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(ABSTRACT) 

Two mathematical models (TASS and PT AEDA2) were applied to the study of long-tenn 

interactions of air pollution stress and forest growth and yield. T ASS was previoulsy developed to 

examine dynamics and yield of Douglas-fIr, and PT AEDA2 was previously developed to examine 

individual tree growth and stand development in loblolly pine plantations. 

DifIerentiallevels of pollution stress were incorporated into TASS through the reduction of the 

input variables photosynthetic efficiency and average needle retention. Reductions of 

photosynthetic efficiency included 0, 7.5, and 15 percent, while average needle retention was reduced 

° and 1 year. These reductions were distributed evenly over each of the five most current years' 

needles. Percentage volume reductions of 0, 17.3, 4.4, 23.1, 16.0, and 32.4 were obtained as results 

from six TASS scenarios. Given these percentage volume reductions, several levels of crown ratio 

reduction (0, 5, 10, 12, 15, and 22 percent) were applied to PTAEDA2 in order to determine the 

crown ratio reductions necessary to cause the same percentage volume reductions obtained from 

TASS. Results indicate that crown ratio reductions of 0, 5, 10, 12, 15, and 22 caused total volume 

reductions of 0, 6.3, 14.9, 18.7, 22.6, and 33.3 percent. These results are not intended to be fmal 

quantitative answers to the question of possible volume reductions due to air pollution imapcts. 

However, they do offer insights to the possible effects of air pollution stress on forests. 7 
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Chapter I 

INTRODUCTION 

JUSTIFICA TION 

Increased combustion of fossil fuels over the past several decades has led to increased 

levels of atmospheric pollutant emissions. These emissions have altered the air quality 

over large forested regions, particularly in the southeastern United States and the forests 

of the San Bernardino Mountains near Los Angeles,.California (Smith 1981, Woodman 

1986). Elevated pollution levels have caused concern over possible decreases in forest 

productivity in these regions. Regional concentrations of ozone are known to cause 

growth reductions of tree species including conifers (Kress and Skelly, 1982). These 

observed growth reductions in areas where atmospheric deposition is high have increased 

interest in characterizing and projecting potential air pollution stress on forest produc

tivity. Because of the potential implications for valuable forests in these regions, the 

potential influences of air pollutants, particularly photochemical oxidants, must be 
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evaluated. Forest simulation models aimed at exploring the roles of competition, stress 

level, and time in determinimg forest responses to low levels of pollutants will be an 

important process in this evaluation. 

The U.S. Forest Service and the Environmental Protection Agency plan to conduct 

vegetation surveys to help ascertain the impacts of air pollution on forest growth. Iden

tification of those vegetative characteristics which may be affected by pollutants and also 

determine tree growth will be an important factor in designing this survey. The survey 

should also be designed to facilitate statistical testing of the relationships between at

mospheric deposition and forest conditions. The survey information, and subsequent 

statistical tests, may provide correlations between air pollution and declining tree 

growth. This study will help identify morphological variables that could be measured in 

vegetation surveys. 

Forest growth and yield has been extensively modeled. However, little work has been 

done on incorporating the effects of atmospheric pollution into these models. Growth 

functions and/or input variables may be modified to reflect atmospheric pollutant im

pacts on forest growth. Modifications would be facilitated if the vegetative character

istics collected in the surveys are coordinated with the variable requirements for existing 

models. 

Examination of existing forest growth and yield models would identify those models 

which can be amended for assessing pollution impacts. Existing models are designed to 

project timber volumes and are thus likely to be very useful. Also, existing models are 

most likely to be compatible with existing data sets so that new data would not be nec

essary. Collection of new data would not only be costly and time consuming, but would 
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result in the loss of valuable time series information. {j se of existing models and com

patible data will save valuable time. 

Evaluation of recent and possible future changes of forest groVv1:h and yield may be 

approached with the use of mathematical models. An extensive review of existing 

models, and subsequent categorization of model types, is necessary for selecting appro

priate models for modification. 

The purpose of this study was to examine the most likely existing models, explore 

possible linkages between process growth models and stand projection models, and to 

demonstrate an actual linkage between these two types of models. This linkage will help 

identify variables that could be measured in the vegetation surveys. 

The southeastern United States is a major timber producing region and one in which 

atmospheric deposition is of major concern. Loblolly pine is an important commercial 

timber species in this region. Therefore, this study focused on projecting the potential 

impact of atmospheric pollution on this species. 
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OBJECTIVES 

The overall objective of the study was to demonstrate linkages between a process 

growth model and a stand projection model in order to assess the effects of atmospheric 

pollution on forest growth and yield. Specifically, the study objectives were to: 

1. Identify process growth models and stand projection models which might be used 

to assess pollution impacts on loblolly pine. 

2. Explore linkages between variables in both process growth and stand projection 

models and suggest possible procedures for modifying the models to reflect atmo

spheric pollution effects. 

3. Demonstrate possible model modifications in order to assess the impact of atmo

spheric pollution on forest growth. 
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LITERA TURE REVIEJV 

Introduction 

Recent studies have documented widespread changes in vigor, growth, and mortality 

in areas of Germany, the northeastern, and the southeastern United States (Kohlmaier 

et aI. 1984, ] ohnson and Siccama 1983, McLaughlin 1985, Tomlinson 1983). Although 

the specific causes of these changes are unknown, there are many hypotheses regarding 

the causes of forest decline. Increased atmospheric pollution associated with com

bustion of fossil fuels is one possible cause. McLaughlin and Braker (1985), identified 

two additional related hypotheses of forest decline: 1) forest decline may be totally un

related to pollution stress, and 2) quantification and characterization of the changes are 

not adequate enough to separate pollution effects from the numerous stresses and 

modifiers that normally control forest growth and development. Therefore, future re

search must characterize the extent of forest decline and determine mechanistic linkages 

between air pollution stress and forest growth and yield. 

The effects of atmospheric pollution on forest ecosystems are complex and not well 

understood. These effects have been classified as direct and indirect. Some of the hy

pothesized effects of pollution-induced reduction in forest potential include: direct foliar 

damage, increased predisposition to stress, effects on reproductive processes, and alter

ation of leaf- and root-exudation processes (Tamm and Cowling, 1976). Environmental 

factors other than atmospheric pollution, e.g. drought, may result in similar 0 bserved 
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symptoms. These factors contribute to the difficulty of identifying atmospheric pol

lution as the sole cause of forest decline. 

Many pollutants are associated with increased fossil fuel combustion during the past 

three decades. These include acid rain, sulfur dioxide (S02), nitrogen dioxide (1\;02), and 

ozone (03), Among these, ozone is considered to cause the greatest amount of damage 

to vegetation (National Academy of Sciences, 1977). Also, ozone is the only air 

pollutant which has been proven to cause injurious effects on forest trees at concen

trations which occur in some regions of North America (Berry and Hepting 1964, Benoit 

et al. 1982, l\Hller 1983, and Miller et al. 1977). Therefore, ozone will be the principal 

pollutant of interest in this study. 

Evidence of Ozone Injury 

The earliest indications of plant injury due to air pollution was first noted in 1944 

(Middleton et aI., 1950). Leaf injury was evident on certain vegetable crops and other 

herbaceous plants in the Los Angeles area during periods of aggravated air pollution. 

Evidence of injury to ponderosa pine was first noted in the early 1950's in the San 

Bernardino National Forest near Los Angeles (Parmeter et al., 1962). They reported a 

disease called' chlorotic decline' or X-disease, which is characterized by loss of all but the 

current years needles, progressive reduction in terminal and diameter growth, reduction 

in the number and size of needles, yellow mottling of the needles, deterioration of feeder 

roots, and eventual death of the tree. Drought, air pollution, or a combination of the 

two were suggested as possible causes of this disease. Later, Miller. et al. (1963) and 
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Richards et al. (1968) reproduced symptoms of chlorotic decline in controlled ozone ex

posure studies. Parmeter and :\tEller (1968) presented evidence suggesting that drought 

is not a causal factor of X-disease, and that aerial oxidants, mainly ozone, is the primary 

causal agent. 

Ozone has also been recognized as the primary factor causing emergence tipburn or 

tip necrosis of eastern white pine (Berry and Ripperton 1963, Linzon 1960, and Rich 

1964). This disease is characterized by reddish-brown discoloration of needle tips of the 

current needles (Berry and Ripperton, 1963). Premature loss of oldest needles, chlorotic 

mottling, and gradual reduction in shoot and wood growth are also symptoms of emer

gence tipburn. These symptoms have occurred throughout much of eastern white pines 

natural range in the eastern United States (Benoit et al. 1982, Berry and Hepting 1964). 

Forest Growth and Yield 1\tlodels 

Numerous forest growth and yield models have been developed and many of these 

are potentially useful. These models can be categorized broadly as process growth 

models and stand projection models. Process growth models use physiological and eco

logical variables to predict future growth, and they usually include physiological proc

esses such as photosynthesis, respiration, transpiration, and water stress. Stand 

projection models generally use stand statistics such as age, site index, basal area per 

acre, and number of trees per acre to project future trends in the stands observed. 
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Process growth models 

There are several existing process growth models, however, a typology for these types 

of models is not well defined. Cook (1986) identified six process models, each of which 

explain tree growth in a different manner. 

One of the first process models was JABOW A (Botkin et al., 1972a). This model 

simulates forest dynamics of 13 species found in northern hardwood forests. JABO\VA 

simulates diameter increment as a function of environmental factors such as soil 

moisture, competition from other trees in the form of light available for each tree, and 

the initial d.b.h. of the tree. Major inputs required for this model include stand and site 

characteristics, physiological relationships between stand components, and relationships 

between stand and site components. Also several abiotic factors such as elevation, soil 

depth, and percentage rock in the soil are necessary. 

FORET (Shugart and West, 1977), another process model, was developed to simulate 

stand dynamics of eastern deciduous forests. This model was developed by modifying 

JABOWA, the previously described model. FORET calculates diameter increment in the 

same manner as JABOWA. The major inputs required to run FORET are also similar 

to those of JABOW A. 

Reed (1980) developed a generalized conifer growth model. This model is a central 

component in a conifer growth model called SUCSIM for SUCcession SIMulator (Reed 

and Clark, 1979). The SUCSIM model is now called PHYTOS for Phytological Simula

tor. In this model, tree growth is a function of photosynthetic production, respiratory 

loss, and functions relating growth to the operational environment. Photosynthetic 
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production is a function of leaf biomass (kg) and factors that influence the rate of 

photosynthesis. Respiratory loss results from the growth of needles, branches, roots, 

and stems, and from maintenance respiration. The operational environment is defined 

as indexes of air and soil temperature, soil water availability, and atmospheric moisture 

demand. Reed related growth to three environmental variables. The first environmental 

factor is average light intercepted by each tree expressed as a fraction of full sun. The 

second factor is a temperature growth index and the third factor is a transpiration index. 

Although not a true process model, the stand simulator TASS (for Tree and Stand 

Simulator) was developed by Mitchell (1975). This model is a single tree - distance de

pendent model which was originally applied to white spruce in Central British Columbia 

(Mitchell, 1969). It has subsequently been applied to Douglas-fir (Mitchell, 1975). The 

model is limited to single storied stands and the sample data used to calibrate the model 

represents localized stand and environmental conditions. Environmental influences such 

as temperature and moisture are not considered in this model. 

TASS requires extensive crown geometry data for calibration. These include: crown 

height, distance from top of tree to base of branch, annual height and diameter incre

ment, crown cover, and angle, length, and cumulative growth of branches. General in

puts include site quality (base age 50), species, age, evidence of leader damage, disease 

or defoliation, the number of established trees and their stocking pattern, and an indi

cation of competition from understory species. All length measurements are in feet or 

meters except for diameter which is in inches or centimeters, all area measurements are 

in ft2 or m2, and all volume measurements are in ft3 or m3, 
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Stand projection nlodels 

There are numerous stand projection models which have been developed. These 

models, typically called growth and yield models, are usually categorized as either whole 

stand models, diameter distribution models, or individual tree models. 

Whole stand models use stand-level variables such as age, site index, and basal area 

per acre to project stand volumes. Multiple regression techniques have been applied in 

most of the available whole stand models. Examples include: Bennett (1970), Brender 

and Clutter (1970), Burkhart et al. ( 1972a, b), Coile and Schumacher (1964), Goebel and 

Warner (1969), Schumacher and Coile (1960), and Sullivan and Clutter (1972). 

Diameter distribution models are similar to whole stand models in that stand vari

ables are used as inputs, however, these models estimate parameters of a probability 

density function from stand characteristics. The number of trees per acre by diameter 

class can be obtained from the relative frequency distribution. The average height of 

each diameter class is also predicted. Many of the early applications of this technique 

utilized the beta probability distribution function (e.g. Bennett and Clutter 1968, 

Burkhart and Strub 1974, Lenhart and Clutter 1971, and Lenhart 1972). More recent 

applications have utilized the Weibull probability density function (Clutter and Belcher 

1978, Dell et al. 1979, Feduccia et al. 1979, Lohrey and Bailey 1977, and Smalley and 

Bailey 1974a, b). 

Individual tree models describe stands based on individual tree characteristics. The 

growth of each tree is modeled individually and then stand growth and yield estimates 

are obtained by combining all the trees. 
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The only individual tree model for southern pines was developed by Daniels and 

Burkhart (1975). This model, called PTAEDA, is an individual-tree distance-dependent 

model developed for managed loblolly pine plantations. In this model, annual gro\'-1h 

is simulated as a function of age, size, site, and intertree competition. A random com

ponent representing genetic and/or micro site variability has been incorporated to adjust 

tree growth. Survival of each tree is controlled by tree size and competition. The major 

inputs necessary for this model include age, number of trees per acre planted or surviv

ing, site index (base age 25) and several management choices including spacing pattern, 

site preparation, thinning, and fertilization. PTAEDA has been modified by Burkhart 

et al. (1987) to simulate loblolly pine plantations on cutover, site-prepared areas. This 

model, called PTAEDA2, has the same basic model structure as PTAEDA. 

Models which incorporate air pollution stress 

Few studies have incorporated air pollution stress into forest growth and yield mod

els. However, West et al. (1980) modified FORET (Shugart and West, 1977) to examine 

the long-term interaction of forest community dynamics and air pollution stress. They 

grouped each of 32 species into pollution sensitivity classes (resistant, intermediate, and 

sensitive) based on sensitivity to visible foliar injury. Growth reductions of 0, 10, and 

20 percent, which reflect species' ranking were incorporated into the model. The basic 

assumption with this approach is that the relative sensitivity of species under chronic 

stress would parallel their relative sensitivity to visible foliar damage. The results indi

cate that responses of trees within a stand may be very different from individual species 

sensitivity to stress. This was attributed to shifts in competitive potential induced by 
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differerttial stress of each of the species. These results may offer insights into expected 

responses of forests when exposed to atmospheric pollution stress. 

Kercher et al. (1980) developed a forest growth simulator (SILVA) to assess the im

pact of S02 pollution on growth and succession of western conifer forests. They used 

JABO"VA (Botkin et aI., 1972) as the basic model foundation for SILVA. Two different 

pollutant scenarios were developed: 1) a seasonal average approach, and 2) a successive 

episode approach. In the seasonal average approach, they assumed that growth re

duction was a simple function of S02 concentration averaged over the growing season. 

A dose-response function in which growth decreased linearly with increased accumulated 

dose was used. In the successive episode approach, they calculated the accumulated 

damage caused by successive episodes of pollution, separated by time intervals with little 

or no pollution. They observed similar results to that of "Vest et al. (1980), in that 

competition and interaction between trees and the environment produced species re

sponses which were quite different from responses which might be predicted with no 

such interactions. 

These types of models will be useful tools for exploring pollution effects on forest 

growth. They will also be helpful for suggesting areas for consideration in the future 

design of experiments and for integration of past research results (West et ai., 1980). 
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Introduction 

Chapter II 

PROCEDURES 

Several criteria for candidate process models were defined. Process models should 

integrate physiological processes such as photosynthesis, respiration, and transpiration. 

The model should have data inputs that are readily available and outputs, either inter

mediate or final, should be compatible with inputs into a stand projection model. 

PT AEDA2 was selected as the stand projection model for this study because it is the 

only available individual tree model for predicting loblolly pine growth and yield, and 

because it was developed and is suported locally. TASS (Mitchell, 1975) was identified 

as the primary candidate model for linkage with PTAEDA2. Although TASS is not a 

true process model, it does model the photosynthetic process indirectly through the in

put variable photosynthetic efficiency. TASS was selected because it is based on crown 
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dynamics and includes input variables which are easily modified to reflect atmospheric 

deposition impact. 

The linkage between these two models was not physical in nature. I n the first step 

of the linkage, difTerentiallevels of pollution stress were incorporated into TASS through 

the reduction of photosynthetic efficiency and average needle retention. Percentage 

volume reductions were obtained as results from TASS. In PTAEDA2, several levels 

of crown ratio reductions were applied to determine those crown ratio reductions nec

essary to cause the same percentage volume reductions computed from TASS. 

Because these models were developed for two unrelated species, the inputs for both 

models were selected to reflect average planting regimes and site index. The projection 

period for both models was chosen to be approximately 10 years after the culmination 

of mean annual increment. Although management options such as thinning and 

fertilization are available in both models, they were not considered in this analysis. 

This chapter gives a detailed description of both models to aid subsequent discussion 

of the results obtained. Scenarios developed for each model are also discussed. 

Description of TASS 

TASS is not a true process model in that it does not directly model any physiological 

processes such as photosynthesis and respiration. However, TASS models 

photosynthesis indirectly through the input variables photosynthetic efficiency and foliar 

retention. 
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TASS is based on branch dynamics, foliar volume, and overall crown structure. 

Mitchell has defined the rate of branch growth (B') relative to height gro\\'th by the 

following equation: 

B' = bl(L + e) [11 

The coefficient b relates height grov;.rth to branch growth and is drawn from a normal 

distribution with mean 11.54 ± 1.53 or 3.52 ± 0.47 when length measurements are ex

pressed in feet or meters, respectively. This allows for variation in the rate of branch 

growth relative to height growth. The coefficient e governs the profile of the crown and 

L is the distance from the top of a tree to the base of a branch. The initial value of 

branch growth is defined by the ratio ble. 

The radial branch length (BL) perpendicular to the bole is defined by: 

BL = bdln[(Llc) + 1] [2] 

where d is a constant which compensates for crooks and irregularities that shorten 

branches. This equation describes the progression of short branches near the top of the 

tree to longer branches toward the ground. Branch growth (Bg) is a function of the 

distance (L1) from the base of the limb to the leader before the addition of height growth: 

Bg = bd In[(Ll + Hg + e)j(Ll + e)] [3] 

where Hg is height growth and all other variables as previously defined. 

The crown of individual trees is simulated in a three dimensional growing space and 

is determined by internal growth processes and competition. A shell of foliage is added 

to the crown each year. The quantity of foliage or foliar volume (FVi) of each shell is 
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defined as the volume of a particular shell (i) of length Lt + Hg;, where L1 is the distance 

from the base of the limb to the leader before the addition of height growth (HgJ The 

equation for foliar volume of a shell of an open grown tree is: 

FV; = rc(bd)2{(Lt + Hgj + c)* [In\Lt + Hgi + c)] [4J 

- 2( In(Lt + Hgi + c) 1)*(1 + In(c» + In2c 

- (L} + c)*[ In2(Ll + c) - 2( In(L} + c) - 1) 

*(1 + In(c)) + In2c] 

where b is a coefficient that relates branch growth to height growth, c is the curvature 

of the crown profile, d is a coefficient that compensates for branch crooks and In is na-

turallog. Each shell is then weighted to account for the reduced number of needles each 

year and the reduced productive capacity of the needles as they approach senescence. 

Since Douglas-fir retains its needles for about 5 years, the total foliar volume present 

on the tree is obtained by summing the weighted volume of each shell of foliage for the 

last five years. Thus the weighted foliar volume on the tree at any point in time is; 

5 
FV = L w·FV. 

i= 1 I I 
[5] 

where Wi is the product of photosynthetic effeciency and needle retention. This foliar 

volume indicates capacity of a tree, in the absence of competition, to produce 

photosynthates necessary for growth and respiration. 

The foliar volume of a shell age (i) of a stand grown tree under competition is defined 

as the product of height growth (HgJ in that year and the area covered by the vertical 

projection of the crown (CC). Thus, the equation for a shell of foliage of a tree under 

competition is: 
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[6] 

The weighted foliar volume of a tree under competition is also obtained from equation 

5. 

Mitchell defines the height (H 0) of an open grown tree U) as a function of a height

vigor coefficient (a) and the mean height of site trees (Hs). Hence, the height equation 

IS: 

[7] 

The height-vigor coefficient of each tree is randomly selected from a normal distribution 

with a mean of 0.80 and a derived standard deviation which is a function of the mean 

(a) of the population and the proportion of site trees. This allows for tree-to-tree vari

ation in the rate of height growth. 

The annual height growth of forest-grown trees (Hg) is a function of potential height 

growth in the absence of competition (Hgo) and the ratio of FVI FVmax: 

Hg = Hgo[l - e 8.768(FV/FVmax)O.740j• [8] 

The height growth of forest grown trees is approximately the same as that of open grown 

trees until foliar volume is forced below 10 or 15 percent of its maximum potential. 

The ratio of foliar volume of a tree under competition (FV) to that of an open grown 

tree (FVmax) is a measure of the cumulative effect of competition on the crown. When 
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this ratio becomes very small, height increment may be reduced. Large reductions in this 

ratio may be caused by disease, defoliation, or pruning. 

Bole increment (Bl) of an open grown tree is proportionally related to foliar volume: 

[9] 

where bi is a coefficient that relates bole increment to foliage, and u allows additional 

foliage units to contribute more to wood production. Competition is incorporated into 

the bole increment equation with the term - In(FV/ FVmax): 

[ 10] 

where v relates bole increment to foliage. The coefficients bi , U ,and v are estimated 

from the least squares solution of equation 10. Volume growth for open- and stand

grown trees is distributed over the bole such that area increment at the top of the tree 

is zero and increases at a constant rate until the base of the live crown is reached. A 

cumulated bole form that approximates a cone is eventually created. 

Mitchell has incorporated two approaches to estimate mortality in TASS. One 

method allows the death of two trees per acre per foot of height growth added by site 

trees. A site tree is a dominant or codominant tree in the stand. In the other approach, 

mortality of suppressed trees occurs when the number of trees (N) exceeds the number 

of trees predicted by: 

N = hlifHsi [11 ] 
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wherefis a coefficient that relates number of trees to height of site trees (Hs) and h is 

defined by the unit of measurement. In both approaches, the shortest trees are killed 

first. 

Atmospheric deposition effects may be incorporated into TASS through foliar vol

ume manipulation. . The foliage layer weights which are calculated for each year of 

foliage are a function of photosynthetic efficiency and foliar retention. Either foliar re

tention or photosynthetic efficiency or both may be reduced to reflect the impact of at

mospheric deposition. This will cause a reduction in bole increment, and if foliar volume 

is reduced more than 15 percent of its maximum potential, height growth will be re

duced. 

The TASS model was not available for distribution, however, Dr. l\tlitchell made se

veral simulation runs for this project. Six Douglas-fir scenarios were developed and the 

results were sent to us for examination. 

Description of T ASS Scenarios 

Several studies have indicated that ozone is the primary cause of premature 

senescence and abscission of needles on pine trees (Benoit et al. 1982, McLaughlin et al. 

1982, Parmeter et al. 1968, and Richards et al. 1968). Parmeter et al. (1962) reported loss 

of all but the current seasons needles of ponderosa pine. Ozone was eventually deter

mined to be the cause of this needle loss (Miller et al. 1963, Parmeter et al. 1968). 
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Ozone exposure has also resulted in reductions in apparent photosynthesis (Barnes 

1972, Botkin et al. 1972b, Coyne and Bingham 1981, Reich and Amundson 1985, and 

Yang et al. 1983). Barnes (1972) reported a 7 percent reduction in apparent 

photosynthesis on new needles of loblolly pine when exposed to 0.05 ppm ozone for 84 

days. Miller et al. (1969) studied the effects of ozone on 3 year old ponderosa pine. 

After 60 days of fumigation with 0.15 ppm ozone, apparent photosynthesis was reduced 

by 25 percent. 

Six scenarios were developed to indicate the premature senescence and abscission, 

and the reduced photosynthesis reported in the literature. The original values of 

photosynthetic efficiency and needle retention used to calculate the weighted foliar vol

ume are shown in Table 1. 

The scenarios are defined such that average needle retention is reduced by 0 years and 

1 year, and photosynthetic efficiency is reduced by 0, 7.5, and 15 percent (Table 2). 

Thus, in scenarios 1 and 2, photosynthetic efficiency was not changed from the original 

values. In scenarios 3 and 4, the efficiency of each age class was reduced by 7.5 percent, 

and in scenarios 5 and 6, the efficiency of each age class was reduced 15 percent. Needle 

retention remained unchanged in scenarios I, 3 and 5, and in scenarios 2, 4, and 6, needle 

retention was reduced one year. The needle retention reduction was distributed equally 

over each shell (i) of foliage. A Summary of the weighting factors used for each scenario 

is given in Table 3. 

Spacing, site index, length of simulation, and frequency of output must be specified 

for each simulation run. The six scenarios for this project were run with a 10 X 10 foot 

spacing and site index 115 feet (base age 50). All simulations were run 90 years and 
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Table I. Factors for weighting foliar yolume in relation to age of Ica\'cs (from 'litchcll, 1975). 

Photosynthetic Leaf \Veighting 
Age efficiency retention factor (w) 
(i) (A) (B) (A x B) 

1 1.00 1.00 1.00 
2 0.86 1.00 0.86 
3 0.75 1.00 0.75 
4 0.63 1.00 0.63 
5 0.53 0.75 0.40 
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Table 2. Description of each of the scenarios used. The numbers in the table represent the scenario 
number. 

Reduction in photosynthetic 
efficiency (percent) 

0 7.5 15 

Reduction 
m 0 3 5 
average 
needle 
retention 2 4 6 
(years) 
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Table J. Foliar volume weighting factors used in the six Douglas-fir scenarios for TASS. Each factor 
is related to needle age. 

Scenario 

Age(i) 2 3 4 5 6 

1 1.000 0.800 0.925 0.740 0.850 0.680 
2 0.860 0.688 0.785 0.628 0.710 0.568 
3 0.750 0.600 0.675 0.540 0.600 0.480 
4 0.630 0.504 0.555 0.444 0.480 0.384 
5 0.400 0.292 0.340 0.250 0.285 0.209 
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output was obtained every 5 years. These inputs were chosen to reflect an average 

Douglas-fir site and spacing, and the length of the simulation was chosen to be approx

imately 10 years after culmination of mean annual increment (MAl). Management 

options such as thinning, pruning, and fertilization were not considered in any of the six 

scenarios. 

The individual tree outputs from TASS include crown length, crown ratio, DBH and 

diameter at points along the bole, mean tree volume, and height. The outputs on a stand 

basis include total volume per acre, merchantable volume, basal area, and number of 

trees. These outputs, particularly the crown attributes, may serve as inputs into 

PTAEDA2. 

Description of PT AEDA2 

PTAEDA2 has two main subsystems. The first subsystem is used to generate the 

initial stand. User's can specify either an initial spacing or the number of trees and a 

ratio of planting distance to row width. If an initial spacing is specified, the program 

will compute the number of trees planted. Also, the initial spacing may be computed 

from the surviving number of trees, age, and spacing ratio of existing stands. 

After the initial stand is generated, it is advanced to age 8 and juvenile mortality is 

assigned at random. The surviving trees are then assigned initial dimensions. Diameter 

at breast height (dbh) is generated from a two parameter Wiebull distribution with a 

cumulative distribution function defined by: 
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a/ F(y) = 1 - e O<y< cJ:) 

The parameters a and b are estimated from the following minimum and average diameter 

equations. The minimum (DMI1V) and average (DAVE) dbh are defined by: 

where: HD 

A 

TS 

= 

= 

a verage height of the dominant and codominant trees 

age 

the surviving number of trees per acre. 

[ 12J 

[ 13] 

The average height of the dominant and codominant trees in the juvenile stage is a 

function of site index and age. The equation for height is: 

InHD = 1n(SI)(25/ A)b1eb2(lIA -1/25) [14J 

where: SI = site index (base age 25) 

A stand age. 

H D = height of dominant and codominant trees 

Intraspecific competition is assumed to begin after the completion of the eighth 

growing season. At the beginning of the ninth year, the second subsystem evaluates 

competition and grows each tree annually. The competition index in PTAEDA2 plays 

an important role in determining annual height and diameter increment and mortality. 

PTAEDA2 uses a modified Hegyi (1974) index where competing trees are chosen based 
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on both size and distance from the subject tree. Therefore, the competitive effect of 

neighboring trees is calculated by: 

where: D DBH 

n 
CIt = .L (D) Di)! DISTij 

J=l 

DIS~j = distance between subject tree i and {h competitor 

CIt = competition index of the ith tree 

[ 15] 

n = number of neighbors with a BAF 10 sweep centered at the subject tree. 

The competition index for border trees is calculated through translation of plot borders. 

This has the effect that border trees compete with border trees on the opposite side of 

the plot. 

Height growth is assumed to follow a theoretical growth potential which is modified 

by an adjustment factor, based on the trees competitive status and vigor. The height 

increment for each tree is determined by the following equation: 

where: HIN 

CR 

Clp 

PHIN 

= 

= 

= 

actual height increment 

crown ratio 

pine competition index 

potential height increment 

[16] 

The average height of dominant and codominant stand is a function of site index and 

age. The equation for average height comes from Amateis and Burkhart (1985): 

In(HD) = In(S/)(25j A)b1e -b2(ljA -1/25) [ 17] 

where: SI = site index base 25 
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A = stand age. 

The potential height increment of each tree is obtained as the first difference of equation 

17 with respect to age. With these equations, the potential height growth decreases as 

competition increases. The maximum value of the adjustment factor occurs when crown 

ratio is about 0.60, holding competition index constant. The adjustment factor gradually 

decreases as crown ratio increases, and rapidly decreases as crown ratio approaches zero. 

Individual tree height growth may be greater than the change in average dominant stand 

height when favorable conditions exist. A normally distributed random component with 

variance equal to the residual mean square from the fitted equation 16 is added to each 

tree's final growth determination. 

Diameter growth is also assumed to follow a theoretical potential equal to that of an 

open grown tree. The diameter growth is then modified by an adjustment factor. For 

an open grown tree, the maximum DBH attainable is given by: 

where: Do 

H 

A 

Do = bo + btH + b2A 

= open-grown tree D BH 

= total tree height 

= age from seed. 

[ 18] 

The maximum potential diameter increment is equal to the first difference of equation 

18 with respect to age: 

where: PDIN 

HIN 
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= potential diameter increment 

observed height increment. 

[ 191 
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A reduction factor of the form 

is then incorporated into the potential diameter increment equation to obtain the actual 

diameter increment: 

DIN = PDIN(b l CRb2e -b3CI,) 

where: C Ip = pine competition index 

CR = crown ratio. 

[20J 

The reduction factor decreases as competition increases, and increases as crown ratio 

increases. A normally distributed random component with variance equal to the residual 

mean square from the fitted regression of Equation 20 is added to the diameter growth 

determina ti ons. 

In the determination of the actual height and diameter growth, CR represents a 

measure of photosynthetic potential. Crown ratio along with the competition index, 

reflect the potential of a tree to respond when a neighboring tree is removed. 

The calculations for crown ratio appear in both the initial pre-competitive stage and 

the subsequent growth and dynamics of the stand. In both subsystems, crown ratio is 

a function of height, dbh, and age. Crown ratio is predicted annually with the following 

equation from Dyer and Burkhart (1987): 

[21] 

where: A = stand age 

D = diameter at breast height 
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H = total tree height. 

In PTAEDA2, the probability of tree survival is assumed to be a function of its 

competitive stress and individual vigor as measured by crown ratio. Thus, the proba-

bility that a tree remains alive (PLIVE) is: 

[22] 

where all variables are as previously defined. PLIVE increases as crown ratio increases 

and decreases as competition increases. To determine annual mortality stochastically, 

P LIVE is compared to a uniform random variate between zero and one. The tree is 

considered to have died if PLIVE is less than the random variate generated. 

PT AEDA2 has output options which allows the user to specify volume in cubic-feet 

or cords-board feet. The user also has the option to use a combined variable equation 

form with user-specified coefficients. The cubic-foot volume equations used in 

PT AEDA2 are of the form: 

where: Vtob 

Vtib 

D 

H 
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= 

= 

total stem cubic-foot volume, outside bark, stump to tip 

total stem cubic-foot volume, inside bark, stump to tip 

dbh 

total tree height. 

[23] 

(24] 
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Volume estimates are obtained by summing over all trees and expanding to per acre 

values. 

Linkage of PTAEDA2 and TASS 

Crown ratio is the most appropriate variable to be used in the linkage between 

PTAEDA2 and TASS because it represents a measure of photosynthetic potential. Re

ductions in crown ratio will result in reduced height and diameter increment, and a re

duced probability of survivaL Since total stem volume of each tree is a function of 

height and diameter, a subsequent reduction in tree volume will occur when crown ratio 

is reduced. 

The reduction in CR in PTAEDA2 which would be necessary to obtain the same 

percentage volume reductions obtained from the TASS scenarios, were computed. In 

order to compute these crown ratio reductions, the crown ratio equations in both sub

systems were modified according to the following equation: 

CR = (1 - e( -b1 - b2/A)DfH )*(1 - CRRED) [25J 

where: CRRED = proportion of crown ratio reduction 

A = age 

D = dbh in inches 

H = total tree height in feet 

The desired value of CRRED is specified as an initial input. This value is retained 

throughout the rotation so the effect is a linear reduction of crown ratio over time. It 

was not known how PTAEDA2 would behave when reductions of crown ratio were in-
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corporated. Therefore, initial crown ratio reductions of 5, 10, 15, and 20 percent were 

chosen. After examining the volume reductions associated with these crown ratio re

ductions, it was decided to examine 7, 12, 13.5, 17, and 22 percent reductions of crown 

ratio. This was done to help pinpoint the crown ratio reductions necessary to create the 

percentage volume reductions obtained from the six TASS scenarios. Crown ratio re

ductions of 25, 30, 35, 40, 45, 50, 55, and 60 percent were also examined to determine 

the behavior of PTAEDA2 over a broad range. One would expect total volume to de

cline rapidly to some point and then to level off as crown ratio is reduced to extreme 

limits. 

It was also necessary to determine the number of runs needed to obtain a stable es

timate of the mean. Therefore, 20 simulation runs with a crown ratio reduction of 10 

percent were completed. Each run was initialized with a different random number seed, 

and all other inputs were identical. Changes in the cumulative average total volume for 

each of the runs at age 35 were plotted over the number of runs. 

F or all of the PT AEDA2 runs, 20 rows ( 400 trees) of trees were simulated. This plot 

size yields the most reliable predictions, because a large number of trees are simulated. 

The site index was set at 60 feet (base age 25) and 35 growing seasons were simulated. 

Each stand was planted with 800 trees per acre in an exact regular spacing. In order to 

keep the scenarios simple and complimentary with the TASS scenarios, thinning, 

fertilization, and hardwood competition were not considered in any of the simulations. 

These inputs were chosen to reflect an average loblolly pine stand. 

PROCEDURES 31 



Chapter III 

RESULTS AND DISCUSSION 

Overview of TASS Results 

Many of the output variables from TASS were not noticeably affected by the re

ductions in photosynthetic efficiency and average needle retention used for each of the 

scenarios. These include crown length, crown ratio, mean tree height, and the number 

of trees per acre. Those variables which were affected include mean tree diameter, mean 

tree volume, and total volume. 

The volume reductions which resulted from the TASS scenarios are 0 percent for the 

control, and 17.3, 4.42, 23.09, 15.98, and 32.44 percent for scenarios 2 - 6, respectively. 

Therefore, the scenarios, when ranked in order of increasing effect on the output vari

ables, took on the order of 1, 3, 5, 2, 4, 6. This order is consistant over all output vari

ables which were affected by the reductions incorporated into TASS. 
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Variahles showing no effect 

Mean crown length increased rapidly from age 10 to 25 where it peaked (Figure I). 

This peak occured shortly after crown closure began. Crown length began to increase 

again after age 50. This is probably because mortality began to increase sharply after 

age 45, and the remaining trees were able to respond to less competition. There was no 

difference in crown length between scenarios. 

Mean crown ratio increased rapidly until crown closure begins at age 20 (Figure 2). 

After crown closure and the onset of competition, crown ratio declines rapidly and levels 

off to about 22 percent after age 55. Crown ratio was not affected by the reductions of 

photosynthetic efficiency and average needle retention. This is because height growth 

was not affected. 

Mean tree height increased at a constant rate from age 10 to 90 in all six scenarios 

(Figure 3). The was no difference between the scenarios because height growth is de

fined as a function of potential height growth in the absence of competition and the ratio 

FVj FVmax• Since both FV and FVmax were reduced by photosynthetic efficiency and aver

age needle retention reductions, the ratio FVj FVmax was not significantly altered. 

The number of trees per acre decreased from ages 10 to 20 and remained constant 

at 384 trees per acre until age 45. After age 45, mortality begins to increase and the 

number of trees per acre begins to decline (Figure 4). The number of trees per acre was 

not noticeably affected by any of the photosynthetic efficiency and average needle re

tention reductions. This was because mortality is a function of the height of site trees. 

The height of site trees is determined at the beginning of the simulation from the speci-
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Figure 1. Simulated crown length of surviving trees for scenarios I - 6. Results from TASS. 
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Figure 2. Simulated crown ratio of surviving trees for scenarios 1 - 6. Results from TASS. 
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Figure 3. Simulated mean tree height for scenarios 1 - 6. Results from TASS. 
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fied site index. Since site index \vas the same for each of the scenarios, the height of site 

trees was also the same in all scenarios. 

Variables impacted by TASS modifications 

Mean tree diameter 

At age 20, mean tree diameter in scenarios 2 - 5 begins to deviate from the control 

scenario. The scenarios, ranked in order of decreasing mean diameter, took on the order 

1, 3, 5, 2, 4, 6. Although scenario 5 had a slightly larger mean tree diameter than sce

nario 2, the difference between the two is minimal. As the stand progresses to age 50, 

the order of the scenarios remains the same, however the magnitude of the diameter re

ductions becomes larger (Figure 5). Scenarios 2 and 5 are almost indistinguishable. The 

magnitude of the differences between mean diameter in the scenarios at age 90 is greater 

than at age 50, and the order remained the same. The percent reductions in mean tree 

diameter caused by photosynthetic efficiency and average needle retention reductions are 

shown in Table 4. These relationships occured because bole increment is defined as a 

function of actual foliar volume (FV), and the ratio of actual foliar volume to maxi

mum foliar volume (FVj FVmax)' Both FV and FVmax are reduced by reductions of 

photosynthetic efficiency and needle retention. Therefore, the overall effect on the ratio 

(FVjFVmax) was minimal. However, since bole increment is also a function of FV alone, 

mean diameter was reduced. 

In general, mean tree diameter increases at a fairly constant rate from ages 20 to 90. 

The differences between the mean diameters in each of the scenarios become larger as 

the simulated stands progress through time (Figure 6). 
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Figure 4. Simulated number of trees per acre for scenarios 1 - 6. Results from TASS. 
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Figure 5. Mean tree diameter for scenarios I - 6 at ages 20, 50, and 90. Results from TASS. 
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Table 4. :\1ean diameter (OBH), mean tree volume (:vtTV), and total volume (TV) expressed as 
a percentage reduction from the control for ages 20, 50, and 90. Results from TASS. 

Scenario 

age 2 3 4 5 6 

20 13.0 5.6 16.7 Il.l 22.2 
DBH 50 12.5 5.4 17.0 11.6 22.3 

90 13.3 6.9 19.7 12.7 24.9 

20 21.7 8.7 30.4 21.7 39.1 
MTV 50 23.1 11.4 31.9 21.8 39.7 

90 25.2 13.5 36.4 24.0 43.1 

20 22.9 10.7 31.0 21.1 39.1 
TV 50 23.2 11.1 31.6 21.8 39.9 

90 17.3 4.4 23.1 16.0 32.4 
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l\1ean tree volume 

The mean tree volume results are similar to those of mean diameter. At age 20, mean 

tree volume in each of the scenarios begins to differentiate, and an order is determined 

(Figure 7). The order is the same as that of mean diameter. The magnitude of the dif

ferences between mean tree volume in each of the scenarios increases as the stand gets 

older. The percent reductions of mean tree volume from the control for ages 20, 50 and 

90 are shown in Table 4. 

In general, mean tree volume increases at an increasing rate from age 10 to 90 in 

scenarios 1, 2, 3, and 5 (Figure 8). In scenarios 4 and 6, mean tree volume increases at 

an increasing rate until age 60 where it increases at a decreasing rate. 

Total volume 

There is little difference between the scenarios at age 20 (Figure 9). However, at age 

50, the effects of the photosynthetic efficiency and average needle retention reductions 

in scenarios 2 - 6 are visible. Like mean diameter and mean tree volume, the scenarios 

follow the pattern 1, 3, 5, 2, 4, 6 when ranked in order of increasing volume reduction 

from the control. This pattern remains constant through age 90 and the magnitude of 

the differences between scenarios increases. 

In general, total volume increased at an increasing rate until age 55. Total volume 

continued to increase at a decreasing rate after age 55 in all but the control scenario 

number 1 (Figure 10). In scenario I, total volume decreased after age 85. This was due 

to high mortality which occured between ages 85 and 90. Scenarios 2 and 5 were very 

RESULTS AND DISCUSSION 42 



80 
~1 

~2 
,-,. E23 
"';60 ...... 

~4 . 
::J 
0 15 '-" 
t) 

C 
~6 -=40 0 

> 
(D 
Q) 
"-
I-
e: 
0 
CD 20 
~ 

5Q 

Age (years) 

Figure 7. l\1ean tree volume for each of the six TASS scenarios at ages 20, 50, and 90. 
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Figure 8. Simulated mean tree volume for each of the six TASS scenarios. 
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similar at all ages with no more than a 2.3 percent difference in total volume after age 

20. The percentage reductions of total volume at ages 20, 50 and 90 are given in table 

4. The reductions in total volume stems soley from reduced diameter increment. 

Overview of PTAEDA2 results 

The PT AEDA2 runs demonstrated many of the same characteristics as were found 

in the TASS runs. For example, height growth was not affected by crown ratio re

duction of 0 to 20 percent. Average stand diameter and total volume results from 

PTAEDA2 followed similar patterns to that of TASS. However, unlike TASS, the 

projected number of trees per acre was reduced by reduction of crown ratio. 

The order of increasing effect of crown ratio reductions on the output variables was 

the same in both models, i.e.; 1, 3, 5, 2, 4, 6. This order holds for all variables except 

competition index in scenarios 2 and 5. These two scenarios shifted their order 

throughout the projection period, though at age 35 the order remained the same. 

Model Convergence 

Inspection of the cumulative moving average of total volume over 20 simulations 

reveals the variation created by different random number seeds (Figure 11). This vari

ation is partially due to the stochastic nature of tree mortality. Performing several runs 

causes smaller changes to the average total volume, and as the number of runs increases 

the variation eventually approaches zero. Initially, the variation in total volume as new 

runs are executed is large, but by 10 runs the variation in the cumulative average drops 
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Figure 10. Simulated total volume per acre for the six TASS scenarios. 
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to less than 50 cubic feet. The convergence of 20 runs was better than for 10 runs but 

the difference was not great enough to warrant the increased time associated with more 

runs. Therefore, each scenario was run 10 times with different random number seeds. 

The same 10 random number seeds were used for each scenario so that the only vari

ation in the results stems from the modifications to crown ratio and not from random 

numbers variability. The results for each scenario are an average of 10 simulation runs. 

Behavior of PT AED A2 at extreme crown ratio reductions 

The analysis of PT AEDA2 at extreme crown ratio reductions suggested that the 

model is sensitive to changes in crown ratio. This occurs because crown ratio is a major 

driving variable in determining height and diameter increment and mortality. Figure 12 

shows the projected reduction of total volume caused by crown ratio reductions ranging 

from 0 to 60 percent. Each point represents the total volume at age 35 and is the aver

age of 10 simulations. As crown ratio is reduced, total volume declines in a linear fash

ion and begins to level off after a 50 percent reduction. This trend follows one which 

might be expected when perturbations such as reduction of crown ratio is incorporated 

into the model. 

Crown Ratio 

Analysis of the crown ratio reductions used for each of the scenarios suggest that the 

model performs in a manner consistant with expected outcomes. Decreasing crown ratio 

by a given percentage each year resulted in a larger actual percentage reduction of crown 

ratio as the stand is grown. For example, an annual 10 percent reduction of crown ratio 

results in an actual crown ratio reduction of 11.4 percent at age 11, 12.9 percent at age 
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Figure 11. Convergence properties of PT AED A2 for a 10 percent reduction of crown ratio. 
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Figure 12. Projected reductions of total volume caused by crown ratio reductions ranging rrom 0 to 60 
percent. Each point is the average total volume of 10 PT AEDA2 simulations at the end 
of the 35-year projection period. 

RESULTS AND DISCUSSION 50 



23, and 13.2 percent at age 35. Table 5 presents the actual percent crown ratio re

ductions caused by the annual reduction of crown ratio used in each of the scenarios. 

Figure 13 shows the progression of crown ratio over the projection period. Each point 

represents the average of 10 simulations. 

Competition Index 

Competition index is used in determining annual height and diameter growth and 

mortality during a simulation. This index quantifies the competitive stress experienced 

by individual trees. In PT AEDA2, the competition between trees is defined as the ratio 

of their diameters divided by the distance between the trees (Equation 15). The number 

of competitors of a subject tree is determined by a 10 BAF sweep centered at the subject 

tree. 

In general, the reductions of crown ratio induced corresponding reductions of com

petition index. Figure 14 shows the pattern of competition index for each of the sce

narios. At ages 9 and 11, there is little difference between the six scenarios. However, 

after age 11, the difference between the competition indices for each of the scenarios 

begins to increase rapidly. It is interesting to note that the competition index for sce

narios 2 and 5 were very similar at all ages. These two scenarios correspond to 12 and 

10 percent reductions of crown ratio. See table 5 for the percentage reductions in com

petition index at ages 11, 23, and 35. 

Competition index decreased with increasing crown ratio reductions because the 

crown ratio reductions were large enough to cause diameter growth reductions. Since 

the average diameter of the stand was smaller in the reduced crown ratio scenarios, the 
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Table 5. \lcan crown ratio (CR), competition index (CI), mean diameter (01311), average stand 
height (I-IT), trees per acre (:\T), and total volume (TV) expressed as a percentage re-
duction from the control for ages II, 23, and 35. Scenarios 2-6 correspond to crown 
ratio reductions of 12, 5, 15, la, and 22(%, respectively. 

Scenario 

age 2 3 4 5 6 

11 13.5 5.8 16.8 11.4 24.6 
CR 23 15.4 6.6 18.9 12.9 27.4 

35 15.6 7.0 19.5 13.2 28.0 

11 2.1 0 3.2 1.1 3.2 
CI 23 9.0 3.0 11.9 9.0 21.6 

35 16.5 6.6 19.8 14.0 29.8 

11 2.1 0 2.1 2.1 4.2 
DBH 23 4.3 2.9 5.7 4.3 8.6 

35 4.9 2.4 6.1 3.7 8.5 

11 0 0 0 0 0 
HT 23 0.2 0 0.2 0 0.4 

35 0.5 0 0.5 0.2 0.6 

11 0.4 0.2 0.6 0.4 1.1 
NT 23 4.3 1.3 6.0 3.8 12.0 

35 8.9 1.7 11.1 7.8 19.9 

11 4.4 1.8 5.6 3.6 8.4 
TV 23 13.4 5.6 16.9 11.0 26.6 

35 18.7 6.3 22.6 14.9 33.3 
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Figure 13. Crown ratio projected by PT AED A2 with crown ratio reductions of 0, 12, 5, I S, 10 and 22 
percent. Each point is the average of 10 PT AEDA2 simulations. 
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Figure 14. Projected competition index for each of the six scenarios. Each point is the average of 10 
PT AED A2 simulations. 
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number of neighboring trees which may be potential competitiors becomes smaller. 

Therefore, the net effect of a reduction of crown ratio was a reduction of the average 

competition index in the stand. 

Average Diameter 

Figure 15 shows the projected mean diameter at breast height (dbh) for each of the 

6 scenarios. The differences between mean diameter at the end of the 35-year period is 

less than 8.5 percent with the maximum deviation during the projection period being 

approximately 9.9 percent at age 33. As with competition index, scenarios 2 and 5 were 

very similar with not more than a 1.3 percent difference at any age. The percent differ

ences between the scenarios at ages 11, 23, and 35 are shown in table 5. In scenarios 

3, 5, and 6, the percent reduction of mean diameter at age 23 is greater than the per

centage reduction at age 35. 

The reductions in diameter increment occured because diameter growth is a function 

of crown ratio. Although diameter increment is also a function of competition index, 

the reduced competitive stress was not enough to offset the smaller mean crown ratios. 

Average Stand Height 

As with the TASS results, average stand height was not affected by reductions of 

crown ratio ranging from 0 to 22 percent. Figure 16 shows stand height projections for 

each of the six scenarios. Average stand height increases at a decreasing rate throughout 

the projection period and there was no difference between the scenarios. A possible ex

planation is discussed below. 
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Figure 15. Projected mean diameter for the six scenarios. Each point is the average of 10 PTAEDA2 
simulations. 
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Figure 16. Projected mean stand height for the six scenarios. Each point is the average of 10 
PTAEDA2 simulations. 
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Unlike mean dbh, the reduction in competition index was enough to offset the nega

tive effects of reduced crown ratio. This follows the expected outcome of mean height 

because average stand height (except in extreme cases) is generally not affected by 

competitive stress. Figure 17 shows the average height at age 35 for crown ratio re

ductions of 0 to 60 percent. It is clear that in extreme cases, PTAEDA2 does allow for 

minor reductions in average stand height to occur. The extreme reduction of crown ratio 

is probably the primary factor causing lower mean stand height. A minor factor in 

contributing to lower stand height may be that mortality in the high crown ratio re

duction scenarios was greater than that in the lower crown ratio reduction scenarios. 

I t is a fairly well established phenomenon that on comparable sites, height growth is 

generally somewhat less for open grown trees than for stand grown trees (Spurr, 1952). 

Trees per Acre 

Survival trends for each of the scenarios are shown in Figure 18. It can be seen that 

mortality increased as the reduction in crown ratio increased. Scenario six shows the 

largest deviation from the control at age 35. The 22 percent reduction of crown ratio in 

scenario six induced 19.9 percent more mortality than that of the control. The percent 

reduction of trees per acre for all six scenarios is shown in table 5 for ages 11, 23, and 

35. 

The probability that a tree survives is a stochastic process which is a function of 

crown ratio and competition index. Although the probability of survival decreases as 

crown ratio decreases, and increases as competition index decreases, the reductions in 

competition index were not enough to offset the crown ratio reductions in any of the 

scenarios. This relationship is similar to that of mean diameter. 
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average of 10 PT AEDA2 simulations at age 35. 
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Total Volume 

Because of the diameter growth reductions and increased mortality induced by the 

reductions of crown ratio, total volume was reduced. Figure 19 shows the relationship 

between total volume for each of the scenarios. Total volume increases at a decreasing 

rate over the projection period. The percentage reduction of total volume for scenarios 

1 - 6 at age 35, was 0, 6.1, 14.8, 18.6, 22.5 and 33.2 percent, respectively. This corre

sponds to the crown ratio reductions ofO, 12, 5, 15, 10, and 22 percent. See table 5 for 

percentage reductions of total volume at ages 11, 23, and 35. These are not the exact 

percentage volume reductions reported from the TASS scenarios, but they are very 

similar. The exact crown ratio reductions necessary to obtain the same volume re

ductions from TASS may be extrapolated from Figure 12. 

The total volume results from PT AEDA2 are consistant with the diameter and trees 

per acre results. In PTAEDA2, individual tree volume is defined as a function of diam

eter squared and height. As discussed earlier, height growth was not affected by re

duction in crown ratio, however diameter growth was affected. The diameter squared 

term in the volume equation intensifies the reduction induced by lower crown ratios, 

thereby creating comparatively larger percentage volume reductions. The effect on total 

volume is intensified even more since there are fewer trees per acre in those scenarios 

where crown ratio was reduced. 
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Figure 19. Projected average total volume for crown ratio reductions of 0, 12, 5, 15, 10 and 22 
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Chapter IV 

SUMMARY AND CONCLUSIONS 

An approach to assess the impact of atmospheric pollution on forest growth and 

yield was developed. In this approach, selected input variables of two stand simulators, 

TASS and PTAEDA2, were modified to reflect pollution stress on forests. The TASS 

input variables photosynthetic efficiency and average needle retention were reduced in 

six combinations to reflect differing pollutant impacts on forest trees. Although the se

lection of the differential levels of photosynthetic efficiency and average needle re

tentions in the study were arbitrary, the levels appear reasonable based on documented 

responses of forest trees. 

The results from TASS were used in an indirect manner in PT AEDA2. Crown ratio 

in PTAEDA2 was reduced annually in order to determine the same percentage total 

volume reductions which were computed by TASS. 
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The growth and yield relationships shown in Figures 1 - 10 indicate that the simu

lation results from TASS predict reasonable trends over reductions of photosynthetic 

efficiency and average needle retention. The effect of reducing efficiency and retention 

seemed to be a thinning out of the crown and this in turn caused diameter increment 

reductions. Height growth was not affected, and therefore the volume reductions were 

a result of trees which were much smaller in diameter than those of the control. A re

duction of crown length and crown ratio may also have been expected, however this did 

not occur because these variables are determined from the height and branch grovvth. 

The simulation results from PT AEDA2 also show reasonable trends over reductions 

of crown ratio for constant site indexes and initial planting densities (Figures 11 - 19). 

Crown ratio reductions caused reductions of competition index, average stand diameter, 

and total volume. As with TASS, average stand height was not affected until crown 

ratio reductions were extreme. This follows since height growth is generally not as sen

sitive to competition as diameter growth (Bormann, 1965). 

Although average stand height was not affected by crown ratio reductions of 0 to 22 

percent, height growth was affected. The output from PTAEDA2 reflects the average 

height of the live trees in the stand. Examination of the trees that died throughout the 

projection period in the high crown ratio reduction scenarios shows that these trees were 

smaller than the trees in the low crown ratio reduction scenarios. Therefore, if the trees 

that died were included in the average stand height computation, the impact on height 

growth would be more evident. This result may be expected because ozone can influence 

height growth since it has been found to cause an increase in stomatal conductance of 

ponderosa pine needles (Coyne and Bingham, 1981). In a study on hybrid poplar leaves 

Reich and Lassoie (1984) concluded that ozone exposure caused reductions in 1) water-
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use efficiency, 2) the range of individual leaf conductance and 3) the ability to control 

water loss and withstand dessication. The increase in moisture stress induced by ozone 

exposure causes stomatal closure and and may result in subsequent reductions of carbon 

uptake and fixation. This reduces the amount of material available for new cell pro

duction and thickening of existing cell walls. Also, moisture stress reduces turgor pres

sure causing a reduction in cell elongation (Kramer and Kozlowski, 1979). Since a 

positive turgor pressure is necessary for cell elongation and new cell production, height 

gro,",,1:h may decline when trees are exposed to ozone. 

The results of this study indicate that large growth and yield reductions may occur 

when photosynthetic efficiency and average needle retention are reduced. For example, 

the combination of a 7.5 percent reduction of photosynthetic efficiency and an average 

needle retention reduction of one year (scenario 4) resulted in a 23.1 percent reduction 

of total volume at age 90. Similarly, a crown ratio reduction of 15 percent in PTAEDA2 

resulted in a 22.6 percent reduction of total volume at age 35. Total volume reductions 

from the six TASS scenarios were 0, 17.3,4.4,23.1, 16.0 and 32.4 percent for scenarios 

1 - 6, respectively. These are similar to crown ratio reductions in PTAEDA2 of 0, 12, 

5, 15, 10, and 22 percent which yielded total volume reductions ofO, 18.7,6.3,22.6, 14.9, 

and 33.3 percent. Although not intended as a final quantitative answer, the results of 

these simulations offer insights into responses which might be expected when forests are 

exposed to atmospheric deposition. 

Possible variables to measure in vegetation surveys 

There are several data types which may be collected in future vegetation surveys to 

help quantify the effect of air pollutants. These include crown ratio, needle retention, 
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foliage area and a rating system of current damage to individual trees. Each of these 

data types have advantages and disadvantages in the collection and use, however they 

may be useful data in modeling the effects of air pollution on forest gro\vth and yield. 

In PTAEDA2, crown ratio is a measure of photosynthetic potential. Since a re

duction in photosynthesis is a major effect of ozone exposure, and because crown ratio 

is an important factor in de terming volume production, crown ratio would be a good 

variable to measure. However, since crown ratio declines throughout the life of the 

stand, any reductions in crown ratio caused by pollution impact may be difficult to dis

tinguish from the normal decline of crown ratio. 

Needle retention is another variable that might be measured in vegetation surveys. 

Ozone is known to cause premature senescence of leaves for many species (Mann et al. 

1980, McLaughlin et al. 1982). This is an important variable because premature loss of 

older needles will reduce available photosynthate for shoot elongation and newly devel

oping needles. This will have a net effect of a reduction in photosynthesizing tissue and 

the availability of carbohydrates for growth and maintenance of the tree. 

Data collection of needle retention may be time consuming but is not impossible. It 

is important to note that some species, like loblolly pine, have several flushes in one 

growing season. However, the first flush of the season is generally the longest, so with 

careful examination of the branches, needle retention may be determined. 

Another variable which may be measured is foliage area. Although this is very diffi

cult to measure, several studies for conifers and woody angiosperms have shown a linear 

relationship between the cross sectional area of sapwood at breast height and foliage 
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area or crown biomass (Grier and \Varing 1974, Snell and Brown 1978, \Varing ct al. 

1976, \Vhitehead 1978). The linear relationship between sapwood area and foliage area 

provides a useful, rapid and nondestructive method for estimating foliage area. 

It may also be useful to develop a rating system which would categorize each tree 

into an injury class. The injury class may be a function of needle condition (chloroti~, 

necrotic), needle length, and/or needle retention. This process will be very time con

suming and somewhat subjective but it may help in modeling symptom variablility 

among a particular species. Another disadvantage to the usefulness of this system is that 

growth losses may occur before visible symptoms are evident (Reich and Amundson, 

1985). Also, Ward (1980) showed that growth response of loblolly pine fumigated with 

ozone did not correlate well with visible injury. 

Bias of model results 

There are two major limitations to the results obtained from TASS and PT AEDA2. 

The first form occurs because in both models, every tree was impacted in exactly the 

same manner. This is not realistic because individuals within a species can have re

sponses to air pollution stress which range from sensitive to tolerant (Winner et al. 

1986). Gerhold (1977) listed several species including red maple, sugar maple, lodgepole 

pine, ponderosa pine, eastern white pine, Scots pine, and Douglas-fir as species for which 

interspecific pollution tolerance is known to range widely. Because of this, the results 

of the two models may reflect a pollution impact which is too severe. For example, 

suppose 20 percent of the trees in a stand are adversely affected by air pollution and the 

remaining 80 percent are not affected. In this case, a reduction in growth and possible 
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mortality of 20 percent of the trees may be similar to a thinning, and the net effect of 

pollution on growth and yield may be very small or nonexistent. 

The second limitation results because the pollution impact incorporated into TASS 

and PTAEDA2 reflected a constant exposure regime. This is not realistic since some 

pollutant concentrations, ozone for example, are highly variable and can differ signif

icantly within days, between days, and between years (Woodman 1986). Particularly 

high concentrations of ozone occur periodically during the summer when hot, clear days 

and light winds prevail. Therefore, the results may reflect a pollution impact which is 

too severe. Also, if foliar damage does not result from ozone episodes, photosynthetic 

recovery may occur (Smith 1981). If phtotsynthetic recovery occurs, the impact on 

growth and yield may be minimal and the model would therefore overstate the pollution 

impact. The modifications to TASS and PTAEDA2 do not allow for recovery during 

times of moderate or no pollution exposure. 

One possible method to alleviate this problem in TASS would be to incorporate se

veral ozone doses and utilize different photosynthetic efficiencies and needle retentions 

based on the dose. In PTAEDA2, the crown ratio reductions may be changed yearly 

instead of using a constant percentage throughout the projection period. 

Other possible modifications to TASS and PTAEDA2 

Although photosynthetic efficiency and needle retention reductions were appropriate 

input variables to modify, many other modifications may also be relevant. For example, 

in the TASS analysis both FV and FVmax were impacted by reductions in photosynthetic 

efficiency and average needle retention. One possible modification would be to hold the 
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maximum potential foliar volume at the non-polluted level. In this situation, a com

parison between the foliar volume of trees impacted by pollution (FV) and trees not 

impacted by pollution (FVmax) would occur. Since height and diameter gro\vth are both 

functions of the ratio FVj FVmax (Equations 8 and 10), this modification should impact 

height and diameter growth. 

Another modification would be to alter the coefficient of the ratio FV/ FVmax in 

Equation 8. This coefficient may be increased or decreased each year of the simulation 

to reflect differing ozone concentrations. Data for this modification may come from the 

relationship between the foliar volume or area of a tree impacted by pollution and a tree 

which has not been impacted by pollution. The amount of change may be arbitrary until 

more precise data are available. This should cause height growth to increase or decrease 

as pollutant levels decrease and increase. 

TASS may also be modified through Equations 7 or 11. In equation 7, the height 

of an open-grown tree is a function of the height of site trees and in Equation 11 mor

tality is estimated as a function of height of site trees. Since increased stomatal 

conductance and eventual water stress is a possible symptom of ozone exposure and 

moisture is an important factor determining site quality, site index may be reduced to 

reflect pollution impact. 

There are several possible modifications of PT AEDA2 to reflect pollution impact. 

Instead of reducing crown ratio by the same percentage each year, a variable reduction 

scheme may be used to reflect varying ozone concentrations. Also, the coefficients used 

to estimate crown ratio may be modified. Since height and diameter increment and the 
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probability that a tree \vill survive is a function of crown ratio, all of these parameters 

would be affected by changes to the crown ratio coefficients. 

Another possible modification would be to change the coefficient (b2) in the height 

increment equation (Equation 16), or the coefficient (bl ) in the diameter increment 

equation (Equation 20). These coefficients may be reduced by different percentages just 

as crown ratio was reduced in this study. The magnitude of the reductions must be ar

bitrary until more data are available. It is important to note that the actual pollution 

impact on trees \vill probably not be a reduction of crown ratio. However, for modeling 

purposes, the reduction of crown ratio is one method to reflect crowns which are less 

effective. 

In PT AEDA2, the potential height increment is a function of site index. This po

tential may be reduced either by changing the coefficients or by modifying site index to 

reflect pollution impact. To modify site index, the effect of pollutants on the potential 

height of each tree must be known. Because of genetic and environmental differences, 

each trees' potential height is different. Therefore, if the pollutant effect on potential 

height is known, site index for each tree may be assigned randomly from a distribution 

of potential heights. It is important to note that this modification will will also affect 

diameter increment and mortality because these parameters are not independent. 

Future research needs 

There are still many unanswered questions about the nature, causes, and conse

q uences of recent forest declines. Determining forest growth processes under pollutant

stressed environments is a difficult task bacause the pollutants which may cause forest 
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declines have not been monitored long enough to cover the period of transition to ob

served slower growth which began 20 or 30 years ago (McLaughlin and Braker, 1985). 

The approach used here is in the developmental stage and should be modified as new 

time series air pollution data becomes available. New data may indicate that 

photosynthetic efficiency and needle retention should be reduced episodically instead of 

at a constant rate through the projection period. This may require growth models with 

time-steps less than one year. Although more difficult to incorporate into models, sce

narios such as this should be evaluated in the future. 

The same approach as used in this study should be completed for different site in

dexes and planting densities to see if similar trends occur. It would also be useful to 

consider thinning and fertilization options to see if some of the growth and yield re

ductions might be offset. Further development of this approach and others should be 

an integral part of the study of air pollution stress on forest growth and yield. 
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Table 6. Simulated mean crown length (fl.) for TASS scenarios I - 6. 

--------------------------------------------------------
Sceneario 

-------------------------------------------------
Age 1 2 3 4 5 6 
--------------------------------------------------------
10 4.5 4.5 4.5 4.5 4.5 4.5 
20 20 .. S 20.S 20.S 20.8 20.8 20.8 
25 22.9 22.9 22.9 22.9 22.9 22.9 
30 22.2 22.2 22.2 22.2 22.2 22 .. 2 
35 20.6 20.4 20.5 20.3 20.4 20.3 
40 19.8 19.5 19.5 19.8 19.8 19.8 
45 18.8 lS.7 18.8 18.7 18.8 18.7 
50 18.8 18.7 18.7 18.7 lS.7 18.6 
55 18.4 18.3 18.4 18.8 18.3 18.8 
60 20.2 20.8 20.8 19 .. 4 20.8 19.4 
65 21.0 20.8 20.9 20.8 20.9 20.8 
70 21.1 21.0 21.0 21.0 21.0 21.7 
75 21.4 22.2 22.2 22.2 22.2 22.2 
80 21.9 21 .. 8 21.9 22.7 21 .. 8 22.7 
85 23.4 23.4 23.4 23.4 23.4 23.4 
90 25.3 24.1 24.0 23.1 24.0 23.1 
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Table 7. Simulated mean crown ratio for (percent) TASS scenarios I - 6. 

---------------------------------------------------
Scenario 

--------------------------------------------
Age 1 2 3 4 5 6 
---------------------------------------------------
10 56 56 56 56 56 56 
20 68 68 68 68 68 68 
25 55 55 55 55 55 55 
30 43 43 43 43 43 43 
35 34 34 34 34 34 34 
40 29 29 29 29 29 29 
45 25 25 25 25 25 25 
50 23 23 23 23 23 23 
55 21 21 21 21 21 21 
60 21 22 21 21 22 21 
65 20 20 20 20 20 20 
70 19 19 19 19 19 20 
75 19 19 19 19 19 19 
80 18 18 18 19 18 19 
85 19 19 19 19 19 19 
90 19 19 19 18 19 18 
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Table 8. Simulated mean tree height (fl.) for TASS scenarios I • 6. 

---------------------------------------------------------
Scenario 

--------------------------------------------------
Age 1 2 3 4 5 6 

-~-------------------------------------------------------
10 7.9 7.9 7.9 7.9 7.9 7.9 
20 30.7 30.7 30.7 30.7 30.7 30.7 
25 41.8 41.8 41.8 41.S 41.8 41.8 
30 51.9 51.9 51.9 51.9 51.9 51.9 
35 60.2 60.0 60.1 59.9 60.0 59.8 
40 67.9 67.6 67.7 67.5 67.6 67.4 
45 74.4 74.1 74.3 74.0 74.1 73.9 
50 81.8 Sl.4 81.6 81.3 81.4 81.2 
55 88.0 87.5 87.7 88.2 87.5 88.0 
60 96.2 96.6 96.S 94.6 96.6 94.5 
65 102.9 102.4 102.6 102.3 102.4 102.2 
70 108.3 107.7 107.9 107.6 107.S 10S.7 
75 113.6 114.2 114.4 114.1 114.3 114.0 
SO 11S.7 118.2 118.4 119.8 118.3 119.7 
85 124.9 124.7 124.8 124.6 124.7 124.6 
90 131.2 129.3 129.4 128.4 129.3 12S.3 
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Table 9. Simulated number of trees per acre for TASS scenarios I - 6. 

---------------------------------------------------------
Scenerio 

--------------------------------------------------
Age 1 2 3 4 5 6 
------------------------------------------------------ ---
10 415 415 415 415 415 415 
20 384 384 384 384 384 384 
25 384 384 384 384 384 384 
30 384 384 384 384 384 384 
35 384 384 384 384 384 384 
40 384 384 384 384 384 384 
45 384 384 384 384 384 384 
50 363 363 363 363 363 363 
55 353 353 353 342 353 342 
60 311 301 301 322 301 322 
65 290 290 290 290 290 290 
70 280 280 280 280 280 270 
75 270 259 259 259 259 259 
80 259 259 259 249 259 249 
85 239 239 239 239 239 239 
90 197 218 218 239 218 239 
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Table 10. Simulated mean tree diameter (in.) for TASS scenarios I - 6. 

---------------------------------------------------------
Scenario 

--------------------------------------------------
Age 1 2 3 4 5 6 
---------------------------------------------------------
10 .. 4 .4 .4 .4 .4 .4 
20 5.4 4.7 5.1 4.5 4.8 4.2 
25 6.9 6.0 6.5 5.7 6.1 5.4 
30 7.9 7.0 7.5 6.6 7.0 6.2 
35 8.8 7.7 8.3 7.3 7.8 6.8 
40 9.6 8.4 9.1 8.0 8.5 7.5 
45 10.3 9.1 9.8 8.6 9.2 8.0 
50 11.2 9.8 10 .. 6 9.3 9.9 8.7 
55 11.9 10.4 11.2 9.9 10.5 9.3 
60 12.9 11.4 12.3 10.6 11.5 9.9 
65 13.7 12.0 12.9 11.4 12.1 10.7 
70 14.3 12.6 13.5 11.9 12.7 11.3 
75 15.0 13.3 14.3 12.5 13.4 11.8 
80 15.6 13.7 14.7 13.1 13.8 12.2 
85 16.3 14.3 15.4 13.5 14.5 12.7 
90 17.3 15.0 16.1 13.9 15 .. 1 13.0 
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Table I t. Simulated mean tree volume (cu. fl.) for TASS scenarios I - 6. 

---------------------------------------------------------
Scen8rio 

--------------------------------------------------
Age 1 2 3 4 5 6 

---------------------------------------------------------
10 .. 0 .0 .0 .0 .0 .0 
20 2.3 1.8 2.1 1.6 1.8 1.4 
25 4.9 3.8 4.4 3.4 3.9 3.0 
30 8.0 6.2 7.1 5.5 6.3 4.8 
35 11.3 8.7 10.1 7.8 8.9 6.8 
40 14.8 11.4 13.1 10.1 11.6 8.9 
45 18.3 14 .. 1 16.3 12.5 14.3 11.0 
SO 22.9 17.6 20.3 15.6 17.9 13.8 
55 27.2 20.9 24.2 19.0 21.3 16.7 
60 33.8 26.6 30.7 22.6 27.0 19.8 
65 39.9 30.6 35.5 27.3 31.2 24.0 
70 45.1 34.7 40.1 30.9 35.3 27.8 
75 50.7 40.0 46.3 35.6 40.7 31.3 
80 56.4 43.4 50.2 39.8 44.1 35.0 
85 64.1 49.4 57.1 44.0 50.2 38.6 
90 73.9 55.3 63.9 47.0 56.2 41.3 
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Table 12. Simulated total ... olume (cu. n.) per acre for TASS scenarios I - 6. 

--------------------------------------------------------
Scenario 

-------------------------------------------------
Age 1 2 3 4 5 6 
--------------------------------------------------------
10 7.9 6.1 7.2 5.6 6.5 5.1 
20 882.9 680.8 788.7 608.8 696.7 537.8 
25 1886.8 1453.5 1683.0 1297.9 1484.3 1144.9 
30 3076.2 2367.5 2740.7 2111.8 2413.8 1860.4 
35 4346.8 3346.6 3871.7 2984.1 3409.1 2627.2 
40 5664.1 4359.5 5043.0 3886.4 4439.2 3419.9 
45 7020.5 5396.8 6246.1 4809.2 5494.9 4229.7 
50 8300.4 6374.2 7378.4 5678.5 6487.7 4992.3 
55 9605.4 7372.1 8534.8 6504.5 7501.8 5716.1 
60 10514.3 7991.5 9248.3 7257.3 8127.2 6376.1 
65 11583.9 8895.7 10295.9 7920.9 9046.4 6960.6 
70 12643.0 9709.8 11233.6 8645.8 9875.6 7498.5 
75 13676.9 10364.4 11993.9 9227.s 10540.9 810s.7 
80 14635.0 11247.4 13016.7 9909.2 11438.1 8707.1 
85 15301.6 11783.2 13626.3 10489.4 11972.7 9216.4 
90 14566.9 12047.3 13923.1 11203.1 12239.8 9842.1 
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Table 13. Projected reductions of total volume (cu. fl. per acre) caused by crown ratio reductions 
ranging from 0 to 60 percent. 

Crown Ratio 
Reduction 
<percent) 

.0 
5.0 
7.0 

10.0 
12.0 
13.5 
15.0 
17.0 
20.0 
22.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
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Totel 
Voluae 

(cu. £'t.) 

4953.8 
4643.8 
4370.2 
4176.1 
4025.9 
3979.8 
3836.3 
3622.3 
3432.6 
3303.4 
3037.9 
2627.8 
2238.1 
1971.5 
1696.8 
1428.6 
1187.2 
1065.7 
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Table 14. Projected mean crown ratio (percent) for PT,\EDA2 scenarios. Each scenario is the a"erage 
of J 0 simulations. 

--------------------------------------------------------
Percent Crown Ratio Reduction 

-------------------------------------------------
Age 0 5 10 12 15 22 
--------------------------------------------------------

9 59.2 56.0 52.9 51.7 49.8 45.5 
11 51.7 48.7 45.8 44.7 43.0 39.0 
13 46.0 43.3 40.5 39.4 37.9 34.3 
15 41.8 39.1 36.6 35.6 34.1 30.8 
17 38.4 35.9 33.5 32.6 31.2 28.2 
19 3S.7 33.4 31.1 30.3 29.0 26.2 
21 33.6 31.3 29.2 28.4 27.2 24.5 
23 31.8 29.7 27.7 26.9 25.8 23.1 
25 30.3 28.3 26.4 25.7 24.6 22.0 
27 29.2 27.1 25.3 24.6 23.6 21.1 
29 28.1 26.0 24.4 23.7 22.7 20.2 
31 27.2 25.2 23.6 23.0 21.9 19.6 
33 26.5 24.5 22.9 22.3 21.3 19 .. 0 
35 25.7 23.9 22.3 21.7 20.7 18.5 
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Tablc 15. Projccted competition index for PTAEDA2 scenarios. Each scenario is the aycrage of 10 
simulations. 

---------------------------------------------------------
Percent Crown Ratio Reduction 

--------------------------------------------------
Age 0 5 10 12 15 22 
---------------------------------------------------------

9 .70 .70 .70 .70 .70 .70 
11 .94 .94 .93 .92 .91 .91 
13 1.10 1 .. 10 1 .. 07 1 .. 04 1.01 1.00 
15 1.21 1.18 1.13 1.12 1.11 1.07 
17 1.30 1.27 1.20 1.20 1.18 1.10 
19 1.31 1.29 1.24 1.23 1.21 1.11 
21 1.34 1.30 1.22 1.23 1.19 1 .. 09 
23 1.34 1.30 1.22 1.22 1 .. 18 1.05 
25 1.32 1.28 1.19 1.18 1.16 1.03 
27 1.31 1.26 1.18 1.17 1.11 .99 
29 1.29 1.24 1.14 1.12 1.09 .97 
31 1.29 1.21 1.12 1.08 1.08 .93 
33 1.24 1.17 1.09 1.06 1.02 .88 
35 1.21 1.13 1.04 1.01 .97 .85 
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Table 16. Projected mean tree diameter (in.) for PTAEDA2 scenarios. Each scenario is the alcrage 
of 10 simulations. 

---------------------------------------------------------
Percent Crown Retio Reduction 

--------------------------------------------------
Age 0 5 10 12 15 22 
---------------------------------------------------------

9 4.2 4.1 4.1 4.1 4.1 4.1 
11 4.8 4.8 4.7 4.7 4.7 4.6 
13 5.3 5.3 5.2 5.1 5.1 5.0 
15 5.8 5.7 5.6 5.5 5.5 5.3 
17 6.1 6.0 5.9 5.8 5.8 5.6 
19 6.4 6.3 6.2 6.1 6.1 5.9 
21 6.7 6.6 6.4 6.4 6.4 6.2 
23 7.0 6.8 6.7 6.7 6.6 6.4 
25 7.2 7.0 6.9 6.9 6.8 6.6 
27 7.4 7.2 7.1 7.1 7.0 6.8 
29 7.6 7.4 7.3 7.3 7.2 6.9 
31 7.8 7.6 7.5 7.5 7.4 7.1 
33 8.1 7.8 7.7 7.6 7.5 7.3 
35 8.2 8.0 7.9 7.8 7.7 7.5 
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Table 17. Projected mean trce hcight for PTAEDA2 scenarios. Each scenario is the a,,'crage of 10 
simulations. 

---------------------------------------------------------
Percent Crown Ratio Reduction 

--------------------------------------------------
Age 0 5 10 12 15 22 

---------------------------------------------------------
9 24.4 24.4 24.4 24.4 24.4 24.4 

11 30.1 30.2 30.2 30.2 30.2 30.2 
13 35.2 35.2 35.2 35.2 35.2 35.2 
15 39.6 39.6 39.6 39.6 39.6 39.6 
17 43.4 43.5 43.4 43.4 43.4 43.4 
19 46.8 46.8 46.8 46.8 46.7 46.7 
21 49.9 49.8 49.9 49.9 49.9 49.8 
23 52.7 52.7 52.8 52.6 52.6 52.5 
25 55.2 55.3 55.3 55.2 55.1 55.0 
27 57.6 57.6 57.6 57.5 57.5 57.4 
29 59.9 59.8 59.8 59.6 59.7 59.5 
31 61.9 61.8 62.0 61.7 61.7 61.6 
33 63.9 63.8 63.9 63.5 63.6 63.5 
35 65.7 65.7 65.6 65.4 65.4 65.3 
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Table 18. Projected mean stand height (ft.) for crown ratio reductions of 0 to 60 percent. 

Crown Ratio 
Reduction 
(percent) 

.0 
5 .. 0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 

Appendix B. Data output from PT AEDA2 

Mean Stand 
Height 
(:£t. ) 

65.7 
65.7 
65.6 
65 .. 4 
65.3 
65.2 
64.5 
64 .. 0 
63.6 
63.1 
62.5 
61.2 
60.6 
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Table 19. Projected number of trees per acre for PTAED.\2 scenarios. Each scenario is the a\'erage 
of 10 simulations. 

---------------------------------------------------------
Percent Crown Ratio Reduction 

--------------------------------------------------
Age 0 5 10 12 15 22 

---------------------------------------------------------
9 631.2 630.8 630.8 630 .. 8 630.4 629.8 

11 627.6 626.2 625.0 624.8 623.8 621.0 
13 619.8 616.0 614.4 613.8 612.2 602.6 
15 607.2 601.4 598.0 598.0 595.4 580.2 
17 591.8 584.4 578.4 577.0 573.4 551.2 
19 571.0 563.0 555.2 554.4 548 .. 6 519.4 
21 548.6 539.6 528.6 525.6 521.0 488.8 
23 523.8 517.0 503.8 501.4 492.6 460.8 
25 498.6 493.6 479.2 475.0 468.8 432.8 
27 477.6 473.0 453.2 449.0 439.2 406.0 
29 457.4 452.0 432.2 427.4 418.4 378.6 
31 438.0 429.4 407.8 400.2 393.0 356.8 
33 415.0 405.8 384.6 380.6 372.8 332.6 
35 392.4 385.6 361.8 357.6 349.0 314.0 
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Table 20. Projected total \'olume (cu. ft. per acre) for PTAEOA2 scenarios. Each scenario is the a\'· 
crage of 10 simulations. 

--------------------------------------------------------
Percent Crown Ratio Reduction 

-------------------------------------------------
Age 0 5 10 12 < 15 22 
--------------------------------------------------------

9 917.1 910.4 903.7 900.8 896.4 885.7 
11 1416.9 1392.0 1365.3 1354.5 1337.8 1297.7 
13 1934.3 1881.2 1828.6 1806.9 1775.3 1688.8 
15 2442.9 2357.9 2268.4 2237.8 2185.8 2049.5 
17 2902.2 2777.8 2653.6 2605.0 2535.4 2337.8 
19 3302.1 3140.2 2981.1 2932.0 2830.7 2567.2 
21 3653.5 3443.8 3265.8 3184.0 3087.3 2749.8 
23 3942.4 3721.2 3510.0 3416 .. 0 3276 .. 8 2893.4 
25 4184.5 3953.8 3699.0 3583.1 3452.5 3023.4 
27 4427.2 4161.0 3845.6 3716.2 3573.8 3136.2 
29 4643.6 4338.3 4010.0 3860.2 3707.1 3208.7 
31 4795.5 4472.4 4121.7 3924.7 3766.8 3266.7 
33 4900.2 4559.0 4198.4 3993.1 3823.8 3280.1 
35 4953.8 4643.8 4215.4 4025.9 3836.3 3303.4 

Appendix B. Data output from PT AEDA2 94 
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