampling 

(s2 - 2 s1) (3) 
nl 

n (3) 

(4) (2) 2 nl 
w2 

nl 
- (2) n 



122 

Appendix III (continued). 

Moments of the 1-0 join count statistic (continued) 

Free Sampling (continued) 

1 

4 
( 2 s1 p q + = 

Nonfree Sampling 

= 

1 
= - + 

4 

+ (4) 
n 

Moments of Mtll~n '"s I statistic 

Normality 

1 
E(I) = - ---

n - 1 
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n 2 s1 - n s2 + 3 w2 

w2 (n2 - 1) 
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Appendix III (continued) 

Moments of Moran's I statistic (continued) 

Randomization 

1 
E(I) = - ---

n - 1 

1 
= 

(n - 1)(3) w2 

Moments of GeaIY's C statistic 

Normality 

E(C) = 1 

V(C) = 

Randomization 

(2 s1 + s2) (n - 1) - 4 w2 

2 (n + 1) w2 

E(C) = 1 

V(C) = 
1 2 { (n - 1) sl (n - 3 n + 3 

n (n - 2)(2) w2 

2 - (n - 1) b2) - ~ (n - 1) s2 (n + 3 n - 6 

2 
- (n - n + 2) b 2 ) + w2 (n2 - 3 - (n - 1) 2 b ) } 2 
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Appendix III (continued) 

Notation 

µi(X) = The first moment of X about the origin, the expected 

value of X. 

µ 2(X) = The second moment of X about the mean, the variance of X. 

(i) n = n (n - 1) • • • (n - i + 1) 

n = The total number of individuals in the population. 

n1 = The number of individuals in the population possessing the 

characteristic of interest. 

n2 = The number of individuals in the population not possessing 

the characteristic of interest. 

Li = The number of individuals joined with the ith individual. 

A 

D l: = ~ . L. (Li - 1) 
l. l. 

wij = The weight given to the (ij)th interaction. 

w 

w. 
J.. 

w. 
J. 

= 

= 

= 

= 

= 

l: 
i 

l: 
j 
l: 
i 
l: 
i 

l: 
j 

l: 
j 

w .. 
l.J 

wij 

(wi. + w .) 2 
• l. 
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Appendix III (continued). 

Notation (continued) 

p = The a priori probability of an individual possessing the 

characteristic of interest. 

q = 1 - p 

E(X) = The expected value of X. 

V(X) = The variance of X. 

m. = The jth sample moment about the sample mean. 
J 

2 
b2 = m/m2 
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THE SPATIAL AUTOCORRELATION OF INDIVIDUAL TREE 

CHARACTERISTICS IN LOBLOLLY PINE STANDS 

by 

David Doss Reed 

(ABSTRACT) 

Mathematical methods of assessing the spatial autocorrelation 

associated with individual tree characteristics in forest stands were 

identified. These measures were used to investigate the spatial 

autocorrelation of discrete tree characteristics including the species, 

product, and defect classifications. With the exception of the species 

classification, none of the discrete tree characteristics examined 

showed any evidence of significant ( a = 0.05 ) levels of spatial 

autocorrelation in loblolly pine stands. The significant autocorrelation 

of the species classification was probably due to past stand history or 

microsite variability rather than overall stand conditions such as age, 

density, or percent pine. 

The relationship between the level of spatial autocorrelation 

associated with basal area and several descriptive stand characteristics 

was also examined. No strong relationships were identified but trends 

were noticed between the autocorrelation measures and measures of stand 

competition such as basal area and crown competition factor. The measures 

of spatial association indicate positive autocorrelation between the 

characteristics of neighboring trees at very low levels of competition 

with the autocorrelation becoming increasingly negative as competition 

increases. At extremely high levels of competition, the spatial 



autocorrelation measures become positive again, reflecting the stagnated 

condition of the stand. 

Methods were developed, using the measures of spatial autocorrelation, 

to assign characteristics to individual trees in computer generated stands. 

These methods, applicable for discrete or continuous characteristics; 

assign the characteristics to individual trees depending on the spatial 

location of the individual tree and the locations and characteristics 

of its neighbors. 
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