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Simulation of Early Stand Development in 

Intensively Managed Loblolly Pine Plantations 

 

James A. Westfall 

 

(ABSTRACT) 

 

A system of equations was developed and incorporated into the 

PTAEDA2 loblolly pine stand simulator to provide growth projections from 

time of planting. Annual height growth is predicted using a two-parameter 

Weibull function, where distribution parameters are estimated from 

equations that utilize site index and age as predictor variables. Allometric 

equations are employed to estimate tree diameter and height-to-crown 

attributes. First year after planting mortality estimates are based on 

physiographic region and drainage class, with adjustments for bedding or 

discing site preparation treatments. Thereafter, a simple mortality function 

is used. The onset of competition is defined through a point density measure, 

which was conditioned to correspond with inflection points of basal area 

growth curves from observed data. 

 

Early silvicultural treatment response functions were also developed. 

These equations modify growth for shearing and piling, discing, and bedding 

site preparation methods, fertilization with phosphorous, nitrogen, and/or 

potassium, and 1-year or 2-year herbaceous weed control treatments. 

Differential responses due to drainage class and physiographic region are 

included in the response functions where necessary. Equations that account 

for interactions between certain treatments are used to adjust response levels 

where treatments have similar effects site conditions. 
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Analyses of pre-competitive growth projections where no treatments 

are specified reveal that a small amount of over-prediction is present when 

compared with observed data. Predicted values in the post-competitive 

growth phase confirm that the addition of the pre-competitive growth system 

did not significantly affect the predictive behavior of the PTAEDA2 model. 

The simulated growth responses attributed to early silvicultural treatments 

are consistent with response levels reported in other studies. 
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Chapter I. Introduction and Objectives 

 
Introduction 

 
Growth and yield models are an important decision-making tool in 

forest management. In order to be of high utility, models need to be 

continually updated to reflect current management practices. The 

competitive nature of forest industry has resulted in increasingly intensive 

management efforts, many of which are employed prior to planting or in the 

first few growing seasons. Thus, a greater emphasis is being placed on early 

stand development, as this often plays a major role in determining rotation-

age structure and yield (Nilsson and Albrektson 1994).  

 

Treatments which have been shown to enhance growth and minimize 

mortality in young stands include mechanical site preparation (DeWit and 

Terry 1983, Edwards and Shiver 1991), herbaceous weed control, (Zutter et 

al. 1987, Creighton et al. 1987), and fertilization (Schmidtling 1973, Gent et 

al. 1986). However, the results of these treatments can be, and often are, 

highly variable (Bolstad and Allen 1987, Miller et al. 1991). This variability, 

along with the wide spectrum of possible combinations and intensities of 

early management regimes, had led to few attempts at modeling early stand 

growth (Mason et al. 1997, Zhang et al. 1996). The lack of modeling efforts for 

young stands is reflected in the capabilities of many tree growth models, 

where predictions are absent for young stands (Burkhart et al. 1987, Zhang et 

al. 1995). 

 

The number of studies undertaken in loblolly pine stands to evaluate 

juvenile growth and response to early treatments over the past two decades 

(NCSFNC 1996, Lauer et al. 1993, Amateis et al. 1988) are indicative of the 

importance of early stand dynamics and the implications for rotation-length 
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outcomes. The effects of early treatments on stand structure and 

development can be significant and may influence the type and timing of 

silvicultural treatments employed later in the rotation. Thus, there is a need 

for loblolly pine growth models that are capable of projecting stand 

development from time of establishment through rotation age across a range 

of site, stand, and silvicultural treatment scenarios. Rotation-length models 

would give forest managers the ability to evaluate a number of potential 

management scenarios, which may assist in planning and implementing 

appropriate silvicultural practices that will allow rotation-length goals to be 

achieved. 

 

Objectives 

The objectives of this research were to:  

 

1) Review previous work on growth trends and modeling efforts 

associated with early stand development and treatment responses. 

 

2) Model the effects of intensity and duration of site preparation  

methods and early silvicultural treatments on tree growth rates. 

 

3) Develop a system of equations that incorporate early treatment 

effects and microsite variation into annual tree growth projections. 

  

4) Integrate the system of equations into the existing PTAEDA2 

model and evaluate predictive ability from time of planting. 

 

An overview of modeling considerations and levels of growth responses 

attributable to various site preparation, herbaceous weed control, and 

fertilization treatments is provided in Chapter II. Chapter III describes the 

data sets utilized in this research and presents information regarding the 
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methods employed. The development of the baseline pre-competitive growth 

equation system is outlined in Chapter IV. In Chapter V, the formulation and 

application of treatment response functions are considered. Methods utilized 

to establish the age of onset of intraspecific competition are presented in 

Chapter VI. Chapter VII contains results of growth projections and efforts to 

validate/verify the model are described. Finally, conclusions based on this 

research and topics worthy of further scrutiny are specified in Chapter VIII. 
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Chapter II. Literature Review 

 
In this chapter, past studies on the effects of site preparation, 

herbaceous weed control, and fertilization are reviewed. Previous research 

related to modeling of silvicultural treatment effects and tree growth is also 

discussed. 

 

Site Preparation 

 
Stand structure and yield at rotation age is highly dependent on 

regeneration success and early growth rates (Nilsson and Albrektson 1994). 

Practices that improve the planting site are often employed to increase 

seedling survival rates and promote rapid juvenile growth. These site 

preparation treatments are usually aimed at managing post-harvest slash 

and vegetation and manipulation of soil characteristics. A low-intensity 

treatment may simply involve cutting some of the relatively larger residual 

vegetation, while high-intensity practices may include multiple operations 

such as a combination of shearing, chopping, burning, discing, and 

application of fertilizer and/or herbicide.  

 

Mechanical site preparation is often performed prior to planting. 

Various equipment is used to create an environment that will be favorable for 

seedling establishment. Depending on desired intensity, reduction or removal 

of unwanted vegetation is addressed through various practices such as 

shearing, chopping, and discing. In some instances, burning is also used to 

help clear the site and return nutrients to the soil. Stafford et al. (1985) found 

that rates of survival and mean diameter and height were significantly 

higher in the first three years on sites where mechanical preparation 

methods were utilized. A comparison of methods conducted by Pehl and 

Bailey (1983) also showed that site preparation improved mean height 
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growth in the first three years. However, by age ten there were no significant 

differences in mean height due to mechanical treatments. Only disced plots 

had significantly taller mean dominant/co-dominant heights at age ten – 

indicating height advantages may be lost by age 25. Diameter distributions 

were also affected by intensity of treatment, as plots receiving more intense 

treatments had fewer trees, but larger mean diameters. A relationship 

between intensity of site preparation and loblolly seedling survival and 

growth was also found by Edwards and Shiver (1991). Improvements in 

height and diameter growth due to mechanical treatments were persistent 

through age eight when compared to untreated control plots, with the more 

intensive treatments producing the best survival and growth rates. DeWit 

and Terry (1983) also compared age-eight loblolly pine tree dimensions across 

three site-preparation treatments on poorly drained areas in Mississippi. 

Bedded sites (the most intense treatment) provided the greatest gains in 

height, diameter, and volume growth. Although total basal area of pine and 

competing hardwoods was nearly the same across treatments, the ratio of 

pine to hardwood basal area increased with increasing intensity of site 

preparation. 

 

In addition to mechanical manipulation of the planting site, favorable 

planting conditions can be established through the application of chemicals. 

In a site-preparation study, Knowe et al. (1992b) found that the effects of 

chemical treatments on age-four Douglas-fir tree dimensions and survival 

were dependent on formulation, timing, and rate of application. Generally, 

diameter growth was more sensitive to treatments than height. Sutton and 

Weldon (1993) evaluated growth differences between untreated and 

chemically site-prepared plots in a jack pine plantation. Indices calculated 

from mortality and tree dimension data were significantly higher on the 

chemically treated plots at age five. However, differences in relative growth 

rates between untreated and treated plots were only significant through age 
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three. Similar findings were reported by Wood and von Althen (1993) for 

black and white spruce at age five, where significant growth increases in tree 

height and diameter were associated with chemical site-preparation 

treatments. Results from a long-term study of loblolly pine showed chemical 

site-preparation techniques performed nearly as well as an intensive 

mechanical method in controlling competing hardwoods (Glover and Zutter 

1993). Notable gains in survival and tree growth were apparent several years 

after planting on chemically-treated plots when compared to untreated areas. 

Due to the demonstrated improvements in survival and growth, virtually all 

commercial plantations receive some type of site preparation treatment prior 

to planting. 

 

Herbaceous Vegetation Management 

 
Inter-species competition from herbaceous vegetation, such as grasses 

and forbs, can have a substantial effect on early growth and survival of 

loblolly pine seedlings. As such, steps are often taken to minimize or 

eliminate the occurrence of herbaceous species on recently planted sites. 

Height growth data through age three from a herbaceous control study was 

analyzed by Nelson et al. (1981). Results for age-one growth were somewhat 

inconclusive due to confounding with differing levels of precipitation. 

Significant improvements in seedling height and volume at ages two and 

three were associated with plots receiving vegetation control treatments. In a 

study that compared 1-year and 2-year herbaceous control treatments to no 

treatment, Zutter et al. (1987) found differences in seedling height, diameter, 

and biomass at ages one, two, and three across the three treatment levels. 

Britt et al. (1990) obtained similar results in a five-year study composed of 

three herbaceous vegetation control treatments. Mean tree heights and 

diameters (at 15cm above groundline) were significantly correlated with 

amounts of competing herbaceous species for ages one through five, the 
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exception being no difference in age one height between medium and low 

levels of competing vegetation at one location. Effects of four years of 

herbaceous control on fifth-year growth response were reported by Miller et 

al. (1991). Significant increases in loblolly pine height, diameter, and volume 

were realized at each of 14 locations across the Southeast. Eighth-year 

results from the same study were summarized by Zutter et al. (1995), where 

continued positive effects on height, diameter, and volume were still evident 

from elimination of herbaceous species. Analyses of periodic growth between 

ages five and eight showed differential response at high and low levels of 

hardwood competition, indicating that competition from woody species may 

be affecting growth rates during this period. Eighth-year results of a study by 

Pienaar and Shiver (1993) showed that growth of loblolly pine with 

herbaceous control in the first two years was over two times that of 

plantations with no herbicide treatment. In contrast, Bacon and Zedaker 

(1985) found no first-year growth differences in diameter, height, or volume 

between untreated plots and plots receiving herbaceous control, with the 

exception of diameter in two-year old stands. Similarly, Groninger et al. 

(2000) found a lack of response to herbaceous weed control for nine-year-old 

loblolly pine. The authors speculated that the species of competitors may 

affect the observed pine response.  

 

Effects of both duration and method of application of herbicides have 

also been examined. Analyses of loblolly pine data at age four by Knowe et al. 

(1985) showed significant differences in diameter, height, and volume index 

among untreated, one-year, and two-year weed control treatments. Growth 

differences due to band vs. broadcast application methods were only found in 

the two-year treatments. Similar results were reported by Creighton et al. 

(1987) for loblolly pine stands two to seven years of age. On all plots, height 

and diameter growth for one-year herbaceous control treatments surpassed 

that of check plots and more than half of the plots exhibited growth 
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differences between the one-year and two-year duration treatments.  

Significant effects on survival rates were only detected at locations where 

pre-treatment levels of herbaceous species were particularly high. Lauer et 

al. (1993) utilized a subset of this data to evaluate treatment effects through 

age nine. No significant differences between band vs. broadcast application 

techniques were found. Differences in growth between one-year and two-year 

treatment duration existed on roughly half of the study plots. Growth 

between ages seven and nine on treated and untreated plots were similar for 

basal area and dominant height - suggesting that early gains from 

herbaceous control treatments may be maintained, but growth increases are 

likely to cease beyond a certain crown closure limit. 

 

Fertilization 

 
Maximization of growth in loblolly pine plantations requires nutrient-

rich soil conditions. Soil nutrition has a marked effect on growth of juvenile 

stands, which, ultimately, influences future stand attributes. The time at 

which stands are influenced the most by fertilization is prior to canopy 

closure (Miller 1981). In a nursery study, Li et al. (1991) showed that 

nitrogen availability affected height growth of 35-week old loblolly seedlings. 

This result implied that seedlings are capable of utilizing increased soil-

nutrient levels in the first growing season after planting on fertilized sites. 

Effects of three fertilization rates on age-nine loblolly pine height was 

described by Schmidtling (1973). Average tree heights on plots receiving the 

lowest and highest application rates were roughly 12 feet and 15 feet taller, 

respectively, than unfertilized plots. Analyses of these study plots at later 

ages (Schmidtling 1984) indicated that the effects of early fertilization on 

height and diameter were still present when the plots were remeasured at 

ages 17 and 22. The lengthy response was attributed to higher levels of litter 

and nutrient recycling on the fertilized plots. Regression analyses of 
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height/age relationships indicated that tree heights on control plots will not 

attain the heights on fertilized plots at any age in a rotation. Additionally, 

the shape of the height growth curve was significantly affected by 

fertilization treatments. In a region-wide study, Bolstad and Allen (1987) 

examined height, diameter, and tree form changes induced by fertilizer 

application. Fertilization treatments were applied in loblolly pine stands 

ranging from 3 to 18 years of age and measurements were taken at the time 

of establishment and five years later. Five-year height and diameter growth 

response varied by site, but were positive and of similar magnitude when 

averaged over all locations. Comparison of height-diameter regression model 

parameter estimates indicated that only minor, non-significant changes in 

stem form resulted from the fertilizer treatments. Site-specific growth 

responses were also reported by Gent et al. (1986) for juvenile loblolly pine 

plantations. The study plots were subjected to fertilization treatments at 

time of planting and seedling diameter and height were measured at each 

site at three, four, or five years after planting. The fertilization treatments 

improved height and diameter growth when evaluated across the study. 

Differential response due to soil types and drainage was noted, although 

there was considerable variation within soil series. These results are 

consistent with Allen (1987), who points out that obtaining predictable 

benefits from fertilization requires prescriptions that are tailored to meet the 

specific needs of a given site.   

 

Multiple Treatments 

 
Site preparation, fertilization, and herbaceous control treatments may 

be used in combination to provide the best possible environment for loblolly 

pine seedling establishment and growth. Main and interaction effects for a 2 

x 2 factorial study of fertilization and vegetation control were evaluated by 

Swindel et al. (1988). At age four, main effects for both treatments on 
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seedling diameter and height were significant and of similar magnitude. 

Survival was unaffected by the treatments. The combined fertilization and 

vegetation control treatment resulted in volumes exceeding ten times those of 

control plots. No interaction was present, which indicated that fertilization 

and competition control effects were additive. A lack of treatment interaction 

was also reported by Tiarks and Haywood (1986) in research that examined 

growth effects due to fertilization, herbaceous control, and woody control. 

Diameter measurements at age five revealed a significant effect for the 

fertilization and herbaceous control treatments. Age-five height was only 

affected by herbaceous control, which suggests fertilization without 

herbaceous control may have limited efficacy. This was attributed to 

intensive site preparation applied to all study plots. However, each of the 

three treatments produced greater volumes than control plots. Fertilization 

combined with both woody and herbaceous vegetation control treatments 

resulted in volumes over two times those of control plots. Haywood and 

Tiarks (1990) examined effects of multiple treatments on loblolly pine after 

11 growing seasons. Initial fertilization and woody control was combined with 

four years of herbaceous management in a 23 factorial design. Fertilization 

produced fewer, but larger, trees than control plots. Thus, significant 

increases in individual tree volume occurred, but no improvements in total 

plot volume were found. The herbaceous control treatment resulted in gains 

in survival and height growth, which translated into greater observed plot 

volumes. No significant interaction effects were found among the three 

treatments. Wilhite and McKee (1985) examined effects of fertilization and 

site preparation on age-five height of loblolly pine. The largest increases in 

growth were found on plots having received the most intensive treatment, 

which consisted of a bedding treatment and phosphorus application. No 

interaction effects were found between the site preparation and phosphorus 

fertilization treatments. Similarly, Mason and Milne (1999) found no 

interactions between site preparation/fertilization or site preparation/weed 
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control treatment combinations from time of planting through mid-rotation in 

radiata pine plantations. The results of these studies indicate that, in many 

instances, interactions among treatments are non-existent and effects of 

multiple treatments are additive. 

 

Modeling Response to Treatments 

 
Most efforts to model growth responses to fertilization have been for 

mid-rotation treatments. Temporal response to mid-rotation fertilization in 

loblolly pine stands was addressed by Amateis et al. (1997b). A comparison of 

three models showed that behavior was very similar up to the point of 

maximum response, but differed greatly thereafter. A lack of data beyond ten 

years after treatment precluded determination of a superior model. Ballard 

(1984) presented a nitrogen fertilization response model for stand volume 

growth of Douglas-fir. In addition to an estimated constant, this equation 

used elapsed time since fertilizer application, amount of fertilizer applied, 

stand composition, stocking level, and site quality as predictor variables. The 

effects of timing and amount were estimated from exponential functions, 

stocking was a percent of normal stocking, and site quality was a function of 

site index. The basal area response to fertilization in radiata pine plantations 

was modeled by Lowell (1988). Sub-models for time, rate, and stand response 

were developed and combined into a response function. Analyses of the sub-

models indicated that stand condition, particularly age, is the most important 

factor in basal area response to fertilization. Equations that project stand 

attributes for fertilized slash pine were introduced by Bailey et al. (1989). In 

addition to accounting for fertilization rates, age, and stand structure on 

response levels, differential effects of fertilization over seven soil types were 

addressed through the use of indicator variables. These models form a system 

of equations that can be utilized to simulate stand-level growth of fertilized 
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plantations. Although the work described above has been at the stand level, 

similar applications may be suitable for estimating individual-tree response. 

 

Individual-tree equations that predicted growth percentage increases 

for nitrogen-fertilized stands of Douglas-fir were formulated by Arney (1985). 

Response models for height and diameter were of identical form and utilized 

site index and nitrogen dosage rate as predictor variables. Shafii et al. (1990) 

developed individual-tree diameter growth equations for western fir species 

that could account for effects of fertilization. In this analysis, treatments 

consisted of control and a single rate of nitrogen fertilization. Thus, the 

fertilization treatment was represented in the models as an indicator 

variable. Individual-tree growth models for loblolly pine that incorporate 

fertilization response were constructed by Hynynen et al. (1998). Relative 

response to fertilization was modeled separately for tree height and diameter 

as a function of time since fertilization, dosage, and element applied. The 

response was incorporated as a multiplier of the height and diameter 

increment models (i.e., response always / 1). This approach combines stand- 

level response with an individual-tree model to predict effects of fertilization 

on growth at the tree-level. 

 

Accounting for effects of site preparation in growth and yield models 

has generally been approached through the use of indicator variables. These 

types of treatments are usually lacking any measure of intensity, and thus 

can only be represented by their presence (or lack thereof) in a regression 

model. Payandeh (1996) used indicator variables to represent the effects of 

site-preparation treatments in equations for height and mortality of several 

conifer species. Payandeh’s study also successfully used indicator variables 

for other silvicultural and management options. Knowe and Stein (1995) 

incorporated site-preparation indicator variables into diameter-distribution 

and stand-table projections using young Douglas-fir plantation data. 
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Continuous variable approaches to estimating site preparation effects on tree 

growth were not found in the literature. 

 

Growth response to vegetation control treatments is dependent on 

treatment intensity and treatment duration. Several approaches have been 

taken to account for reductions in interspecies competition in growth 

projections for juvenile stands. Percent of vegetation cover and a combined 

measure of treatment intensity and timing was used by Knowe et al. (1992) to 

account for competition control treatments in a diameter-distribution model 

for juvenile Douglas-fir stands. An extension of this research by Knowe 

(1994b) utilized a ratio of before- and after-treatment cover and percent of 

cover remaining to quantify effects of vegetation control treatments in 

Douglas-fir stand-table projection models. The percent cover of both woody 

and herbaceous species was incorporated into an age-five dominant-height 

model for loblolly and slash pines by Lauer and Glover (1999). As an 

alternative to percent cover, Cousens et al. (1987) used weed density 

estimates for predicting crop yield losses due to interspecies competition. 

 

Although it is often useful to predict growth response to a single 

treatment, it is also desirable to estimate overall response to several 

treatments. Pienaar and Rheney (1995) added a treatment response term to 

slash pine dominant height and basal area equations to account for the effect 

of a silvicultural treatment. Duration and magnitude of response are 

estimated as a function of years since treatment. Additionally, the response 

was also modified for type of site-preparation method using an indicator 

variable. This approach allows for the potential inclusion of numerous 

treatments, but the number of indicator variables may become cumbersome if 

many treatments or treatment levels need to be included.  
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Prediction of Individual Tree Dimensions 

 
Incremental or allometric individual-tree growth equations are usually 

employed to project tree dimensions over time. Typically, tree height, 

diameter, and crown measures are the dependent variables in these models.  

Predictor variables often include absolute or relative tree dimensions, and 

possibly some type of competition measure, for the subject tree. Additional 

stand-level variables may also be included, such as age, site quality, basal 

area, etc. Most published tree growth equations are suited for prediction after 

crown closure has occurred. However, a few equations for early growth 

prediction have been developed. Five-year height and diameter growth 

models for young Norway spruce were developed by Nyström and Gemmel 

(1988). Predictor variables for these individual-tree models included 

measures of absolute and relative tree size, competition, and site index. 

Exclusion of the competition term allowed for distance-independent growth 

projections. Individual-tree height and diameter projection equations for 

young loblolly pine plantations were presented by Zhang et al. (1996). These 

equations utilized tree size, site index, age, and a density measure to 

calculate dimensions at a specified future age. Crown ratio can be calculated 

via an equation that utilizes tree diameter and height, age, and spacing as 

predictor variables.  

 

Prediction of individual-tree dimensions in growth simulators must be 

accomplished through a system of linked models. Otherwise, it may be 

possible to generate a tall tree with relatively small diameter, a tree having 

large diameter with small crown, etc. Although, due to some uncommon 

event, such trees may occur sporadically in nature, it would be undesirable to 

generate these trees for simulation purposes. As such, a sensible approach is 

to predict the value of a single tree attribute and estimate other dimensions 

accordingly. This methodology is currently employed in the PTAEDA2 
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simulator to generate an initial stand at age eight (Burkhart et al. 1987). 

Individual tree diameters are assigned from a two-parameter Weibull 

distribution. Tree heights are computed as a function tree dbh and then 

crown lengths are assigned based on tree dbh and height. Annual growth 

increments after age eight are also calculated using the linked-model concept. 

This system ensures that each tree has compatible dimensions over time. 

Similar systems of equations have been developed for use in other growth 

simulators for loblolly pine (Zhang et al. 1995), upland oaks (Hilt 1985), and 

mixed species (Wykoff et al. 1982). 

 

Microsite Variation 

 
Often, an individual’s relative status is imposed at time of planting as 

a function of microsite conditions and, to a lesser extent, the relative size of 

the seedling. As the pre-competitive stand develops, the growth rates 

exhibited by any given seedling largely depend on the availability of 

resources. The local variability of environmental conditions contributes to 

differentiation in tree sizes. Growth in lodgepole pine stands was shown to be 

correlated with microsite variation by Florence and Dancik (1988), who 

observed that differences in mean annual growth were related to soil 

characteristics in the upper 15cm of the soil. In a study of age-four height 

differences of loblolly pine seedlings, Augspurger et al. (1985) found that 

microsite soil characteristics were significantly correlated with height 

growth. The tallest heights were achieved where soil density was low and 

depth to and thickness of certain soil horizons was the greatest. Liu and 

Burkhart (1994) used trend surface analysis to examine spatial patterns in 

juvenile loblolly plantations. Residuals were assumed to be representative of 

local effects due to competition and microsite variation. A comparison 

between tree diameter and height data showed height growth was influenced 

to a greater degree by local conditions. Statistical methodology for estimating 
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microsite variation was developed and applied by Reich and Arvanitis (1989). 

Using data from a slash pine spacing study, it was determined that 30% of 

the unexplained variation in height at age six was attributable to microsite 

influences. These studies indicate that individual tree growth is subject to 

microsite conditions as well as overall site quality (i.e., site index).  

 

Mortality 

 
Prediction of individual tree mortality in closed stands is often based 

on a function of tree attributes and level of within-species competition, which 

implies that tree mortality is due to suppression. Mortality in the juvenile 

stand is assumed to be independent of intraspecific competition. Amateis et 

al. (1997a) emphasized that variability in handling of seedlings, intensity of 

competition from woody and herbaceous species, and damage from insects, 

disease, and wildlife are among a number of factors that can affect survival in 

early plantations. Models were developed to predict number of trees 

surviving at a given age from initial age, density, and an additional term to 

account for increased mortality on poorly drained sites with no bedding. 

Hamilton and Edwards (1976) noted that a simplified form of the standard 

compound interest formula can be used when an annual mortality rate is 

assumed. Regardless of the cause of mortality in the juvenile stand, modeling 

of individual-tree mortality is precluded due to the unquantified nature of 

many of the variables. Removal of a specified number (from a stand-level 

mortality function) of seedlings may be accomplished via random assignment 

(Burkhart et al. 1987). Alternatively, distribution of mortality in group 

arrangements may provide spatial patterns that would represent such 

occurrences as systematic microsite variation or disease/insect attacks. 
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Statistical Considerations 

 
The most consistent method for assessing the growth of trees over time 

is through repeated measurements from permanent sample plots (Avery and 

Burkhart 2002). However, continual measurements of the same tree over 

time are subject to some degree of temporal correlation. Additionally, spatial 

correlations, whose magnitude and direction are often dependent on the 

attribute being measured, may also be present (Liu and Burkhart 1994).  

Thus, the use of such data in ordinary least-squares (OLS) regression 

analysis, as is often done in the fitting of growth and yield models, results in 

a violation of the independence of observations assumption. Coefficients 

obtained from OLS regression based on correlated observations remain 

unbiased, but confidence intervals are suspect due to bias in estimated 

variance (Sullivan and Reynolds 1976). 

   

While these considerations are statistically noteworthy, the 

implications for growth and yield prediction seem to be of minimal 

practicality. Gregoire (1987) used a basal area model to compare fitting 

methods that account for correlations among observations to OLS regression. 

Results showed that OLS regression was superior to the other methods in 

terms of average and maximum prediction errors. However, OLS also 

produced estimates of variance that were too small, which gives a false 

indication of precision. An alternative approach to assessing effects of 

correlated data was taken by Liu et al. (1995), who fit crown height 

increment models separately to correlated and un-correlated data. Predictive 

bias and precision were essentially unaffected by the removal of correlation 

among observations. Unbiased properties and adequate predictive ability 

may explain why many growth and yield equations have been successfully 

applied despite being fitted to correlated observations. 
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The extent to which a prediction equation or simulation model 

accurately represents the system under study needs to be quantified in some 

manner. Reynolds et al. (1981) described several methods that are applicable 

to simulation models. Both parametric and nonparametric tests are 

suggested that can detect distributional shifts and variance discrepancies 

over a range of observed conditions. Results from these tests lead to the 

rejection or acceptance of a null hypothesis, from which the model is deemed 

satisfactory or unsatisfactory. In some instances, determination of the range 

of error in prediction from the model may be of more interest than a 

determination of model adequacy. Reynolds (1984) gives procedures for 

computation of prediction and tolerance intervals. Prediction intervals are 

used to evaluate the range of error in a single predicted value, whereas 

tolerance intervals estimate an error range for a population of predicted 

values. 

 

Literature Review Summary 

 
Generally, the effects of silvicultural practices on early growth of 

loblolly pine are related to intensity of treatment. In many of the studies 

cited above, the most intense treatment resulted in the greatest increases in 

growth (Edwards and Shiver 1991, Creighton et al. 1987). The duration of 

treatment effect is dependent on the type of practice employed. Site 

preparation appears to make only a short-term, temporary contribution to 

tree growth in the first few years after planting (Pehl and Bailey 1983). 

Control of competing herbaceous vegetation produces increased growth 

response up to the point where crown closure would naturally eliminate such 

species (Lauer et al. 1993). The response is also dependent on physiographic 

region (Groninger et al. 2000, S. M. Zedaker, pers. comm. 2001). Duration of 

response to fertilization treatments depends on site conditions, rate, and type 
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of element applied (Bolstad and Allen 1987, Gent et al. 1986). Growth 

increases from fertilization do not seem to be limited by stand structure, but 

can be affected by levels of competing vegetation (Tiarks and Haywood 1986). 

Site-preparation/vegetation control/fertilization treatment combinations have 

been used in an attempt to realize the greatest possible growth rates. 

Research on response to multiple treatments has indicated an absence of 

interactions among the treatments studied (Mason and Milne 1999, Haywood 

and Tiarks 1990, Swindel et al. 1988, Wilhite and McKee 1985). 

 

Treatment-specific approaches have been taken when modeling effects 

on tree growth. Effects of site-preparation methods have been represented 

only by indicator variables (Knowe and Stein 1995). Estimates of treatment 

intensity and percent (or density) of vegetative cover have been incorporated 

into growth models to account for response to vegetation control practices 

(Knowe 1994b, Cousens et al. 1987). Fertilization response parameters, such 

as rate and elapsed time since application, have also been directly included in 

growth models (Bailey et al. 1989, Arney 1985). An alternative approach for 

fertilization is to develop a response function that can be utilized, for 

instance, as a multiplier of a base model (Hynynen et al 1998, Amateis et al. 

1997b).  

 

Growth projection for an individual tree within a simulator should be 

accomplished via a system of interrelated models. This ensures compatibility 

of dimensions for each tree. In many cases, this is accomplished by predicting 

an attribute of interest from other tree characteristics. This approach is 

commonly applied in individual-tree simulators (Burkhart  et al. 1987, Zhang 

et al. 1995). In the context of pre-competitive juvenile growth, microsite 

variation is implicitly accounted for via tree size (Augsperger et al. 1985). The 

lack of intraspecies competition in juvenile stands implies that juvenile 

individual-tree mortality often results from uncontrollable circumstances 
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(Amateis et al. 1997). In such a scenario, application of a mortality rate can 

be used to predict number of trees surviving at each age (Hamilton and 

Edwards 1976). 

 

The entire system of growth models must accurately project stand 

development over time. Measuring the degree to which the simulated output 

represents observed data is necessary. In many instances, it is desirable to 

determine the extent of error that may be expected when using the model. 

Prediction and tolerance intervals can be calculated to provide an estimate of 

potential error ranges that will give an indication of overall model accuracy 

(Reynolds 1984). Alternatively, a test of whether or not a model meets a 

specified level of precision can be conducted and a conclusion drawn 

regarding model adequacy (Reynolds et al. 1981). 
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Chapter III. Data and Methods 

 
Data from a number of sources were obtained to develop equations for 

predicting juvenile growth where different silvicultural treatments have been 

applied. The specific attributes of each data set, along with methods used in 

analysis, are described are described in this chapter.  

 

AUSHC 

 
Two data sets were provided for this research by the Auburn 

University Silvicultural Herbicide Cooperative. The Competition Omission 

Monitoring Project (COMProject) was established in 1984-85 at 13 locations 

across the Southeast (Miller et al. 1995). With the exception of two locations, 

four blocks of four plots each were planted with genetically-improved loblolly 

pine seedlings at 9 ft x 9 ft spacing. This produced treatment plot sizes of 

roughly 0.25 acre with 49 interior measurement trees occupying 

approximately 0.09 acre. Four competition control treatments were 

established in each block: 1) Control – no treatment, 2) Woody control – 

hardwoods and woody plants were eliminated for the first five years, 3) 

Herbaceous control – forbs and grasses were eradicated for the first four 

years, and 4) Total control – a combination of treatments 2 and 3 above. 

Individual tree measurements were taken immediately after planting and 

annually thereafter through age 11 and again at age 15. Groundline 

diameters were measured through age five, while dbh measurements began 

at age three and continued through age 15. Height-to-crown measurements 

were taken annually from age five onwards. 

 

The Growth Impact Study was established over a five-year period to 

evaluate herbaceous weed control treatments. The growth response of loblolly 

pine was studied at thirteen locations covering a range of physiographic 
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regions (Lauer et al. 1993). Generally, each location included four replications 

of five treatments set in a randomized complete-block design: 1) no treatment 

(control), 2) one-year herbaceous control, broadcast application, 3) one-year 

herbaceous control, banded application, 4) two-year herbaceous control, 

broadcast application, and 5) two-year herbaceous control, banded 

application. Not all locations included all treatments and some locations 

received customized treatments. Measurement schedules and protocols also 

varied by location, but data exists for ages one to nine inclusive and for most 

ages from eleven through twenty.  

 

NCSFNC 

 
Data contributed by the North Carolina State University Forest 

Nutrition Cooperative were utilized to examine the effects of intensive 

culture on growth of loblolly pine seedlings. The Regionwide 7 study was 

initiated at 12 locations from 1978-81. A 23 factorial design was used to apply 

combinations of fertilization, site-preparation, and herbaceous control 

treatments. Fertilization treatments were control (no fertilizer) and a banded 

application of 45N + 50P lbs/acre. Similarly, herbaceous management 

techniques included control (no herbicide) and two-years of herbicide applied 

in bands. Site-preparation treatments varied by location, but were generally 

matched to soil characteristics (e.g., bedding vs. no bedding on poorly drained 

sites).  A split-plot system was employed with the two levels of site-

preparation comprising the main plots and the fertilizer/herbaceous control 

combinations forming the sub-plots. Experimental plots were composed of 12 

rows having 12 trees each planted at 8 ft × 8 ft spacing. Two rows of buffer 

trees allowed for the interior eight rows of eight trees each to serve as 

measurement trees, which were assessed at two-year intervals (NCSFNC 

1996). Measurements of tree DBH and height were taken every second 

growing season over the entire length of the study. 
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Data from the Regionwide 14 study was also made available for this 

research. This study was established during 1989-2000 at 21 locations, most 

being situated in the Upper Coastal Plain region. Experimental treatments 

were applied at time of planting at two-thirds of the locations, with the 

remainder installed in three to six year-old stands. Studies from time of 

planting include six fertilization treatments and applications in existing 

stands were composed of three treatments. Intensity of treatments ranged 

from control to application of three elements (N, P, and K) at all locations. 

Additional optional treatments were included at certain locations. Most 

measurement plots were bordered by buffer strips 30-35 feet wide, resulting 

in measurement plots containing approximately 55 trees on 0.08 acres. 

Individual trees were measured for both height and diameter dimensions at 

time of establishment and at two-year intervals thereafter (NCSFNC 2000). 

 

Mead Accelerated Growth Study 

 
An accelerated-growth study implemented and maintained by Mead 

Corporation provided additional data for analyzing the effects of various 

silvicultural practices on early growth of loblolly pine. This experiment was 

designed to compare operational silviculture with intensive management 

treatments. The study was installed between 1995-2000 in stands covering a 

wide range of site conditions. Fertilization, mechanical and chemical site-

preparation methods, and vegetation control regimes form the basis for many 

of the treatment combinations found on study plots. Measurement plots are 

0.05 acre in size with trees planted at roughly 9 ft × 9ft spacing (J. P. 

Reynolds, pers. comm. 2001). Tree diameter at breast height measurements 

are found at years three and five for plots having attained those ages. Height 

data are generally available through age three, except for locations 
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established after 1998, while some age-five height records are present for 

plots set up early in the study. 

 

Virginia Tech Growth and Yield Research Cooperative 

 
Additional data for this research are from a set of loblolly pine spacing 

trials established in 1983 by the Loblolly Pine Growth and Yield Research 

Cooperative at Virginia Polytechnic Institute and State University (Virginia 

Tech). Four locations were selected – two in the Coastal Plain and two in the 

Piedmont physiographic regions. There were three replications at each 

location, resulting in a split-block design with locations as blocks. Genetically 

improved loblolly pine seedlings were planted in all combinations of 4, 6, 8, 

and 12 feet spacings according to the factorial arrangement proposed by Lin 

and Morse (1975). Each plot consisted of three rows of buffer trees 

surrounding 49 measurement trees arranged in a 7 rows x 7 columns 

configuration (Amateis et al. 1988). Herbaceous vegetation was chemically 

controlled up to age three. Trees were measured annually for diameter 

(groundline up to age five, at breast height thereafter), total height, height-

to-crown, and crown width until age ten. Subsequent measurements include 

annual diameter data and bi-annual height and height-to-crown records. The 

last crown width assessments were taken at age twelve. 

 

Data are also available from a long-term thinning study maintained by 

the Loblolly Pine Growth and Yield Research Cooperative. During 1981-82, 

186 locations were chosen in cutover, site-prepared loblolly pine plantations 

(Burkhart et al. 1985). These locations cover most of the natural range of 

loblolly pine. Three plots were established at each location which represent 

control (no thin), light thinning (approximately one-third of the basal area 

removed), and heavy thinning (approximately one-half of the basal area 

removed). All trees, including hardwoods in the main canopy, within the plot 
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were measured and stem mapped before the thinning was performed. Since 

establishment, these plots have been remeasured five times at three-year 

intervals. Tree measurements taken in this study include, but are not limited 

to, dbh, height, height-to-crown, stem quality, tree vigor, and crown class. 

 

Methods 

 
The data for this research come from a wide range of site and stand 

conditions. In order to facilitate harmonious interactions among equations, 

several protocols were established that were applied uniformly to each data 

set. Site index estimates (base age 25) were obtained from check plots for 

each replication at the oldest available age for all studies except the Growth 

and Yield Research Cooperative Thinning Study. Trees in the dominant and 

co-dominant crown class were defined as trees having a dbh greater than 

quadratic mean diameter. Data from the remeasurement period closest to age 

25 were used to compute site index for plots in the Thinning Study. In this 

study, site trees used in computation were those identified as dominant or co-

dominant at time of measurement. Site index computations were performed 

using the site index model employed in the PTAEDA2 simulator (Burkhart et 

al. 1987): 
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where:  SI = site index (base age 25) 

 HD = average height of dominant stand (ft) 

 A = plantation age (yrs) 

 

Stand level volumes were obtained by summing volumes of individual 

trees. Individual tree volumes were calculated for each tree depending on 

height. For trees having attained 4.5 feet in height or greater, and thus have 

a dbh, the combined-variable model utilized in the PTAEDA2 model was 
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employed to estimate total outside-bark tree volume (Burkhart et al. 1987). 

Trees less than 4.5 feet in height have predicted groundline diameters. The 

formula for volume of a cone was used to compute individual volumes for 

these trees. Both equations, respectively, are shown: 

 

HD00250.018658.0V 2
ob +=  

HD001818.0V 2
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where:  Vob = total volume outside bark (cu ft) 

  D = diameter at breast height (in.) 

  Dg = diameter at groundline (in.) 

  H = total height (ft) 

 

Height and diameter growth responses to fertilization and herbaceous 

control treatments were calculated as percent increase in accumulated 

growth as compared to check plots within the same replication. Data used for 

evaluating site preparation methods had no control plots. Growth responses 

to site preparation treatments were computed using the chop and burn 

method as the control treatment.  

 

Prior to fitting of growth and treatment response equations, all 

damaged trees were removed from the fitting data. However, all live trees 

were used in calculating stand level variables (e.g., basal area, volume). 

Additionally, fitting of prediction equations for attributes that are sensitive to 

density, such as tree diameter and crown ratio, required that competitive 

situations be removed. Plot data were deleted when the mean stand diameter 

times 2.75 (plot radius factor for BAF 10) exceeded average inter-tree 

distance. This definition was based on Daniels’ (1976) method of identifying 

competitors, which is utilized to compute a competition index in the 

PTAEDA2 model.  
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Validation of equations whose intended usage is prediction should 

focus on predictive accuracy (Montgomery and Peck 1992). In this research, 

the predictive ability of equations was assessed with independent data when 

possible. In other cases, data splitting was used to evaluate model 

performance. Data splitting was accomplished by random assignment of 

observations into 50% fitting/50% validation arrangements. All statistical 

analyses were performed using SAS statistical software (SAS 1999). Unless 

otherwise indicated, results presented as significant are based on a Type I 

error rate (α) of 0.05. 

 

Reported growth simulation results are based on average values from 

five runs using simulated plots comprised of 20 rows of 20 trees each (400 

trees total).. These averages are based on individual-tree data output on an 

annual basis for ages one through thirty years. The number of simulation 

runs was increased to ten for the validation process to better meet the 

assumptions underlying the statistical methods.  
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Chapter IV. Juvenile Growth and Mortality Prediction 

 
Simulation of tree growth requires the development of a system of 

equations and methods that can generate an initial stand and update tree 

size attributes as needed. For the purposes of this research, tree height, 

diameter, and crown length estimates must be obtained for each tree on an 

annual basis. Individual-tree mortality needs to be predicted and assigned for 

each simulated growing season as well. This chapter describes the 

development of equations designed to simulate loblolly pine stand dynamics 

in the pre-competitive growth phase. 

 

Height Growth 

 
A distribution of tree heights, which has a mean, variance, and overall 

shape that is similar to that found in observed data, is required. Variation in 

tree heights is largely due to differences in local conditions surrounding the 

immediate area where an individual tree is planted (microsite). In study 

plots, spatial gradients of microsite conditions can effect height distributions. 

While the existence of this phenomenon is recognized, there are a virtually 

infinite number of potential gradient scenarios. This condition would seem to 

preclude spatial assignment of microsite gradients in tree growth simulators. 

For simulation purposes, it would be desirable to assume that microsite 

variation is well-represented by the observed height distribution and that no 

systematic gradient in site conditions exists. This approach is supported by 

the research of Swindel and Squillace (1980), who adjusted age-ten tree 

heights for treatment and block effects in a loblolly/slash pine seed-source 

study. The resultant patterns of microsite variation occurred in no 

predictable pattern and, even if known in advance, would have been 

impossible to account for in the design of the study. 
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In order to determine if such an approach is reasonable, any 

systematic microsite variation would need to be removed from study plot 

height distributions. Following the methodology of Liu and Burkhart (1994), 

a 2nd-order trend-surface model was applied to plot data from the Virginia 

Tech Growth and Yield Research Cooperative Spacing Trial data at age one. 

Of the 192 plots examined, 42 exhibited a significant spatial trend in tree 

heights as determined by the overall F-test (0.10 significance level) for the 

fitted regression. The fitted model accounts for any systematic gradient in 

plot conditions and the residuals are considered to represent microsite 

variation. Thus, an analysis of the residuals should reveal the distribution of 

microsite variation in plots where a notable spatial effect is found. To 

ascertain whether microsite distribution is approximately normal, the 

Shapiro-Wilk test of normality (Shapiro and Wilk 1965) was applied to trend-

surface residuals for plots demonstrating a spatial trend and to observed 

height data for plots having no discernible gradient. The test resulted in a 

failure to reject the null hypothesis of normality (0.20 significance level) for 

approximately 44% (85/192) of the plots. The assumption that relative 

microsite conditions could be assigned from a normal distribution would be 

consistent with the findings of Liu and Burkhart (1993), whose analysis 

showed that height distributions were approximately normal during the pre-

competitive growth phase. 

 

However, an examination of the data revealed that height 

distributions generally progressed from positive skewness at early ages to 

negative skewness near ages 8-10, with a brief 1-2 year transition period in 

which normality was reasonably well-approximated. Generating distributions 

that could accommodate these shape changes required the abandonment of 

the normality approach. The Weibull distribution has been successfully used 

in a number of forestry applications and seems to be a logical choice for use in 
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this project. The general formulation of the Weibull probability density 

function is given as: 

 

 

where: x = Weibull random variable 

 α = left-side location parameter 

β = scale parameter 

γ = shape parameter 
 

The values of the parameters α, β, and γ, describe the characteristics of 

the distribution. The location parameter α denotes the lower limit of the 

distribution. β is the scale parameter, which estimates the location of the 

peak of the distribution. The shape of the distribution is determined by γ. 

When γ is less than 1.0, an reverse-J shape is assumed. A value of 3.6 for the 

shape parameter results in a roughly symmetric distribution that resembles 

normality. A right-skewed distribution is attained when the condition 1.0 < γ 

< 3.6 is realized, while γ > 3.6 produces a left-skewed distribution. A two-

parameter Weibull distribution can be formulated by setting the left-side 

location parameter to zero. 

 

Estimation of distribution parameters has been approached using a 

number of different methods. Percentile estimators are easily obtainable and 

have been utilized in some applications (Dubey 1967, Knowe 1992). Moment-

based approaches to parameter estimation have been proposed by some 

researchers (Matney and Farrar 1992, Lindsay et al. 1996). Maximum 

likelihood parameter estimation is generally considered the most desirable 

from the standpoint of statistical properties (Thoman et al. 1969). Practical 

research applications of maximum likelihood estimators are described by 

Harter and Moore (1965) and Somers et al. (1980). In order to be useful for 

most forest growth applications, the parameters of the distribution need to 

( ) ( ) ( )( ) ( )( )[ ]?1?
/ßaxexp/ßax?/ßxf −−−= −



 31

change over time. This is commonly accomplished via prediction equations for 

each parameter that utilize stand age as one of the predictor variables. These 

equations can be developed by obtaining maximum likelihood parameter 

estimates for a number of plots over a range of age, site, and stand 

conditions. Prediction equations that utilize age, site, and stand attributes as 

predictor variables are then formulated for each parameter in the Weibull 

distribution. 

 

Maximum likelihood estimates for the two-parameter Weibull 

formulation (α = 0) were calculated for each control plot in the AUSHC 

Growth Impact Study for plantation ages one through eleven. The estimates 

were obtained by utilizing a modified non-linear maximization program 

developed by the SAS Institute, Inc. (SAS 1999b). These parameter estimates 

were used to fit parameter prediction equations that are primarily functions 

of site index and age. A similar approach was taken by Nigh and Love (1999), 

who used age and site index to predict mean stand heights for young stands 

of lodgepole pine. The shape and scale parameters for the Weibull 

distribution are estimated by the following equations: 

 

 

R2 = 97.6% 

Std. Error = 1.48 

 

 

R2 = 50.5% 

Std. Error = 1.20 

 
where: β = Weibull scale parameter estimate 

 γ = Weibull shape parameter estimate 

 SI = site index base age 25 (ft) 

1.4169ASI0.0192  ß ××=

( )[ ] 1.0693ANlnSI0.03431? ××+=
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 A = plantation age (yrs) 

 ln = natural logarithm 

  N = number of trees surviving per acre 

 

 

The R2 values reported for these and all subsequent equations are 

based on corrected total sums-of-squares and are computed as (SStotal – 

SSerror)/ SStotal.  

 

Fit and validation data sets were created prior to fitting the models. 

Parameter estimates obtained from initial fits for both models were used to 

predict shape and scale values in the validation data. No notable bias was 

found for either model. The parameter estimates and fit statistics reported 

above are those resulting from the final fitting to combined fit/validation 

data. Plots of residual vs. predicted values for both equations show no 

systematic prediction problems (Figure 4.1).  

 

Assignment of individual tree heights is accomplished by generating a 

random value from a [0,1] uniform distribution. This value is then 

substituted into the Weibull cumulative distribution function solved for 

height (Bailey and Dell 1973): 

 

 

 

where:  HT = individual tree height at age one 

 U = uniformly-distributed random value 

β = estimate of scale parameter at age one 

  γ = estimate of shape parameter at age one 

( )[ ]1/? U- 1ln  - ßHT ×=
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Plot of Residual vs. Predicted Values for 
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Figure 4.1. Plots of residual vs. predicted values for Weibull scale and shape 

parameter prediction equations. 
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Given that the left-tail location parameter is zero, an additional 

constraint was needed to estimate the minimum tree height. The smallest 

observed heights at age one were examined for each plot. Generally, the 

smallest heights were in the 0.2-0.4 ft range, suggesting that 0.2 ft would be 

the smallest tree height likely to be observed. Thus, the minimum height at 

age one was set at 0.2 ft. This methodology produces a tree height 

distribution for the age one stand that scales the Weibull probability density 

function to maintain a total probability area equal to one. This concept is 

illustrated by the following relationships:  

 

 

 

1dx f(x)
T) P(x

1
dx  (x)f

TT
T =

≥
= ∫∫

∞∞

 

 

where: T = lower truncation point 

fT (x) = probability density function with truncation point T 

all other variables as previously defined 

 

Generation of the age-one height distribution is accomplished by 

setting T = 0.2. The probability that tree height is greater than the lower 

truncation point (0.2) is a constant that varies by site index and age. In 

practice, the model checks the predicted tree height against the minimum 

height (0.2 ft). If the tree height is below 0.2 feet, a different percentile in the 

uniform distribution is assigned and a new height value is calculated. This 

process continues until all trees have a predicted age-one height of 0.2 ft or 

greater.  

 

( )( ) ( )[ ]
T)P(x

x/ßexpx/ß?/ß
 (x)f

?1?

T ≥
−

=
−
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The value assigned from the uniform distribution to each tree at age 

one is maintained for estimating individual-tree heights for subsequent 

iterations of the pre-competitive growth simulation process. Thus, trees 

remain in the same relative position in the height distribution until 

competition is assumed to have begun. This approach was based on observed 

data in the Virginia Tech Growth and Yield Research Cooperative spacing 

trials, where tree groundline (through age five) and breast-height diameters 

(ages six through ten) maintained their relative positions in the distribution 

once differentiation had begun to occur (Figure 4.2). This type of analysis was 

not possible for height data due to the effects of tipmoth on tree heights. 

 

Diameter Growth 

 
Once tree heights have been assigned, other tree dimensions can be 

predicted. Individual-tree diameter prediction is based on tree height, under 

the assumption that taller trees will have relatively larger radial size than 

shorter trees. Simulation of early growth requires a measure other than dbh 

for trees that have not obtained breast height. In order to facilitate volume 

computations, prediction of diameter at groundline will be performed for 

trees less than 4.5 feet in height. Individual trees having attained 4.5 feet or 

more of height will have dbh values. Groundline diameter prediction is 

accomplished through an equation fitted to AUSHC Comproject control plot 

data, which contains groundline measurements through age five: 

 

 

R2 = 89.0% 

Std. Error = 0.37 

)HT0exp(-1.848DGL 0.4317+=
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Diameter Progression of Trees with Same
Initial Groundline Diameter at Age One (0.5 in.)
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Figure 4.2. Tree diameter progression for ages 1 - 10 for trees having the 
same groundline diameter (0.5 in.) at age one. 
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where:  DGL = groundline diameter (in.) 

  HT = tree height (ft) 

 

Diameter at breast-height is predicted when the cumulative height 

growth of a given tree exceeds 4.5 feet. In an attempt to develop a system of 

growth equations that utilize a minimal number of different data sets, the 

AUSHC Growth Impact Study control plot data were used to fit the following 

DBH model: 

 

 

R2 = 82.8% 

Std. Error = 0.36 

 

where:  DBH = diameter at breast-height (in.) 

  HT = tree height (ft) 

 

Independent data were available for validation of the groundline 

diameter equation was from the Virginia Tech Growth and Yield Research 

Cooperative spacing trials. Plots of residual (observed minus predicted) 

values indicated that a slight, but consistent, under-prediction was present. 

It is believed that this discrepancy is due to the increased growth provided by 

herbaceous control treatments performed on study plots.  

 

Validation of the diameter at breast-height model predictions were 

compared to control plot data from AUSHC Comproject. Analyses of predicted 

and observed dbh values showed good predictive ability for trees having a 

dbh under 4 inches. However, a trend towards over-prediction is found for 

trees having diameters of four inches and higher. Trees of this size represent 

a small portion of the both the fit and validation data (approximately 3%). 

0.78590.4973HT1.5439DBH +−=
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Plots of residual vs. predicted values for both diameter equations indicate no 

apparent problems in prediction bias (Figure 4.3). 

 

There is no explicit relationship between the groundline diameter and 

diameter at breast-height equations. It is possible that the predicted dbh 

value for trees that are 4.5 ft or taller in height may be inconsistent with the 

expected tree size based on the predicted groundline diameter growth trends. 

If this were the case, an unreasonable change in radial tree size may occur in 

the first year that tree height exceeds 4.5 ft. Evaluation of the consistency of 

prediction of radial dimensions at the transition between the two diameter 

prediction equations was accomplished by comparing observed and predicted 

diameter at breast-height to groundline diameter ratios. Observed diameter 

ratios were computed using age five data from the Virginia Tech Growth and 

Yield Research Cooperative spacing trial data. In order to make valid 

comparisons, only trees having dbh values within 0.1 in. of the predicted dbh 

for a given height were used in the analysis. This is necessary because tree 

heights were measured to the nearest 0.1 meter (approximately four inches). 

Figure 4.4 shows predicted and mean observed diameter ratios for tree 

heights from 4.5 to 10 ft. There is close agreement between the observed and 

predicted values, which indicates that switching from groundline to breast- 

height diameter prediction equations does not cause notable changes in tree 

size. 
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Figure 4.3. Plots of residual vs. predicted values for groundline and breast-

height diameter prediction equations. 
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Predicted and Observed Breast-Height/Groundline Diameter Ratios
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Figure 4.4. Predicted and observed breast-height/groundline diameter ratios 
for tree heights 4.5 – 10 ft. 
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Crown Ratio 

 
Crown ratio is an important aspect of the post-competitive growth 

subroutine. Individual tree height and diameter measures, along with age, 

are used to predict crown lengths, which are then used as predictor variables 

in the height and diameter growth models. Unfortunately, crown measures 

were not taken in the AUSHC Growth Impact Study. The only data available 

that could be utilized for predicting crown length for trees less than 4.5 feet 

tall are the Growth and Yield Research Cooperative spacing trial data. 

Height-to-crown equations based on height, age, and either groundline or 

breast-height diameter were developed. However, predicted height-to-crown 

was much lower than expected when compared to crown recession trends in 

other data that was available for this research. This phenomenon may 

possibly be due to the vegetation control treatments applied to the study plots 

in the first two years after planting. As such, crown length for trees having 

less than 4.5 feet of accumulated height growth is not predicted. Control plot 

data from the AUSHC Comproject were used to fit a height-to-crown equation 

for trees having attained 4.5 feet in height: 

 

A1.16140.00854HTA0.00723ADBH9773.00.9198HTCR ××+=  

R2 = 50.0% 

Std. Error = 0.57 

where:  HTCR = height to live crown (ft) 

    other variables as previously defined 

 

 

Parameter estimates from the initial fit to 50% of the data were used 

to create a prediction model for validation. No notable bias in prediction was 

found when comparing observed and predicted values in the validation data. 

All data was combined to obtain final parameter estimates. Predicted values 
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based this fitting were plotted against residuals and no indication of model 

inadequacy was found (Figure 4.5). 

  

The base growth equation system provides no prediction of crown 

length for trees less than 4.5 tall. This should not be problematic, however, as 

the juvenile growth subroutine does not rely on crown length for growth 

prediction. Ritchie and Powers (1993) cite the lack of crown differentiation at 

early ages as a reason for not utilizing crown measures in growth models for 

young plantations. All trees will be taller than 4.5 feet, and therefore, have a 

predicted crown length, before the switch is made to the post-competitive 

subroutine. 

 

When the switch from pre- to post-competitive growth is made, crown 

ratio values are calculated from predicted height-to-crown and height values 

from the last iteration of the pre-competitive phase. A comparison between 

these crown ratios and those predicted the following year by the CR model in 

the competitive growth system (Dyer and Burkhart 1987) showed a sharp 

decline in average crown ratio. A review of observed crown recession rates in 

the Growth and Yield Research Cooperative Spacing Trial data indicated that 

the rate of decline in crown ratio resulting from switching prediction 

equations was excessive. In order to facilitate a smoother transition in 

predicted crown ratio values, the crown ratios utilized in the first year of 

competitive growth are an average of predicted values from the last iteration 

of the pre-competitive system and the predicted crown ratio from the first 

year of post-competitive growth simulation. 
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Figure 4.5. Plot of residual vs. predicted values for height-to-crown prediction 
equation. 
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Mortality 

 
 Prediction of mortality in juvenile stands, especially in the first year 

after planting, may be one of the most difficult aspects of simulating early 

stand dynamics. A host of variables, many of which are unquantifiable, can 

affect survival of seedlings. Poor microsite conditions, weather, disease, 

insects, and wildlife can influence seedling survival. Prediction of individual 

tree survival in loblolly pine plantations is difficult even in closed stands 

where mortality is often associated with suppression (Westfall 1998). Due to 

the lack of understanding of many of the variables that affect seedling 

survival, mortality prediction for individual seedlings is virtually impossible 

at present. However, prediction of mortality at the stand level, although 

highly variable, can be accomplished and individual-tree mortality may be 

assigned at random or in a clustered arrangement. 

 

Regardless of spatial distribution, there are two stages of mortality 

that need to be addressed. In the first year after planting, seedlings acclimate 

to local conditions and become established. Those that do not become 

established, or suffer from some random catastrophic event (e.g., wildlife 

damage), die during the first year. From the second growth season onward, 

seedling survival is less dependent on microsite conditions and mortality is 

predicated on disease, insect damage, etc. As such, prediction of mortality in 

juvenile stands was managed with a two-phased approach. Prediction of 

mortality in the first year after planting was accomplished using data from 

the Mead Corporation Accelerated Growth Study. First-year mortality data 

was available from stands planted over a five-year period. This situation is 

desirable from a modeling standpoint in that the response is less likely to be 

affected by extraneous variables (e.g., weather conditions). Additionally, 

these plots exist over a range of physiographic regions, drainage classes and 

intensity of silvicultural treatments. A number of plots had very poor 
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survival in the first year. This was, in part, attributable to chemical site 

preparation treatments. Apparently, the applied chemicals caused notable 

pine mortality. As such, plots having more than 30% first-year mortality were 

dropped from the fitting data in order to obtain reasonable model predictions. 

The number of trees surviving the first year after planting is determined by 

the following equation: 

 

 

R2 = 61.6% 

Std. Err. = 48.0 

 

where: TS1 = number of trees per acre surviving at age one 

TP = number of trees planted per acre 

  PHY = physiographic region (=1 coastal plain, =0 piedmont) 

  BED = bedding site preparation (=1 bedding, =0 no bedding) 

  DRN = drainage class (=1 poorly drained, =0 well drained) 

  DISC = discing site preparation (=1 discing, =0 no discing) 

 

The data-splitting validation process showed good predictive ability, 

except for over-estimation of survival for plots having mortality rates greater 

than 20% in the first year. The equation presented is that obtained by fitting 

to all available data and plots of residual vs. predicted values and residual 

values vs. percent survival show a similar trend to that observed in the 

validation process (Figure 4.6). This trend was expected, as loblolly pine 

plantations generally suffer 5-15% mortality in the first year after planting 

(R. L. Amateis, pers. comm., 2001). 

 

 

)0.0295DISC0.0262DRN0.0375BEDPHYexp(0.02250.8883TPTS1 +−+××=
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Figure 4.6. Plots of residual vs. predicted values and residual values vs. 
percent survival for age-one survival prediction equation. 
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This equation predicts first year mortality based on physiographic 

region and drainage characteristics. Improved survival rates due to bedding 

or discing site-preparation treatments are also taken into account. Individual 

tree mortality is assigned on a random basis until the predicted number of 

trees surviving is reached. 

 

Once first year survival is established, mortality from age two through 

the onset of competition is predicted using an equation fitted to NCSFNC 

Regionwide 7 control plot data: 

 

 

R2 = 94.5% 

Std. Err. = 29.2 

 

where:  TS = number trees surviving per acre at age A 

all other variables as previously defined 

 

Assessment of predictive ability using the validation data for this 

mortality function showed very similar trends to that of the first-year 

mortality model. Predicted values showed no bias for plots having a 

reasonable level of mortality. However, plots which suffered notably larger 

levels of mortality, especially at early ages, were associated with estimates of 

survival that were too high (Figure 4.7). Mortality is assigned to individual 

trees in the same manner that is used for first-year mortality (i.e., randomly). 

 

An alternative method of assignment of mortality was also 

investigated. In some situations, groups of trees in a given area may die due 

to insect attack, locally poor microsite conditions, etc. Under such scenarios, 

mortality patterns would not be random. An algorithm was developed which 

-0.0407A TS19857.0TS ××=
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Figure 4.7. Plots of residual vs. predicted values and residual values vs. 

percent survival for survival rate prediction equation. 
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allocates mortality in clustered arrangements instead of random location 

assignment. At age one, circular areas of mortality are generated which are 

intended to capture 25% of the total mortality within each circle. Random 

center locations are generated and circle radius is determined by planting 

spacing. All trees that lie within the area of the circle are classified as dead 

trees. In the case where the random location of center points produces four 

circles that do not have overlapping areas, the result is four circular patterns 

of mortality per acre. However, there is no requirement that mortality circles 

cannot overlap. When overlapping occurs, the resultant shape of the 

mortality cluster is altered from the circle shape. Additionally, the 

overlapping circle does not capture the full 25% of mortality, as trees in the 

overlapping region are already dead. This process allows for the creation of 

mortality clusters that can assume a wide range of shapes. Clusters of the 

size that are intended to cover 25% of the total mortality continue to be 

generated until the predicted number of surviving trees is reached. When the 

numbers of trees remaining to be assigned as dead becomes relatively small, 

the mortality pattern appears as a row effect. This is due to the ordered 

manner in which the tree list is sampled. A comparison between the random 

and clustered mortality assignment methods based on a planting spacing of 8 

ft x 8 ft is illustrated in Figure 4.8. The area shown is approximately 0.6 ac, 

which results in about 60% of the per acre mortality being depicted. 

 

After the age one mortality clusters are created, mortality from age 

two until the onset of competition can be assigned in two ways. Random 

assignment would retain the cluster shapes generated at age one, but 

additionally mortality would be allowed to occur at any location where a live 

tree is found. Alternatively, additional mortality can be accommodated 

through a cluster expansion approach. This cluster expansion method 

randomly locates points within the initial mortality clusters and assigns 

mortality to the immediate eight trees surrounding the point. However, only 
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Figure 4.8. Tree maps of clustered and random assignment of mortality at 
age one for 8 ft x 8 ft planting spacing. 
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the live trees on the edge of the cluster can suffer mortality, which expands 

the cluster size. This process continues until the predicted number of tree 

deaths is met. A comparison at age seven between the random and cluster 

expansion approaches is shown in Figure 4.9. The cluster expansion approach 

may not be representative of actual mortality patterns, but was included in 

order to investigate how extreme differences in spatial patterns of mortality 

affect simulation output. 

 

While both random and clustered assignment of mortality results in 

identical number of trees per unit area, the stand structure is notably 

different. In the context of the post-competitive growth simulation process, 

there is a wider range in competition index (CI) values. Trees on the edges of 

the mortality clusters have relatively low calculated CIs due to the smaller 

number of competitors. Higher CI values are associated with non-edge trees 

as no neighbors have suffered mortality. This situation affects growth 

predictions in the post-competitive phase. The higher CI levels associated 

with non-edge trees are not offset by the lower CIs computed for trees 

bordering the mortality clusters, which results in smaller predicted mean 

growth increment and higher levels mortality in the post-competitive phase 

(Figures 4.10 and 4.11). Effects on growth are notable for basal area and 

volume attributes, while height growth remains largely unchanged. Previous 

work (unpublished) has shown that the height increment prediction equation 

in PTAEDA2 is affected by competition to a lesser degree than diameter 

increment, which may explain the observed phenomenon. Further research is 

needed to determine how spatial patterns of mortality affect stand structure 

and growth at later ages.  
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Figure 4.9. Tree maps of cluster expansion and random assignment of 
mortality at age seven for 8 ft x 8 ft planting spacing. 
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Cumulative Basal Area Growth for Clustered and Random 
Assignment of Mortality
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Figure 4.10. Cumulative height and basal area growth for clustered and 
random assignment of mortality at site index 60 and 680 trees/ac. 
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Number of Trees Surviving for Clustered and Random 
Assignment of Mortality
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Figure 4.11. Cumulative volume growth and number of trees surviving for 
clustered and random mortality assignment at site index 60 and 
680 trees/ac. 



 55

Chapter V. Treatment Response Functions 

 
The model system outlined in the preceding chapter was developed for 

simulating tree growth and mortality for stands that have not been subjected 

to early silvicultural treatments. The commercial importance of loblolly pine 

has led to the application of a number of early silvicultural treatments aimed 

at improving survival and increasing tree growth rates. In this chapter, 

equations designed to modify rates of survival and growth for site 

preparation, herbaceous weed control, and/or fertilization treatments are 

presented.  

 

Site Preparation 

 
Site preparation methods can affect tree growth rates in several ways. 

Reduction or elimination of competing vegetation that results from many site 

preparation methods increases resource availability for crop trees. Wolters et 

al. (1995) found that site preparation had only short-term effects on 

competing vegetation in a loblolly pine plantation. However, some site-

preparation treatments provide benefits in addition to reduction of competing 

species, such as improved soil conditions, which can provide long-term 

improvements in tree growth. 

 

Data from the NCSFNC Regionwide 7 study include a number of site 

preparation alternatives. These data do not have any plots that received no 

site-preparation. In order to ascertain how various site treatments affect 

growth rates, the chop and burn treatment was designated as the baseline. 

Percent height growth changes due to shear and pile, discing, and bedding 

treatments were calculated to generate a data set for model fitting. Dbh 

measurements are not available until age four in NCSFNC Regionwide 7 

study. Thus, there is no opportunity to develop a diameter response model for 
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site preparation treatments. Lacking any alternative, diameter response was 

assumed to be the same as those for height response.  

 

As noted earlier, no methodology was found in the literature that does 

not use indicator variables to account for effects of site preparation. Given 

that no method for quantitatively describing site-preparation treatments is 

available, the equation developed to modify growth response is, with the 

exception of age, composed entirely of indicator variables: 

 

 

 

R2 = 58.9% 

Std. Err. = 0.06 

 

where: HSP = Percent height growth response  

DRN = Drainage class (= 1 poorly-drained, = 0 well-  

   drained) 

  BED = Bedding (= 1  bedding, = 0 no bedding) 

  SHP = Shear/pile (= 1 shear/pile, = 0 no shear/pile) 

  DISC = Discing (= 1 discing, = 0 no discing) 

  A = Plantation age (yrs) 

 

 

No independent data set was available for validation of this equation. 

Using the data-splitting approach, no problems with model predictions were 

found and reported parameter estimates are based on all data. Evaluation of 

residual vs. predicted values for the equation presented shows no predictive 

bias is evident (Figure 5.1). 

 

( )[ ]0.0813SHP0.1191DISC0.1736BEDBED)0.0512DRNHSP −++×−=

( )0.3994AexpA1.7684 −××
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Plot of Residual vs. Predicted Values for 
Site Preparation Response Prediction Equation
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Figure 5.1 Plot of residual vs. predicted values for site preparation growth 
response prediction equation. 
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Predicted responses show bedding provides the greatest gains in 

growth, with a reduction in response for poorly drained sites (Figure 5.2). 

Discing also has a positive effect on growth. However, the shear/pile 

treatment results in less growth than the chop/burn baseline treatment. This 

phenomenon likely results from removal of topsoil during the piling 

operation. 

 

Herbaceous Vegetation Control 

 
 Interspecies competition may affect growth rates of planted loblolly 

pines by limiting the availability of light, water, and nutrients. This is 

especially significant in the first few years of growth, where pines may be of 

similar or smaller size than competing vegetation. As such, control of 

competing vegetation is most effective in improving tree growth when 

performed in the first few growing seasons after planting (McDonald and 

Fiddler 2001). 

 

The AUSHC Growth Impact Study was designed to evaluate growth 

responses to reduced interspecies competition. Percent increases in height 

and diameter growth attributable to one- and two-year herbaceous control 

treatments were calculated from the AUSHC Growth Impact Study data. 

These values were used to fit the following height and diameter response 

models: 

 

 

R2 = 46.6% 

Std. Err. = 0.16 

  

( ) ( )0.4191A-0.00988SI-expA0.2324PHY0.1539YR20.8004HHERB 1.2903 ××−+=
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Height Growth Response to Site Preparation
on Well Drained Sites
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Height Growth Response to Site Preparation
on Poorly Drained Sites
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Figure 5.2. Percent increase in height growth on poorly and well drained sites 
due to site preparation treatments. 
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R2 = 65.2% 

Std.  Err. = 0.27 

 

where: HHERB = percent increase in height 

  DHERB = percent increase in diameter 

        YR2 = 2-yr treatment indicator ( =1 2-yr treatment, =0 1-yr  

       treatment) 

  all other variables as previously defined  

 

Validation for the herbaceous control response models cannot be 

accomplished with independent data. A review of predicted and observed 

values in the validation data for both the height and diameter response show 

no objectionable predictive behaviors. There is a minor trend towards under-

prediction of response beyond age twelve, indicating that the slope of the 

prediction line may be slightly too steep as response declines. However, the 

magnitude of response from age twelve onward is relatively small and minor 

changes in this area would likely have little effect on predicted tree growth 

rates. The equations shown result from fitting to all data. Plots of residual vs. 

predicted values show increasing variance with increasing predicted values 

(Figure 5.3). This phenomenon corresponds with the ages where response to 

herbaceous control treatments is the highest, which is where the most 

variability is observed in the data (Figure 5.4). Given that the primary 

function of the equation is to predict response over time, the increasing 

variance is not viewed as an indicator of poor model performance. 

( ) ( )1.5779A-0.0185SI-expA0.3866PHY0.2801YR21.2244DHERB 5.3475 ××−+=
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Figure 5.3. Plots of residual vs. predicted values for equations estimating 
height and diameter response to herbaceous weed control. 
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Figure 5.4. Plots of residual values vs. age for equations estimating height 
and diameter growth response to herbaceous weed control. 

 

Plot of  Residual  Values vs.  Age for Height Response to 
Herbaceous Weed Control  Equation

-0.8

0

0.8

0 5 10 15 20 25

Age

R
es

id
u

al

P l o t  o f  R e s i d u a l  V a l u e s  v s .  A g e  f o r  D i a m e t e r  R e s p o n s e  
t o  H e r b a c e o u s  W e e d  C o n t r o l  E q u a t i o n

-1.5

0

1.5

0 5 10 15 20 2 5

A g e

R
es

id
u

al



 63

These models provide maximum response at early ages, and response 

decreases thereafter (Figure 5.5). The predicted diameter growth response 

attains a maximum earlier and declines more quickly when compared to the 

height response. This phenomenon may be produced by the rate at which the 

site is occupied by competing species following cessation of treatment. 

 

Fertilization at Planting 

 
The general shape of the response curve for mid-rotation fertilization 

has been fairly well established in the literature. Thus, the development of a 

response model based on a function that can provide increased response up to 

a culmination point and then decrease thereafter will likely be necessary. A 

fertilization response model should include factors such as type and rate of 

elements applied, time since application, and site quality. Data collected as 

part of the NCSFNC Regionwide 14 study were used to evaluate growth 

responses to a range of fertilization treatments. All data from this study were 

obtained from locations in the Coastal Plain physiographic region. Estimated 

treatment responses for Piedmont sites could not be evaluated. As such, for 

the purposes of this research, it was assumed that response to fertilization is 

not dependent on physiographic region. 

 

The applications of nitrogen, phosphorous, and potassium were 

represented by indicator variables due to the specific application rates 

evaluated in this study. It would be desirable to view application rates as 

continuous variables. However, treatment of application rates as continuous 

variables requires that the relationship between rate of application and 

growth response be understood. Data for assessing this relationship were not 

available for this research. 
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Height Growth Response to 1-year and 2-year Herbaceous 
Control Treatments on Coastal Plain and Piedmont Sites (SI 60)
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Diameter Growth Responses to 1-year and 2-year  Herbaceous 
Control Treatments on Coastal Plain and Piedmont Sites (SI 60)
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Figure 5.5. Height and diameter growth responses to 1-year and 2-year  
herbaceous control treatments on Coastal Plain and Piedmont 
sites for site index 60. 
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Height and diameter growth responses to the fertilization treatments 

were assessed by comparing mean values from control plots to those of 

fertilized stands within each replication. This type of analysis allows for a 

percentage increase in growth to be determined for each fertilization 

treatment at each age. A comparison between the observed height and 

diameter growth responses to fertilization suggests that height and diameter 

response need to be modeled separately. Additionally, these results indicate 

that early height-diameter relationships are altered by fertilization at 

planting. This effect does not appear to be long-lasting, however, as response 

levels for both height and diameter have similar values at later years. 

Response models that predict growth responses of height and diameter to 

nitrogen (N), phosphorous (P), and/or potassium (K) applications at time of 

planting were developed and fitted: 

 

 

R2 = 63.0% 

Std. Err. = 0.15 

 

 

 
R2 = 62.3% 

Std. Err. = 0.18 

 

where:  HFERT = percent increase in height 

 DFERT = percent increase in diameter 

 N = indicator variable (= 1 nitrogen, = 0 no nitrogen) 

P = indicator variable (= 1 phosphorous, = 0 no phosphorous) 

K = indicator variable (= 1 potassium, = 0 no potassium) 

PK = phosphorous/potassium interaction indicator ( = 1 no  
         phosphorous, = 0 phosphorous)  

 

( ) ( )[ ] ( )0.4476AexpA0.0923SIexp24.7521K94.2161P58.5167NDFERT 1.2107 −××−×++=

( )( ) ( )0.1271A0.0679SIexp12.3892KPK30.4219P17.5395NHFERT ×−××++=
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As the NCSFNC Regionwide 14 study is the only data available for 

assessing a range of fertilization options, validation of the above equations 

can only be accomplished via data-splitting. The height response model had 

no predictive bias when evaluated with validation data and final parameter 

estimates are based on all data. The diameter response model failed to 

converge when fitted to only half of the data. Thus, no equation was available 

to predict response in the validation data. However, a review of residual plots 

when fitted to all data shows no bias or behavioral problems (Figure 5.6). 

Again, variability is shown to be the greatest when growth responses to 

treatment are at or near their maximums (Figure 5.7).  

 

These equations allow the user to specify any combination of the three 

elements. For height response, the addition of K has little or no effect in the 

presence of P. Thus, the height model is designed to provide a response to K 

only when P is absent. The diameter response model does not have this 

restriction and growth due to K and P applications is additive. The response 

curves generated by these models for fertilization applications of various 

combinations of N, P, and K at a site index of 60 ft. are shown in Figure 5.8. 

The shape of these curves indicates that growth responses from early 

fertilization reach a maximum at an early age. However, the early gains in 

growth do not diminish quickly and increased tree sizes compared to 

unfertilized plots are evident for most operational rotation lengths. The 

responses project growth in a manner that causes tree sizes to approach the 

control plot tree dimensions asymptotically, which seems reasonable if the 

stand were to survive for many years. 

 

Treatment Interactions 

 
A straightforward application of the fertilization, site-preparation, and 

herbaceous control growth response functions could be accomplished by 
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Plot of Residual vs. Predicted Values for Height 
Growth Response to Fertilization Equation
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Plot of Residual vs. Predicted Values for 
Diameter Growth Response to Fertilization 
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Figure 5.6. Plots of residual vs. predicted values for equations estimating 

height and diameter response to fertilization. 
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Plot of Residual Values vs. Age for Height 
Growth Response to Fertilization Equation
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Plot of Residual Values vs. Age for Diameter 
Growth Response to Fertilization Equation
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Figure 5.7. Plots of residual values vs. age for equations estimating height 
and diameter growth response to fertilization.
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Height Growth Response to Various Combinations of 45N, 50P, 
and 100K Fertilization at Planting (SI 60)
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Diameter Growth Response to Various Combinations of 45N, 
50P, and 100K Fertilization at Planting (SI 60)
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Figure 5.8. Predicted height and diameter growth responses to various 
combinations of 45N/50P/100K fertilization at planting for site 
index 60. 
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assuming independence (i.e., additivity of effects). While some studies have 

shown that additivity is appropriate for certain treatment combinations 

(Swindel et al. 1988, Tiarks and Haywood 1986), there may be some 

situations in which interactions among treatments should be accounted for. 

The NCSFNC Regionwide 7 data were used to evaluate where modifications 

to treatment responses may be necessary due to interaction. As noted earlier, 

dbh measurements are not found until age four, which precludes modeling of 

treatment interactions for diameter responses. Given this limitation, the 

predicted level of interaction for height response is also applied to diameter 

response. 

 

Preliminary investigations into the existence of treatment interactions 

were conducted on tree height data using analysis of variance (ANOVA) 

procedures. No significant interaction between fertilization and herbaceous 

control treatments was found in this data. This may be partially due to the 

pine phytotoxicity problems that occurred on some plots receiving the 

herbaceous control treatment (NCSFNC 1996). Interactions between 

herbaceous control and site preparation methods were also not found, with 

the exception of bedding. The response to herbaceous control in the presence 

of bedding was highly variable. It is believed the effectiveness of the bedding 

operation in eliminating competing vegetation on a plot-by-plot basis 

produced this variability. However, there was a significant trend indicating 

slightly less growth response to herbaceous control on bedded sites:  

 

R2 = 13.6% 

Std. Err. = 0.11 

 

where: HMOD = percent reduction in response to herbaceous control 

( ) A0.5528 0.9198SI0.0821BED-HMOD ×+= −
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  all other variables as previously defined 

 
Validation data was used to assess model performance. Analyses of 

residuals (observed minus predicted) showed an even distribution about the 

zero point and no trends in predictive bias were noted. All available data 

were utilized to obtain the parameter estimates shown above. The plot of 

residual vs. predicted values based on the final parameter estimates 

indicates the high level of variability found in the data (Figure 5.9). The 

pattern shows that both positive and negative interactions were present 

between bedding and herbaceous weed control.  

 

The predicted HMOD value is subtracted from predicted values for 

both height and diameter response at each age. As predicted responses to the 

herbaceous control treatment diminish, this subtraction can result in a 

negative value for response. There is no indication in the data that a negative 

response occurs at later ages, so the response is set to zero when the 

interaction produces a negative predicted value. 

 
Interactions between fertilization and site preparation treatments 

were more numerous and less variable than interactions between herbaceous 

control and site preparation. Bedding, shear/pile, and discing treatments, as 

well as drainage class, were found to affect fertilization responses: 

 
 

R2 = 84.9% 

Std. Err. = 0.04 

 

where: FMOD = percent of fertilization response realized 

 all other variables as previously defined 

-0.0236A)0.0812DISC0.1437SP0.0513DRN0.0783BED-(0.9322FMOD ×+++=
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Plot of Residual vs. Predicted Values for Herbaceous 
Weed Control/Bedding Interaction Equation

-0.3

0

0.3

-0.04 -0.02 0 0.02 0.04 0.06 0.08

Predicted

R
es

id
ua

l

 

Figure 5.9. Plot of residual vs. predicted values for equation estimating 
interaction between herbaceous weed control and bedding. 
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Validation of the model using the data-splitting approach resulted in a 

number of nonsignificant parameter estimates when only one-half of the data 

were used for fitting. The combined data for fitting the fertilization/site 

preparation interaction equation consisted of only 35 observations. 

Apparently, all (or most) of these data points are needed in order to 

adequately define the response trend. An inspection of predicted vs. observed 

values based on the estimated parameters from all data indicate that model 

performance is satisfactory and no predictive bias should be expected (Figure 

5.10). 

 

When both intensive site preparation and fertilization are specified, 

the predicted FMOD value is multiplied against the predicted height and 

diameter response to fertilization at each age. 

 

Application of Treatment Response Functions 

 
In order to adjust growth in PTAEDA2, the aforementioned treatment 

response and interaction equations were incorporated into the growth 

subroutines. In the juvenile growth phase, the equations can be directly 

applied to predicted tree diameter and height. The base growth model system 

predicts tree dimensions for untreated plots. The response functions describe 

how much increase should be provided for each treatment. Thus, predicted 

tree diameter and height values are increased by the amount specified for the 

selected treatments and dimensions are adjusted accordingly.  

 

A slightly different approach is needed for extending treatment effects 

into the post-competitive growth subroutine. Once competition is assumed to
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Plot of Residual vs. Predicted Values for 
Ferti l ization/Site Preparation Interaction Equation
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Figure 5.10. Plot of residual vs. predicted values for equation estimating 
interaction between fertilization and site preparation methods.
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have begun, incremental diameter and height growth is predicted on an 

annual basis and added to the cumulative amount from the previous year. As 

such, there is no baseline associated with untreated plots and the treatment 

response functions cannot be applied directly to predicted values. However, 

the annual change in growth rates due to treatment effects can be 

incorporated via potential height increment to produce the necessary changes 

in tree growth rates. The estimated increases in growth from the height 

response functions for specified treatments are applied directly to the 

predicted height of dominants (from the site index equation) at each age. The 

difference between predicted height of dominants between two successive 

growing seasons is the potential height increment (PHIN). PHIN plays a 

large role in both height and diameter increment prediction. Thus, changes to 

PHIN due to treatment effects result in adjustments to annual height and 

diameter growth. An additional benefit of this methodology is that it allows 

for estimation of increases in site index realized through treatment effects. 
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Chapter VI. Defining the Onset of Competition 

 
Assessing the degree to which individual trees are experiencing 

intraspecies competition has been addressed through a variety of methods 

over the past several decades. Distance-independent measures do not require 

tree location data, whereas distance-dependent measures identify competing 

trees based on spatial arrangement. Distance-independent approaches often 

utilize a stand level variable (Martin and Ek 1984) or a combination of stand- 

and tree-level attributes (Alder 1979, Glover and Hool 1979). Staebler (1951) 

is generally credited with developing the concept of a distance-dependent 

individual tree competition index (see Gerrard 1969). Approaches to distance-

dependent competition measures include area potentially available (Moore et 

al. 1973, Adlard 1974), point-density (Spurr 1962, Opie 1968), and 

subject/competitor size ratios (Hamilton 1969, Hegyi 1974). 

 

In the PTAEDA2 model, the competitive stress experienced by an 

individual tree is measured by Daniels (1976) modification of Hegyi’s (1974) 

distance-dependent diameter-ratio formulation: 

 

 

 

where: CIi = competition index of the ith subject tree 

Dj = diameter at breast-height of jth competitor 

  Di = diameter at breast-height of ith subject tree 

Distij = distance between subject tree i and jth  
             competitor  

N = number of competitors 

  

In this research, the onset of competition takes on particular 

importance in that it will define the point when the switch from the juvenile 
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to post-competitive growth subroutines should be made. Analyses performed 

by Burkhart et al. (1987) concluded that, within a given range, the age at 

which intraspecies competition begins had little impact on growth prediction 

and a plantation age of eight years was selected as the point at which 

competition affects growth. The addition of a pre-competitive growth phase to 

PTAEDA2 requires that a definition of the onset of competition be 

formulated. It would be illogical to switch from the juvenile to post-

competitive growth subroutine when many trees have no intraspecific 

competitors (i.e., a competition index of zero). Conversely, continuing to 

project growth when many trees will have assumed a competition index 

greater than zero would likely result in an over-estimation of individual-tree 

dimensions. Given that Daniels’ (1976) measure identifies competitors based 

on a BAF 10 (basal area factor of 10 sq ft/ac) prism sweep centered on the 

subject tree, a expedient definition of the onset of competition would be when 

average stand diameter times the plot radius factor (i.e., 2.75) exceeds the 

average inter-tree distance. Due to the wide range of planting densities 

available, the age at which competition begins was investigated using the 

Loblolly Pine Growth and Yield Cooperative Spacing Trial data. Based on 

mean stand dbh and average inter-tree distance, the age of onset of 

competition was established for each plot at all four locations. By this 

measure, age of onset of competition ranged from age four for the highest 

planting densities to age eight for the widest spacings. 

 

While the competition index as defined by Daniels (1976) is well-

correlated with individual tree growth, the identification of competitors is, 

essentially, based on the arbitrary value of BAF 10. Radtke and Burkhart 

(1999) characterized the onset of competition for these data as the inflection 

point of the stand-level basal area growth curve. Their research provides 

data-based values that can be compared to results obtained from the 

conceptual formulation for the same sample plots. Plotting mean stand 
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diameter at age of inflection (A*) and at the point-density threshold (PD) 

versus individual-tree growing space shows similar behavior (Figure 6.1). The 

correlation between the two measures is 0.96. However, the trend line for the 

PD method is lower than the trend line based on observed data at A*. 

Assuming the inflection point approach provides an accurate assessment of 

the onset of competition, the PD method defines the age of onset of 

competition too early in the development of the stand.  

 

The PD approach can be modified to more closely match the results 

obtained from the inflection-point analyses. Minimizing the sum of squared 

deviations between the two measures shows that multiplying the PD-defined 

mean stand diameter by 1.29 provides values that are nearly identical to 

those obtained at A* (Figure 6.1). Dividing these adjusted mean stand 

diameters by the square root of growing space (inter-tree distance) provides 

the plot radius factor needed to condition the PD approach to nearly match 

the inflection-based values. The PD method provides estimates of age of onset 

of competition that are practically equivalent to the inflection-point of the 

basal area growth curve when a plot radius factor of 2.132 ft/in. is utilized. 

This value would correspond to a BAF of approximately 16.7 sq ft/ac. 

 

In the growth and yield simulation process, competitive status is 

checked annually during each iteration of the juvenile growth system. Mean 

stand diameter is calculated and multiplied by 2.312. If this value exceeds 

the average inter-tree distance (computed as the square root of plot area 

divided by number of surviving trees), then competition is assumed to have 

begun. 
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Comparison Between Mean Stand Diameters at A* and 
PD Threshold (PRF 2.75)
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Comparison Between Mean Stand Diameters at A* and
Adjusted PD Threshold (PRF 2.132)
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Figure 6.1. Mean stand diameter versus growing space at A* and PD 
threshold, and at A* and adjusted PD threshold.  
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An additional constraint is also placed on the switch from pre- to post-

competitive growth phases. While predicted groundline diameters are 

available in the juvenile growth system for trees less than 4.5 feet in height, 

there is no such provision in the post-competitive growth subroutine. A 

necessary requirement is imposed that checks to be sure that all trees have 

attained 4.5 feet in height (and therefore have a predicted dbh as well). If this 

condition is not met, the growth simulation will continue to utilize the pre-

competitive models, regardless of whether or not the definition of onset of 

competition has been met. This circumstance is generally encountered when 

planting densities are extremely high. While this situation may prevent 

switching to the post-competitive system at an age where competitive growth 

is likely occurring, it has the desirable effect of keeping the competitive 

growth models within, or close to, the age range of the data to which they 

were fitted. 



 81

Chapter VII. Growth Simulation and Model Validation 

 
In order to construct a growth and yield model capable of making 

projections from stand establishment through rotation age, the pre-

competitive growth model system must be incorporated into the existing 

PTAEDA2 simulator. This requires that the two model systems be compatible 

and that the integrated system provides sensible predictive output across the 

range of options available to the user. This chapter provides detail regarding 

the incorporation of the pre-competitive model system, results of simulation 

runs, and analyses of the adequacy of predicted values. 

 

Programming 

 
Since its initial development by Daniels and Burkhart (1975), the 

PTAEDA/PTAEDA2 simulator has undergone a myriad of changes. 

Incorporation of equations resulting from this research required a number of 

modifications to the existing system. An additional subroutine was added to 

the system, which predicts first year mortality and randomly assigns a value 

from a [0,1] uniform distribution to each surviving tree. This information is 

required in the first iteration of the JUV subroutine. 

 

The previous JUV subroutine, which generated the age-eight stand, 

was completely replaced with the growth equations and treatment response 

functions described earlier. In a manner similar to the post-competitive 

subroutine, each iteration of the JUV subroutine represents one growing 

season. At the beginning of each growing season, mortality is calculated and 

assigned on a random basis. Baseline tree heights are then calculated for 

each surviving tree. Tree height is used to compute either groundline or 

breast-height diameter, depending on whether 4.5 feet in height has been 

attained. Once these baseline values have been established, tree dimensions 
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are modified for any treatment effects and interactions. Height and dbh 

attributes, along with age, are utilized by the height-to-crown model to 

establish a crown ratio for each tree. 

 

Having established individual tree dimensions for a given year, mean 

stand diameter is calculated and multiplied by 2.132. If this value exceeds 

average inter-tree distance and all surviving trees are 4.5 feet tall or greater, 

then the following and subsequent growing seasons utilize the post-

competitive subroutine for growth predictions. If both conditions are not met, 

growth for the next growing season will again be predicted by the JUV 

subroutine. 

 

An initial review of simulation output revealed that excessively large 

tree dimensions were being predicted for trees in the upper portion of the 

distribution when certain treatments or treatment combinations were chosen. 

This circumstance suggests that, at least in the simulation context, the use of 

multipliers may not be appropriate over the entire range of tree sizes that 

may be encountered. In order to prevent this occurrence, an upper limit 

needed to be placed on predicted tree diameters. To ascertain what an 

appropriate limit might be, data from the NCSFNC Regionwide 7 were 

examined. These data indicated that a linear trend was appropriate and that 

the largest trees had attained dbh values that were roughly equal to stand 

age. Maximum observed diameter at breast-height values were used at each 

age to fit an equation that would specify the maximum allowable diameter to 

be predicted for a given age: 

 

A1.12421  0.46491-  MAXD ×+=  

R2 = 97.8% 

Std. Err. = 0.59 
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where: MAXD = maximum allowable predicted dbh (in.) value at age A 

 A = stand age (yrs) 

 

The least-squares regression provides a prediction line that passes 

through the mean of the fitting data. As such, some observed tree dbh values 

were greater than what would be predicted from the MAXD model. To avoid 

excessive truncation of the upper tail of the tree-size distribution, an 

additional amount equal to one standard error (0.59) is added to the 

predicted MAXD value for each age. In practice, this upper limit is only 

utilized during the juvenile growth phase when relatively large treatment 

responses are predicted (e.g., multiple treatments). These limits affect 

predicted values for periods of one to three years, depending on the intensity 

of the specified treatment. This usually occurs somewhere in the two-to-five 

years of age range where predicted treatment responses are at or near 

maximum values. 

 

Comparison with Existing PTAEDA2 Model 

 
A particular point of interest for this research is comparing the 

predictive output of the new system with that of the existing PTAEDA2 

model. The first point at which this evaluation can be made is at age eight, 

where PTAEDA2 generates the initial stand. Figures 7.1, 7.2, and 7.3 

illustrate the height, basal area, and volume growth relationships between 

the original model and the juvenile growth version for site index values of 40, 

60, and 80. Predicted height growth trajectories are very similar across the 

range of site index values. Thus, reported mean stand heights for both models 

should be in close agreement. However, basal area and volume trends output 

by the two models do show some differences. At site index 40 and 60, the  
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Cumulative Height Growth for PTAEDA2 With 
and Without Juvenile Growth Phase (SI 40)
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Cumulative Height Growth for PTAEDA2 With 
and Without Juvenile Growth Phase (SI 60)
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Cumulative Height Growth for PTAEDA2 With 
and Without Juvenile Growth Phase (SI 80)
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Figure 7.1. Mean cumulative height growth for PTAEDA2 with and without 
juvenile growth phase for site index 40, 60, and 80. 
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Figure 7.2. Mean cumulative basal area growth for PTAEDA2 with and 
without juvenile growth phase for site index 40, 60, and 80. 
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Figure 7.3. Mean cumulative volume growth for PTAEDA2 with and without 
juvenile growth phase for site index 40, 60, and 80. 



 87

predicted values for basal area and volume obtained from the juvenile growth 

model are slightly higher than PTAEDA2 output. These higher values are 

likely to provide a better representation of stand growth. Baldwin et al. 

(2001) analyzed 100 control plots in the Loblolly Pine Growth and Yield 

Research Cooperative Thinning Study and found that the PTAEDA2 model 

under-predicted stand volumes. The average age of these plots was near 29 

years and mean site index was roughly 61 feet. The PTAEDA2 predicted 

stand volumes were, on average, approximately 600 cu ft/ac lower than 

observed plot volumes. The predicted stand volume at age 29 using the 

juvenile growth model is nearly 400 cu ft/ac higher than PTAEDA2 output for 

site index 60. At site index 80, basal area and volume growth trajectories are 

nearly identical for both models. 

 

Growth and Yield Relationships 

 
Simulation output should provide growth and yield relationships that 

are consistent with expectations and/or are representative of trends found in 

observed data. For instance, one would expect site index 60 land to have 

greater height, basal area, and volume growth than site index 40 land. The 

growth trajectories given by the simulator reflect this concept. Figure 7.4 

shows mean cumulative height growth, mean basal area growth, and mean 

volume growth for site index 40, 60, and 80 at a constant planting density of 

680 trees/ac. The mean values shown are based on five simulation runs each. 

 

Height growth trends are consistent with the site index values in that 

mean stand height is slightly lower than the specified site index at age 25. 

Basal area development shows that, at an 8 ft x 8 ft spacing, basal area 

growth is greater on better sites than on poor sites. Also, the maximum basal 

area attained occurs earlier for higher values of site index. Simulated growth 

for site index 80 clearly reaches a maximum at approximately age 23 and  
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Figure 7.4. Mean cumulative height, basal area, and volume growth for site 
index 40, 60, and 80 at 680 trees/ac planted. 
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shows a slight decline thereafter. This decline results from mortality and 

slowing growth rates. In contrast, basal area growth for site index 40 is much 

slower than that for simulations with higher site index, but there is no 

apparent culmination point through age 30. Mean volume growth trends 

exhibit similar behavior, except that the leveling-off effect is not as notable. 

There does appear to be a hint of flattening after age 25, which may indicate 

that predicted volumes would not go much higher when projected beyond 30 

years. 

 

Other important growth and yield attributes in the PTAEDA2 

simulator include crown ratio and mortality. Crown ratio directly effects 

annual growth predictions in the post-competitive subroutine. As noted 

earlier, the transition between pre- and post-competitive crown ratio models 

was smoothed to a certain extent by utilizing an average of the predicted 

values from the two equations for the first year of growth prediction after the 

onset of competition. This was particularly helpful in simulations having high 

site index values. This situation is illustrated in Figure 7.5, where it can be 

seen that site index 80 results in large crown ratios in pre-competitive stands 

due to the relatively quick increase in height. However, this accelerated 

height growth tends to provide slightly lower mean values of crown ratio in 

the post-competitive phase when compared to predicted mean crown ratios 

for lower quality sites. This is due to the form of the CR model (Dyer and 

Burkhart 1987), where the (D/H) term produces this effect. Thus, for high 

values of site index there is a greater decrease in crown ratio at the onset of 

competition than there is for the lower site index values. 

 

Mortality rates play an important role in determining stand basal area 

and volume predictions. In the pre-competitive phase, mortality is 

independent of site quality. Thus, the number of trees surviving prior to the 
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onset of competition is the same for site index 40, 60, and 80 (Figure 7.5). At 
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Figure 7.5. Mean crown ratio and number of trees surviving for site index 40, 

60, and 80 at 680 trees/ac planted. 
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a planting density of 680 trees/ac (8 ft x 8 ft), suppression-induced mortality 

does not occur in the competitive growth phase until roughly age 12. Once 

mortality begins to occur, only a few trees die each year until intensity of 

competition increases to the point where a larger number of trees are 

predicted to die on an annual basis. The rate of mortality is greater on plots 

having high site index ratings. This has the effect of mimicking the widely-

held belief that better quality sites produce fewer trees of greater size than 

sites of lower quality. 

 

Treatment Effects 

 
Site Preparation 

 
Site preparation can have both positive and negative effects on growth 

and yield. In the simulation setting, response to site preparation is dependent 

on the type of site preparation performed and, where bedding is specified, 

drainage is also considered. Bedding, on either well- or poorly-drained sites 

provided the largest growth response. Discing provided a positive growth 

response as well. However, the shear and pile site-preparation method 

diminished growth. Additionally, mortality was affected by bedding and 

discing treatments.  

 

The effect of bedding on stand growth and development is 

characterized by early gains in height growth, which diminish over time, and 

gains in stand basal area and volume which are evident at later ages (Figures 

7.6 and 7.7). The early height advantage due to bedding is greatest near age 

8, where a 5.4 feet (25.8%) increase is estimated for well-drained stands of 

site index 60. Poorly-drained stands realized about 1.2 feet less response at 

age 8. As the stand grows older, the early gains in height are lost. At age 25,  
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Cumulative Height Growth on Poorly and 
Well Drained Sites with Bedding (SI 60)
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Cumulative Basal Area Growth on Poorly and 
Well Drained Sites with Bedding (SI 60)

0

20

40

60

80

100

120

140

160

180

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Age

B
as

al
 A

re
a 

(s
q

 f
t/

ac
)

Well Poor Base

 

Figure 7.6. Mean cumulative height and basal area growth on poorly and well 
drained sites with bedding at site index 60. 
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Figure 7.7. Mean cumulative volume growth number of trees surviving on 
poorly and well drained sites with bedding at site index 60 and 
680 trees planted per acre. 
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mean stand heights on bedded plots are roughly 1 ft less than those predicted 

for untreated areas. This apparently is a result of increased density due to 

enhanced survival on bedded sites. The increase in numbers of trees results 

in higher competition index values, which produces slower rates of growth. 

 

Basal area and volume trends for bedded sites also show substantial 

early gains, which are not completely diminished by age 25. Basal area 

response to bedding on well-drained sites at site index 60 is 27.2 sq ft/ac 

(56.4%) and 3.4 sq ft/ac (2.1%) for ages 8 and 25, respectively. Similar levels 

of response are also predicted for poorly-drained areas.  

 

Age eight volume increases are also comparable for both drainage 

classes, where increases of 82.5% (510 cu ft/ac) for well-drained and 62.7% 

(388 cu ft/ac) for poorly-drained are predicted. By age 25, these increases are 

reduced to roughly 100 cu ft/ac (2.3%) for both well- and poorly-drained sites. 

 

First year mortality prediction is, in part, based on bedding and 

drainage characteristics. Bedding provides improved soil conditions that 

increase survival. However, the number surviving trees is lessened when 

poor drainage is present. These relationships can be seen graphically in 

Figure 7.7. Initial numbers of surviving trees are notably different at age one 

and this trend continues until approximately age 20, where the survival 

curves begin to converge. By age 30, there appears to be little difference in 

stand density between bedded and unbedded areas. 

 

As noted earlier, discing the site prior to planting also provided 

increases in growth and survival. Growth and mortality trends for disced 

sites are shown in Figures 7.8 and 7.9. The largest gain in height growth 

occurs at age eight, where the disc treatment improves mean stand height by  
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Mean Cumulative Basal Area Growth on Disced Sites (SI 60)
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Figure 7.8. Mean cumulative height and basal area growth for disced areas at 
site index 60 and 680 trees planted per acre. 
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Mean Cumulative Volume Growth on Disced Sites (SI 60)
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Figure 7.9. Mean cumulative volume growth and number of trees surviving 
for disced areas at site index 60 and 680 trees planted per acre. 
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4.0 feet (19.1%). A 47% (22.7 sq ft/ac) increase in basal area and a 63.1% 

improvement in volume (390 cu ft/ac) also occur at age eight.  

 

Analyses of estimated growth at age 25 show similar patterns to those 

of bedding when compared to untreated plots. Slightly smaller 

(approximately 1 ft) mean stand heights are again observed and attributed to 

stand density effects. Increased basal area and volume are evident for disced 

plots, where improvements of 7.0 sq ft/ac (4.3%) and 155 cu ft/ac (3.5%) are 

estimated, respectively. 

 

The only treatment that can be specified for simulation runs that 

results in reduced growth when compared to the baseline model is shear and 

pile site preparation. This technique degrades the site in some manner 

(possibly removal of nutrients) that impairs growth (Figures 7.10 and 7.11). 

As with the other site-preparation treatments, early height growth shows 

changes due to treatment. However, height differences between treated and 

untreated plots are negligible beyond age ten or so. Evaluation of differences 

in height when shear and pile is performed indicates a loss of 2.7 feet (12.9%) 

in height growth at age eight. 

 

Early losses due to shear and pile operations are also evident for basal 

area and volume. Age eight losses are estimated to be near 12 sq ft/ac (24.5%) 

for basal area, with a corresponding volume reduction of approximately 175 

cu ft/ac (28.7%). Apparently, the site does recover over time from the shear 

and pile operation. This is evident in the basal area and volume projections, 

where initial losses disappear by approximately age thirteen. Thereafter, 

stand development progresses at a rate similar to that of the baseline and no 

practical differences exist for basal area or volume at age 25. 
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Cumulative Basal Area Growth on Shear and Pile Sites (SI 60)
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Figure 7.10. Mean cumulative height and basal area growth for shear and 

pile areas at site index 60 and 680 trees planted per acre. 
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Cumulative Volume Growth on Shear and Pile Sites (SI 60)
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Figure 7.11. Mean cumulative volume growth for shear and pile areas at site 
index 60 and 680 trees planted per acre. 
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In the simulation setting, the shear and pile option can be combined 

with either the bedding or discing treatment. Specifying one of these 

additional treatments helps offset growth losses due to the shear and pile 

action (Figures 7.12 and 7.13). The effects of these combined treatments 

offset each other to a large degree. Slight early height growth responses are 

evident at age 8 for shear/pile/bed and shear/pile/disc on well-drained sites, 

and for shear/pile/bed on poorly-drained locations, where increases of 3.1 feet 

(14.8%), 1.3 feet (6.2%), and 1.5 feet (7.2%) are found, respectively. 

Inevitably, the height growth curves converge to that of the baseline 

projection as the stand gets older. Differences in mean stand height between 

untreated and treated stands at age 25 are less than 1 ft. 

 

Bedding or discing after the shear and pile operation results in increased 

basal area and volume estimates at age 8 when compared to untreated sites. 

The shear/pile/bed combination produces 17.9 sq ft/ac (37.1%) more basal 

area on well-drained land and an additional 7.6 sq ft/ac (15.8%) on poorly-

drained sites. The age-eight basal area increase for the shear/pile/disc 

scenario is 7.7 sq ft/ac (16.0%). Predicted stand volumes at age eight show a 

similar trend, where increases of 301 cu ft/ac (48.6%) and 123 cu ft/ac (19.9%) 

are noted for shear/pile/bed on well- and poorly-drained sites, respectively. 

The volume increase for shear/pile/disc at age eight is estimated to be 121 cu 

ft/ac (19.5%). 

 

The early gains in basal area and volume growth are not maintained 

across the intensive site preparation treatments. The shear/pile/bed and 

shear/pile/disc treatments on well-drained areas slowly converge towards the 

growth trajectory of the untreated stand. By age 22, there is no practical 

difference in basal area and volume estimates between treated and untreated 

conditions. The shear/pile/bed combination on poorly-drained sites quickly 

loses the early advantage and, by age sixteen, begins to have less predicted  
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Cumulative Height Growth on Well-Drained Sites with Shear/Pile/Bed 
and Shear/PileDisc and on Poorly-Drained

 Sites with Shear/Pile/Bed (SI 60)
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Cumulative Basal Area Growth on Well-Drained Sites with 
Shear/Pile/Bed and Shear/PileDisc and on Poorly-Drained 

Sites with Shear/Pile/Bed (SI 60)
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Figure 7.12. Cumulative height and basal area growth for shear/pile/bed and 
shear/pile/disc on well-drained sites and shear/pile/bed on poorly-
drained sites at site index 60 and 680 trees planted per acre. 



 103

Cumulative Volume Growth on Well-Drained Sites with 
Shear/Pile/Bed and Shear/PileDisc and on Poorly-Drained 
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Figure 7.13. Cumulative volume growth for shear/pile/bed and shear/pile/disc 

on well-drained sites and shear/pile/bed on poorly-drained sites at 
site index 60 and 680 trees planted per acre. 
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basal area and volume than the untreated plot. This discrepancy is 

apparently produced by the switch from well-drained to poorly-drained 

locations. A review of predicted baseline growth for poor drainage shows that 

the shear/pile/bed option produces basal area and volume estimates that 

converge to the untreated condition across both drainage classes. 

     

Herbaceous Weed Control 

 
Growth simulations specifying 1-year and 2-year herbaceous weed 

control treatments provide predicted values (Figures 7.14 and 7.15) that are 

consistent with expected responses. In addition to treatment length, 

predicted responses also depend on physiographic region. When compared to 

results for untreated plots at site index 60 and 680 trees/ac planted, improved 

height growth is noted through approximately age 11. Thereafter, height 

growth trajectories are similar to those of untreated areas. It is postulated 

that this trend is related to crown closure in some way. Increases in 

accumulated height at age eight range from nearly 5.1 feet (24.4%) for the 2-

year treatment on Piedmont sites to an increase in height of 3.4 feet (16.3%) 

attributed to 1-year of herbaceous control for Coastal locations. 

 

Basal area response to herbaceous control differed from height 

response in that the predicted values for treated stands did not converge back 

to those of untreated areas shortly after the switch from pre-competitive to 

post-competitive growth. However, the predicted basal area values for both 

untreated and treated conditions follow similar rates of growth in the post-

competitive phase, but the values remain higher where herbaceous control 

treatments were performed. Basal area gains at age eight were nearly 70% 

(33.5 sq ft/ac) for 2-year Piedmont applications. This difference translated 

into approximately 14.5 sq ft/ac (8.9%) more basal area at age 25. Predicted 

basal area growth improvements of 18.8 sq ft/ac (38.9%) at age eight were  
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Mean Cumulative Height Growth for 1-yr and 2-yr Herbaceous Weed 
Control on Coastal and Piedmont Sites (SI 60)
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Mean Cumulative Basal Area Growth for 1-yr and 2-yr Herbaceous 
Weed Control on Coastal and Piedmont Sites (SI 60)
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Figure 7.14. Mean cumulative height and basal area growth for 1-year and 2-
year herbaceous control treatments on Piedmont and Coastal 
sites with site index 60 and 680 trees/ac planted. 
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Mean Cumulative Volume Growth for 1-yr and 2-yr Herbaceous Weed 
Control on Coastal and Piedmont Sites (SI 60)
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Figure 7.15. Mean cumulative volume growth for 1-year and 2-year 
herbaceous control treatments on Piedmont and Coastal sites 
with site index 60 and 680 trees/ac planted. 
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found for Coastal sites receiving the 1-year treatment. The basal area gain at 

age 25 was 2.2% (3.6 sq ft/ac). 

 

Not surprisingly, trends in volume gains attributable to herbaceous 

control treatments were similar to those of basal area. Again, the greatest 

improvements were found with the 2-year treatment in Piedmont locations, 

where volume gains were almost 582 cu ft/ac (94.1%) at age eight and about 

364 cu ft/ac (8.3%) at age 25. The smallest volume improvements were 

estimated as 315 cu ft/ac (51.0%) at age eight and 79 cu ft/ac (1.8%) for age 

25. These results were associated with Coastal sites receiving an herbaceous 

control treatment in the first year only. 

 

Fertilization 

 
Simulated height, basal area, and volume growth under fertilization 

treatments is consistent with the relative levels of response given by the 

fertilization response models (Figures 7.16 and 7.17). The estimated 

coefficients for the phosphorous (P), nitrogen (N), and potassium (K) terms in 

the model indicate that the greatest response comes from phosphorous. 

Nitrogen provides slightly less growth response than phosphorous, while 

potassium provides the least benefit. The height response model provides no 

increase in response for potassium application when phosphorous is also 

present. Thus, combinations of elements containing both P and K result in 

the same height growth response that would be provided if K were not 

applied. 

 

Age-eight improvements in height growth attributable to fertilization 

are estimated to be 4.9 feet (23.4%) and 1.3 feet (6.2%) for 45N/50P/100K and 

100K, respectively.  Predicted increases in site index at age 25 when site 

index 60 is specified range from approximately 4.3 ft (7.2%) for the maximum  
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Mean Cumulative Height Growth For 
Various Combinations of 45N, 50P 100K (SI 60)
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Mean Cumulative Basal Area Growth for 
Various Combinations of 45N, 50P, 100K (SI 60)
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Figure 7.16. Mean cumulative height and basal area growth for various 
combinations of phosphorous (P), nitrogen (N), and potassium (K) 
fertilization at site index 60. 
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Mean Cumulative Volume Growth for 
Various Combinations of 45N, 50P, 100K (SI 60)
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Figure 7.17. Mean cumulative volume growth for various combinations of 
phosphorous (P), nitrogen (N), and potassium (K) fertilization at 
site index 60. 
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fertilization application of 45N/50P/100K to roughly 0.3 ft (0.5%) when only 

100K is applied. These height growth trajectories indicate that response to 

fertilization is maintained throughout the rotation. 

  

Increases in basal area attributable to fertilization treatments are also 

notable. An additional 25.7 sq ft/ac (53.3%) of basal area growth is found at 

age eight for the most intense level of fertilization. Gains at age eight for 

100K applications are 3.3 sq ft/ac (6.8%). An average of 16.6 sq ft/ac of basal 

area (10.3%) is gained over the unfertilized plots at age 25 for 45N/50P/100K 

treatment. The least intense treatment (100K) results in a predicted increase 

of slightly less than 1.0 sq ft/ac (0.6%) at age 25. The reported increases in 

height and basal area growth translate into an increase in stand volume for 

the 45N/50P/100K treatment of 458 cu ft/ac (74.0%) at age eight and 876 cu 

ft/ac (19.9%) for 25-year old stands. Applications of 100K alone result in 

much lower estimated volume improvements. At age eight, an 11.1% (69 cu 

ft/ac) gain is realized. This early gain produces a 3.2% (142 cu ft/ac) 

additional volume at age 25 when compared to untreated areas. 

 

The initial site index value plays a large role in determining the 

magnitude of fertilization response. Poor sites tend to show the best 

responses to fertilization, while sites of high quality exhibit lesser gains. The 

improvements in growth and yield at age 25 reported above are applicable to 

site index 60 only. Predicted growth increases for site index 40 and 80 were 

also investigated. Simulation runs at site index 40 with the maximum 

fertilization level (45N/50P/100K) specified resulted in implausible predicted 

gains in growth. This anomaly was produced by the large predicted 

fertilization response for site index 40. This value is far from the range of site 

index values found in the fitting data for the fertilization response models. In 

order to obtain reasonable predicted values for poorer sites, the minimum site 

index allowed for estimating fertilization response is 50. Thus, if a site index 
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of less than 50 is specified and fertilization is chosen, the value for site index 

in the fertilization response portion of the model is set at 50. All other growth 

and treatment functions will utilize the original site index value specified by 

the user. 

 

Figures 7.18 and 7.19 show the relationships between unfertilized and 

fertilized stands when a base site index 40 is assumed. These responses are 

similar to those observed for site index 60 in that convergence between 

treated and untreated plots at later ages generally does not occur. As 

expected, predicted gains in growth for site index 40 are greater than those 

estimated for site index 60. However, the relationships among the treatment 

levels remain the same. 

 

Increases in mean stand height at age eight vary from 2.2 feet (15.2%) for 

100K applications to 8.4 feet (57.9%) for the 45N/50P/100K maximum. These 

height responses are still evident at age 25, where predicted increase in site 

index due to 100K is 2.8 feet, which is a 7.1% improvement. Greater response 

is found when more intense fertilization is specified. At 45N/50P/100K, the 

estimated site index is 49.0 feet, which is a gain of 9.0 feet (22.7%).  

 

The substantial improvements in height growth are accompanied by 

similar trends in both basal area and volume. Age-eight basal area gains 

associated with the lowest and highest levels of fertilization are 18.4% (3.9 sq 

ft/ac) and 159.9% (33.9 sq ft/ac), respectively. Unlike the height growth 

trends, the basal area response for 100K does not persist at later ages. By age 

20, basal area for 100K and for unfertilized areas are practically identical. 

This situation continues through age 30. However, increased basal area at 

age 25 is apparent for other treatment levels, where the maximum treatment 

(45N/50P/100K) provides 15.9% (18.1 sq ft/ac) more basal area than 

untreated sites. Increases in stand volume at age 8 are estimated to be 190%  
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Mean Cumulative Height Growth For 
Various Combinations of 45N, 50P 100K (SI 40)
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Mean Cumulative Basal Area Growth for
Various Combinations of 45N, 50P, 100K (SI 40)

0

40

80

120

160

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Age

B
as

al
 A

re
a 

(s
q

 f
t/

ac
)

NPK NP PK P K BASE

 

Figure 7.18. Mean cumulative height and basal area growth for various 
combinations of phosphorous (P), nitrogen (N), and potassium (K) 
fertilization at site index 40. 
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Mean Cumulative Volume Growth for 
Various Combinations of 45N, 50P, 100K (SI 40)
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Figure 7.19. Mean cumulative volume growth for various combinations of 
phosphorous (P), nitrogen (N), and potassium (K) fertilization at 
site index 40. 
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(513 cu ft/ac) and 22.2% (60 cu ft/ac) for 45N/50P/100K and 100K, 

respectively. These early advances result in respective gains of 40.3% (922 cu 

ft/ac) and 6.6% (151 cu ft/ac) at year 25. The predicted levels of growth 

response at site index 40 are indicative of the benefits that can be realized 

through fertilization of marginal sites.  

 

Figures 7.20 and 7.21 depict how the various levels of fertilization 

compare to unfertilized plots at site index 80. It is apparent that the gains 

due to fertilization are much less than those for lower site index values (i.e., 

40 and 60). Predicted growth responses to fertilization at site index 80 show 

that only minimal gains are realized. Mean stand heights in fertilized plots at 

age eight are only increased by 0.3 feet (1.1%) and 1.0 feet (3.7%) for 100K 

and 45N/50P/100K fertilization levels, respectively. By age 25, no increase in 

height due to 100K application is found when compared to unfertilized areas. 

More intense fertilization treatments provide small increases, up to the 0.5 

feet (0.7%) increase for the highest level of fertilization. 

 

Estimated basal area and volume response to fertilization also exhibits 

very little improvement when site index 80 is specified. The range of increase 

in basal area at age eight across fertilization intensities is 1.3 sq ft/ac (1.7%) 

to 7.1 sq ft/ac (9.2%). Long-term advantages to fertilization of site index 80 

land show an additional 0.8 sq ft/ac (0.4%) for 100K and 6.8 sq ft/ac (3.5%) for 

45N/50P/100K were realized at age 25.  

 

Percent gains in age-eight stand volume attributable to fertilization 

varied from 2.5% (28 cu ft/ac) to 12.2% (140 cu ft/ac), representing the lowest 

and highest fertilization levels, respectively. Yields at age 25 were improved  
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Mean Cumulative Height Growth For Various 
Combinations of 45N, 50P, and 100K (SI 80)
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Mean Cumulative Basal Area Growth for Various 
Combinations of 45N, 50P, and 100K (SI 80)
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Figure 7.20. Mean cumulative height and basal area growth for various 
combinations of phosphorous (P), nitrogen (N), and potassium (K) 
fertilization at site index 80. 
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Mean Cumulative Volume Growth for Various 
Combinations of 45N, 50P, and 100K (SI 80)
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Figure 7.21. Mean cumulative volume growth for various combinations of 
phosphorous (P), nitrogen (N), and potassium (K) fertilization at 
site index 80. 
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by 35 cu ft/ac (0.5%) for 100K, while 303 cu ft/ac (4.5%) of additional volume 

was associated with 45N/50P/100K. 

 

Multiple Treatments 

 
In addition to selecting individual treatments for growth simulations, 

the user can also specify combinations of either two or three treatments. 

These treatment combinations produce more growth response than would be 

obtained with a single treatment. However, as noted earlier, certain 

treatment combinations do not have additive effects (e.g., weed control 

combined with bedding). In order to present the results in a concise manner, 

only certain treatment levels and combinations will be considered. Generally, 

responses to treatment combinations not specifically reported can be inferred. 

For instance, it is reasonable to assume that herbaceous weed control and 

100K fertilization will result in notably less response than weed control 

combined with a treatment of 45N/50P/100K. All multiple treatment 

simulations were performed at site index 60 with 680 trees/ac planted. 

 

Combining two years of herbaceous weed control with 45N/50P/100K 

fertilization produces a significant increase in growth. This is, in part, due to 

the fact that no interaction was found between these two treatments and 

growth responses are applied additively. Predicted increases in mean stand 

height, basal area, and volume for ages one through thirty are shown in 

Figures 7.22 and 7.23. The greatest absolute differences in height occur early 

in the life of the stand. The increase in height at age eight due to the 

combination of herbaceous control and fertilization treatments is 8.4 feet 

(40.2%). As the stand ages, the height growth trends of treated and untreated 

plots begin to converge. However, predicted age-25 heights suggest that an 

increase in site index of 3.8 feet (6.8%) was realized from the treatments 

applied at time of planting. 
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Cumulative Height Growth for Combined 2-yr Herbaceous
Control and 45N/50P/100K Fertilization Treatments
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Cumulative Basal Area Growth for Combined 2-yr Herbaceous 
Control and 45N/50P/100K Fertilization Treatments 
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Figure 7.22. Cumulative height and basal area growth for combined 2-year 
herbaceous control and 45N/50P/100K fertilization at site index 
60 with 680 trees/ac planted. 
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Cumulative Volume Growth for Combined 2-yr Herbaceous
Control and 45N/50P/100K Fertilization Treatments  
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Figure 7.23. Cumulative volume growth for combined 2-year herbaceous 
control and 45N/50P/100K fertilization at site index 60 with 680 
trees/ac planted. 
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Early gains in basal area and volume are also associated with the 

combined weed control and fertilization stand management option. Age-eight 

basal area is increased by nearly 45 sq ft/ac (93.2%) and stand volume 

predictions are 903 cu ft/ac (146.0%) greater when compared to untreated 

sites. These increases are continually maintained, and by age 25, basal area  

improvements due to treatment are estimated to be 24.2 sq ft/ac (15.0%) and 

associated volume gains are about 1136 cu ft/ac (25.8%). 

 

Another treatment combination of interest is bedding site preparation 

combined with 2 years of herbaceous weed control. Under this scenario, 

treatment effects are not additive. The response to herbaceous control is 

reduced in the presence of bedding. Still, the treatment combination shows 

notable early growth improvements when contrasted with growth projections 

for untreated stands (Figures 7.24 and 7.25). Early height gains of 8.8 feet 

(42.1%) at age eight begin to dissipate over time. No improvement in tree 

height growth at age 25 is realized. In fact, treated stands exhibit slightly 

less (roughly 1.3 feet) mean stand height than untreated areas. This 

phenomenon seems to be continually associated with increased survival due 

to the bedding treatment. 

 

The decrease in mortality does result in improvements in basal area 

and volume growth for treated stands. Comparisons at age eight reveal gains 

of 43.7 sq ft/ac (90.7%) for basal area production and 915 cu ft/ac (148.0%) in 

stand volume. As treatment effects diminish over time, projected basal area 

and stand volume tend to approach that of untreated areas. However, 

increases of 8.0 sq ft/ac (4.9%) in basal area and 239 cu ft/ac (5.4%) in total 

volume are estimated at age 25 for plots receiving bedding combined with 2 

years of herbaceous control treatments. 
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Cumulative Height Growth for Combined 
2-yr Herbaceous Control and Bedding Treatments
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Cumulative Basal Area Growth for Combined 
2-yr Herbaceous Control with Bedding Treatment 
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Figure 7.24. Cumulative height and basal area growth for combined 2-year 
herbaceous control and bedding treatments at site index 60 with 
680 trees/ac planted. 
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Cumulative Volume Growth for Combined 
2-yr Herbaceous Control with Bedding Treatment  
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Figure 7.25. Cumulative volume growth for combined 2-year herbaceous 
control and bedding treatments at site index 60 with 680 trees/ac 
planted. 
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The bedding site preparation treatment can also be combined with 

fertilization to improve the growth of loblolly pine stands. In this situation, 

treatment effects are non-additive. Earlier analyses have indicated that 

fertilization response is dependent on type of site preparation. When the site 

is bedded, the response to fertilization is lessened. A trend that commonly 

occurs when fertilization is applied is that height, basal area, and volume 

growth improvements are maintained for the life of the stand. This 

phenomenon is observed when bedding is supplemented with 45N/50P/100K 

fertilizer application (Figures 7.26 and 7.27). Gains of 9.0 feet (43.1%) in 

height at age eight mature into an estimated increase of 3.0 feet (5.4%) when 

treated plots reach 25 years of age. 

 

Stand basal area and volume is also increased notably when stands are 

given both bedding and 45N/50P/100K fertilization. Early gains evaluated at 

age eight show a 49.0 sq ft/ac (101.7%) improvement in basal area, which 

plays a role in the estimated gain of slightly over 1000 cu ft/ac (162.2%) in 

total stand volume. These trends in increased growth persist as the stand 

grows older, where basal area and volume gains at age 25 are projected to be 

22.7 sq ft/ac (14.0%) and 1011 cu ft/ac (23.0%), respectively. 

 

Growth projections that combine the effects of site preparation, 

herbaceous weed control, and fertilization treatments can also be performed. 

When this condition is encountered, two-way interactions among treatments 

are still accounted for, but no three-way interaction adjustment is provided. 

The combination of bedding, 2 years of herbaceous control, and 

45N/50P/100K fertilization treatments was utilized to evaluate growth 

responses when three treatment options are specified. Not surprisingly, 

projected rates of growth greatly exceed the estimates given for untreated 

plots (Figures 7.28 and 7.29). Height growth gains attributable to the three-

treatment combination are 12.5 feet (59.8%) at age eight and 2.6 feet (4.7%)  
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Cumulative Height Growth for Combined 
Bedding and 45N/50P/100K Fertilization Treatments
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Cumulative Basal Area Growth for Combined 
Bedding and 45N/50P/100K Fertilization Treatments 
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Figure 7.26. Cumulative height and basal area growth for combined 
45N/50P/100K fertilization and bedding treatments at site index 
60 with 680 trees/ac planted. 
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Cumulative Volume Growth for Combined 
Bedding and 45N/50P/100K Fertilization Treatments  
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Figure 7.27. Cumulative volume growth for combined 45N/50P/100K 
fertilization and bedding treatments at site index 60 with 680 
trees/ac planted. 



 126

 

Cumulative Height Growth for Combined Bedding, 
2-yr Herbaceous Control, and 45N/50P/100K Fertilization
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Cumulative Basal Area Growth for Combined Bedding, 
2-yr Herbaceous Control, and 45N/50P/100K Fertilization
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Figure 7.28. Cumulative height and basal area growth for combined bedding, 
2-year herbaceous control, and 45N/50P/100K fertilization 
treatments at site index 60 with 680 trees/ac planted. 
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Cumulative Volume Growth for Combined Bedding, 
2-yr Herbaceous Control, and 45N/50P/100K Fertilization
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Figure 7.29. Cumulative volume growth for combined bedding, 2-year 

herbaceous control, and 45N/50P/100K fertilization treatments at 
site index 60 with 680 trees/ac planted. 
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at age 25. Treatment effects on basal area growth show gains of 62.4 sq ft/ac 

(129.5%) and 24.3 sq ft/ac (15.0%) for ages eight and 25, respectively. Age-

eight volume comparisons between treated and untreated stands show an 

improvement of 1372 cu ft/ac (222.0%). Nine hundred seventy two cu ft/ac 

(22.1%) of additional volume is attributed to treatment effects at age 25. 

 

The remarkable projected growth increases for the combined site 

preparation, herbaceous control, and fertilization treatments reported above 

leads to the question of biological maximums. The simulations performed to 

evaluate effects of multiple treatments utilized a site index of 60 with 680 

trees/ac planted. Under this scenario, simulation output shows that growth 

increases attributable to treatment effects do not push predicted values 

beyond a range that would be considered unattainable for loblolly pine 

stands. Under an extremely intensive site preparation, vegetation control, 

and fertilization management regime, Bailey and Borders (2001) report basal 

areas exceeding 190 sq ft/ac and stand volumes near 6000 cu ft/ac at age 12 

for loblolly pine planted at 680 trees/ac.  

 

It is expected that increasing planting density and site index under the 

three-treatment scenario would result in higher estimated values for height, 

basal area, and volume at each age. The PTAEDA2 model on which this 

research was based provides limits for various input parameters. The upper 

limit for site index is set at 90 feet and no more than 2500 trees per acre can 

be planted. The question of interest here is what predicted outputs would be 

given if the model is set at the highest levels for site index, number of trees 

planted, site preparation, herbaceous weed control, and fertilization. These 

settings should provide the highest attainable rates of growth. If the 

predictive output of the model is reasonable at the extreme values, then it 

seems a reasonable assumption that the user will not be able to create a 

scenario in which estimated growth rates are implausible. 
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Figure 7.30 shows the predicted growth trajectories for height, basal 

area, and volume when input parameters are maximized. Clearly, there is no 

argument that height growth is well within the biological maximum for the 

range of ages considered. Predicted basal area and volume show that 

maximums are reached relatively early in the life of the stand. Basal area 

climbs quickly and flattens dramatically by age ten. The maximum of slightly 

less than 240 sq ft/ac is reached at age fifteen. Thereafter, basal area declines 

at an increasing rate as diameter growth cannot offset losses due to 

mortality. Stand volume continues to increase until the stand age reaches 23, 

where the maximum value of approximately 7750 cu ft/ac is attained. 

Projected stand volumes past this point decline and then are maintained near 

7600 cu ft/ac.  

 

These predicted values are within the range of observed data for 

loblolly pine. The greatest observed cumulative growth across the 186 

unthinned plots in the Growth and Yield Research Cooperative Thinning 

Study was 233 sq ft/ac for basal area, with a corresponding volume of nearly 

8600 cu ft/ac. These values occurred at age 23, where site index was 

estimated to be about 84 feet. Observed data from the previous measurement 

three years earlier showed that basal area remained approximately the same 

while volume continued to increase. This is essentially what occurred in the 

simulation at these ages. The estimated maximums predicted from 

simulation of nearly 240 sq ft/ac in basal area and 7750 cu ft/ac of volume 

appear to be within reasonable limits for loblolly pine growth. 
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Mean Cumulative Height Growth for
Maximum Values of Input Parameters
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Mean Cumulative Basal Area Growth for 
Maximum Values of Input Parameters
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Mean Cumulative Volume Growth for 
Maximum Values of Input Parameters
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Figure 7.30. Mean cumulative height, basal area, and volume growth for 
combined bedding, 2-year herbaceous control, and 45N/50P/100K   
treatments at site index 90 with 2500 trees/ac planted. 
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Model Validation and Verification 

 
Validation 

 
The growth trends output by the juvenile-growth enhanced version of 

the simulator appear to reasonably portray stand growth and development 

over a range of site conditions and treatments. However, it is often useful to 

compare predicted output with observed values to obtain some measure of 

simulator performance. The PTAEDA simulator was used by Reynolds et al. 

(1981) to demonstrate the use of both parametric and non-parametric 

statistical tests in validation of simulation output. These tests utilize 

differences between observed and mean simulated stand volumes to test 

hypotheses of equality for means and variances of observed and simulated 

distributions. In order to evaluate the output of simulation values generated 

as part of this research, thirty-nine unthinned plots from the Growth and 

Yield Research Cooperative Thinning Study were selected to serve as 

observed data. The specific plots were chosen because planting density 

estimates were available. Additionally, most of these plots have survived 

throughout the study, which provides a range of ages from 8 to 37 years for 

validation purposes. Plot volume was chosen as the variable by which 

observed and predicted values would be compared. Observed and simulated 

plot volumes were calculated as sums of individual tree volumes, scaled to a 

per-acre basis. Individual tree volumes were estimated using the combined 

variable equation described earlier. 

 

Unfortunately, these data are not entirely independent of the data 

used to construct the model. Several of the post-competitive growth equations 

in PTAEDA2 were fitted to the plot establishment and first remeasurement 

data. However, the plot establishment and first remeasurement data used for 

validation here amount to only about 20% of the fit data that was used. Plot 
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data gathered from the second through fifth remeasurement have not been 

used in model development. It would be possible to create an independent 

data set for validation by only utilizing second through fifth remeasurement 

period observations. However, validation results for ages less than 14 would 

not be possible. 

 

While Reynolds et al. computed a number of statistics for comparative 

purposes, the non-parametric tests were generally recommended due to the 

minimal assumptions required for validity. The distribution of these test 

statistics, for reasonable sample sizes, can be approximated by a standard 

normal distribution. For this research, the test based on the statistic V3* was 

chosen to evaluate predicted output: 

 

∑
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where: m = number of simulation runs for each plot  

Ri = rank of observed plot volume among observed value and m     
        simulated values for each plot  

  n = number of plots used to calculate V3 statistic 

  

Table 7.1 shows the calculated test statistics for selected age ranges 

and for a single test across a wide range of ages. The age categories were 

selected so that within any given age group, measurements from any plot 

would only appear once. Thus, data used to calculate the value of V3* are  
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Table 7.1. Summary of statistics and error intervals associated with model  
validation tests for ages 8 – 37 in three-year age classes. 

 

 

 where: Age = age range of observed data (yrs) 

  N = number of plots in age range 

  W = Shapiro-Wilk test-of-normality statistic 

  p = p-value associated with W 

  V3* = test statistic based on ranks 

  D = mean difference between observed and simulated volumes 

  S = standard deviation of differences between observed and  
       simulated volumes 

LCI , UCI = lower and upper bounds for 95% confidence interval for    
      difference between observed and simulated volumes 

LPI , UPI = lower and upper bounds for 95% prediction interval for    
           difference between observed and simulated volumes 

  

Age N W p V3
* D S LCI UCI LPI UPI

8-10 7 0.8091 0.0503 3.47 -195.8 240.1 -417.9 26.3 -824.0 432.4
11-13 20 0.9858 0.9858 6.73 -308.0 326.1 -460.6 -155.3 -1007.4 391.5
14-16 30 0.9750 0.6814 7.86 -321.0 402.5 -471.3 -170.8 -1157.7 515.6
17-19 36 0.9651 0.3074 9.62 -332.1 464.0 -489.3 -175.0 -1288.0 623.8
20-22 38 0.9599 0.1855 9.28 -190.5 535.9 -366.8 -14.1 -1291.5 910.6
23-25 38 0.9535 0.1163 7.51 18.8 686.1 -206.9 244.5 -1390.9 1428.5
26-28 31 0.9501 0.1569 6.83 216.4 738.4 -54.4 487.2 -1315.5 1748.4
29-31 19 0.9528 0.4398 5.20 481.1 743.5 122.7 839.4 -1121.6 2083.7
32-34 8 0.9586 0.7969 3.80 769.3 462.9 382.3 1156.4 -391.9 1930.5
35-37 3 0.9190 0.4487 2.94 1425.7 622.2 -120.0 2971.5 -1665.7 4517.2
9-37 39 0.9384 0.0336 9.28 -24.1 752.8 -267.6 219.4 -1564.1 1515.9
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independent within each age group. However, the test statistics are not 

independent across age categories due to the use of remeasurement data from 

the same plots. The test that covers the ages of 9 through 37 was computed 

using a randomly chosen remeasurement period for each of the 39 plots. This 

produced a set of independent data that could be used for an overall test of 

simulator output. 

 

The values of V3* are significant at the 0.05 level for all age classes and 

for the overall test. This suggests that the mean and/or variance of the stand 

volume as predicted by the simulator is different that the observed data. An 

examination of D values shows that volume is over-predicted for relatively 

young stands. This condition dissipates as the stand ages, where mean 

observed and simulated stand volumes are in fairly close agreement in the 

23-25 years of age range. However, an increasing level of under-prediction of 

stand volume occurs thereafter. This trend was also noted in the analyses of 

Reynolds et al. (1981), suggesting that the addition of the pre-competitive 

growth models have not had a large impact on overall model behavior. 

 

Clearly, there are some situations (e.g., later ages) where the value of 

D indicates that differences in means of observed and simulated volumes do 

exist. However, even when D is quite small at the 23-25 year range, the value 

of V3* is still quite large (7.51). This indicates that the large test statistics 

may, at least in part, be due to problems with variance. As noted by Reynolds 

et al., small variance estimates for simulated volumes can result in elevated 

test statistic values. Analyses conducted by Baldwin et al. (2001) using data 

from the same thinning study show that the variance in predicted volume 

estimates for 100 study plots was smaller than was observed on measured 

plots. The standard deviation about the mean for observed stand volumes 

was roughly 1.6 times higher than was given via simulator output. In the 

context of this research, it is proposed that variance discrepancies play a 
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larger role than shifts in means in determining the values of V3* for many of 

the age classes listed. 

 

In addition to evaluating agreement between observed and simulated 

volume distributions, a measure of the range of expected error in volume 

prediction would also be useful to users of the model. Table 7.1 provides 

upper and lower bounds for both confidence and prediction intervals 

associated with the 95% level (Reynolds 1984). These intervals are reported 

for each age class and for the data associated with the overall test. In order to 

be valid, it is assumed the data on which these intervals are based are 

normally distributed. The Shapiro-Wilk (1965) normality test was used to 

determine whether the data meet this criterion. The values of the Shapiro-

Wilk test statistic (W) and related p-values are given in Table 7.1. Generally, 

Type I error rates (α-level) greater than 0.05 are allowed for tests of this type, 

and thus, it could be argued that tests having p-values less than 0.20 may be 

indicative of data that is not normal. Also, the lowest and highest age groups 

suffer from a small number of observations, which make it difficult to 

ascertain what the true underlying distribution may be and result in 

relatively wide error intervals (see 35-37 age class). However, the p-values 

associated with most age groups are not extreme and it is likely that the 

calculated intervals provide a reasonable measure of the range of error. The 

8-10 age class test and the overall test indicate that these specific data may 

significantly deviate from normality. An inspection of the frequency 

histograms for these two groups show the data from the 8-10 age class are 

clearly non-normal and the error interval associated with this class should be 

viewed with some caution. The data from the overall test, despite having the 

lowest p-value (0.0336) of all groups, appears to have only a minor deviation 

from normality. The confidence and prediction intervals reported may be 

slightly biased, but should provide reasonable estimates of error for simulator 

volume prediction over the wide range of ages considered. 
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In summary, the simulator predicts mean stand volumes quite well 

over a range of stand conditions when intraspecies competition is assumed. 

The overall value of D was –24.1 cu ft/ac with a 95% confidence interval of (-

267.6, 219.4). Thus, we are 95% confident that the bias in volume will range 

from roughly 270 cu ft/ac under-prediction to approximately 220 cu ft/ac over-

estimation. Additionally, the prediction interval indicates that we can say 

with 95% certainty that D will lie approximately between –1564 cu ft/ac and 

1516 cu ft/ac when future estimates of D are made.  

 

Although the adequacy of simulation output from age eight onwards 

has remained largely unchanged, it is still desirable to evaluate the 

predictive ability of the pre-competitive growth system. This was 

accomplished by using data from a site preparation study located in the 

Piedmont region of Georgia and South Carolina. A detailed description of this 

study is given by Lantagne (1984). These data were specifically chosen 

because of the existence of tree measurements on areas having received chop 

and burn site preparation, which is considered as the baseline pre-planting 

treatment in this research. 

 

These data, however, are complicated by the fact that a drought 

occurred in the first growing season after planting. These environmental 

conditions resulted in very poor survival and growth, which are not 

representative of typical first-year stand development. In order to perform a 

validation analysis similar to that for closed-canopy stands, an adjustment 

was made to the observed plot volumes. The average percent survival on 

study plots at age three was 57%. The model developed in this project 

predicts roughly 84% survival at age three, which is nearly 50% more trees 

than are found in the observed data. An overview of the data revealed that 

this situation would result in a large over-prediction of stand volume for each 
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of the study plots. In an attempt of overcome the mortality discrepancy, 

observed volumes at age six were scaled by multiplying by 1.47 (84%/50%) to 

estimate stand volumes if observed and predicted survival rates were similar. 

 

Ten simulations were performed for each of 12 plots based on site 

index values computed from height data at age 18. Predicted stand volumes 

were compared to the observed mortality-scaled volumes at age six. These 

data were used to calculate the V3* statistic (described earlier), as well as 

confidence and prediction intervals based on differences in observed vs. 

predicted volumes. The value of V3* was calculated to be 4.77, which is highly 

significant at the α =  0.05 level. This indicates that the mean and/or 

variance of the predicted stand volume significantly deviates from the 

observed values (scaled for mortality). The value of D (mean difference 

between observed and simulated volumes) for these plots was –61.6 cu ft/ac, 

indicating that an over-prediction situation exists at age six. This is 

consistent with the results reported above for the 8 – 10 age class. 

 

Ninety-five percent confidence and prediction intervals were computed 

for D as well. The upper and lower confidence limits were –17.3 cu ft/ac and –

105.9 cu ft/ac, respectively. We are 95% confident that the predictive bias in 

volume occurs in this range. The 95% prediction interval shows a width from 

98.1 cu ft/ac to –221.3 cu ft/ac. The interpretation is that estimates of D will 

lie in this region for 95% of future simulations.  Again, the validity of these 

intervals is dependent on the assumption of normality. The W statistic for the 

normality test based on 12 observations was 0.9295 (p = 0.38), indicating that 

normality cannot be rejected. However, a histogram of these data indicate 

that normality is not approximated very well, and the intervals reported 

provide only a general idea of the true intervals. 
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Verification 

 
All available data on site preparation, fertilization, and herbaceous 

weed control treatments were utilized to fit and validate treatment response 

functions. Thus, validation of model outputs where early treatments are 

specified cannot be accomplished via data analysis. However, it is possible to 

ascertain whether or not the treatment response functions provide rates of 

growth that are reasonable. This can be done by comparing model outputs to 

response levels reported in other research. Results from several site 

preparation studies were utilized to determine if predicted growth responses 

to shear/pile, discing, and bedding are at reasonable levels. Stafford et al. 

(1985) reported growth responses to shear/pile and shear/pile/disc for loblolly 

pine at age three. These data are consistent with the model in that the 

shear/pile treatment results in less growth than the chop/burn method. 

Height growth is reduced by nearly 0.25 ft, while losses in radial growth are 

0.07 in. The model predicts reductions of roughly 0.9 ft height growth and 

slightly over 0.1 in. diameter growth reductions at age three when the 

shear/pile treatment is specified.  

 

This study also contains information on growth trends where site 

preparation consists of shear/pile/disc. Again, the reported responses are 

consistent with the model in that increased growth is found for this 

treatment when compared to the chop/burn practice. Increases in age-three 

height and diameter are given as approximately 0.6 ft and 0.2 in., 

respectively. Model output for age three indicates that increases of 0.4 ft in 

height and 0.2 in. in diameter are predicted when shear/pile/disc is specified. 

This comparison indicates that predicted changes in growth rates for the 

shear/pile and shear/pile/disc treatments are within reasonable limits at age 

three. 
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Responses to shear/pile/disc site preparation were reported at age five 

by Edwards and Shiver (1991), where an average tree height of 10.3 ft and an 

average basal area of 8.6 sq ft/ac are reported at age five. Average site index 

at base age 50 is roughly 80 ft., which corresponds to a base-age 25 site index 

of approximately 60 ft. Simulator output at age five for the shear/pile/disc 

treatment shows average tree height and basal area to be 11.6 ft and 12.4 sq 

ft/ac, respectively. The model overestimates age-five height and basal area for 

these study plots. 

 

Data from this study are also summarized for a more intense 

treatment of shear/pile/disc combined with fertilization and herbaceous weed 

control. Approximately 100 lbs/ac of nitrogen (N) was applied and herbaceous 

weed control was performed in the first growing season only. Under this 

intensive management regime, mean age-five height and diameter is reported 

to be 12.4 ft and 1.9 in., respectively. The fertilization response function in 

the growth model was developed from data where 45 lbs/ac of N were utilized, 

which is less than one-half the rate applied to plots in this study. However, 

growth simulation output based on the treatments described above estimates 

mean stand height and diameter to be 16.5 ft and 2.7 in., respectively. This 

overestimation of stand attributes is consistent with the finding reported 

above for this study. The model predictions are heavily reliant on site index. 

Estimated site index from the study area was obtained from the stand 

harvested prior to the installation of the research plots. If the height growth 

trajectory for the new stand is not the same, then some discrepancy in 

observed vs. predicted values is expected. 

 

 Growth responses to bedding and discing treatments were evaluated 

by Pehl and Bailey (1983) for ten-year old loblolly pine planted at 6 ft x 8 ft 

spacing. On bedded areas, mean tree heights were listed as approximately 

20.5 ft. Mean basal area and volume at age ten were 83.3 sq ft/ac and 1225 cu 
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ft/ac, respectively. Age ten control plot data suggests the average site index is 

near 40 ft. Simulation output at age ten based on site index 40 with bedding 

site preparation provide an estimated mean stand height of 23.0 ft, with 

associated basal area and volume predictions of, respectively, nearly 78 sq 

ft/ac and 1108 cu ft/ac. The simulator appears to overpredict height and 

slightly underpredict basal area and volume for these plots.  

 

 The disced areas in this study show comparable performance to the 

bedding treatment. Respective mean stand height, basal area, and volume at 

age ten were 21.3 ft, 81.3 sq ft/ac, and 1403 cu ft/ac. The estimated stand 

attributes from simulation output were 21.5 ft mean stand height, 67.7 sq ft/ 

ac of basal area, and 903 cu ft/ac in stand volume. Comparing observed and 

predicted values shows that stand height is predicted well, but basal area 

and volume are underpredicted. 

 

A confounding factor in this analysis is that the study plots were 

heavily invaded by volunteer pines. Although roughly 910 trees/ac were 

planted, stand densities exceeding 2000 trees/ac are given at age ten. The 

presence of a large number of volunteer pines may have reduced mean stand 

height, while at the same time increased basal area and volume per acre. 

This hypothesis may, in part, explain the predictive biases observed for these 

plots.  

 

 Comparisons between model output and observed data for herbaceous 

control treatments can also be performed to determine if predicted response 

levels are reasonable. Pienaar and Shiver (1993) published age five and age 

eight results from a study having herbaceous control treatments applied in 

the first two growing seasons. The effects of the two-year competition control 

treatments were evaluated over a range of stand densities. No control plots 

were established for this research. Site index was estimated at 75 by 
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comparing predicted vs. observed mean stand height at age five where initial 

planting density was 200 trees/ac. A number of growth simulations were 

performed with two-years of weed control to compare model output with the 

observed study data at ages five and eight (Table 7.2). 

 

Table 7.2. Observed and predicted stand height, basal area, volume, and 
survival at age eight for plots receiving 2-year herbaceous control 
treatments. 

 
 

 The results of these simulations indicate that the research plots had 

higher rates of growth than those predicted by the model. A notable area of 

discrepancy is in predicted levels of survival. The research plots had 100% 

survival at age eight for both the 200 and 400 trees/ac plots. High rates of 

survival were also associated with the remaining stand density levels. This 

situation, along with no data-based estimate of site index, are likely 

contributing to the apparent underestimation of growth by the model. 

  

Model predictions of response to fertilization are the most difficult to 

verify due to the range of rates of application found in published results. Gent 

et al. (1986) evaluated growth response to rates of phosphorous (P) and 

nitrogen plus phosphorous (N+P) fertilization in age 3-5 loblolly pine stands. 

200 400 600 800 1000
Height (ft)
Observed 29.6 33.2 33.0 31.1 31.9
Predicted 30.6 30.3 29.9 29.4 29.3

Basal Area (sq ft/ac)
Observed 67.0 108.9 119.1 132.6 139.0
Predicted 36.0 69.8 94.3 116.9 128.8

Volume (cu ft/ac)
Observed 932 1720 1933 2060 2256
Predicted 565 1105 1503 1866 2092

Trees Surviving (per acre)
Observed 200 400 588 782 960
Predicted 165 331 502 670 835

Initial Density (per acre)
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Rates of element application averaged over the study sites are comparable 

with the 45 lbs/ac N and 50 lbs/ac P rates used to develop the fertilization 

response equation for the simulation model. Height data at age five indicate a 

mean site index of approximately 56 ft for unfertilized plots. Reported gains 

in height growth averaged 53% and 61%, respectively, for P and N+P 

fertilization. Increased diameter growth was also attributed to P (68%) and 

N+P (79%) fertilization. Model output for P and N+P fertilization estimates 

gains in mean height of 24% and 43%, respectively, over the age range of 3-5 

years. Predicted gains in diameter growth of 47% and 77% are predicted over 

the same age range. Percent increases in simulated growth are less than 

those observed for plot data from this study. The differences between P and 

N+P for the simulated and observed data indicate that the data used to fit 

the fertilization response function were associated with plots that were more 

responsive to nitrogen (N) than those in the Gent et al. study. 

 

Differences between observed and predicted growth responses to 

applications of 45N + 50P fertilization can be evaluated using the NCSFNC 

Regionwide 7 data (NCSFNC 1996). These data were used to develop the site 

preparation response and treatment interaction equations, but are 

independent of the fertilization response. Respective height and volume 

growth increases on plots receiving the N+P fertilization were 1.6 ft and 43 

cu ft/ac when averaged over the entire study at age fourteen. Estimated site 

index from control plot data was nearly 67 ft. Simulation output suggests 

increases in age-fourteen height and volume of 3.0 ft and 554 cu ft/ac, 

respectively.  Again, differences between observed and predicted stand 

volumes may be partially attributed to rates of survival. The control plots in 

this study had a 6% higher rate of survival than the fertilized stands, which 

is not accounted for by the simulation model. 
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Results of the verification efforts have shown that predicted growth 

and yield may be either under- or over-estimated for any given study. This is 

expected due to the nature of the simulation process, which is designed to 

represent average growth rates and treatment responses. In some situations, 

comparisons are confounded due to differences in mortality rates. It is 

proposed that none of the discrepancies noted are large enough to suspect 

that a significant problem exists for growth predictions when early 

treatments are specified. 
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Chapter VIII. Summary and Recommendations 

 
Summary 

 
Impacts of intensive management practices on growth of loblolly pine 

have been extensively reported over the last two decades. The general growth 

response trends for site preparation, herbaceous weed control, and 

fertilization treatments reported in many of these studies were evident in the 

data used for this research. The treatment response functions indicate the 

intensity and duration of treatment effects were highly dependent on the 

practice employed. Predicted height and diameter growth responses were of 

dissimilar magnitude for the fertilization and herbaceous weed control 

treatments. A relatively high amount of variation was observed within 

individual treatments, which indicates that the observed response for any 

particular stand may be more or less than that predicted. However, the model 

can be utilized to gain some insight into the magnitude of response expected 

from a specified treatment or treatment combination. 

 

Projecting early stand development in loblolly pine can be 

accomplished via a system of equations that predicts rates of growth based on 

site index and age, but does not utilize a measure of competition as a 

predictor variable. This approach worked well for most of the site, stand, and 

treatment combinations available within the model. However, in situations 

where predicted response to treatments was quite high, the tree sizes in the 

upper tail of the size distribution became excessively large. This was 

overcome in this research by limiting tree sizes, but the implication is that 

equal application of treatment response for each tree may not be appropriate. 

 

The point-density method used to define the onset of competition 

provided a good basis for switching from the pre- to post-competitive growth 
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systems for most stands. The model was fairly sensitive to the timing of the 

change to the post-competitive growth structure. This was especially true for 

stands of high density, where the onset of competition occurred relatively 

early. The equations that utilize competition as a growth predictor require 

the use of tree dbh, which means that all trees in the simulated stand must 

be 4.5 ft in height or greater. This condition was not met in some situations 

where planting densities were high, which required delaying the switch to 

the competitive growth portion of the model. 

 

Successful incorporation of the pre-competitive growth system into the 

existing PTAEDA2 model was accomplished by utilizing site index to 

determine annual growth rates. This provided a benchmark that was 

consistent across the pre- and post-competitive growth systems. This baseline 

served as a vehicle for carrying treatment responses into the post-competitive 

phase. An advantage of this methodology is that the user can evaluate what 

changes, if any, in site index (or height of dominant stand) are attributable to 

treatment responses. 

 

The predictive output shows that the growth model provides 

reasonably accurate representations of managed stands. The tendency of the 

model to overpredict stand volumes for younger stands and to under-estimate 

volume at later ages is consistent with the behavior of the existing PTAEDA2 

model. These discrepancies are, at least in part, attributable to differences in 

observed vs. predicted mortality, which can have a significant effect on 

volume estimates. Foresters who employ the growth system developed in this 

research can expect similar performance to that of the PTAEDA2 model, 

while having the added flexibility to examine early growth trends over a 

range of potential intensive management regimes. 
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Recommendations 

 
 This research has highlighted several areas where future work is 

needed. One of the most interesting subjects where additional study is 

warranted concerns determination of the onset of competition. Analyses 

performed as part of this project were aimed at evaluating the onset of 

competition at the stand level and the primary concern was determining 

when competition has a significant affect on growth. A potential topic of 

interest would be to evaluate the onset of competition at the tree level, which 

may be appropriate for individual-tree growth and yield models such as that 

presented here. Also, it is arguable that the growth curve inflection point 

does not truly represent the onset of competition. Evaluation of other 

definitions for the onset of competition, particularly those that may not be 

growth-based, should be of interest and may provide insight into how the 

onset of competition affects growth processes. 

 

 Another subject that needs to be addressed is treatment response 

variability. The percent of variation explained by many of the treatment 

response functions (R2) developed in this research is indicative of the level of 

variation in response to a given treatment. It seems unlikely that this 

amount of variability is due to the inability to apply treatments uniformly 

across plots and locations. A study aimed at identifying and quantifying 

factors that affect treatment responses would be useful. An understanding of 

how site conditions prior to treatment affect levels of response would allow 

foresters to effectively evaluate the timing and type(s) of treatments that will 

be necessary to meet management objectives. 

 

 Finally, analyses of early mortality patterns and their effect on stand 

growth and structure are called for. In this project, the creation of mortality 

clusters resulted in lower stand yields. A question to be answered is if this 
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phenomenon occurs in real stands or is just a consequence of the growth 

model. This type of study may also shed light on which factor(s) (e.g., 

microsite, insects, etc.) are the most influential in early stand mortality. An 

understanding of these influences may allow foresters to improve survival in 

young loblolly pine stands.    
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