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(ABSTRACT) 

Data for this study were collected by the US Forest Service and the Pennsylvania Bureau of 

Forestry on nearly 600 plots in central Pennsylvania. Tree and stand characteristics recorded be­

tween 1978 and 1985 include estimates of percent defoliation on individual trees. 

Logistic regression using maximum likelihood estimation was employed to model individual-tree 

mortality of 15 species in central Pennsylvania that had been defoliated by the gypsy moth. 

Defoliation was estimated to the nearest ten percent for individual trees. Other variables used for 

prediction included stand basal area and an individual-tree relative basal area index. Success ranged 

from no fit for three of the species to an R value (a derivation of Akaike's information criterion) 

of .613 for white oak. The inclusion of defoliation in the models had a varied effect. For four of 

the species percent defoliation was not significant. For hickory and white oak respectively, percent 

defoliation raised the R value by .305 and .290 percentage points. As many as five models for each 

species were developed: one or two models with no defoliation measure in the model and one each 

for one, two or three consecutive years of defoliation measures. 

A beta and gamma function were used to model individual· tree basal area growth for the same 15 

species. The models were fit using nonlinear least squares. Variables used include the relative basal 

area index, stand basal area, site index and a defoliation index that incorporated three years of 

individual-tree, percent defoliation. The beta and gamma functions fit equally well with values of 



(1 - relative mean square error) ranging from .1967 to .6290. Results for both models are presented 

for each species. 

The defoliation index was a significant variable for five of the ftfteen species: white, chestnut, red, 

and black oak and sassafras. 
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J llstification 

Since its introduction from Europe in 1869, the gypsy moth (Lymantria dis par L.) has received at­

tention from research, regulatory and control specialists (McManus and McIntyre 1981). Despite 

containment efforts, the gypsy moth population has spread throughout Pennsylvania and into 

Maryland, Virginia, West Virginia, Ohio and North and South Carolina. As the gypsy moth moves 

into hardwood forests of high commercial value, its detrimental effects become economically more 

important. 

When oak trees (Quercus spp.) are repeatedly defoliated, they will die back, decline and many will 

die (Houston 198Ia). It has been found that defoliation by the gypsy moth of New England 

hardwoods results in loss of both basal area growth and number of trees (Campbell and Sloan 

1977). It would be helpful to forestland managers to be able to predict the basal area growth loss 

a tree of specified species and size will experience given certain stand conditions and various levels 

and occurrences of defoliation. It would also be helpful to be able to predict the probability of 

mortality for that tree. With such information, a manager can calculate the expected economic 

losses due to a gypsy moth outbreak and adjust harvest schedules accordingly. The purpose of this 

study is to develop species-specific, individual-tree basal area growth models and mortality models 

for commercial hardwood trees that have been defoliated by the gypsy moth. To date, such models 
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have not been developed. A need exists for these models to allow forestland managers to predict 

tree growth rates over a wide range of defoliation levels and stand conditions. 

Aside from the practical uses of a growth model of this type, a need exists for its development 

purely for the sake of growth modeling research. A model of the type proposed, i.e., one that can 

incorporate the impact of intermittent defoliation of various levels, has not yet been developed. 

The model proposed should follow biological theory for levels of defoliation ranging from zero 

percent to one hundred percent and for annual occurrences of one, two or more successive years. 

Therefore, the objectives of this study are: 

• To develop species specific mortality models that accurately predict the probability of an in­

dividual tree's death given easily measurable tree and stand characteristics, including percent 

defoliation. 

• To develop species specific basal area growth models that accurately predict an individual tree's 

growth given easily measurable tree and stand characteristics, including percent defoliation. 

• To develop the above models in such a manner that they can be used by forestland managers 

and system simulation projects, such as the USDA Forest Service's Gypsy Moth Life System 

Model. 
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Literature Review 

Impacts of Gypsy Mot" Defoliation 

The following discussion contains information concerning the impact of gypsy moth defoliation. 

These items must be kept in mind when developing the model to ensure its biological accuracy. 

Campbell and Sloan (1977) provide an extensive summary of records of gypsy moth impact that 

were collected between 1911 and 1931 at the (then) Melrose Highlands Gypsy Moth Laboratory 

in Massachusetts. The following is a list of their fmdings. 

.Q~ tree diameter growth rates require approximately tenye,~S to recover from one heavy 

defoliation. 

• The initial outbreak is more prolonged and more damaging than subsequent outbreaks. 

• Species favored as food (e.g., oaks) are more likely to be defoliated than less favored food 

species at any level of overall defoliation. The gypsy moths became less selective as overall 

defoliation increases. 
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• Heavy, repeated defoliation results in heavy losses, in both number of trees and basal area; the 

magnitude of which is directly related to the percentage of oaks in the stand. 

• At 750/0 (or greater) defoliation, trees are likely to refoliate, thereby using up food reserves. 

• Suppressed trees deteriorate more than dominant trees after a heavy defoliation. Intennediate 

trees deteriorate more than dominant trees but less than suppressed trees. 

• Dominant trees are less likely to die than subdominant trees. 

• Trees rated as being in poor condition are more likely to die after defoliation than those rated 

as being in good condition. 

• Two consecutive heavy defoliations results in much higher mortality than one defoliation. 

• Trees rated as those eaten, but not favored, by gypsy moth have a higher mortality rate than 

mixed oaks (a favored class) for five years after one heavy defoliation (;:::: 75% overall 

defoliation). 

• A 35% reduction in oak basal area was attributed to gypsy moth induced mortality over a ten 

year period. 

• Approximately 29% of all the trees, and 42% of the oaks died in a ten year period as a con .. --) ~ 

sequence of the gypsy moth. 

These results, although qualitative, suggest that the effect of defoliation depends on the tree species, 

how much foliage is removed, the number of successive defoliations and the physiological condition 

of the tree. Solomon (1985) and Parker (1981) add to this list: site conditions, weather, time of 

growing season in which defoliation occurs and presence of secondary insects and pathogens. 

Solomon lists the food class of hosts as shown below. 
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favored intermediate avoided 

oaks hickory ash 

alder maple yellow-poplar 

basswood cherry sycamore 

boxelder elm blackwalnut 

poplar black gum locust 

sweetgum cottonwood dogwood 

willow hackberry 

He contends that trees will refoliate after only 50% defoliation (as opposed to 750/0 as stated by 

Campbell and Sloan 1977). This refoliation utilizes stored nutrients, weakens the tree and 

predisposes it to attack by the shoestring fungus (Armillaria mellea) and/or the two-lined chestnut 

borer (Agrilus bilineatus). Evidence of these two secondary organisms was found in oak mortality 

regions in Morristown National Historic Park in New Jersey after 690/0 of the oak basal area died 

in the years 1967·1970 (Kegg 1971). In fact, nearly every account of the decline and death of oaks 

following gypsy moth defoliation in the U.S. has been associated with the presence of the 

shoestring fungus and the two-lined chestnut borer (Houston 1981a). 

A tree's physiological condition (i.e., vigor) plays a major role in its predisposition to secondary 

attack. An accurate measure of a tree's vigor may be its starch content. Starch content appears to 

be very much related to mortality (Wargo 198Ia). In a small-tree defoliation study ('Vargo 198Ib), 

650/0 of the trees that died in the winter were lacking in any starch and were also attacked by A. 

mellea and A. bi/lineatus. Some trees with no starch did survive, indicating that secondary 

organisms influence mortality. Staley (1965) indicated that defoliation was the primary cause of the 

decline and mortality of scarlet oak (Quercus coccinea), with A. mellea, A. bilineatus, edaphic and 

climatic factors contributing. Conversely, Hiechel and Turner (1976) and Parker and Houston 

( 1971) experienced no mortality after three years of successive defoliation. 
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The time of defoliation is also critical. Defoliation in late summer (August) has less effect than 

defoliation in early summer (June). Trees that have time to refoliate use up nutrient reserves, 

thereby weakening their state. However, effects of timing of defoliation depend on the tree species 

and phenology, and the length of growing season. (Parker 1981). 

The impact of gypsy moth defoliation varies from stand to stand, as has been implied above. This 

is partially due to the varying characteristics of the stands. Therefore, it is helpful to know of any 

trends in site characteristics that render the stand either susceptible or resistant to gypsy moth 

defoliation and its effects. 

Houston and Valentine (1977) and Houston (1981b) cite Bess et aI. (1947) on distinguishing sus-

ceptible and resistant stands in New England. S:lJsceptible stands are described as those having 

?ominant trees (aspen, gray birch, scarlet oak, )Y.hite oak"and black oak) thatat:e sho!:",,~~lEE.1!~~Y' 

~!9_w.:u"plosure is approximately 59%~ 9J 1~~.5,. Groun~~Q,yer~()n~i§~s, <?L.hlueberry, sweetfem, 
'~""~_""''''"'''_~''--''W·'V>~''''''··''''~ .. ~ .... _ <.":." ',.,'._ .. , •. " " - ' . , _'0. , - "-, .• " .. : "~"~""""'''-'-''';''''':'l "~ , 

bracken, grasses and sedges. A litter layer is lacking. Adverse site conditions are the norm and the 

stands exist on the excessively draine~. sands of ~he Atlan~ic coastal <p~~s or ,dry roc~y'.,.rid!:1es. 

There may be a history of repeated fifes or other disturbances. Resistant stands are characterized 

by deep loamy soils, well developed litter layers, vigorously growing trees and species compositions 

involving red oak, some white and black oak, sugar maple, ash, black birch, yellow birch and 

hemlock. 

The ability of gypsy moth populations to survive depends on the availability of spatial niches for 

resting and nesting. In resistant stands, tree bark is generally smooth so the gypsy moth must move 

into the litter layer where it must survive predation. Susceptible stands have rough bark where 

moths can rest and nest abo~e t~e,S!g\l~9t.~'!~¥Jr~m predation. I~ w~s also.",~~~~~:~,~:~;::,;:d~ 

food species exist in both susceptible and resistant stands; therefore, the condition of the sta,nd, ~p 
~~.".4v'" 'II ~'~ •• ,.< ••• ~('-•. --:- -0,;-; 'F~'" ./,.{,';..'h'"·'yo(~#;'''i':··:''~~~~~ -'\"" ,. "'" ·,'>"'1'r-tt.?·J.¥.~~'#·""""",>"i~¥!';-;'-_~":'·''::".':''!''1' '"':'-''':)''''~,'''''"~'''''''!'' "'~'1"'t:'''''''''Y.;> • . ,.' >,' , -;<--. _. - ' ,>,~ 

site helps determine susceptibility. 
_~_._~._\",,,.,,-,IL.( •. -.vi, .:-- .. ;'. .., 
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In the study by Houston and Valentine (1977), 168 stands in the Northeast, with different histories 

of defoliation and response to defoliation by the gypsy moth, are compared using principal com­

ponents analysis ordinations. Stands are grouped according to the number and kind of resting 

places on trees alone, or, are stratified by gypsy moth food preference classes. The relationship 

found between site and known histories of gypsy moth defoliation supports Bess et al. That is, 

repeated defoliation occurs in stands that have been subjected to frequent disturbances or stress. 

Trees on these sites have more of the structural features that support gypsy moth populations. 

However, given defoliation on both types of stands, mortality is greater in the resistant, wet bottom 

and mesic slopes than in the susceptible, dry ridge and sandy soil stands. The authors do not ex­

plicitly offer an explanation of this but imply that fast growing trees (relative to slow growing ridge 

species) experiencing an initial defoliation respond more drastically to severe defoliation and loss 

of nutrients. 

Many, more recent articles dis~uss further aspects of gypsy moth defoliation. A few of the papers 

are summarized below. 

• Gansner et al. (1985) developed a simple prediction equation for estimating defoliation. The 

dependent variable is percent stand defoliation and the independent variable is the number of 

egg masses per acre. This equation does not take into account any site characteristics or species 

composition. 

• Gansner and Herrick (1984a) conducted a five year study (1972-1976) on mortality in north­

eastern Pennsylvania. Mortality ranged from 0-670/0, averaging 13%. A mortality equation 

is presented in which the percentage of trees that will die is a linear function of the percentage 

of live trees with poor crowns and the square of the percentage of live trees in the white oak 

species group. A tree with a poor crown is defmed as one with 500/0 or more dead branches 

(allowing for non-self-pruning trees). The authors then describe grouping stands into three 

hazard groups. A low hazard stand has less than 10% predicted mortality. A moderate hazard 

stand has 10-25% predicted mortality, and a high hazard stand has greater than 250/0 predicted 
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mortality. In the same paper t a multivariate analysis technique, automatic interaction de­

tection, is described for determining the probability of mortality for an individual tree. Species, 

crown condition and site aspect are the independent variables. Assigned probabilities range 

from 2 to 86%
, with oak trees having poor crowns receiving the 86%. This technique yields 

a decision tree for arriving at probabilities, so one cannot generate a continuum of probabili­

ties. 

• In an earlier paper, Herrick et al. (1979) used the same technique to rate the susceptibility of 

stands according to crown condition, elevation, tree size distribution, species and position on 

slope. The highest mortality rating, 420/0, is found in stands above 1000 feet elevation, with 

200/0 or more of the trees having poor crowns. The lowest mortality rating, 50/0, is in stands 

having no trees with poor crowns. 

• Gansner et al. (1983) present an equation for predicting the value loss caused by an infestation 

with the percent basal area of trees with poor crowns and percent basal area of trees in the 

white oak species group acting as independent variables. The authors point out that a gypsy 

moth attack can act as a noncommercial thinning when the basal area and volume loss is offset 

by an increase in growth rate of the surviving trees. This is considered for an equation that 

Gansner and Herrick (1982) developed for predicting the compound rate of change in timber 

value of stands that experienced a gypsy moth infestation. The regressor variables include: the 

basal area per acre in species that the gypsy moth avoids, the percent basal area in trees 3.0-4.9 

inches in diameter at breast height and the percent basal area in trees with poor crowns. 
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Mortality Models 

An important component of any growth system is the prediction of the probability of death of the 

subject(s). The individual-tree models to be developed in this study will include such a prediction. 

This model will incorporate the effect of defoliation on the survival of individual trees. Although 

few, if any, previous studies have attempted to model the mortality of individual trees that have 

come under the attack of an annual pest, many studies have modeled regular mortality. 

Lee (1971) divides mortality into two types. Regular mortality results from competition. The 

probability of this type decreases with increasing tree size and age until maturation. Irregular 

mortality results from insect, disease, wind, fIre, snow damage and other catastrophic events. The 

rate of irregular mortality is either high or low for short periods of time. Lee uses linear regression 

analysis to predict mortality rates obtained from lodgepole pine yield tables. His independent var­

iables are age and diameter. However, Lee's prediction model is useful only for predicting stand 

mortality. Somers et al. (1980) suggest the censored Weibull function as a model of survival on 

loblolly plantations. However, Buford and Hafley (1985) compare the performance of the Weibull, 

gamma, negative binomial and the Richard's generalization of Von Bertalanffy (1951) growth 

equation using least squares estimation and fmd the Richard's function to be the most stable. Other 

stand mortality models include Lemin and Burkhart (1983), Evert (1981) and Nance et al. (1985). 

Nance and others modify an existing growth and yield model for slash and loblolly pine plantations 

to include a fusiform rust parameter. The survival model is modilled so that survival is a function 

of site index, density, age and rust level. 

Individual-tree models are an alternative to modeling the growth of stands that may vary in char­

acteristics (e.g. age, species), such as in natural stands. stand. An individual-tree model predicts the 

probability of mortality for one tree with a given set of characteristics. Glover and Hool (1979) 

employ the Weibull function as a model for individual-tree mortality prediction on loblolly pine 
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plantations. The dependent variable is defmed as the proportion of trees with a given set of char­

acteristics (Le., of a stand) that die over a specified period of time. The proportional stem mortality 

(PSM) was then interpreted as an empirical probability of individual tree mortality in a group of 

trees with similar characteristics. The authors claim success, stating that a fitted regression accounts 

for 99% of the total corrected sum of squares. No mention was made of the mode1"s prediction 

capabilities. 

A more popular strategy is to model the probability of an individual tree's mortality directly. In 

this instance the dependent variable is dichotomous, taking on the value 1 if the tree dies within the 

specified time interval, and 0 if it remains alive. This allows for the calculation of the probability 

of the tree's death on a continuous range from zero to one. 

A linear regression model is not appropriate for this type of dependent variable (\Valker and 

Duncan 1967, Neter and Maynes 1970, Hamilton 1974). Using a linear model, it would be possible 

to obtain probabilities outside the range of zero to one. Walker and Duncan (1967) and Hamilton 

(1974) suggest the use of the logistic function. This function has been useful for survival models 

in the medical field (Walker and Duncan 1967, Carter et al. 1983) and shows promise as a survival 

model in forestry. The general fonn of the logistic function is given by Hamilton as: 

where: 

£. = probability of the occurrence of an event (tree death) 

X = matrix of independent variables 

I!. = vector of regression coefficients 

, = error vector 

where it is assumed that 

E(~) = !l so that 

Var(~) = £.(1 -l!J. 

Literature Review 
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The logistic function has several desirable qualities: 

(i) The probabilities it generates are bounded by zero and one. 

(ii) It relates a 0, I dependent variable to several continuous independent variables (Neter and 

Maynes 1970). 

(iii) It can be easily written as a linear model by the logit transformation. 

(iv) It is the canonical form for a generalized linear model for the binomial distribution, thereby 

providing computationally simple maximum likelihood estimation and allowing application 

of maximum likelihood theory inference (McCullagh and NeIder 1983). 

Although the logistic function has these desirable properties, if it is not used cautiously, several 

pitfalls can plague the analysis. For example, Hamilton (1974) points out that a dichotomous de­

pendent variable exhibits nonhomogeneous variance. It is therefore advantageous to use weighted 

least squares or maximum likelihood estimation. The logistic can be transformed to: 

In[£/(l - e)] = X'f!. +.§ (2) 

Here, P is the proportion of the observations in each class for which the dependent variable is 1. 

Many observations are needed in each class to insure a good estimation of P. To accomplish this, 

the independent variables may need to be grouped into discrete classes. 

Hamilton includes diameter at breast height (dbh) , crown ratio, crown width, tip character, and 

insect or disease damage as independent variables that should be considered for mortality modeling. 

One equation that he fitted for predicting mortality of western white pine resulted in: 

(3) 
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where: 

Pi = predicted annual mortality of the jill tree 

CRt = crown ratio of the jtb tree 

PC1't = position of the jill tree in the stand's basal area distribution 

Another example by Hamilton and Edwards (1976) considers age, dbh, height, crown class, basal 

area per acre of the stand, percent defect and diameter growth rate prior to mortality as potential 

independent variables to be used in a model that predicts mortality of grand fIr (Abies grandis). A 

program called SCREEN is used to detennine which variables are significant at a specified level for 

predicting mortality of individual species. A nonlinear regression program called RISK is used to 

estimate the parameters using weighted least squares. The fmal equation for grand fIr is: 

where: 

Pi = predicted annual mortality rate of the ith tree 

%DE~ = percent defect in the jlh tree 

CC; = crown class of the jth tree. 

(4) 

Crown class is treated as a continuous variable. The chi-square goodness of fit test is used to verify 

the model. At the 950/0 level, the test fails to reject the model. 

A third model developed by Hamilton (1986) incorporates the influence of thinning on the mor­

tality of Northern Idaho species. Hamilton states the variation in mortality can be explained by: 

(1) measure of tree size (2) stand density (3) individual tree competition and (4) growth rate - tree 

vigor. Inclusion of the last three incorporates changes in stand composition induced by natural 

occurrences or management activities. For modeling before and after thinning, Hamilton considers 

as potential predictors: time since thinning, basal area prior to thin, residual basal area, residual 

basal area as a percentage of basal area prior to thin, thinning method, species, dbh, relative dbh 
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(dbh of tree of interest divided by stand mean dbh), habitat type, stand age, site index, aspect, slope 

and elevation. Variables determined to be significant by SCREEN and those thought to be intu­

itively necessary are used in developing the model. Dummy variables are used to distinguish be­

tween the species. The fmal form of the model is logistic with an exponent term as follows: 

where: 

DBH = diameter at breast height .at start of measurement period 

BA = stand basal area at start of measurement period 

t1DBH = average annual diameter increment from previous measurement period 

C = 1 if tree is western redcedar, 0 else 

H = I if tree is western hemlock, 0 else 

DFGF = 1 if tree is Douglas-ftf or grand rtf, 0 else 

RELDBH = (dbh of tree)/(stand mean dbh) 

(5) 

Using the chi-square goodness of fit test, the observed mortality rates were not significantly different 

from the predicted mortality rates at the 50/0 significance level for the model building data set. It 

is interesting to note that none of the thinning variables considered appear in the fmal modeL Any 

changes in stand composition induced by thinning are adequately reflected in the variables that are 

in the model. 

It should also be noted that several transformations occur in the model. The combination of 

DBHl/2 and l/DBH describes the pattern of mortality of diameter classes· particularly for small 

trees. The inverse of DB H allows the model to accurately estimate the increased mortality of small 

trees. As DBH increases, DBH1/l becomes the dominant term and thus describes mortality rates 

over the remainder of the dbh distribution. Basal area transformations that were tested had no 
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impact. However, BA 1/2 is used since it is hypothesized that mortality rate increases at a decreasing 

rate as stand basal area increases. The tenn "(average annual diameter growth)/DBHH improves the 

performance of the model for small trees since it approaches zero as DBH increases. 

Monserud (1976) offers motivation for the use of the logistic function for modeling mortality. He 

states that a general formulation of mortality models is the following step function: 

where: 

{

I if F(X,/}) ~ T (live) 

S = 0 if F(X,fD < T (dead) 

S = status of the tree, 1 if alive - 0 if dead (note the reversal from the usual classification) 

(6) 

F = probability of survival function. In this case, the logistic function, where X is the matrix 

of independent variable values and /!. is the vector of parameters to be estimated. 

T = threshold survival value distributed as P(J.l., (12) where P is some distribution function 

Monserud points out that this step function is not continuous. Therefore, it must be transfonned 

to: 

S = F(X,/!.) + T (7) 

in order for the parameters to be estimated by weighted least squares (since the variance is not ho­

mogeneous). l\-Ionserud's model is an adaptation of Hamilton and Edward's (1976) and is given 

by: 

(8) 

where: 

LG P = length of growing period 

This adaptation is designed to handle unequal growing periods. 
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Discriminant analysis is used to screen the eligible variables. Comparison of probit analysis and 

logit analysis revealed that the maximum likelihood estimates in the probit analysis are nearly 

identical to the weighted least squares estimates of the logit analysis when the independent variables 

are the same. The logit analysis was chosen for further development because of the ease of pa­

rameter estimation. The fmal model is given as: 

where: 

D = predicted diameter (from growth model in Monserud (1975» 

DiN = predicted diameter growth (froln Monserud (1975») 

CI = competition index 

(9) 

When inserted into the original step function, this model correctly classified 88 % of the live trees 

and 350/0 of the dead trees. It should be noted that the above model is not species specific. Lack 

of data did not allow development of species specific models. However, it is hypothesized that 

species specific models would improve the fit. The model perfonned as well on independent data 

sets. Near perfect classification was achieved when actual diameter growth was substituted for the 

predicted diameter growth. This suggests a need for a better diameter growth model. 

Buchman (1979) uses diameter growth as the sole predictor variable for modeling the mortality of 

Great Lakes species. He tests variations of the general mortality function given by: 

(10) 

The variations of this model include: 

(11) 

(12) 
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where: 

R = mortality rate 

DBH = diameter at breast height 

DGR = diameter growth rate 

(13) 

(14) 

a: establishes mortality at the no-diameter growth level with the minor contribution of b. 

b: background death rate that provides for the occasional removal of a fast growing tree. 

There is a high survival rate for vigorous trees. As DGR increases, SR approaches, but does 

not equal 1. The background survival rate is the upper asymptote for a given species. Studies 

show that this limit has little relation to tree size (Buchman 1983). 

p & y: control the progression of the mortality estimates from no-growth trees to that of fast 

growers. y increases the function's flexibility. 

DBH and co: provide an adjustment based on tree size, especially for trees having little or no 

growth. 

Model (14) is selected for 7 of the species and model (13) for the remainder. No summary statistics 

on goodness of fit or validation are presented. However, the following results are noted when the 

models were tested on an independent data set. 

• Jack pine model overestimates mortality 

• The models for white spruce, northern whitecedar, bigtooth aspen, elm, basswood and sugar 

maple IIshows good agreementH with observed mortality rates. 

• Underestimates are obtained for white pines less than six inches in diameter at breast height 

and for 5-7 inch balsam fIr and paper birch. 
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In a later paper, Buchman et al. (1983) point out that the survival rate for slow growing trees (i.e. 

trees of little vigor) is not always a monotonically increasing function of size. Some species expe­

rience a bell-shaped curve. That is, the survival rate is maximized at some intermediate size. 

Buchman's models discussed above will not reflect this phenomena because they are monotonically 

increasing functions. Therefore, Buchman alters his model to the following form: 

where: 

SR = survival rate 

DGR = diameter growth rate 

DB H = diameter at breast height 

Pl = parameters to be estimated 

where: 

PI = b discussed in prior models 

Pl = IX discussed in prior models 

P3 & {J 4 = (J & y discussed in prior models 

(15) 

The last term of the exponent behaves as a gamma function [r(DBH-l:1,Pi)]' This allows the 

survival rate to be more flexible. For a given DGR, the survival rate can be roughly bell-shaped, 

or, with the proper choice of P6 and {J7' monotonic. Typically, Buchman states, the survival rate 

will quickly peak at {J6/P7 and then gradually decline. He states that the model could be better still 

with the inclusion of a vigor-size interaction term or a different term for describing the increase in 

survival due to an increase in the diameter growth rate. Buchman presents a table depicting ob­

served and predicted survival rates for five Great Lakes species. He reports good agreement on the 

calibration data and on independent data for most situations. A 3.9% difference for balsam fif and 

a 2.80/0 difference for quaking aspen are two exceptions in the independent data sets. He attributes 

this to applying a regional model to local conditions. Also, the largest discrepancies occur at 10-

cations having few trees. 
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GrO)vtl, Models 

There are many types of forest growth models. Two major classifications are stand level growth 

models and individual-tree growth models. Stand level growth models project future total stand 

basal area, volume or number of trees per unit area as a function of current stand characteristics. 

Stand level projection models can usually be broken down into three components: ingrowth 

projection, mortality projection and survival growth projection. 

Individual tree growth models project the basal area, volume or height growth of each tree in a 

sample, and therefore require tree variables as well as stand variables. Individual tree projections 

are then aggregated for stand projection. Unlike stand models, individual-tree models can simulate 

the competitive environment of each tree (Davis and Johnson 1987). Because trees are aggregated 

after growth prediction rather than before, individual-tree stand projections have a greater statistical 

precision than stand-level models. This, however, is not agreed upon by all growth modelers 

(Clutter et al. 1983). 

In general, model development can be accomplished by two means. Empirically derived models 

are data dependent. That is, the predictor variables used in the model are detennmed by the sam­

pled data. This has the disadvantage of (i) risking a situation in which extraneous data adversely 

affect the model, or (n) developing a model that only works within the range of the data, thereby 

having poor extrapolative capabilities. A theoretical approach begins by reasoning through the bi­

ological principles of growth and developing equations that will behave according to these princi­

ples. This reasoning detennines which variables (stand or tree characteristics) are important for 

growth prediction. For example, in the area of stand growth models, Smith (1983) develops com­

patible growth and yield equations. The yield equation is the integral form of the differential growth 

equation that predicts changes in stand basal area. The underlying biological hypothesis of these 

equations is: "basal area growth is the difference between total volume growth and height growth 
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where volume and height growth are expressed in terms of equivalent basal area unitS.H Other ex­

amples of stand models utilizing series of differential equations are :rvloser and Hall (1969), Moser 

(1972) and Shifley et al. (1982). 

Pienaar and Turnbull (1973) present a well versed discussion concerning the importance of choos­

ing a biologically accurate model for empirical studies. They state that by fitting data to a previ­

ously chosen model, certain logical features are incorporated in the model that mayor may not have 

been brought forth by the data alone. They are arguing for a more deductive approach rather than 

one that is purely inductive. Their discussion is motivation for advocating the use of the 

Chapman-Richards model. 

The Chapman-Richards growth model is a generalization of Von Bertalanffy's (1951) function. 

Richards (1959) presents Von Bertalanffy's argument for the use of a function that expresses the 

allometric relation between an animal's metabolic rate and weight during growth. The rate in 

weight is given as the difference between the anabolic rate and the catabolic rate or v Wit - K fV. 

Von Bertalanffy, Richards states, limits Jl to values between 2/3 and 1. However, Richards con­

tends that Jl is often empirically found to be greater than 1 for many life fonns, including botanical. 

Therefore, the more general model stated above should be used. Integration of this model yields 

two growth equations: 

where: 

A = (v/k)l /(l-m) 

k = (1- m)lC 

b= ± pAm-l 

P = V/lC - WJ-m and 

W = A(1 - b.e-kt)l/(l-m) for m < 1 

W = A(1 + bee-kt)l/(l-m) for m > 1 

A : is the asymptotic value for W as t -+ 00 
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m : is the allometric constant and m1/U-m) is the proportion of the fmal size (A) at which the 

growth rate is maximized (i.e. the inflection point). 

k : is the rate constant which detennines the spread over the time axis. 

b : usually has no biological implications and can be eliminated via adjustment of the time 

scale. 

Allowing m to take on different values changes the form of the model, giving it considerable flexi­

bility. For example, if m = 0, then model (16) becomes the monomolecular function: 

(18) 

If m = 2, equation (17) becomes the autocatalytic or logistic model: 

(19) 

and if m approaches 1 from above or below I the curve becomes the Gompertz function: 

(20) 

Pienaar and Turnbull (1973) use the Chapman-Richards model in the following form: 

Vc = A[I- e-k(t- to)]l/(l-m) (21) 

where Vt is the volume of a tree at time t. They demonstrated the adequacy of this model for basal 

area, height and volume growth prediction for single tree and stand level projection. They conclude 

that the model adequately describes the development of single trees and even-aged stands growing 

in IIrelatively stable environments. 11 

Yang et al. (1978) dispute that the Chapman-Richards (Von Bertalanffy) growth function possesses 

enough flexibility for tree growth modeling. The authors cite this model's empiricism as a disad­

vantage and also state that the growth curve will frequently intersect above or below the origin 

when t = O. This also applies to the increment curve (the ftrst derivative of the growth curve), 
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indicating an under- or over- estimation of the growth rate of the tree. Because of these short-

comings, Yang et al. suggest a modified Weibull function as a model that will behave in the desired 

manner of biological reasonableness. The Weibull function, 

X A 
F=l-e-(a), (22) 

is multiplied by 'A', the asymptotic maximum of a tree's size, to expand its range beyond its usual 

o - I interval. The modified function is simply 

X A 
F= A[l- e-(a)] (23) 

where: 

F = growth or yield (e.g. basal area, volume etc.) 

A = asymptotic maximum of the organism 

x = a time variable (e.g. age) 

u & ..t = scale and shape parameters respectively. 

1ms function follows the biological laws of growth and is highly flexible due to u and..t. The 

shapes of the growth and growth rate curves can be altered by these two parameters. 

To illustrate the modified Weibull's flexibility, the authors fit it to spruce height growth data and 

rtf volume growth data. They compare the results with results from fitting the Gompertz, logistic, 

generalized Von Bertalanffy and the Mitscherlich models to the data. Only the modified Weibull 

fit both sets of data well, producing very low residual root mean squares. The authors also state 

that the Weibull has been flexible enough to fit more than 40 data sets well. 

Two other functions that are not well documented but may prove to be as flexible as the modified 

Weibull are the modified gamma and beta functions. The gamma function is shown as: 

BAG = {XBAP.e-yBA (24) 
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Here, BAG represents the basal area growth and BA represents the basal area of the individual tree. 

It may be that diameter would perform as well as BA. Other descriptor variables can be added to 

the model to improve its performance. The beta function is given as; 

where: 

BAG = basal area growth 

BA = individual tree basal area 

BArna" = maximum obtainable basal area for the species 

x = tree or stand variables that influence growth 

Pi = species-specific coefficients. 

(25) 

Dale et al. (1985) present an extensive comparison of various tree growth models. The authors 

divide the growth models into two groups according to their purpose and data requirements. Forest 

growth models assess the yield of a managed forest and usually require large calibration data sets. 

Community dynamic models model the effect of environmental stress or feedback on an individual 

tree's growth and yield. These models have species specific data requirements. An example of a 

forest growth model is STEl'vIS (Belcher et al. 1982). Like many forest growth models, STEMS 

predicts species specific potential growth and then reduces this by a modifier function to account 

for competition. The growth equation is: 

where: 

DIN = diameter increment 

DBH = diameter at breast height 

S I = site index 

CR = tree crown ratio code 
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Yint = y intercept 

BA = stand basal area per acre 

BAmax = maximum stand basal area per acre expected for the species 

Bo = a function relating tree-of-interest diameter to average stand diameter 

= f(R).g(AD) 

where: 

fiR) = c1[1 - ec:a-R]c3 + C4 

g(AD) = d1(AD + 1)ed1 and 

R = relative dbh = DBH/AD 

AD = average stand diameter 

C1 S; 5 

C4~0 

d1 <0 

d2 S; 1 

C1 + ~ = asymptotic maximum of the relative diameter effect 

C4 = minimum value 

C:z = rate parameter 

C3 = rate and shape parameter 

d1 = Y intercept of the AD effect 

~ = measure of its slope 

The fust bracketed term defmes the potential growth of a tree (originally presented by Hahn and 

Leary 1979) and the second term reduces this growth according to the degree of competition this 

tree is experiencing. Trees of higher density stands maintain a smaller proportion of their potential 

growth than trees in lower density stands (Belcher et al. 1982). This strategy is also employed by 

Shilleyand Fairweather (1983) when deriving diameter growth models for western Oregon. 

An example of the community dynamics approach is the Chapman-Richards model as used by 

Pienaar and Turnbull (1973) that was discussed earlier. Another example is the model developed 
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by Botkin et ale (1972). In this model an individual tree's diameter increment is obtained by as­

suming that the annual volume increment is proportional to leaf area (Dale et aI. 1985). Leaf area 

is proportional to the diameter raised to a power. Diameter growth is predicted from the tree's di­

ameter, height, maximum diameter and maximum height. The growth is then reduced by the effects 

of shading, climate and soil quality. 

Because the present study concerns modeling the growth of hardwoods, it would be helpful to re­

view several hardwood individual-tree growth models that are in use. One such model that has 

already been presented is STEMS (Belcher et al. 1982) shown by equation 25. This model is de-

signed for Great Lakes species including: white oak, northern red oak, oak-pine and oak-hickory 

stand types. The model is an individual-tree, distance independent model and falls under the cate-

gory of [potential growth] x [modifier] type models. The modifier term reduces growth according 

to the degree of competition. 

A second model was developed for even-aged, upland oak stands (Hilt 1983 and 1985). This model 

is also an individual-tree, distance independent model and is shown by: 

where BAG5YR is the mean 5-year basal area growth and: 

S I = site index 

D = quadratic mean stand diameter 

PS = percent stocking of stand 

Yi = parameters to be estimated 

(27) 

This model is designed for red, scarlet, white and chestnut oak stands of southern Ohio and 

Southeastern Kentucky that are at least 30 years old. Basal area growth is the dependent variable 
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rather than diameter growth since visual relationships between variables are easier to detect in 

scatter plots of the data. Also, Hilt states that West (1980) found the correlation between basal area 

growth and initial diameter to be greater than the correlation between diameter growth and initial 

diameter. This model is incorporated into the growth simulator, OAKSIM. 

Another study (Harrison et al. 1986) involved the development of individual-tree basal area incre­

ment equations for Appalachian hardwoods after thinning. Data for the study were collected in the 

Blue Ridge region of Virginia, North Carolina, Tennessee and Georgia. The model predicts peri­

odic annual increment after thinning of various species in even-aged stands. The species (species 

groups) are: black cherry; black, chestnut, northern red, scarlet and white oak; black locust, 

magnolia, red maple and yellow-poplar. One of the two following linear equations is used for each 

of these species. 

where: 

dB = periodic annual tree basal area increment 

B = original tree basal area (in2) 

SBl = stand basal area prior to thinning (ft2) 

SB" = stand basal area after thinning (ft2) 

A = breast height age at time of thinning 

Pi = species-specific coefficients 

This model is incorporated into the G-HAT simulator. 

Literature Review 

(28) 

(29) 

25 



C0111petitioil Illdices 

A competition index is an important component of a growth or mortality function. Competition 

indices can range from simple measures of stand density to complex equations involving tree-to­

neighbor distances and/or areas of crown overlap. lVlany times, the index to be used is determined 

by the data that have been, or are to be, collected. For example, if distances between trees are not 

measured, one is limited to a distance independent index. Dale et al. (1985) discuss four types of 

indices in use: (1) stand density measures, (2) influence-zone overlap indices, (3) distance-weighted 

size ratios, and (4) growing-space polygons. There is actually no direct measure of competition. 

Competition involves the processes of the assimilation of light and the uptake of a limited supply 

of water and nutrients by rival trees (Turnbull 1978). The indices (whether they be density meas­

ures or complex geometric relationships) assume that their measure is indicative of these processes. 

Stand density measures assume that a greater number of trees' or greater stand basal area means 

greater competition. This type of index was used in the OAKS 1M model (equation 26) in the fonn 

of percent stocking and in the G .. HAT model (equations 27 and 28) in the form of total stand basal 

area. A problem with using either of these is that the effect of stand density is the same for all sizes 

of trees. Therefore, a few other measures have been developed that incorporate the individual tree's 

size. Hamilton (1986) uses H relative dbhH as his stand density measure (equation 5). This term is 

calculated by dividing the tree's dbh by the stand mean dbh. Hamilton uses this term in addition 

to stand basal area. This term serves to incorporate the position of the tree-of-interest in the di­

ameter distribution into the model. Glover and Hool (1979) use a similar measure, but replace 

diameter with basal area. That is, the index is calculated by dividing the basal area of the tree-of­

interest by the mean tree basal area of the stand. The authors compare the perfonnance of such 

an index using height, diameter or basal area and detennine that basal area perfonns the best. 

A more complex competition index incorporates average diameter, stand basal area and the maxi­

mum stand basal area. This index is used in STEMS (Holdaway 1984) with the idea that diameter 
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should be the only measure needed to develop the index, since it is too costly to measure 

between-tree distances or crown size, as is required by other indices. The index is the modifier tenn 

(second tenn) in equation 25. The Po tenn adjusts the effect of the average stand diameter by each 

tree's relative position the stand. To guard against overgrowth in long tenn projections, the maxi­

mum stand basal area tenn was added to limit tree size. Using this model, trees on less dense stands 

maintain a higher percentage of their growth than those on dense stands (Belcher et al. 1982). 

The influence-zone overlap index is based on the idea that each tree has a circular zone about it that 

is the size of the crown area of an open grown tree with similar characteristics. Competition is 

determined by the area that influence zones of other trees overlap that of the tree-of-interest (Dale 

et al. 1985). The more overlap, the more competition. The distance-weighted size ratios use the 

ratio of the sizes of two trees multiplied by the distance between them as an indicator of the com­

petition between the two. Summing these measures for the tree-or-interest and all of its neighbors 

is the measure of that tree's competition. The [mal type of index discussed by Dale et al. (1985) 

is growing space polygons. This method approximates the available growing space for each tree 

by measuring the non-overlapping crown area of each tree. These [mal three measures require 

special data and can also be costly to use. 
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Methods 

Data 

The data for this project come from almost 600 tenth-acre plots in central Pennsylvania. These 

plots were established in 1978 and data were collected annually through 1985 by the USDA Forest 

Service Northeastern Forest Experiment Station in cooperation with the Pennsylvania Bureau of 

Forestry. Nearly all of the plots are located between Carlisle, and State College, Pennsylvania. 

No gypsy moth defoliation had occurred in this area prior to plot establishment. 

Data collected on these plots include: slope, position on slope, aspect, site index, land capability 

class (SCS), plot elevation (USGS), plot age, species code (USFS), gypsy moth food preference 

class (most, intermediate or least preferred), diameter at breast height (dbh), crown condition (good, 

fair, poor, dead), crown class (open, dominant, co dominant , intermediate or overtopped), tree 

defoliation to nearest ten percent (visual estimate), merchantable height, percent cull and tree 

butt-log grade. A summary of this data is presented in table I (Gansner and Herrick I 984b ). 
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Table 1. Summary of tree and stand characteristics for collected data 

basal area ft2/ acre 
basal area in oak, percent 
mean dbh, inches 
stand age, years 
site index upland oaks, ft 
slope, percent 
elevation, ft 
total volume, cords/acre 
sawtimber volume, lVlbf/acre 
value of standing timber, $/acre 

Methods 

mean 

90 
68 
7.4 
71 
61 
24 
1535 
22.4 
5.5 
159 

range 

15 .. 190 
0 .. 100 
3.8 .. 13.4 
15 .. 175 
25 .. 100 
o .. 67 
575 .. 2450 
0.2 .. 66.3 
o .. 28.2 
1 .. 1525 
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Initial measurements were made in the summer of 1978 when little or no defoliation occurred. 

Defoliation increased in subsequent years and reached a peak in 1981 when almost one-half of the 

plots received moderate to heavy defoliation. Individual tree characteristics and defoliation meas­

ures were conducted at peak defoliation periods each summer through 1985. With an average of 

25 trees per plot, this amounts to almost 16,000 observations for each of eight years. 

Herrick and Gansner (1986) summarize the data after 8 years of collection. Some of the results are 

as follow: 

• Peak years of defoliation were 1980,81 and 82 which averaged 170/0,390/0 and 220/0 defoliation 

per plot, respectively. 

• One-fourth of the plots received at least one year of heavy defoliation (600/0 + ). 

• The extent of defoliation varied widely with species (figure 1). Species with small numbers of 

sample trees and high variances of mean defoliation were grouped as "other", 

• Mortality increased with increasing percent defoliation only after the stands were repeatedly 

defoliated (table 2). 

• Twenty-two percent of the oaks died. Chestnut oak accounted for 41 % of the total tree 

mortality. 

• In terms of defoliation average over 1980-1982, the defoliation level of 40 percent appeared to 

be the threshold for marked increases in tree mortality. 

• Sharp increases in tree mortality appear 2 years after a heavy defoliation. The heaviest 

defoliation occurred in 1980-1982 and the heaviest mortality occurred in 1982-1984. 
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Species 
Chestnut oak 

Black oak 
Scarlet oak 

Aspen 
N. red oak 

\Vhite oak 
Hickory 

Hard maple 
Sassafras 

Paper birch 
9csswood 

Beech 
Elm 

Serviceberry 
Other 

Red maple 
Sweet birch 

Dogwood 
Black cherry 

~Vhite pine 
S;ockgum 

Ash 
Stdped mop~e 

Black locust 
Yel!o\,v birch 

YeHow-poplar 
Pitch pine 

Hemlock 

.. 
o 

Percent Defoliation 
N o 

.~ 
o 

Figure 1. Percent defoliation by species: (from Herrick and Gansner 1986). 
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Table 2. Tree mortality rates for trees in data, 1979-84 

Percent plot Percent plot mortality 

defoliation 
(1980-82 average) 1979 1980 1981 

< 10 3.5 2.2 2.3 
10-19.9 4.0 3.0 2.1 
20-29.9 3.4 2.9 1.7 
30-39.9 3.1 2.1 2.4 
40+ 2.4 3.1 2.2 

All plots 3.3 2.8 2.1 

Plot mortality is based on percentage of trees originally on plots 
in 1978. (from Herrick and Gansner 1986) 
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1982 1983 

2.6 1.2 
1.7 2.0 
2.8 3.7 
2.6 4.7 
6.5 9.6 

3.1 4.2 

All 
1984 years 

1.7 12.9 
2.3 14.7 
2.3 16.2 
2.5 17.1 
3.7 27.5 

2.5 17.6 
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Only those species with at least 150 trees were used for analysis. This included 15 species: chestnut 

oak, white oak, red oak, black oak, scarlet oak, red maple, yellow poplar, hickory, blackgum, sweet 

birch, sassafras, dogwood, white pine, pitch pine and hemlock. 

Mortality models 

Because of its desirable qualities, as discussed in the literature review, the logistic model was used 

to model individual tree mortality. Maximum-likelihood parameter estimates were calculated using 

the Gauss-Newton method with step halving. The likelihood function is specified as (Press 1972): 

n 

L = Il [F(x' JI)Y'V- l\x'/{i)]I-Y, (30) 

i=1 

where: 

L = likelihood function 

F(X' iP) = the logistic function (equation 1) 

y, = either 0 or 1 if the tree is alive or dead 

n = the number of observations. 

Maxi.mi.zi.ng the log of L is equivalent to maximizing L. The maximum likelihood estimator of P 

is then obtained by differentiating the log of L with respect to p, setting the result equal to zero and 

solving for p. 

A stepwise technique for variable selection was initiated frrst. The variables under consideration 

included: defoliation measures, tree basal area, stand basal area, trees per acre, elevation, tree posi-
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tion on slope, aspect, stand age, crown class, crown condition and variations of a competition index 

and slope-aspect index. The equations for these indices are shown below. 

where: 

CI = competition index 

BA = tree basal area 

SBA = stand basal area 

TP A = trees per acre 

CI = BA/(SBA/TPA) 

SLSASP = SLOPEesin(ASPECT) 

SLCASP = SLOPEecos(ASPECT) 

SLSASP = slope index using sine of aspect 

SLCASP = slope index using cosine of aspect 

S LO P E is expressed in percent 

ASPECT is expressed in radians. 

(31) 

(32a) 

(32b) 

The competition index is a relative basal area measure as discussed in the literature review. A tree 

with average basal area will have a competition index of one. Two variations of this index are its 

square root (which essentially replaces basal area with diameter) and the natural logarithm of its 

square root (which widens the range of possible values, particularly for trees with less than average 

basal area). Both of these variations were included as possible predictor variables. Both of the 

slope-aspect indices (Stage 1976) were also considered as a possible predictor variables. 

Models were compared using the model chi-square statistic and the R statistic, a derivation of 

Akaike/s infonnation criterion (see Judge et al., 1980). Mter convergence, the model chi-square (a 

likelihood ratio statistic) was computed. The model chi-square is twice the difference between the 

log likelihood of the current model and the log likelihood of the mean (intercept-only) model. This 
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statistic indicates the significance of the full model compared to the null hypothesis of a mean 

model. 

The R statistic is indicative of the model's ability to predict and is calculated as follows: 

R = ) (model X2 - 2p )/( -2L(O» (33) 

where X2 indicates chi-square, p is the number of variables in the model and L(O) is the maximum 

log likelihood of the mean model. R indicates the proportion of the log likelihood explained by the 

model (minus a penalty of 2p for the number of parameters in the model) and ranges roughly be-

tween zero and one. 

Influence diagnostics are helpful in rmding highly influential data points, that is, observations with 

a high residual and high leverage. Diagnostics presented by Pregibon (1981) were used here to de-

teet such data. The diagnostics computed include: the change in the parameter estimates, the 

change in the chi-square statistic and the confidence interval displacement experienced by the de­

letion of a data point. The fonnulas for these diagnostics are an extension of those used in linear 

regression and are given by Pregibon as follows: 

where: 

L1.p Ii = the change of the /tit parameter due to deletion of the itlt observation 

aX2 = the change in the chi-square value due to the deletion of the itll observation 

L1.i CI = the confidence interval displacement due to the deletion of the itl! observation 

(XTV-l X)-1 = the covariance matrix of the parameter estimates 
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Xl = vector of variable values for the itA observation 

Sj = residual for the itf! observation 

hu = the itA diagonal element of VI/2X(XTV-IX)-lXTVI/2, the hat value for the itA observation 

Xl = STVi , the chi-square value for the itA observation 

~ = Pi( 1 - Pi)' the estimated variance of the ith predicted value, PI' 

Thus, there are np beta diagnostics and n confidence interval and chi*square diagnostics. A short 

program was written using the procedure MATRIX in SAS (1985) to calculate these diagnostics 

(see appendix D). 

For each species investigated, models developed include one, two or three years of defoliation 

measures and predict mortality through 1985. That is, the mortality model for a given species using 

only the 1980 data uses only 1980's defoliation measures. The mortality model using the 1981 data 

uses the surviving trees from 1980 and 1980 and 1981 defoliation measures. The model using 1983 

data uses the surviving trees from 1982 and adds 1983's defollation measures. Table 3 shows the 

number of mortality trees associated with each species and in which year they died. For example, 

there were 413 white oak trees at the start of 1980. Seventy-two died between 1980 and 1985. All 

of these trees were in the data set when constructing the model using only the 1980 defoliation 

measure. Thirteen of these 72 trees died before the 1981 defoliation measure was taken; therefore, 

they were removed from the data set before constructing the model that used the 1980 and 1981 

defoliation measures. The 19 trees that died between the 1981 and 1982 defoliation measurements 

were removed before constructing the model that used the 1980, 1981 and 1982 defoliation meas­

ures. This left 40 mortality trees in the data set for constructing the fmal model. Table 5 in ap­

pendix A summarizes the data for the mortality trees of each species. 
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Table 3. Number, percent and year of mortality by species. 

Number of Number that Number that Number that Total number Total number Percent 
Species trees in died during died during died during that died of surviving mortality 

1980 dataset 1980-1981 1981-1982 1982·1985 by 1985 trees 1980-1985 

white oak 413 13 19 40 72 341 17.4 
chestnut oak 4278 S7 188 430 705 3573 16.5 
red oak 1319 23 20 107 150 1169 11.4 
black oak 543 23 24 99 146 397 26.9 
scarlet oak 185 6 1 27 34 151 18.4 
red maple 2416 19 23 65 107 2309 4.4 
sweet birch 1I80 10 10 45 65 II 15 5.5 
hickory 354 13 27 33 73 281 20.6 
yellow poplar 174 1 3 7 11 163 6.3 
blackgum 753 4 1 3 8 745 1.1 
sassafras 557 29 23 60 112 445 20.1 
dogwood 231 15 42 119 176 55 76.2 
white pine 266 0 0 2 2 264 0.7 
hemlock 147 1 1 2 4 143 2.7 
pitch pine 156 8 8 9 25 131 16.0 I 

~ 



GroJvtl, models 

To develop the basal area growth models, the data were reduced to include only the trees that sur­

vived for the entire study period, 1980 to 1985. Table 6 in appendix A displays summary statistics 

for the surviving trees of each species. 

The modified \Veibull (equation 23), the gamma (equation 24) and the beta (equation 25) functions 

were fit to the data using nonlinear least squares. The log transformation of the gamma function 

was fit using multiple linear regression. 

A relationship exists between the modified Weibull and gamma functions. The growth function 

of the Weibull (equation 23) is its fIrst derivative. This is given as: 

where: 

1 
(I. = ( '(7 )'IA..t 

P=l-l 

1 
'1='(7. 

<> BA l 
~BA =--A[l"':' e-<q-)] 

bBA 

P BA(JJ+l) = (l.BA e-Y (37) 

Comparing this to the gamma function in equation 24, the only difference is the addition of P to 

the exponent of the variable in the exponential term. Therefore, in fitting these functions, the sig­

nificance of this extra parameter can be tested. If it is not significant, the model reduces to a 

gamma. 
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The relative mean square error (RMSE) was used to compare the various models that were fit. It 

is calculated as follows: 

MSEmodel 
RMSE = (38) 

The form of RMSE that is reported is (1 - RMSE). In this form, higher values indicate better fits. 

This makes it easier to judge the fit of a model when one is used to the r-square value used in linear 

regression. 

The growth curve should also pass through the origin of the basal area or diameter (x) axis, be 

unimodal and return to, or approach, zero for large basal areas (diameters). Both the gamma 

(Weibull) and beta functions pass through the origin. The beta model also returns to zero at the 

maximum basal area and the gamma function approaches zero (the x axis) asymptotically. 

Because of the shortcomings cited by Yang (1978), the Von Bertalanffy model was not considered. 

The dependent variable, 5 year basal area growth, was calculated as the difference between the tree's 

basal area in 1985 and 1980. If this difference resulted in a value less than or equal to zero, it was 

given a value of .001. This was to allow for the use of the natural logarithm of basal area gro'wth 

as the dependent variable in the linear log gamma model. 

The independent variables available for fitting were the same as those that were discussed for the 

mortality models. However, the three years of percent defoliation were combined into one variable, 

defoliation index. This was calculated by adding the three years of percent defoliation and dividing 

the sum by 300. This placed cumulative defoliation on a scale from zero to three. 
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Results and Discussion 

MOI"tality Inodels 

Because crown condition and crown class are subjective variables, they were eliminated from con­

sideration as predictor variables. A.l 0 significance level was specified for variable entry and exit 

which allowed for the entry of most of the variables in the stepwise procedure. The results showed 

that percent defoliation, the natural log of the square root of the competition index, and stand basal 

area were consistently significant for most of the species. To keep the models consistent across all 

species, no other variables were further considered. The best models were then determined for each 

species by fitting different combinations of these variables. The results are shown in table 7 of ap­

pendix B. The table also includes the R statistic for each modeL 

A species may have as many as five models; one model for each of three cumulative years of 

defoliation measures, and, for the sake of comparison, two without defoliation. In some cases, this 

iterative strategy did not perform as well as in other cases. For example, for scarlet oak, defoliation 

only became significant in the third year of measurement, and only for that year. Although scarlet 

oak is ranked third for percent defoliation (figure 1), it appears that the species may be fairly re-
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sistant to initial defoliation. As can be seen ill table 3, 79.4 percent of the trees that died, did so 

after 1982. Only 7 of the 34 mortality trees died in the flIst two years of defoliation. This may ex­

plain why early defoliation measures alone could not explain the variation in mortality. However, 

this does not explain the sole significance of the 1982 measurement. It would seem logical that a 

combination of two or three years of defoliation would better explain the patterns of mortality, as 

with the other oak species. The fmal model for scarlet oak only explains approximately 28 percent 

of the variation. 1980 defoliation was low relative to the other oaks. Combined with a small 

sample size of 155 trees, this makes it dangerous to put too much interpretation into these results. 

No model was fit for blackgum, pitch pine nor hemlock. Blackgum had a dataset containing 753 

observations and yet sustained only a one percent mortality rate, i.e., 8 trees during 1980-1985 (.20/0 

annual). This did not allow for mortality prediction. Likewise, hemlock sustained only a three 

percent mortality rate (.6% annual). However, pitch pine sustained a 160/0 rate (3.20/0 annual). 

Reviewing the data summaries for pitch pine in tables 5 and 6 of appendix A reveals that there is 

little difference between the surviving and mortality trees. The demise of the trees for this species 

may be due to another pest. 

Poor fits were obtained for red maple, sweet birch, yellow poplar and sassafras. The flIst three listed 

all have low defoliation (figure 1) and mortality rates below 6.5 percent (table 3). Again, the sum­

mary statistics indicate no significant difference between the characteristics of the surviving and 

dying trees. Sassafras, on the other hand experienced relatively high amounts of defoliation and a 

20 percent mortality rate. However, it does not appear that there was enough variation between 

the surviving and mortality trees to produce a decent fit. 

The best results were obtained for the four major oak species (white oak, black oak, red oak and 

chestnut oak) and hickory. These species experienced relatively high amounts of defoliation and 

high mortality rates. The R statistics for the fmal models range from .387 for red oak to .613 for 

white oak. The models increase in predictive ability as indicated by the R value with the number 
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of defoliation measures included in the model. Figures 2 and 3 of appendix B display the results 

for white oak. 

Surprisingly good fits were obtained for white pine and dogwood. White pine experienced a mor­

tality rate of less than one percent; only two of the 266 trees died. However, the fit produced a 

model with an R value of .483. No defoliation measure is included in the model, only the com­

petition index and stand basal area. The two trees that died were 2.7 and 3.1 inches in diameter; 

both at the low end of the diameter range for white pine. However, a model that is dependent on 

only two observations is not reliable. Dogwood experienced a 76 percent mortality rate. The av­

erage diameter (basal area) for surviving and mortality trees is approximately 3.8 inches (.079 sq.ft.) 

with little variation. Because of this, most of the trees were in the same competitive class. How­

ever, the average stand basal, area for the surviving and mortality trees does differ, as does the 

amount of 1982 defoliation. These two variables coupled with a high mortality rate allowed for a 

good fit (R = .413). 

Predicted probabilities of mortality with varying levels of defoliation are presented in table 8 of 

appendix A for white oak, chestnut oak, red oak, black oak, hickory, red maple and sweet birch. 

The predicted probability of mortality increases with increasing defoliation. These probabilities also 

indicate that a heavier defoliation in the second year is more detrimental than a heavier defoliation 

in the first year. For example, the white oak equation predicts the probability of mortality to be 

.1841 given 500/0 defoliation in 1980 and 1000/0 in 1981, but predicts the probability of mortality 

to be .1668 given 1000/0 defoliation in 1980 and 500/0 in 1981. This is not consistent for all 

equations. The reverse situation occurs for the remaining species' 1981 models. That is, a heavier 

initial defoliation yields the higher probability of death. However, their 1982 equations agree with 

the white oak model. This is the more logical sequence since increasing defoliation, and not de­

creasing defoliation, is the worse scenario for a tree. 

Although the fits were poor, table 8 includes predicted probabilities for red maple and sweet birch. 

However, the results for these two species should be held in suspect. 
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The influence diagnostic program was run for species that did not produce good fits. This included 

yellow poplar, scarlet oak, blackgum, sassafras, dogwood, hemlock and pitch pine. Because the 

datasets were large, no single observation maintained excessive influence over the fit. Therefore, the 

observations were combined by location and the program was run to fmd influential groups of data. 

The diagnostics efficiently found locations that had trees that died for no apparent reason. For 

these locations, defoliation was low and the competitve status remained high, yet the trees died. 

However, this occurence is not so unusual that the observations should have been labeled as 

outliers. Therefore, the observations remained in the dataset. Even as it were, these influential 

points still had a low influence. The diagnostic program and an example of the output for yellow 

poplar is included in appendix D. 

GroJvtlz nlodels 

Fitting the log of the gamma function resulted in a model that did not return to, nor approach, zero 

for large diameter trees. Therefore, this model form was abandoned in favor of fitting a nonlinear 

form. The Weibull function was fit next. The results indicated that the extra parameter shown in 

equation 37 was not significant. Thus, the model reduced to the gamma form. This model was fit 

to the white oak data. The result was a growth curve that was bell-shaped, as desired. However, 

upon fitting the model to chestnut oak data, a curve resulted that continually increased for the range 

of the data and beyond. The beta function was introduced at this point as a possible solution. 

The use of the beta function required the specification of a maximum obtainable basal area for the 

species. The champion trees listed in Harlow et al. (1979) were used for this purpose except for 

those species with champion trees in excess of six feet in diameter, in which case, the maximum 

was set at six feet in diameter or 28.27 square feet of basal area. This last restriction applied to white 

oak, chestnut oak, black oak, yellow poplar and hemlock. The model fit for all species except pitch 
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pine. To insure that the curve maintained the desirable shape of skewing right, or at least not 

skewing left, the beta was reparameterized to: 

(39) 

where: 

BAG = basal area growth 

BA = individual tree basal area 

BAmax = maximum obtainable basal area for the species 

x = tree or stand variables that influence growth 

/1 i = species-specific coefficients. 

With this parameterization, /12 could be restricted to a value greater than or equal to zero. If /12 

equals zero, then the curve is symmetric. 

The gamma function can also be forced to reach a maximum and approach zero for large diameters. 

Recall the form of the gamma function given in equation 24 as: 

BAG = aBAfJ.e-)lBA 

By setting y equal to /1 I BA' where BA I is the basal area of maximum growth, the curve is forced 

over at the basal area of maximum growth. Each species that did not behave as desired with the 

original form of the gamma model was refit using this form. The beta model for these species was 

used to determine the basal area of maximum growth. Table 9 of appendix C lists the parameter 

estimates, (1-RMSE) values and form for the gamma and beta models for each species. The 

(1· RMSE) values are generally a small amount higher for the gamma function for each species. 

However, for all practical purposes, they are equivalent. For this reason, results for both functions 

are reported. Figures 4 through 10 of appendix C are 2 and 3 dimensional beta and gamma curves 

for the white oak models. Of particular interest is figure 10 which overlays the gamma and beta 
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models. It can be seen here that for white oak, the beta model maintains a higher maximum than 

the gamma and then falls more quickly. The beta curve will eventually reach zero at 72 inches of 

diameter whereas the gamma asymptotically approaches zero. Table 4 shows the maximum growth 

rate attained by each species and at what diameter it is obtained. Each model (using average values 

for the defoliation, competition and site indices) was used to obtain these maximum growth rates. 

\Vith the exception of blackgum, the models agree within two or three inches. The beta model for 

blackgum predicts the growth rate to maximize at 45 inches dbh, whereas the gamma model pre­

dicts the maximum to occur at 24 inches dbh. 

The variables that were used in the mortality models were also used for the growth models with 

one exception. Site index was tested for significance in the growth models. The results showed that 

it barely raised (l-RMSE), but it was statistically significant at the .05 level for chestnut oak, red 

oak, black oak, red maple, sweet birch and dogwood. Its coefficient remained positive but was not 

significant for white oak, scarlet oak, hemlock and pitch pine. However, because its inclusion 

makes the model theoretically more pleasing, it was retained in the models. For the remaining 

species, the coefficient for site index was negative and nonsignificant. A negative coefficient con­

tradicts theory and for this reason the models for these species do not include site index. 

The defoliation index was a significant variable for growth prediction for five of the fifteen species: 

white, chestnut, red and black oak, and sassafras. These are five of the ten most defoliated species 

(figure 1). Three of the others, aspen, sugar maple and paper birch, did not have enough observa­

tions for fitting a model. However, scarlet oak and hickory had high levels of defoliation and yet 

defoliation was not significant. Either defoliation had little effect on their growth or the defoliation 

index employed did not adequately incorporate defoliation into the models. The remaining five 

species had low defoliation indices (table 6), especially the conifers. Defoliation had little observed 

effect on their growth. 

Table 10 presents predicted basal area growth with varying levels of defoliation for white oak, 

chestnut oak, red oak, black oak and sassafras. These are the species whose equations included the 
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Table 4. Comparison of maximum growth rates between gamma and beta models 

species model 

white gamma 
oak beta 
chestnut gamma 
oak beta 
red gamma 
oak beta 
black gamma 
oak beta 

scarlet garruna 
oak beta 

red gamma 
maple beta 
sweet gamma 
birch beta 

hickory gamma 
beta 

yellow gamma 
poplar beta 

black gamma 
gum beta 
sassa gamma 
fras beta 
dog gamma 
wood beta 
white gamma 
pine beta 
hemlock gamma 

beta 
pitch gamma 
pine beta 

Basal area is in units of square feet. 
Diameter is in units of inches. 

maXimum 
growth rate 

.069622 

.072503 

.093547 
.10039 

.23907 

.24993 

.10261 

.10217 

.28402 

.36374 

.10149 

.10093 

.060899 

.061081 

.084259 

.088752 

.27302 

.27362 

.11353 

.23386 

.18803 

.23946 

.042419 

.052608 

.36222 

.40456 

.31265 

.34742 

.015303 

Maximum basal area is from Harlow et al. (1979). 
Each model was used to predict growth rates over a range of 

dbh at max 
growth rate 

19 
19 

50 
49 

29 
31 

20 
21 

44 
46 

19 
18 

12 
12 

32 
31 

23 
23 

24 
45 

44 
47 

12 
13 

50 
49 

50 
50 

8 

basal areas using average values for defoliation, competition and site 
indices from table 5. 
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maximum 
basal area 

28.27 

28.27 

23.45 

28.27 

23.45 

21.01 

18.30 

14.32 

28.27 

21.88 

23.68 

1.77 

26.26 

28.27 

10.22 
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defoliation index as a predictor variable. The equations predict that basal area growth will decrease 

with increasing defoliation. 

Growth between species agrees with the mean basal area growth for each species found in table 6. 

That is, the order of species arranged from fastest to slowest growing is red oak, black oak, white 

oak, chestnut oak and sassafras in both tables 6 and 10. 
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Conclusions 

Mortality nlodels 

The logistic function proved to be a function that models individual tree mortality well. Percent 

defoliation proved to be a significant variable in predicting the probability of mortality. Three years 

of percent defoliation measurements predicted mortality better than one or two years. Good fits 

(R = .4 +) were obtained for five commercially important hardwood species: white oak, chestnut 

oak, red oak, black oak and hickory. The models for these species may be employed with some 

degree of confidence. However, they have not yet been validated with an independent set of data. 

This needs to be done to test their predictive ability. The other species lacked either significant 

defoliation levels or mortality rates to produce good fits. This should be considered before these 

models are used. The models for white pine and yellow poplar should not be used at all since they 

were constructed with so few mortality trees in their data (table 3). 

Future research might include the validation of these models. Also, a model that includes a variable 

that combines three years of defoliation and yet retains the ability to distinguish between patterns 
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of defoliation, may be more informative. This would eliminate the need to remove from the data 

the trees that died in the frrst two years. 

Grolvtlz models 

The beta and gamma models proved to be good models for basal area growth. They fit the data 

in this study well for most of the species and maintained behavior consistent with biological theory. 

Again, however, the models need to be validated with a separate, independent set of data. 

Defoliation was a significant variable in growth prediction for five species: white oak, chestnut oak, 

red oak, black oak and sassafras. From this, it can be concluded that either defoliation had little 

effect on the growth of the other species or the defoliation index was inadequate. The index used 

did not distinguish between different patterns of three consecutive years of defoliation. Future re­

search should address this point. 

Because the beta and gamma models fit equally well within the. range of the data for most of the 

species, it may be personal preference that dictates which form to use. The beta requires the spec­

ification of a maximum obtainable basal area and the gamma requires the specification of a basal 

area of maximum growth rate. The beta reached zero at the maximum basal area, the gamma 

asymptotically approaches zero. They may differ more when applied to large diameter trees. This 

is another area that merits further investigation. The models in this study were developed without 

observations over 34 inches dbh, most without any over 24 inches dbh. 
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Table 5. Data summary for mortality trees of each species. 

standard minimum 
variable N mean deviation value 

White oak 

DSH 1980 72 7.558 3.732 3.2 
%DF 1980 72 30.42 25.75 0 
%DF 1981 59 54.75 30.42 10 
°/oDF 1982 40 49.00 27.16 10 
SA 1980 72 0.3865 0.4197 0.0558 
STAND SA 72 98.25 25.49 46.91 
COMP INDEX 72 0.8710 0.3789 0.3179 
SITE INDEX 72 68.96 10.68 45 
STAND AGE 72 74.60 20.02 40 

Chestnut oak 

DBH 1980 705 8.123 3.971 3.0 
%DF 1980 705 31.76 19.59 0 
%DF 1981 618 79.61 27.65 0 
%DF 1982 430 53.74 30.14 0 
BA 1980 705 0.4458 0.4613 0.0491 
STAND SA 705 101.0 24.17 32.68 
COMP INDEX 705 0.9460 0.3840 0.2486 
SITE INDEX 705 60.21 13.27 25 
STAND AGE 705 71.84 19.80 36 

Red oak 

DBH 1980 ISO 8.323 4.926 3.1 
°/oDF 1980 150 23.60 14.89 0 
%DF 1981 127 51.65 32.24 10 
%DF 1982 107 32.90 23.27 0 
BA 1980 150 0.5093 0.6882 0.0524 
STAND BA 150 97.44 24.63 36.64 
COMP INDEX 150 0.9730 0.4716 0.3512 
SITE INDEX 150 61.43 14.03 32 
STAND AGE ISO 68.99 16.99 36 

Black oak 

DBH 1980 146 8.866 4.742 3.1 
%DF 1980 146 30.27 22.86 0 
°/oDF 1981 123 74.80 28.90 10 
%DF 1982 99 40.10 25.17 10 
BA 1980 146 0.5505 0.5930 0.0524 
STAND BA 146 101.31 25.13 36.64 
COMP INDEX 146 1.015 0.4613 0.4109 
SITE INDEX 146 63.66 12.97 30 
STAND AGE 146 70.81 18.33 39 

DBH = diameter at breast height (in inches) % DF = percent defoliation 
BA = basal area (in square feet) IPA = trees per acre 
COMP INDEX = competition index = ~BA/STAND BA/TPA 
STAND AGE in years 
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maximum 
value 

20.0 
100 
100 
100 

2.182 
170.0 
1.985 

95 
139 

24.9 
100 
100 
100 

3.381 
170.0 
2.709 

98 
161 

30.4 
90 
100 
100 

5.040 
186.6 
3.191 
100 
139 

22.2 
90 
100 
100 

2.688 
166.8 
2.289 

99 
117 

51 



Table 5 (cont). Data summary for mortality trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

Scarlet oak 

DBH 1980 34 9.276 4.368 3.0 19.6 --

%DF 1980 34 18.23 11.93 0 50 
%DF 1981 28 58.21 33.67 20 100 
%DF 1982 27 27.04 14.09 10 70 
BA 1980 34 0.5703 0.5385 0.0491 2.095 
STAND BA 34 91.97 24.32 32.71 135.9 
COMP INDEX 34 1.088 0.3859 OA161 2.119 
SITE INDEX 34 65.09 13A5 44 100 
STAND AGE 34 64.59 15.08 38 92 

Red maple 

DBH 1980 107 4.810 2.010 3.0 13.9 
%DF 1980 107 10A7 11.60 0 60 
%DF 1981 88 29.09 32.68 0 100 
%DF 1982 65 18.77 22.74 0 100 
BA 1980 107 0.1480 0.1563 0.0491 1.054 
STAND BA 107 95.78 29.62 32.30 192.7 
COMP INDEX 107 0.5791 0.1939 0.2797 1.308 
SITE INDEX 107 65.93 14.57 31 98 
STAND AGE 107 66.66 16.85 17 124 

Sweet birch 

DBH 1980 65 6.243 3.267 3.0 20.3 
°loDF 1980 65 4.308 7.064 0 40 
%DF 1981 55 29A5 34.50 0 100 
%DF 1982 45 12.22 15.65 0 100 
BA 1980 65 0.2699 0.3581 0.0491 2.247 
STAND BA 65 100.0 20.52 62.64 163.8 
COMP INDEX 65 0.7731 0.3313 0.3253 1.803 
SITE INDEX 65 65.26 18.22 25 99 
STAND AGE 65 64.17 22.85 17 116 

Hickory 

DBH 1980 73 6.829 3.761 3.0 19.7 
%DF 1980 73 18.22 13A7 0 50 
%DF 1981 60 54.33 35.91 0 100 
°loDF 1982 33 50.00 36.57 0 100 
BA 1980 73 0.3304 0.3996 0.0491 2.117 
STANDBA 73 106.3 24.60 38.40 163.8 
COMP INDEX 73 0.7256 0.3284 0.2927 1.637 
SITE INDEX 73 70.25 11.43 41 99 
STAND AGE 73 74.18 15.89 50 161 
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Table 5 (cont). Data summary for mortality trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

Yellow poplar 

DBH 1980 11 5.254 1.964 3.0 9.1 
%DF 1980 11 11.82 13.28 0 40 
%DF 1981 10 6.000 6.992 0 20 
%DF 1982 7 7.143 7.559 0 20 
BA 1980 11 0.1697 0.1266 0.0491 0.4516 
STAND BA 11 119.0 18.58 73.56 146.1 
COMP INDEX 11 0.6384 0.1580 0.3634 0.8791 
SITE INDEX 11 73.54 8.641 50 82 
STAND AGE 11 76.18 13.41 63 108 

Blackgum 

DBH 1980 8 3.937 5.153 3.4 5.0 
%DF 1980 8 1.250 3.535 0 10 
°/oDF 1981 4 35.00 45.09 0 100 
%DF 1982 3 3.333 5.773 0 10 
BA 1980 8 0.0858 0.0235 0.0630 0.1363 
STAND BA 8 83.06 20.46 46.65 117.7 
COMP INDEX 8 0.5539 0.2079 0.3951 1.026 
SITE INDEX 8 53.37 15.08 31 77 
STAND AGE 8 70.62 23.35 38 114 

Sassafras 

DBH 1980 112 4.912 1.702 3.0 14.8 
%DF 1980 112 9.821 11.31 0 50 
%DF 1981 83 28.07 34.41 0 100 
%DF 1982 60 10.00 10.08 0 30 
BA 1980 112 0.1473 0.1359 0.0491 1.195 
STAND BA 112 97.37 30.86 35.53 163.1 
COMP INDEX 112 0.6333 0.1646 0.3464 1.095 
SITE INDEX 112 63.21 13.66 30 91 
STAND AGE 112 66.00 16.74 31 129 

Dogwood 

DBH 1980 176 3.828 0.8638 2.7 10.4 
%DF 1980 176 4.261 6.971 0 40 
%DF 1981 161 14.66 19.78 0 100 
°/oDF 1982 119 28.74 33.84 0 100 
BA 1980 176 0.0840 0.0503 0.0398 0.5899 
STAND BA 176 99.61 25.78 38.88 163.8 
COMP INDEX 176 0.4528 0.1233 0.2592 1.081 
SITE INDEX 176 70.50 10.64 43 99 
STAND AGE 176 79.23 23.57 36 161 
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Table 5 (cont). Data summary for mortality trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

\Vhite pine 

DBH 1980 2 2.900 0.2828 2.7 3.1 
%DF 1980 2 0.0 0.0 0 0 
%DF 1981 2 0.0 0.0 0 0 
°/oDF 1982 2 0.0 0.0 0 0 
BA 1980 2 0.0461 0.0089 0.0398 0.0524 
STAND BA 2 92.18 23.56 75.53 108.8 
COMP INDEX 2 0.3961 0.0681 0.3480 0.4443 
SITE INDEX 2 88.00 2.828 86 90 
STAND AGE 2 76.50 14.85 66 87 

Hemlock 

DBH 1980 4 4.900 1.395 3.7 6.3 
°/oDF 1980 4 0.0 0.0 0 0 
%DF 1981 3 0.0 0.0 0 0 
%DF 1982 2 0.0 0.0 0 0 
BA 1980 4 0.1389 0.0750 0.0747 0.2165 
STAND BA 4 155.5 35.88 123.2 186.6 
COMP INDEX 4 0.6260 0.2189 0.4383 0.8510 
SITE INDEX 4 59.00 8.042 53 70 
STAND AGE 4 76.25 21.84 54 95 

Pitch pine 

DBH 1980 25 6.836 2.816 3.3 13.3 
°loDF 1980 25 1.200 6.000 0 30 
%DF 1981 17 7.647 24.88 0 100 
%DF 1982 9 0.0 0.0 0 0 
BA 1980 25 0.2964 0.2440 0.0594 0.9648 
STAND BA 25 64.38 20.12 27.16 117.0 
COMP INDEX 25 1.022 0.3909 0.5237 1.948 
SITE INDEX 25 49.80 12.84 30 77 
STAND AGE 25 58.56 16.83 40 120 
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Table 6. Data summary for surviving trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

White oak 

DBH 1980 341 9.858 3.952 3.2 24.6 
DBH 1985 341 10.20 4.103 3.1 25.3 
°/oDF 1980 341 18.71 15.32 0 90 
%DF 1981 341 30.59 23.29 0 100 
%DF 1982 341 28.30 12.39 0 90 
DF INDEX 341 0.7759 0.3294 0.2000 1.900 
BA 1980 341 0.6150 0.5329 0.0558 3.300 
BA 1985 341 0.6589 0.5681 0.0524 3.491 
BAG '80-85 341 0.0448 0.0483 0.0010 0.2953 
STAND BA 341 91.53 24.74 20.39 192.7 
COMP INDEX 341 1.156 0.3884 0.2988 2.536 
SITE INDEX 341 68.47 13.43 33 100 
STAND AGE 341 73.74 16.05 36 139 

Chestnut oak 

DBH 1980 3571 8.513 3.516 2.9 26.7 
DBH 1985 3571 8.825 3.583 3.1 27.6 
%DF 1980 3571 22.34 11.49 0 90 
%DF 1981 3571 56.20 34.85 0 100 
°/oDF 1982 3571 29.36 14.69 0 100 
DF INDEX 3571 1.079 0.3777 0.0 2.500 
BA 1980 3571 0.4626 0.4153 0.0459 3.888 
BA 1985 3571 0.4948 0.4343 0.0524 4.155 
BAG '80-85 3571 0.0329 0.0326 0.0010 0.6636 
STAND BA 3571 85.14 24.94 17.12 170.0 
COMP INDEX 3571 1.116 0.3733 0.2486 3.201 
SITE INDEX 3571 54.21 13.46 25 100 
STAND AGE 3571 85.14 24.94 17.12 170.0 

Red oak 

DBH 1980 1167 9.344 4.380 3.0 33.2 
DBH 1985 1167 9.899 4.552 3.1 34.1 
°/oDF 1980 1167 17.50 10.37 0 70 
%DF 1981 1167 39.42 32.36 0 100 
°/oDF 1982 1167 18.29 11.56 0 90 
DFINDEX 1167 0.7521 0.3634 0.0 2.200 
BA 1980 1167 0.5807 0.6151 0.0491 6.012 
BA 1985 1167 0.6464 0.6642 0.0524 6.342 
BAG '80-85 1167 0.0671 0.0670 0.0010 0.4881 
STAND BA 1167 92.00 23.63 21.59 186.59 
COMP INDEX 1167 1.145 0.4680 0.2632 3.202 
SITE INDEX 1167 58.82 13.80 31 100 
STAND AGE 1167 68.51 18.61 31 159 

COMP INDEX = competition index = ..jBA/STAND BA{fPA 
OF INDEX = defoliaton index (o/IIDF80 + %DF81 + %DF82)/300 
BAG = basal area growth = (BA 1985 - BA 1980) 
DBH = diameter at breast height (in inches) BA = basal area (in square feet) 
TPA = trees per acre %DF = percent defoliation 
STAND AGE in years 
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Table 6 (cont). Data summary for surviving trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

Black oak 

DBB 1980 397 9.916 4.329 3.1 25.4 
DBH 1985 397 10.36 4.444 3.1 26.0 
%DF 1980 397 20.15 13.52 0 90 
%DF 1981 397 48.71 32.46 0 100 
%DF 1982 397 22.62 13.81 0 100 
OF INDEX 397 0.9149 0.4001 0.0 2.4000 
BA 1980 397 0.6383 0.5619 0.0524 3.519 
BA 1985 397 0.6932 0.5946 0.0524 3.687 
BAG '80-85 397 0.0553 0.0486 0.0010 0.2364 
STAND BA 397 93.78 25.61 17.12 170.0 
COMP INDEX 397 1.212 0.4396 0.3044 3.873 
SITE INDEX 397 63.12 13.84 28 95 
STAND AGE 397 69.41 20.62 36 177 

Scarlet oak 

DBH 1980 151 9.717 3.586 3.2 18.0 
DBH 1985 151 10.17 3.744 3.3 19.1 
°/oDF 1980 151 14.64 9.714 0 40 
%DF 1981 151 45.23 32.27 0 100 
%DF 1982 151 18.15 9.550 0 60 
DFINDEX 151 0.7801 0.3747 0.3000 1.800 
BA 1980 151 0.5846 0.4049 0.0558 1.767 
BA 1985 151 0.6405 0.4433 0.0594 1.990 
BAG '80-85 151 0.0563 0.0475 0.0010 0.2361 
STAND BA 151 90.32 23.71 32.30 135.9 
COlVIP INDEX 151 1.271 0.3861 0.4765 2.537 
SITE INDEX 151 65.65 13.95 33 100 
STAND AGE 151 60.81 13.86 38 138 

Red maple 

DBB 1980 2308 5.278 2.263 1.1 18.8 
DBB 1985 2308 5.731 2.355 3.0 19.0 
%DF 1980 2308 7.075 8.363 0 60 
°/oDF 1981 2308 16.68 20.26 0 100 
%DF 1982 2308 11.45 9.962 0 90 
DF INDEX 2308 0.3521 0.2551 0.0000 1.700 
BA 1980 2308 0.1799 0.1898 0.0066 1.928 
BA 1985 2308 0.2094 0.2072 0.0491 1.969 
BAG '80-85 2308 0.0300 0.0315 0.0010 0.2191 
STAND BA 2308 89.08 27.13 20.39 192.7 
COMP INDEX 2308 0.6728 0.2696 0.1353 2.900 
SITE INDEX 2308 60.72 14.47 25 100 
STAND AGE 2308 69.04 17.85 17 177 
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Table 6 (cont). Data summary for surviving trees of each species. 

standard minimum maxunum 
variable N mean deviation value value 

Sweet birch 

DBH 1980 1114 6.395 2.811 2.8 19.9 
DBH 1980 1114 6.898 2.820 3.0 20.1 
%DF 1980 1114 2.531 5.467 0 60 
%DF 1981 1114 16.40 24.32 0 100 
%DF 1982 1114 7.998 7.514 0 40 
DFINDEX 1114 0.2693 0.2627 0.0 1.400 
BA 1980 1114 0.2661 0.2700 0.0427 2.160 
BA 1985 1114 0.3028 0.2812 0.0491 2.203 
BAG '80-85 1114 0.0374 0.0327 0.0010 0.2621 
STANDBA 1114 90.34 24.01 29.87 186.6 
CaMP INDEX 1114 0.8395 0.3403 0.3117 2.467 
SITE INDEX 1114 57.78 15.61 25 100 
STAND AGE 1114 66.97 22.72 17 161 

Hickory 

DBH 1980 281 7.326 3.594 2.8 19.0 
DBH 1985 281 7.655 3.707 3.0 19.8 
%DF 1980 281 14.98 14.42 0 90 
%DF 1981 281 26.48 23.74 0 100 
%DF 1982 281 26.26 21.01 0 100 
DF INDEX 281 0.6772 0.3646 0.0 1.800 
BA 1980 281 0.3629 0.3583 0.0428 1.969 
BA 1985 281 0.3943 0.3856 0.0491 2.138 
BAG '80-85 281 0.0321 0.0382 0.0010 0.2212 
STAND BA 281 95.66 29.81 33.64 170.0 
caMP INDEX 281 0.8550 0.4157 0.2482 2.385 
SITE INDEX 281 71.42 12.81 38 100 
STAND AGE 281 75.70 19.01 41 139 

Yel10w poplar 

DBH 1980 163 9.639 5.173 3.0 27.4 
DBH 1985 163 10.67 5.387 3.1 28.1 
%DF 1980 163 4.663 7.394 0 40 
%DF 1981 163 4.601 10.44 0 100 
%DF 1982 163 6.258 6.294 a 20 
DFINDEX 163 0.1552 0.1540 0.0 1.100 
BA 1980 163 0.6517 0.7198 0.0491 4.095 
BA 1985 163 0.7782 0.7897 0.0524 4.306 
BAG '80-85 163 0.1265 0.1038 0.0010 0.4909 
STAND BA 163 111.7 23.86 38.88 155.8 
caMP INDEX 163 1.088 0.5102 0.3341 2.647 
SITE INDEX 163 72.88 9.922 50 100 
STAND AGE 163 80.75 15.71 40 139 
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Table 6 (cont). Data summary for surviving trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

B1ackgum 

DBH 1980 745 4.640 1.873 2.9 20.5 
DBH 1985 745 5.122 1.916 3.1 21.1 
%DF 1980 745 2.282 5.834 0 80 
%DF 1981 745 17.19 29.87 0 100 
%DF 1982 745 5.919 6.897 0 40 
DF INDEX 745 0.2540 0.3188 0.0 1.400 
BA 1980 745 0.1365 0.1873 0.0459 2.292 
BA 1985 745 0.1631 0.1967 0.0524 2.428 
BAG '80-85 745 0.0269 0.0219 0.0010 0.1448 
STAND BA 745 89.13 30.57 17.12 192.7 
COMP INDEX 745 0.6317 0.2472 0.2592 2.428 
SITE INDEX 745 57.75 13.54 25 99 
STAND AGE 745 69.97 16.73 38 138 

Sassafras 

DBH 1980 445 5.520 2.167 2.7 13.7 
DBH 1985 445 5.885 2.259 3.0 14.0 
%DF 1980 445 8.719 9.676 0 50 
%DF 1981 445 25.15 33.52 0 100 
%DF 1982 445 9.865 8.801 0 70 
DFINDEX 445 0.4373 0.3518 0.0 1.700 
BA 1980 445 0.1917 0.1673 0.0398 1.024 
BA 1985 445 0.2166 0.1843 0.0491 1.069 
BAG '80-85 445 0.0252 0.0259 0.0010 0.2168 
STAND BA 445 92.15 31.51 20.39 163.1 
COMP INDEX 445 0.7133 0.2301 0.2831 1.754 
SITE INDEX 445 62.04 15.30 25 100 
STAND AGE 445 69.47 19.74 31 150 

Dogwood 

DBH 1980 55 3.889 0.8706 3.0 8.3 
DBH 1985 55 4.040 0.9205 3.0 8.8 
%DF 1980 55 4.909 6.346 0 20 
%DF 1981 55 16.00 22.08 0 100 
%DF 1982 55 8.909 10.12 0 50 
DF INDEX 55 0.2982 0.2468 0.0 1.200 
BA 1980 55 0.0865 0.0491 0.0491 0.3757 
BA 1985 55 0.0935 0.0544 0.0491 0.4224 
BAG '80-85 55 0.0078 0.0087 0.0010 0.0466 
STAND BA 55 80.69 34.96 33.64 154.1 
COMP INDEX 55 0.4417 0.1075 0.2746 0.8003 
SITE INDEX 55 76.71 11.96 54 100 
STAND AGE 55 82.27 19.88 55 139 

Appendix A. Summary Statistics 58 



Table 6 (cont). Data summary for surviving trees of each species. 

standard minimum maximum 
variable N mean deviation value value 

White pine 

DBH 1980 264 5.766 3.441 2.8 24.3 
DBH 1985 264 6.386 3.572 2.8 25.8 
%DF 1980 264 0.0758 1.231 0 20 
%DF 1981 264 9.280 21.29 0 100 
%DF 1982 264 0.3030 3.129 0 40 
DFINDEX 264 0.0966 0.2184 0.0 1.000 
BA 1980 264 0.2457 0.4108 0.0428 3.220 
BA 1980 264 0.2917 0.4453 0.0428 3.630 
BAG '80-85 264 0.0467 0.0613 0.0010 0.4889 
STAND BA 264 97.07 26.38 18.94 192.7 
COMP INDEX 264 0.7749 0.4180 0.3175 2.462 
SITE INDEX 264 62.11 13.59 25 90 
STAND AGE 264 70.55 16.63 40 139 

Hemlock 

DBH 1980 143 8.675 4.862 3.0 24.9 
DBH 1985 143 9.261 5.004 3.0 25.8 
%DF 1980 143 0.1399 1.672 0 20 
%DF 1981 143 0.1399 1.178 0 10 
%DF 1982 143 0.0 0.0 0 0 
DF INDEX 143 0.0028 0.0204 0.0 0.200 
BA 1980 143 0.5384 0.6201 0.0491 3.381 
BA 1985 143 0.6034 0.6681 0.0491 3.630 
BAG '80-85 143 0.0651 0.0632 0.0010 0.2845 
STAND BA 143 130.5 41.47 29.87 192.7 
COMP INDEX 143 0.9634 0.4791 0.2622 2.586 
SITE INDEX 143 65.62 15.18 29 90 
STAND AGE 143 68.41 19.79 33 109 

Pitch pine 

DBH 1980 131 7.485 3.376 3.0 18.8 
DBH 1985 131 7.604 3.384 3.0 19.0 
%DF 1980 131 0.5343 3.116 0 20 
%DF 1981 131 0.1527 1.231 0 10 
%DF 1982 131 0.0763 0.8737 0 10 
DFINDEX 131 0.0076 0.0441 0.0 0.400 
BA 1980 131 0.3673 0.3342 0.0491 1.928 
BA 1985 131 0.3773 0.3368 0.0491 1.969 
BAG '80-85 131 0.0128 0.0158 0.0010 0.0715 
STAND BA 131 69.83 18.88 27.16 119.9 
COMP INDEX 131 1.137 0.4239 0.3441 2.605 
SITE INDEX 131 47.59 10.58 25 80 
STAND AGE 131 55.82 12.77 38 129 
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Table 7. Parameter estimates for Dlortality models 

PROB(MORT) = 1/[1 + e - (flo + Plln(C/)+ P2SBA+ P3 DFSO+ P4 DFSl+ Ps DFS2)] 

data Po PI P2 P3 P4 
white oak 

1980 -1.6925 -2.2319 
1980 -2.7728 -2.2296 0.011436 
1980 -2.5532 -2.4213 0.035435 
1981 -4.1455 -2.7697 0.032203 0.034587 
1982 -6.3232 -3.7390 0.035112 

chestnut oak 

1980 -3.8572 0.024080 
1980 -3.9813 -1.4880 0.024874 
1980 -4.9743 -1.5797 0.023138 0.043572 
1981 -6.0733 -1.4885 0.021759 0.038365 0.018086 
1982 -7.1520 -1.8533 0.014388 0.026302 0.015807 

red oak 

1980 -2.0870 -0.88910 
1980 -3.0151 -0.89086 0.0098232 
1980 -3.6661 -0.86459 0.0080035 0.040602 
1981 -4.4572 -0.84458 0.010363 0.038170 0.0098579 
1982 -5.1681 -1.0009 0.0061521 0.026618 0.0092894 

black oak 

1980 -0.96820 -1.3013 
1980 -2.4480 -1.4381 0.015213 
1980 -2.9576 -1.5943 0.011844 0.034717 
1981 -4.4085 -1.5592 0.011626 0.030175 0.022684 
1982 -4.4316 -1.7752 0.0079631 0.016707 

"'data" indicates which yearlSJhseryatjoos ,,,ere used. E.g.) 1982 data had 1980 and ]981 mortality trees removed. 
CI = competition index = (BA/SBA/TPA) (S)BA :::: (stand) basal area in square feet 
TPA :: trees per acre DF8_ = percent defoliation for 198_ 
R ..J((model chi square) - 2p)/-2L(O) P number of parameters 

Ps R 

.315 

.323 

.404 

.501 
0.064048 .613 

.241 

.315 

.392 

.432 
0.051097 .543 

.141 

.160 

.240 

.263 
0.050722 .387 

.204 

.247 

.336 

.421 
0.044464 .462 



>­
~ 
~ 
til 
::::I 
Co 
~. 

~ 

~ 
fII = ::;:' 
fII 

0' .. 
=: 
Q .. 
e.: 
::;.' 

t.C 

=: 
Q g.. 
&i 

Q\ 
N 

Table 7 (cont). Parameter estimates for mortality models 

data Po PI P2 
scarlet oak 

1980 -1.3411 -1.3529 
1981 -1.5399 -1.1923 
1982 -3.1906 

red maple 

1980 -3.6842 -1.1522 
1980 -4.2799 -1.0463 0.0070719 
1980 -4.0176 -1.1473 
1981 -4.3221 -0.81779 
1982 -4.6772 -0.75334 

sweet birch 

1980 -4.3949 0.016326 
1980 -4.4486 0.015572 
1981 -5.2950 0.019494 
1982 -5.3415 0.017177 

hickory 

1980 -2.6953 0.013327 
1980 -2.9782 0.013433 
1981 -4.0816 0.014047 
1982 -4.4924 

yellow poplar 

1980 -3.2613 -2.1202 
1980 -3.7913 -2.1129 
1981 -3.8190 -1.9553 
1982 -4.0934 -2.1341 

P3 ' P4 Ps R 

.155 

.114 
0.066826 .278 

.122 

.130 
0.038891 .170 
0.034669 0.01S195 .200 

0.012121 0.032901 .209 

.125 
0.037893 .140 
0.032173 0.013543 .209 

0.010059 0.028694 .188 

.130 
0.016531 .142 

0.029078 .367 
0.030781 0.032655 .435 

.296 
0.066552 .347 
0.066679 .324 
0.050245 .260 
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Table 7 (cont). Parameter estimates for mortality models 

data Po Pl P2 
blackgum 

1980 No model was fit. 
1981 No model was fit. 
1982 No model was fit. 

sassafras 

1980 -1.9048 ·1.1981 
1981 No model was fit. 
1982 No model was fit. 

dogwood 

1980 -1.0076 0.024118 
1980 -0.011198 1.7918 0.029717 
1982 -2.1394 0.024051 

white pine 

1980 -12.839 -10.568 
1980 -10.374 -13.336 ·0.048405 

hemlock 

1980 No model was fit. 
1981 No model was fit. 
1982 No model was fit. 

pitch pine 

1980 No model was fit. 
1981 No model was fit. 
1982 No model was fit. 

P3 fJ4 Ps R 

.126 

I 

.254 

.278 
0.045753 .413 

.479 

.483 
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Figure 2. Mortality curve for white oak: dbh vs. probability of mortality 
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Table 8. Predicted probabilities of mortality for a range of defoliation. 

PMORT= 1/[1 + e-cPo+Plln(cl)+PlSBA+P3DF80+P4DF81+PsDF82)] 

parameters predicted 
species in model DF80 DF81 DF82 PMORT 

white oak Po PI P2 .02683 

Po PI P3 0 .009358 
50 .05263 

100 .2463 

Po PI p3 {J4 0 0 .001417 
0 50 .007935 
0 100 .04314 

50 0 .007049 
SO 50 .03848 
SO 100 .1841 

100 0 .03430 
100 SO .1668 
100 100 .5302 

Po PI {J4 (Js 0 0 .000069 
0 SO .001697 
0 100 .04011 

50 0 .00040 
50 50 .009739 
SO 100 .1947 

100 0 .002309 
100 50 .05385 
100 100 .5832 

PMORT = predicted probab~Jjty of mortality 
CI = competition index = ..y(BAISBAjTPA) (S)BA = (stand) basal area 
TP A = trees per acre D F8 _ = percent defoliation for 198_ 
Average values for CI and SBA from table 5 were used for each species. 
Parameter estimates from table 7 were used for prediction. 
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Table 8 (cont). Predicted probabilities of mortality for a range of defoliation. 

parameters predicted 
species in model DF80 DF81 DF82 PMORT 

chestnut oak Po PI P2 .05332 

Po PI {J2 P3 0 .01580 
50 .1242 

100 .5561 

Po P. {J2 {J3 {J4 0 0 .005048 
0 50 .01237 
0 100 .03003 

50 0 .03339 
50 50 .07862 
50 100 .1741 

100 0 .1904 
100 50 .3675 
100 100 .5894 

Po PI P2 fJ3 {J4 Ps 0 0 0 .000580 
0 0 50 .007412 
0 0 100 .08768 
0 50 0 .001277 
0 50 50 .01619 
0 50 100 .1748 
0 100 0 .002811 
0 100 50 .03501 
0 100 100 .3183 

50 0 0 .002157 
50 0 50 .02706 
50 0 100 .2636 
50 50 0 .004742 
50 50 50 .05777 
50 50 100 .4410 
50 100 0 .01039 
50 100 50 .1191 
50 100 100 .6349 

100 0 0 .007988 
100 0 50 .0939 
100 0 100 .5715 
100 50 0 .01744 
100 50 50 .1859 
100 50 100 .7462 
100 100 0 .0376 
100 100 50 .3349 
100 100 100 .8663 
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Table 8 (cont). Predicted probabilities of mortality for a range of defoliation. 

parameters predicted 
species in model DF80 DF81 DF82 PMORT 
red oak PDP! P2 .05094 

Po PI P2 P3 0 .02348 
50 .1548 

100 .5824 

POPt P2P3P4 0 0 .01380 
0 50 .02239 
0 100 .03614 

50 0 .08622 
50 50 .1338 
50 100 .2018 

100 0 .3888 
100 50 .5102 
100 100 .6303 

Po PI P2 P3 P4 Ps 0 0 0 .003901 
0 0 50 .04714 
0 0 100 .3845 
0 50 0 .006193 
0 50 50 .07297 
0 50 100 .4985 
0 100 0 .009819 
0 100 50 .1113 
0 100 100 .6127 

50 0 0 .01461 
50 0 50 .1577 
50 0 100 .7208 
50 50 0 .02304 
50 50 50 .2295 
50 50 100 .7900 
50 100 0 .03617 
50 100 50 .3216 
50 100 100 .8569 

100 0 0 .05311 
100 0 50 .4147 
100 0 100 .8995 
100 50 0 .08194 
100 50 50 .5299 
100 50 100 .9344 
100 100 0 .1244 
100 100 50 .6421 
100 100 100 .9577 

Appendix B. Results for Mortality Models 68 



Table 8 (cont). Predicted probabilities of mortality for a range of defoliation. 

parameters predicted 
species in model DF80 DF81 DF82 PMORT 

black oak Po PI P2 .08576 

Po PI P2 P3 0 .03305 
50 .1624 

100 .5239 

Po PI P2 P3 P4 0 0 .008055 
0 50 .02462 
0 100 .07276 

50 0 .03541 
50 50 .10244 
50 100 .2619 

100 0 .1423 
100 50 .3404 
100 100 .6160 

Po PI P2 P4 Ps 0 0 .004378 
0 50 .03903 
0 100 .27282 

50 0 .01004 
50 50 .08563 
50 100 .4638 

100 0 .02284 
100 50 .1776 
100 100 .6660 

hickory POP2 .2178 

Po P2 P3 0 .1750 
50 .3266 

100 .5257 

Po P2 P4 0 .06989 
50 .2433 

100 .5792 

Po PI P4 Ps 0 0 .011070 
0 50 .05418 
0 100 .2267 

50 0 .04958 
50 50 .2107 
50 100 .5774 

100 0 .1956 
100 50 .5544 
100 100 .8643 
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Table 8 (cont). Predicted probabilities of mortality for a range of defoliation. 

parameters predicted 
species in model DF80 DF81 DF82 PMORT 

sweet birch Po P2 .05940 

Po Pl P3 0 .05258 
50 .2696 

100 .7105 

Po P2 P3 P4 0 0 .03404 
0 50 .06486 
0 100 .1201 

50 0 .1497 
50 50 .2573 
50 100 .4055 

100 0 .4680 
100 50 .6339 
100 100 .7731 

Po P2 P4 Ps 0 0 .02599 
0 50 .1007 
0 100 .3199 

50 0 .04225 
50 50 .1563 
50 100 .4375 

100 0 .06800 
100 50 .2345 
100 100 .5625 

red maple Po PI P2 .01465 

PoPtfJ3 0 .009175 
50 .06080 

100 .3115 

Po PI P3 P4 0 0 .008198 
0 50 .01736 
0 100 .03640 

50 a .04469 
50 50 .09092 
50 100 .1761 

100 0 .2094 
100 50 .3615 
100 100 .5475 

Po Pt P4 Ps 0 0 .005979 
0 50 .03022 
0 100 .1390 

50 0 .01091 
50 50 .0540 
50 100 .2284 

100 0 .01981 
100 50 .09481 
100 100 .3518 
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Appendix C. Results for Basal Area Growth Models 
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Table 9. Parameter estimates for gamma and beta growth models 

Gamma: BAG poBAfJlee(fJ2BA+ P3C1+ P4DF1+ PsSBA+ P6ST) 

Beta: BAG = Po( BA )!l{ 1 - ( BA ) ](fI1 + !l,l.e(fl3Cl+ !l4DFI+ !l,SBA+ !l,S!) 
BAmax BAmu 

species Po Pt P2 P3 P4 (is 
white G .036847 1.0 -.52301 .83854 -.27574 
oak B 1.5906 1.0994 14.409 .80576 -.27009 

chestnut G .030911 .42900 -( PI 113.63) .50518 -.33466 
oak B .12452 .41980 .066609 .50201 -.33450 

red G .12444 1.0 -.21924 -.31241 
oak B 1.7840 .88194 2.2757 -.30617 

black G .084124 1.0 -.44222 .26777 -.28775 
oak B 1.3865 .88514 8.6446 .27982 w.28409 

scarlet G .055871 .84264 -( PI /I0.56) .34915 
oak B .70353 .81180 0.0 .34233 

red G .16102 .76196 -.40324 -.0042839 
maple B 1.5994 .75770 7.2427 -.0042820 

sweet G .087632 .72856 -.91449 
birch B .68746 .71817 15.000 

BA ;::: basal area in square " BAG basal area growth 
CI competition index;::: BA/SBA{fPA 
TPA trees per acre SBA = stand basal area 
%OF == percent defoliation Sl = site index 
OFJ ;:; defoliation index;::: (%DF80 + %DF81 + %DF82)/300 

(i6 lwRMSE 

.0034055 .5686 

.0034846 .5680 

.0039293 .3681 

.0038915 .3679 

.0062960 .5738 

.0065459 .5748 

.0051028 .5181 

.0054089 .5174 

.00058962 .6266 

.00046957 .6242 

.0032570 .2901 

.0032468 .2901 

.0091780 .1967 

.0091696 .1968 
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Table 9 (cont). Parameter estimates for gamma and beta growth models 

species Po PI P2 P3 P4 
hick G ,032672 .55957 -( PI /5.5&5) .63677 
-ory B .13611 .54417 .37115 .62743 

yellow G .25&49 .76080 -.26045 
poplar B 3. 0774 .74819 5.8710 

black G .19615 .61806 -( PI /3.141) 
gum B .97548 .56278 0.0 

sass- G .067178 .66202 -( PI /10.56) .41&15 -.38287 
afras B .52305 .65363 0.0 041105 -.38457 

dog- G .066877 1.4762 -( PI /.7854) 
wood B .076980 1.2800 0.0 

white G .20732 .61598 -( PI /13.63) 
pine B 1.4760 .60178 0.0 

hem- G .21266 .64255 -( PI /13.63) 
lock B 1.6621 .62235 .069140 

pitch G .022875 1.0 -3.1271 104338 
pine B No model was fit. 

Ps P6 l-RMSE 

.49&1 

.4963 

.5116 

.5114 
-.0071370 .2941 
-.0072701 .2989 

.4030 
04020 

-.013847 .032523 04803 
-.013389 .032282 04750 

I 

-.0044828 .3215 
-.0047392 .3200 
-.0056653 .0013522 .5989 
-.0056742 .0012839 .5961 

.0023503 .2236 

--



BETA GROWTH MODEL FOR WHITE OAK 

PREDBAG 

0.089 

0.060 

0.030 

0.000 .-...... ~ __ 
5 

USED MODEL AND PARRMETER ESTIMATES FROM TABLE 9 
COMPETITION INDEX. 1.156 FROM TABLE 6 

SITE INDEX c 68.Q7 FT FROM TABLE 6, MAX BA = 28.21 SO FT 
PREDBAG = PREDICTED BASAL AREA GROWTH (SO FTl 

OFt ~ DEFOLIATION INDEX. DBH = DIAMETER AT BREAST HEIGH (IN) 

Figure 4. 3-dimensional (wI defoliation) beta growth curve for white oak 
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PREDBAG 

0.32 

0.21 

0.11 

0.00 
5 

BETA GROWTH MODEL FOR WHITE OAK 

USED HODEL AND PARAMETER ESTIMATES FROH TABLE 9 
DEFOLIATION INDEX • .7759 FROM TABLE 6. MAX SA = 28.21 sa FT 

SITE INDEX c 68.ij7 FT FR~M TABLE 6 
PREDBAG = PREDICTED BASAL AREA GROWTH (sa FTJ 

CI z COMPETITION INDEX, DSH = DIAMETER AT BREAST HEIGH (IN) 

Figure 5. 3-dimensional (wI competition) beta growth curve for white oak 
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0.081 

0.027 

0.000 

BETA GROWTH MODEL FOR WHITE OAK 

USED MeDEL AND PARAMETER ESTIMATES FROM TABLE 9 
COMPETITION INDEX. 1.156 FROM TABLE 6 

DEFOLIATION INDEX = .7759 FROM TABLE 6, MAX BA = 28.27 SQ FT 
PREDBAG = PREDICTED BASAL AREA GROWTH (SQ FT) 

51 • SITE INDEX (FT) I OBH = DIAMETER AT BREAST HEIGH (IN) 

Figure 6. 3-dimensional (wI site index) beta growth curve for white oak 
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PREDBAG 

0.086 

0.058 

0.029 

0.001 
5 

GAMMA GROWTH MODEL FOR WHITE OAK 

DBH 

USED MODEL AND PAAAHETER ESTIMATES FROM TABLE 9 
COMPETITION INDEX. 1.156 FROM TRBLE 6 

SITE INDEX & 68.Q7 FT FROM TABLE 6 
PREDBAG = PREDICTED BASAL AREA GROWTH (SO FTl 

OFt c DEFOLIRTION INDEX. DBH = DIAMETER AT BRERST HEIGH (IN) 

Figure 7. 3-dimensional (wI defoliation) gamma growth curve for white oak 
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GAMMA GROWTH MODEL FOR WHITE OAK 

USED MODEL AND PARAMETER ESTIMATES FROM TABLE 9 
DEFOLIATION INDEX •• 7759 FROM TABLE 6 

SITE INDEX • 68.~7 FT FROM TR8LE 6 
PREOBAG • PREDICTED BASAL AREA GROHTH (Sa FT) 

CI = C8HPETITI8N INDEX. OSH • DIAMETER AT BREAST HEIGH (IN) 

Figure 8. 3-dimensional (wI competition) gamma growth curve for white oak 
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GAMMA GROWTH MODEL FOR WHITE OAK 

0.078 

0.052 

0.026 

O. 00 1 JtC..L1.I.tI< __ 

USED M~DEL AND PARAMETER ESTIMATES FROM TABLE 9 
C~MPETITI~N INDEX • 1.156 FR~M TABLE 6 
DEFCLIATI~N INDEX = .1759 FROM TA8LE 6 

PREOBAG = PREDICTED BASAL AREA GROHTH (sa FT) 
51 -= SITE INDEX (FTl. DBH = DIAMETER AT BREAST HEIGH lIN) 

Figure 9. 3-dimensional (wi site index) gamma growth curve for white oak 
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COMPARISON OF GAMMA AND BETA GROWTH MODELS 

0.08 

0.06 

0.05 

O.OI.! 

0.03 

0.02 

o 

FOR WHITE OAK 

10 20 30 110 

DIAMETER AT BREAST HEIGHT (INCHES) 

------ • BETA ------ • GAMMA 
COMPETITION INDEX. 1.156, DEFOLIATION INDEX z .7759 

AND SITE INDEX = 68.1.!7 fT fROM TABLE 5 
MAXIMUM BASAL AREA • 28.27 SQ FT 

Figure 10. Comparison of gamma and beta growth curves for white oak 
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Table 10. Predicted basal area growth with varying levels of defoliation 

Gamma: BAG = poBAfJlee(fJ2BA+ fJ3C1+ P4DF1+ PsSBA+ P6Sl) 

Beta: BAG = Po( BA )p{ I - ( BA ) J(.81 + P').e(.8,CI+ P~F1+ p,SBA+ p"sl) 
BAmax BAmax 

Defoliation index level 

species 0 0.5 1 1.5 

white G .05468 .04764 .04150 .03616 
oak B .05418 .04734 .04136 .03613 

chestnut G .04759 .04026 .03405 .02881 
oak B .04752 .04020 .03401 .02877 

red G .09214 .07882 .06742 .05767 
oak B .09282 .07965 .06834 .05864 

black G .07730 .06694 .05797 .05020 
oak B .07687 .06669 .05786 .05020 

sasa G .02997 .02474 .02043 .01687 
fras B .02995 .02471 .02038 .01682 

BA = basal area in square r:)t BAG = basal area growth (sq ft) 
CI = competition index = BA/SBAfTPA 
TPA trees per acre SBA stand basal area 
%OF :;;:; percent defoliation SI site index (ft) 
OFI = defoliation index = (OfoOF80 + %OF81 + OfoDF82)/300 
Equations and parameter estimates taken from table 9. 
A verage values for BA, CI and SBA taken from table 6 were used for each species. 

2 2.5 

.03150 .02744 

.03157 .02758 

.02437 .02061 

.02434 .02059 

.04933 .04219 

.05032 .04318 

.04348 .03765 

.04355 .03778 

.01393 .01151 

.01388 .01145 

3 

.02391 

.02410 I 

.01744 

.01742 

.03609 

.03705 

.03260 
j .03278 

.009501 

.009447 
I 
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//C2042JA JOB 25BBO,AMRHEIN,TIME=2,REGION=3072K 
/*PRIORITY STANDARD 
/*ROUTE PRINT VTVMl.AMRHEIN 
/*JOBPARM LINES=30 
//STEPl EXEC SAS 
//TREES DD DSN=A2SBBO.YELPOP.DATA,DISP=(OLD,KEEP),UNIT=SYSDA 
//SYSIN DD * 
OPTIONS LINESIZE=72; 
*------------------------------------------------------------------; * CHANGE SPECIES NAME IN LINE 6 OF JCL ABOVE. ; 
*------------------------------------------------------------------; OPTIONS LINESIZE=72; 
DATA DATl(KEEP=LOC PLOT TREE D80 CC80 CCL80 DF80 CC81 DF81 CC82 DF82 

D8S CC8S SLOPE pas MOIST ASPECT SI ELEV AGE SBA TPA DEAD); 
*------------------------------------------------------------------j * CHANGE SPECIES NAME IN SET COMMAND BELOW. ; 
*------------------------------------------------------------------; SET TREES.YELPOP; 
IF D85=0 THEN DEAD=l; 

ELSE DEAD=O; 
*------------------------------------------------------------------; * THE FOLLOWING STATEMENTS CALCULATE THE VARIBLES FOR THE FIT ; 
*------------------------------------------------------------------i DATA DAT80; SET DATI; 

BA80=.OOS454*(D80/10)*(D80/10); 
CII=BA80/CSBA/TPA); 
CI2=SQRTC'CIl) ; 
LNCI2=LOGCCI2); . 

*------------------------------------------------------------------; * PROC LOGIST FITS THE MORTALITY MODEL. ; 
*------------------------------------------------------------------; PROC LOGIST PCOR CT OUT=COVAR80 

OUTP=PRED80CKEEP=LOC PLOT TREE DEAD _P __ LOWER __ UPPER_); 
MODEL DEAD=DF80 LNCI2; 

*PROC PRINT DATA=PRED80; 
*; 
DATA DAT81; SET DAT80; 

IF CC81>3 THEN DELETE; 
*; 
*PRoC LOGIST PCOR NOS CT OUT=COVAR81 

OUTP=PRED81(KEEP=LOC PLOT TREE DEAD _LOWER __ P __ UPPER_); 
* MODEL DEAD=DF80 DF81 LNCI2; 
*; 
DATA DAT82; SET DAT81; 

IF CC82>3 THEN DELETE; 
3E; 

-*PROC LOGIST PCOR NOS CT OUT=COVAR82 
OUTP=PRED82CKEEP=LOC PLOT TREE DEAD _P __ LOHER __ UPPER_); 

* MODEL DEAD=DF80 DF81 DF82 LNCI2 SBA; 
*J 
*-----------------------------------------------------------------; * PROC MATRIX CALCULATES THE DIAGNOSTICS. BE SURE TO REPLACE ALL ; 
* NECESSARY INFORMATION FOR THE SPECIES UNDER INVESTIGATION. IN ; 

.* LINES 2, 3, AND 4 BELOW, REPLACE DATASET AND VARIABLE NAMES. ; 

.*-----------------------------------------------------------------J 
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PROC MATRIX; 
FETCH P DATA=PRED80; 
FETCH XVARS DATA=DAT80(KEEP=DF80 LNCI2); 
FETCH COVB DATA=COVAR80(FIRSTOBS=2); 
*-------------------------------------------------------------------; * THE STATEMENTS BELOW CALCULATE THE CHI SQUARE VALUE FOR EACH OBS. ; 
*-------------------------------------------------------------------; Y=PC,4); PHAT=P(,6); 
RESID2=(Y-PHAT)112; 
VAR=PHATICI-PHAT); 
CHISQ=RESID2./VAR; 
*PRINT CHISQ; 
*-------------------------------------------------------------------; * THE STATEMENTS BELOW CALCULATE THE HAT VALUE FOR EACH OBS. ; 
*-------------------------------------------------------------------; N=NROW(XVARS); 
K=NCOL(XVARS)j 
P=K+l; 
X=J.(N,P); 
X(,2:P)=XVARS(,I:K); 
H=J(N,l,I); 
OBS=J(N,l,I); 
DO 1=1 TO Ni 

H(I,)=XCI,)*COVB*XCI,)'; 
OBS(I,I)=I; 

END; 
HAT=HIVAR; 
SUM=HAT(+,)j 
*----------------------------------------------------------------j * THE FOLLOWING STATEMENTS CALCULATE THE DELTA BETA DIAGNOSTIC. ; 
*----------------------------------------------------------------; DELTAB=J(P,N,l); 
DO 1=1 TO Ni 

DELTAB(,I)=(COVB*X(I,)'*(RESID2(I,)I'.S»I/(1-HAT(I,»; 
END; 
DELTABT=DELTAB'; 
STDDIF=J(P,N,l); 
DO 1=1 TO P; 

STDDIF(I,)=DELTABCI,)I/COVB(I,I)II.5; 
END; 
*------------------------------------------------------------------; * THE STATEMENTS BELOW CALCULATE THE CI DISPLACEMENT AND THE 
* CHI-SQUARE DIAGNOSTIC. ; 
*------------------------------------------------------------------; CIDISP=(CHISQIHAT)I/(l-HAT); 
.DELTACHI=CHISQI/(I-HAT); 
*-------------------------------------------------------------------; * THE STATEMENTS BELOW PREPARE THE DATASETS FOR PLOTTING. ; 
*-------------------------------------------------------------------; STDDIFT=STDDIF'; 
OUTPUT OBS OUT=OBS; 
OUTPUT STDDIFT QUT=STDDIFT; 
OUTPUT CIDISP OUT=CIDISP; 
OUTPUT DELTACHI OUT=DELTACHI; 

:*PRINT X COVB CHISQ HAT SUM DELTABT CIDISP DELTACHI; 
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*--------------------------------------------------------------j * THE STATEMENTS BELOW PLOT THE STADARDIZED DIF .VS. OBS. BE j * SURE TO CHANGE THE BETAS TO THE CORRECT NAME AND NUMBER. j 

*--------------------------------------------------------------j DATA OBSj SET OBS; 
RENAME COLl=Ni 

DATA STDDIFTi SET STDDIFTj 
RENAME COLl=BO COl2=Bl COl3=B2; 

DATA CIDISP; SET CIDISP; 
RENAME COll=CIDISPLi 

DATA DElTACHI; SET DELTACHI; 
RENAME COLl=DElTACHli 

DATA PLOTDAT(KEEP=N lOC BO Bl B2 CIDISPl DElTACHI)j 
MERGE OBS PRED80 STDDIFT CIDISP DELTACHIi 

PROC MEANS NOPRINT DATA=PLOTDATi 
VAR BO Bl B2 CIDISPL DELTACHI; BY LOCi 
OUTPUT OUT=LOCAVGS MEAN=BO Bl 12 CIDISPL DELTACHI; 

PROC PRINT; 
PROC PLOT DATA=LOCAVGS; 

PLOT BO*LOC/VREF=Oi 
PLOT Bl*LOC/VREF=O; 
PLOT B2*LOC/VREF=0; * PLOT B3*LOC/VREF=Oi * PLOT B4*LOC/VREF=Oj * PLOT BS*LOC/VREF=O; 
PLOT CIDISPL*lOCi 
PLOT DELTACHI*lOC; 
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VARIABLE 

DF80 
LNCI2 

LOGISTIC REGRESSION PROCEDURE 

DEPENDENT VARIABLE: DEAD 

174 OBSERVATIONS 
163 DEAD = 0 

11 DEAD = 1 
o OBSERVATIONS DELETED DUE TO MISSING VALUES 

MEAN 

5.11494 
-0.0579078 

MINIMUM 

o 
-1.09624 

MAXIMUM 

40 
0.973395 

S. D. 

8.0273 
0.490551 

-2 LOG LIKELIHOOD FOR MODEL CONTAINING INTERCEPT ONLY= 82.03 

MODEL CHI-SQUARE= 14.81 HITH 2 D.F. (SCORE STAT.) P=0.0006. 
CONVERGENCE IN 6 ITERATIONS WITH 0 STEP HALVINGS R= 0.341. 
MAX ABSOLUTE DERIVATIVE=0.6342D-06. -2 LOG L= 68.14. 
MODEL CHI-SQUARE= 13.89 WITH 2 D.F. (-2 LOG L.R.) P=0.0010. 

VARIABLE 

INTERCEPT 
DF80 
LNCI2 

BETA 

-3.79127078 
0.06655202 

-2.11288939 

STD. ERROR 

0.59047831 
0.02961526 
0.84238098 

CHI-SQUARE 

41.23 
5.05 
6.29 

P 

0.0000 
0.0246 
0.0121 

R 

0.193 
-0.229 
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C=0.811 

CLASSIFICATION TABLE 

PREDICTED 

NEGATIVE POSITIVE TOTAL 

NEGATIVE 163 I 0 163 
TRUE I 

POSITIVE I 10 I 1 I 11 
1-------------------1---------

TOTAL I 173 I 1 I 174 

SENSITIVITY: 9.1y. SPECIFICITY:I00.0Y. CORRECT: 94.3Y. 
FALSE POSITIVE RATE: O.OY. FALSE NEGATIVE RATE: 5.8Y. 

SOMER DYX=0.622 GAMMA=0.625 

CORRELATION MATRIX OF ESTIMATES 

INTERCEP 
DF80 
LNCI2 

INTERCEP 
1.000 

-0.524 
0.655 

DF80 
-0.524 
1.000 

-0.023 

LNC12 
0.655 

-0.023 
1.000 

TAU-A=O.074 



> 
"CI 
"CI 
I'D = c. 
>i' 

OBS LOC DO 81 82 CIDISPL DElTACHI 
9 
0 1 1 0.0144577 -0.037263 -0.04355 0.0049535 0.14525 ;. 

2 2 0.0139712 -0.012324 0.00021 0.0006913 0.04398 (JQ 

= 3 5 0.0288868 0.004087 0.00654 0.0105061 0.96790 0 
f4 4 7 0.0092188 -0.001892 -0.01183 0.0018897 0.10094 
g' 5 9 0.0145329 -0.020046 -0.01269 0.0022351 0.07541 
"'C 6 10 0.0160899 -0.024452 -0.01808 0.0028132 0.09254 .. 7 12 0.0133127 -0.039131 -0.04870 0.0057268 0.15383 0 

(JQ 8 13 0.0117621 -0.005699 0.00853 0.0001385 0.01866 .. 
IiO 9 16 0.0651207 -0.001293 -0.03239 0.0456682 3.55856 a 
IiO 10 17 -0.0032255 0.031620 -0.02497 0.0124473 0.20885 
= 11 18 0.0087876 0.010783 -0.00375 0.0038775 0.10886 c. 
0 12 43 0.0174950 -0.072086 -0.10943 0.0786644 1.44406 
&: 13 47 0.0193405 -0.024471 -0.01294 0.0014963 0.08972 .... 

14 52 0.0525829 -0.032138 0.02622 0.0221891 2.85906 "CI 
&: .... 15 53 0.0116637 -0.008932 -0.00015 0.0009961 0.04275 

16 54 0.0082077 -0.003611 0.00660 0.0000828 0.01170 
17 68 0.0069014 -0.000226 0.00832 0.0000751 0.00783 
18 70 0.0112331 -0.008966 0.00185 0.0003968 0.03160 
19 71 0.0072446 0.048819 -0.00004 0.0342132 0.82794 
20 72 0.0141361 -0.001093 0.01115 0.0003436 0.03681 
21 73 0.0175117 -0.015670 -0.00733 0.0017934 0.08509 
22 75 0.0085944 -0.003502 0.00741 0.0000789 0.01122 
23 84 0.0161320 -0.014040 0.00058 0.0006326 0.04971 
24 88 0.0123698 0.017007 0.01033 0.0022022 0.09107 
25 132 0.0087397 -0.003590 0.00749 0.0000812 0.01151 
26 133 0.0129562 -0.011055 -0.00015 0.0007538 0.04347 
27 134 0.0122777 -0.006407 0.00808 0.0001594 0.02120 
28 137 0.0165798 -0.010935 0.00684 0.0003007 0.03720 
29 189 0.0058844 -0.002090 0.00562 0.0000416 0.00658 
30 190 0.0452164 -0.028037 0.02138 0.0181959 2.23595 
31 191 0.0123875 -0.003734 0.00970 0.0002209 0.02379 
32 196 0.0750100 -0.061391 0.00965 0.0361760 3.55990 
33 200 0.0207217 -0.000552 0.00843 0.0007861 0.08856 

gg 



PLOT OF BO*LOC 
12:2i SUIWAY, MARCH 6, 1988 

LEGEND: A = Ions, n = 2 ons, ETC. 

BO f 
0.08 + 

I 
, A 
I 
I 

0.07 + 
I 
I A 
I 
I 

0.06 + 
I , 
I 
I A 

0.05 + 
r 
I A 
I 
I 

0.04 + 
I 
I 
I 
I 

0.03 + 
I A 
I 
I 
I 

0.02 + A A 
I A A 
I A A A 
IAA AA A 
I A A A A D A 

0.01 + A 
I A A 1\ A A 
I 1\ A 
I 
I 

0.00 +----------------------------.------------------------------------
I 
I A 
I 
I 

-0.01 + 
I -+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+---o 20 40 60 80 100 120 140 160 180 200 

, nc 
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PLOT OF BUlloe 
12:22 SUNDAY, MARCH 6, 1988 

LEGEND: A = 1 08S, 8 = 2 OBS, ETC. 

81 I 
0.05 + A 

I 
I 

0.04 + 
I 
I 

0.03 + A 
i 
I 

0.02 + 
I A 
I 

0.01 + A 
I 
I A 

0.00 +-----A--------------A-A-------------------------------------A---
t A A A A B 
I A A 

-0.01 + A A AA 
I A A 
I A 

-0.02 + A 
I A A 
I A 

-0.03 + 
I A 
IA 

-0.04 + A 
I 
[ 

-0.05 + 
I 
I 

-0.06 + A 
I 
I 

-0.07 + 
r A 
I 

-0.08 + 
r 
I 

-0.09 + 
I 
I 

-0.10 + 
I -+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+---
o 20 40 60 80 100 120 140 160 180 200 

LOC 
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PLOT OF B2*LOC 
12:22 SUUDAY, MARCH 6, 1988 

LEGEND: A = lOBS, B = 2 ons, ETC. 

B2 I 
0.03 + 

I A 
I 

0.02 + A 
I 
I 

0.01 + A A A A AA 
I A A A A BA A 
I A 

0.00 +-A--------------A----A---A--------------A-----------------------
I A 
1 A 

-0.01 + 
I AA A 
1 A 

-0.02 + 
I A 
I 

-0.03 + 
I A 
I 

-0.04 + 
IA 
( 

-0.05 + A 
r 
I 

-0.06 + 

I 
-0.07 + 

I 
J 

-0.08 + 
I 
I 

-0.09 + 
I 
I 

-0.10 + 
I 
I 

-0.11 + A 
I 
I 

-0.12 + 
I -+-----+-----+-----+-----+------+-----+-----+-----+-----+-----+---o 20 40 60 80 100 120 140 160 180 200 

lOC 
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PLOT OF CIDISPl*lOC 

CIDISPl r 
r 

0.09 + 
I 
I 
I 
I 

0.08 + 
I A 
I 
J 
I 

0.07 + 
I 
I 
I 
r 

0.06 + 
I 
I 
I 
I 

0.05 + 
I 
I A 
I 
I 

0.04 + 
I 

12:22 SUNDAY, MARCH 6, 1988 
LEGEND: A = 1 OBS~ B = 2 OBS, ETC. 

I A 
I A 
I 

0.03 + 
I 
I 
I 
I A 

0.02 + 
I A 
I 
I 
I A 

0.01 + A 
I 
I A 
IA A 
I AB A A A 

0.00 + A A B AAAA A CA B A -+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+--
o 20 40 60 80 100 120 140 160 180 200 

LOC 
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PLOT OF DELTACHI*LOC 

DELTACHI I 
I 
I 
I 

12:22 SUNDAY, MARCH 6, 1988 
LEGEND: A = lOBS, B = 2 OBS, ETC. 

I A A 
3.5 + 

I 
I 
I 
I 
I 

3.0 + 
I 
I A 
I 
I 
I 

2.5 + 
I 
I 
I A 
I 
I 

2.0 + 
I 
I 
I 
I 
I 

1.5 + 
I A 
I 
I 
I 
I 

1. 0 + A 
I 
I A 
I 
I 
I 

0.5 + 
I 
I 
I A 
IA A 
I AAB A A A A AA A A 

0.0 + A A AAAA BA B 
-+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-o 20 40 60 80 100 120 140 160 180 200 

LOC 
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