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ABSTRACT. Intensively managed loblolly pine stands are often subjected to  a variety of 
silvicultural treatments at t ime of planting or shortly thereafter. However, most loblolly pine 
growth-and-yield models predict growth after crown closure has occurred. In this article, we 
describe the development and implementation of a system of equations designed to  simu- 
late growth of loblolly pine before the onset of intraspecific competition. Treatment re- 
sponse functions were also developed for various site pre'paration, herbaceous weed con- 
trol, and fertilization practices. These functions modify the baseline model predictions to  
simulate the effects of treatments on tree growth and stand development. This system was 
incorporated into the PTAEDAZ growth-and-yield simulator to  make growth projections f rom 
time of planting through rotation age for intensively managed stands of loblolly pine in  the 
southeastern United States. Growth simulations specifying either bedding or disking 
showed increases in  volume growth for both treatments. The shear-and-pile site-preparation 
method reduced growth rates slightly. Volume growth responses to  herbaceous weed 
control were positive, with magnitude of increase largely depending on duration of treat- 
ment. Increases in volume attributable to fertilization at planting were related to  types of  
element applied. The largest predicted response was for phosphorus fertilization, whereas 
application of potassium was the least effective fertilization treatment. Site preparation, 
weed control, and fertilization treatment combinations produced additional volume gains 
when compared to single treatments, while maintaining predicted values that are within 
biological limits for loblolly pine growth. Levels of response to  treatments are consistent 
with results f rom published studies on intensive management practices. The addition of the 
precompetitive growth system did not significantly affect the predictive behavior of the 
PTAEDA2 model for untreated stands. FOR. SCI. 50(6):823-835. 

Key Words: Site preparation, competition control, onset of competition, growth and yield, 
fertilization. 

I ROWTH-AND-YIELD MODELS are an important deci- Over the past few decades, the comgetitive nature of the 
sir?sr.!ri-z tee! :n f~ re s t  management. Models forest industry has resulted in implementation of increas- 
must have the ability to account for effects of ingly intensive management efforts (Albaugh et al. 1998, 

I current and, to some extent, future silvicultural practices. Martin and Jokela 2004). Many of these practices are used 
I 
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before planting or in the first few growing seasons, which 
reflects the emphasis that is being placed on early stand 
development (Morris et al. 1993, Nilsson and Allen 2003). 
Growth and mortality trends in young stands often play a 
major role in determining rotation-age stand structure and 
yield (Nilsson and Albrektson 1994). 

Silvicultural treatments that have been shown to enhance 
growth and minimize mortality in young stands include 
mechanical site preparation (DeWit and Terry 1983, Ed- 
wards and Shiver 1991), herbaceous weed control (Creigh- 
ton et aP. 1987, Zutter et al. 1987), and fertilization 
(Schmidtling 1973, Gent et al. 1986). However, the results 
of these practices 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, has led to few attempts at 
modeling early stan$ growth. Zhang et al. (1996) developed 
a system of equations to predict individual-tree attributes for 
juvenile loblolly pine. These equations accounted for effects 
of site quality and stand density, but did not include treat- 
ment effects. Mason et al. (1997) presented a stand-level 
model for intensively managed radiata pine for ages 0-5 
years and discussed the concept of links with rotation-length 
models. The lack of modeling efforts for young stands is 
reflected in many tree growth models, where predictions are 
absent for young stands (Burkhart et al. 1987, Zhang et al. 
1995). 

The increasing number of studies undertaken to evaluate 
growth and treatment response in juvenile loblolly pine 
plantations over the past two decades (e.g., Amateis et al. 
1988, Lauer et al. 1993, Allen and Lein 1998) indicates the 
importance of early-stand dynamics and the implications for 
rotation-length outcomes. The effects of early treatments 
on stand structure and development can be significant 
and may influence the type and timing of silvicultural 
treatments applied later in the rotation. To evaluate both 
short- and long-term effects of early treatments, growth 
models capable of projecting stand development from 
time of establishment through rotation age over a range 
of site, stand, and silvicultural treatment scenarios are 
needed. 

The objective of this study was to develop an individu- 
al-tree growth-simulation system for young intensively 
mBnaged loblolly pine plantations and incorporate this sys- 
tem into the PTAEDA2 growth simulator (Burkhart et al. 
1987), which was developed for closed-canopy loblolly 
pine stands. This integrated system would allow simulation 
of tree growth and stand development from the time of 
planting through rotation age. Additionally, the simulator 
should have the capability to include various site prepara- 
tion? fertilization, and herbaceous weed control manage- 
ment options. A growth model with these features would 
give forest managers the ability to evaluate a number of 
potential management scenarios, which may assist in plan- 
ning and implementing silvicultural practices that will allow 
rotation-length goals to be achieved. 

Data 

Data from a number of sources were obtained to develop 
equations for predicting early growth of loblolly pine where 
different silvicultural treatments have been applied. The 
Auburn University Silvicultural Herbicide Cooperative pro- 
vided two data sets. The Competition Omission Monitoring 
Project (COMProject) was established in 1984-85. Four 
competition control treatments were implemented at 13 
locations across the Southeast (Miller et al. 1995). Individ- 
ual tree measurements were taken immediately after plant- 
ing and annually thereafter through age 11 years and again 
at age 15 years. 

The AUSHC Growth Impact Study was established over 
a five-year period to evaluate the effects of herbaceous 
weed control treatments. The growth response of loblolly 
pine was studied at 13 locations covering a range of physi- 
ographic regions (Lauer et al. 1993). Generally, each loca- 
tion included 4 replications of 5 treatments set in a random- 
ized complete-block design. Measurement schedules varied 
by location, but data exist for ages 1-9 years, inclusive, and 
for most ages from 11-20 years. 

The North Carolina State University Forest Nutrition 
Cooperative (NCSFNC) Regionwide 14 study was estab- 
lished during 1989-2000 at 21 locations, most being situ- 
ated in the Upper Coastal Plain region (NCSFNC 2000). 
Intensity of fertilization treatments ranged from check (no 
fertilization) to application of nitrogen (N), phosphorus (P), 
and potassium (K). Individual trees were measured for both 
height and diameter dimensions at the time of establishment 
and at two-year intervals thereafter. 

The NCSFNC also provided data from their Regionwide 
7 study, which was initiated at 12 locations between 1978 
and 1981. A factorial design was used to apply combina- 
tions of fertilization, site-preparation, and herbaceous con- 
trol treatments (Allen and Lein 1998). Treatments varied by 
location, but were generally matched to soil characteristics 
(e.g., bedding versus no bedding on poorly drained sites). 
Measurements of tree diameter at breast height (dbh) and 
height were taken every second growing season over the 
entire length of the study. 

A growth study implemented and maintained by Mead- 
Westvaco Corporation provided additional data for analyz- 
ing the effects of various silvicultural practices on early 
growth of loblolly pine. Fertilization, mechanical and chem- 
ical site-preparation methods, and vegetation control re- 
gimes form the basis for many of the treatment combina- 
tions found on study plots. Tree dbh were measured at age 
three and five years for plots having attained those ages. 
Height data were obtained annually through age five years. 

Additional data for this research were 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 (Am- 
ateis et al. 1988). Loblolly pine seedlings were planted in all 
combinations of 4-, 6-, 8-, and 12-ft (1.2-, 1.8-, 2.4-, and 
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s. 1 -m) spacings according to the factorial arrangement pro- 
posed by Lin and Morse (1975). Herbaceous vegetation was 
chemically controlled up to age three years. Trees were 
measured annually until age 10 years and bi-annually 
thereafter. 

Data were also available from a long-term thinning study 
maintained by the Loblolly Pine Growth and Yield Re- 
search Cooperative. During 188 1- 82, 186 locations were 
chosen in cutover, site-prepared loblolly pine plantations 
ranging in age from 8 to 25 years (Burlhart et al. 1985). 
Three plots were established at each location, representing 
check (no thin), light thinning (approximately % of the 
basal area removed), and heavy thinning (approximately ?h 
of the basal area removed). Since establishment, these plots 
have been remeasured five times at three-year intervals. 

Methods 
Several protocols wey  applied uniformly to each data 

set. Estimation of site index was performed with the site 
index equation used in the PTAEDA2 simulator (Burkhart 
et al. 1987). Excluding the Growth and Yield Research 
Cooperative thinning study, site index (base age 25 years) 
was estimated from check plots (no treatments applied) for 
each replication at the oldest available age. Trees in the 
dominant canopy were defined as trees having a dbh greater 
than the quadratic mean diameter. Data from the remeasure- 
ment period closest to age 25 years were used to compute 
site index for plots in the Virginia Tech thinning study. For 
these data, site trees used in the computations were those 
identified as dominant or co-dominant at the time of 
measurement. 

To estimate total tree volume for trees having dbh mea- 
surements, the combined-variable equation used in the 
PTAEDA2 model was used (Burkhart et al. 1987). Volume 
calculations for trees (4.5 ft in height used groundline 
diameter to predict conic volumes. 

Fitting of prediction equations for attributes that are 
sensitive to density, such as tree diameter and crown ratio, 
requires removal of data collected where, competitive situ- 
ations exist. Trees were removed when the mean stand dbh 
times 2.75 (plot radius factor for basal area factor [BAF] 10 
ft2/ac) exceeded the average intertree distance.  his defini- 
tion was based on Daniels' (1976) method of identifying 
competitors, which is used to compute a competition index 
in the PTAEDA2 model. 

Height and diameter growth responses to fertilization 
and herbaceous control treatments were calculated as per- 
cent increase in accumulated growth as compared to check 
plots within the same replication. Data used for evaluating 
growth responses attributable to site-preparation methods 
had no check plots. As such, growth responses to site-prep- 
aration treatments were computed using the chop-and-bum 
method as the baseline for comparison. 

Application of the growth response functions for fertili- 
zation, site-preparation, and herbaceous weed control as- 
sume independence (i.e., additivity of effects). Some studies 
have shown that additivity is appropriate for certain treat- 
ment combinations (Swindel et al. 1988, Tiarks and Hay- 

wood 1986). Most of the data used for this research is from 
studies designed to evaluate effects of specific types of 
treatments. Given this limitation, no attempt was made to 
account for interactions among treatments. Further research 
on this subject is warranted. 

The PTAEDA2 model contains a stochastic element 
(based on a random number seed) that modifies predicted 
growth rates. This is accomplished by adding a random 
component to the predicted height increment. This compo- 
nent has a variance equal to the mean squared error from the 
fitting of the height increment equation. Thus, the user can 
create variability between each simulation run for the same 
set of input parameters. The reported growth simulation 
results are average values from five runs using simulated 
plot sizes of 20 rows having 20 trees each. For the validation 
exercise, the number of simulation runs was increased to 10 
to better meet the assumptions underlying the statistical 
methods. 

The predictive ability of equations was assessed with 
independent data when possible. In other cases, data split- 
ting was used to evaluate model performance. Data splitting 
was accomplished by random assignment of observations 
into 50% fitting/50% validation arrangements, with final 
parameter estimates obtained by fitting to all data. All 
statistical analyses were performed using SAS statistical 
software (SAS 1999). Unless otherwise indicated, results 
were significant at the Type I error rate of 0.05. 

Model Development 
Growth simulation requires the generation of an initial 

stand and a system that projects the development of the 
stand over time. This was accomplished by generating a 
height distribution at each age from which individual tree 
heights were assigned. A flexible distribution that is often 
used to describe tree size frequencies is the Weibull distri- 
bution. The general formulation of the Weibull probability 
density function is 

where x = Weibull random variable, a! = left-side location 
parameter, p = scale parameter, and y = shape parameter. 

To generate height distributions, maximum likelihood 
estimates for the two-parameter Weibull formulation (a! = 

0) were calculated for each check plot in the AUSHC 
Growth Impact Study for ages 1-1 1 years. These estimates 
were used to fit parameter prediction equations that are 
primarily functions of site index and age. A similar ap- 
proach 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 of tree heights are estimated by 
the equations 

R2 = 0.97 Std. Error = 1.48, 
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and 

R2 = 0.5 1 Std. Error = 1.20, 

where f3 = Weibull scale parameter estimate, .j/ = Weibull 
shape parameter estimate, In = natural logarithm, N = 

number of trees surviving per acre, SI = site index (base age 
25 years), and A = plantation age (years). 

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, 
and final estimates and fit statistics were obtained from 
fitting to combined fithlidation data. The R2 values re- 
ported for these and al1,subsequent equations are based on 
corrected total sums-of-squares and are computed as (SS,,,, 
- SS,,,,)/SS,,,,. A&ditionally, the coefficients shown for 
each model are estimates of the population parameters. 

Assignment of tree heights was accomplished by gener- 
ating a random value from a [0, 11 uniform distribution for 
each tree. This value was substituted into the Weibull cu- 
mulative distribution function solved for height (Bailey and 
Dell 1973), 

where HT = individual tree height (ft), U = uniformly 
distributed random value, and other variables as previously 
defined. 

Scale and shape parameter predictions were used to 
estimate the height distribution of the age-one stand. Given 
that the left-tail location parameter is zero, an additional 
constraint was needed to establish the age-one height dis- 
tribution. The smallest observed heights at age one year in 
the data were 0.2 ft, suggesting that 0.2 ft would be the 
smallest tree height likely to be observed. Thus, the rnini- 
mum height at age one year was set at 0.2 ft. If the predicted 
tree height was below 0.2 ft, a different value from the 
uniform distribution was assigned to calculate a new tree 
height. 

The value assigned from the uniform distribution to each 
tree at age one year is maintained for estimating individu- 
al-tree heights for subsequent iterations of the precompeti- 
tive growth simulation. Thus, trees remain in the same 
relative position in the tree size distribution until competi- 
tion is assumed to have begun. This approach is supported 
by observed data in the Virginia Tech spacing trials, where 
tree diameters maintained their relative positions in the 
distribution after differentiation had begun to occur. Nilsson 
et al. (2002) found a similar pattern of development in 
young stands of lodgepole pine. 

After tree heights are assigned, other tree dimensions can 
be predicted. Individual-tree diameter prediction was based 
on tree height, under the assumption that taller trees will 
have larger radial size than shorter trees. Simulation of early 
growth requires a measure other than dbh for trees that have 
not obtained breast height. As such, groundline diameter 

was predicted for trees less than 4.5 ft in height through an 
equation fitted to AUSHC COMProject check plot data, 

R2 = 0.89 Std. Error = 1.37. 

where D, = groundline diameter (in.) and HT = tree height 
(ft). 

For validation of the groundline diameter equation, in- 
dependent data were available from the Virginia Tech spac- 
ing trials. Plots of residuals indicated that a slight, but 
consistent, under-prediction was present. This discrepancy 
may likely be the result of the increased growth provided by 
herbaceous control treatments performed on study plots. 

Individual trees having attained 4.5 ft or more in height 
will have predicted dbh values. The AUSHC Growth Impact 
check plot data were used to fit the model, 

R2 = 0.83 Std. Error = 1.36, 

where D = dbh (in.) and HT = tree height (ft). 
Validation of the dbh equation used check plot data from 

AUSHC COMProject. Analyses of predicted and observed 
dbh values showed good predictive ability for trees having 
dbh <4 in. However, a trend toward over-prediction was 
found for trees having diameters of 2 4  in. Trees of this size 
represented a small portion of the data (-3%). 

In addition to predicted height and diameter dimensions, 
height-to-crown was estimated for each tree after 4.5 ft of 
height is attained. A height-to-crown equation was fitted to 
check plot data from the AUSHC COMProject: 

HTCR = 0.9198 + 0.9773 X D ~ . ~ ~ ~ ~ ~ ~  

R2 = 0.50 Std. Error = 1.57, 

where HTCR = height to live crown (ft), and other vari- 
ables as previously defined. 

No notable bias in prediction was found when comparing 
observed and predicted values in the validation data. All 
data were combined to obtain final parameter estimates. 

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 vari- 
ables, many of which are unmeasured or difficult to quan- 
tify, can affect survival of seedlings. Poor microsite condi- 
tions, weather, disease, interspecies competition, and wild- 
life are some factors that influence seedling survival (Am- 
ateis et al. 1997). Lacking quantification of many of the 
variables that affect seedling survival, accurate mortality 
prediction for individual seedlings is virtually impossible at 
present. However, prediction of mortality at the stand level 
can be accomplished and individual-tree mortality may be 
assigned at random or in a spatially explicit arrangement. 

Regardless of spatial distribution, there are two stages of 
mortality that need to be addressed. In the first year after 
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planting, seedlings acclimate to microsite conditions and 
become established. From the second growth season on- 
ward, seedling survival is less dependent on microsite con- 
ditions, and mortality is predicated on disease, hardwood 
competition, etc. The MeadWestvaco Corporation growth 
study provided first-year mortality data from stands planted 
over a five-year period. These plots exist over a range of 
physiographic regions, drainage classes, and silvicultural 
treatments. A number of plots had very poor survival in the 
first year, which was largely attributable to chemical site- 
preparation treatments. Chemically site-prepared plots hav- 
ing excessive (>30%) first-year mortality were dropped 
from the fitting data to obtain predicted mortality levels that 
were consistent with first-year mortality rates found in other 
studies. The number of trees surviving the first year after 
planting was determined by 

TS1 = TP X 0.8883 X exp(0.0225 X PHY0.0375 X BED 
\ 

- 0.0262 X DRN0.0295 X DISK) (8) 

R2 = 0.62 Std. Error = 48.0, 

where TSl = number of trees per acre surviving at age one, 
TP = number of trees planted per acre, PHY = physi- 
ographic region (1 = coastal plain, 0 = piedmont), BED = 

bedding site preparation (1 = bedding, 0 = no bedding), 
DRN = drainage class (1 = poorly drained, 0 = well 
drained), and DISK = disking site preparation (1 = disking, 
0 = no disking). 

The data-splitting validation process showed good pre- 
dictive ability, except for over-estimation of survival for 
pIots having mortality rates greater than 20% in the first 
year. This trend was expected because loblolly pine planta- 
tions generally suffer 5-15% mortality in the first year after 
planting (R.L. Amateis, Virginia Tech., 2001). 

After first-year survival is established, mortality from 
age two years through the onset of competition was pre- 
dicted using an equation fitted to NCSFNC Regionwide 7 
check plot data, 

R2 = 0.94 Std. Error ='29.2, 

where TS = number trees surviving per acre at age A, and 
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. Plots that suffered notably 
disproportionate levels of mortality, especially at early ages, 
were associated with estimates of survival that were too 
high. 

Treatment Response Functions 
The model system outlined in the preceding section was 

developed to simulate tree growth for stands that have not 
been subjected to early silvicultural treatments. The com- 
mercial importance of loblolly pine has led to the applica- 
tion of a number of early silvicultural treatments aimed at 
improving tree growth rates. Site preparation, control of 

competing vegetation, and fertilization are common inten- 
sive-management practices. 

The NCSFNC Regionwide 7 study includes a number of 
site-preparation alternatives. Percent height growth changes 
up to age 14 were calculated for shear and pile, disking, and 
bedding treatments to generate data for model fitting. There 
was no opportunity to develop a diameter response model 
for site preparation treatments, because dbh measurements 
were not available until age four in this study. Lacking any 
alternative, percent diameter growth response was assumed 
the same as that of height response. The equation developed 
to modify growth response is 

SP = (0.1078 X BED + 0.1045 X DISK 

- 0.0666 X SHP) 

R2 = 0.56 Std. Error = 0.07, 

where SP = percent height and dbh growth response, 
SHP = shear and pile (1 = sheadpile, 0 = no shearlpile), 
and all other variables as previously defined. 

Predicted responses show that the bedding treatment 
provided the greatest gains in growth (Figure 1). Disking 
also had a positive effect on growth, although slightly less 
in magnitude than bedding. The shearlpile treatment re- 
sulted in less growth than the chophrn  baseline treatment. 
The shearlpile operation also reduces the effectiveness of 
any subsequent bedding or disking. The negative effects of 
the sheadpile treatment likely result from removal of nutri- 
ents during the piling operation. 

The AUSHC Growth Impact Study was designed to 
evaluate growth responses to reduced interspecies compe- 
tition. Percent increases in height and diameter growth 
attributable to one- and two-year herbaceous control treat- 
ments were calculated from these data. These values were 
used to fit the height and diameter response modeIs, 

HHERB = (0.8004 + 0.1539 X YR2 - 0.2324 X PHY) 

R' = 0.47 Std. Error = 0.16, 

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 

Age W) 

14 Bed -S- Disc t Shearlpile - Shearlpileldisc +Shear/pilelbed I 

Figure 1. Predicted percent increase in height and diameter 
growth for various site-preparation treatments for site index 60 ft. 

Forest Science 50/6) 2004 827 



and 

DHERB = (1.2244 + 0.2801 X YR2 - 0.3866 X PHY) 

R2 = 0.65 Std. Error = 0.27, 

where HHERB = percent increase in height, DHERB = 

percent increase in diameter, YR2 = two-year treatment 
indicator (1 = two-year treatment, 0 = one-year treatment), 
and all other variables as previously defined. 

These models provide maximum response at early ages, 
and response decreases thereafter (Figure 2). The predicted 
diameter growth response attains a maximum earlier and 
declines more quickly when compared to the height re- 
sponse. This phenomenon may be related to the enhanced 
growth rate, which provides an earlier onset of intraspecies 
competition and resulting effects on diameter increment. 

Data from the N65FNC Regionwide 14 study were used 
to evaluate effects of nutrient enhancements. Height and 
diameter growth responses to fertilization treatments were 
assessed by computing a percentage increase in growth for 
each fertilization treatment at each age. Equations that pre- 
dict growth responses of height and diameter to 45 lbslac 
nitrogen (N), 50 lbslac phosphorus (P), andlor 100 lbstac 
potassium (K) applications at time of planting were devel- 
oped and fitted, 

Predicted Height Growth Response to I-yr and 2-yr Herbaceous Control 
Treatments on Coastal Plain and Piedmont Sites (SI 60) 

Predicted Diameter Growth Responses to I-yr and 2-yr Herbaceous 
Control Treatments on Coastal Plain and Piedmont Sites (SI 60) 

Figure 2. Predicted percent increase in height and diameter 
growth for one-year and two-year herbaceous control treat- 
ments on Coastal Plain and Piedmont sites for site index 60 ft. 

HFERT 

= (17. 12.3892) 

(13) 

R~ = 0.63 Std. Error = 0.15, 

and 

DFERT = [(58.516 X 7N + 94.2161 X P + 24.7521 X K) 

X exp(-0.0923 X SI) X 

X exp(-0.4476 X A) (14) 

R' = 0.62 Std. Error = 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 = 
phosphorus, 0 = no phosphorus), K = indicator variable 
(1 = potassium, 0 = no potassium). 

These equations allow the user to specify certain com- 
binations of N? P, and K elements. For height response, the 
addition of K had 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 condition and growth resulting from K and P 
applications is additive. The response curves generated by 
these models for fertilization applications of various com- 
binations of N, P, and K at a site index of 60 ft (18.3 m) are 
shown in Figure 3. Growth responses from fertilization at 
planting reach a maximum at an early age. However, the 
gains in growth did not diminish quickly, and increased tree 
sizes were evident for most operational rotation lengths. 

Incorporation into the PTAEDA2 Model 
To construct a growth model capable of making projec- 

tions from stand establishment through rotation age, the 
young-stand growth model system described above was 
incorporated into the PTAEDA2 growth-and-yield model. 
The existing PTAEDA2 model generates a stand at an age 
of eight years, which is the time intraspecies competition is 
assumed to begin. Incorporation of the baseline precompeti- 
tive growth system was accomplished by replacing the 
age-eight stand generation subroutine. To account for the 
effects of silvicultural practices, the aforementioned treat- 
ment response equations were incorporated into the growth 
subroutines. In the juvenile growth phase, predicted re- 
sponses were directly applied to predicted tree dimensions 
for check plots. 

A different approach was needed for extending treatment 
effects into the competitive growth subroutine. After com- 
petition is assumed to 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 check plots, and the 
treatment response functions cannot be applied directly to 
predicted tree dimensions. The estimated increases in height 
growth from the response functions for specified treatments 
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Predicted Height Growth Response to Various Combinations of 45N, 
50P, and IOOK Fertilization at Planting (SI 60) 

70 

Predicted Diameter Growth Response to Various Combinations of 
45N, N P ,  and 10OK Fertilization at Planting (51 60) 

1 

Figure 3. Predicted percent increase in height and diameter 
growth for various combinations of 45N/50P/IOOK fertilization 
at planting for site index 60 ft. 

were applied directly to the predicted height of dominants at 
each age. The difference between predicted height of dom- 
inants for 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 resulting from treatment effects result in adjustments 
to annual height and diameter growth. 

Defining the Onset of Competition 
In the PTAEDA2 model, the competitive stress experi- 

enced by an individual tree is estimated by DanielsS (1976) 
modification of Hegyi's (1974) distance-dependent diame- 
ter-ratio formulation, 

where Cli = competition index of the ith subject tree, D, = 
dbh of jth competitor, Di = dbh of ith subject tree, Distv = 
distance between subject tree i and jth competitor, and N = 

number of competitors captured by BAF 10 prism sweep 
centered at the subject tree. 

The addition of a precompetitive growth phase to 
PTAEDA2 required definition of the onset of competition. 
Given that Daniels' measure identifies competitors based on 
a BAF 10 prism sweep centered on the subject tree, an 
expedient point-density (PD) definition of onset of compe- 

tition would be when average stand diameter time,s the plot 
radius factor exceeds the average intertree distance. 

Although the competition index defined by Daniels is 
well-correlated with individual tree growth, the identifica- 
tion of competitors is based on the arbitrary value of BAF 
10. Radtke and Burkhart (1999) characterized the age of 
onset of competition in the Virginia Tech spacing trials as 
the inflection point of the stand-level basal area growth 
curve. These values were compared to results obtained from 
the PD formulation for the same sample plots. Plotting mean 
stand diameter at age of inflection (A*) and at the PD 
threshold (the point where average dbh times 2.75 equals 
intertree distance) versus individual-tree growing space 
shows that the trend line for the PD method is lower than the 
trend line based on observed data at A* (Figure 4). Assum- 
ing that the inflection-point approach provides an accurate 
assessment of the point at which intraspecies competition 
begins to affect growth, the PD method defines the age of 
onset of competition too early in the development of the 
stand. 

Minimizing the sum of squared deviations between the 
two measures showed that multiplying the PD-defined mean 
stand diameter by 1.29 provided values that were nearly 
identical to those obtained at A* (Figure 4). Dividing these 
adjusted mean stand diameters by average intertree distance 
provided the plot radius factor for identification of compet- 
itors. The PD method is practically equivalent to the inflec- 
tion-point analysis when a plot radius factor of 2.13 is used. 

Comparison Between Mean Stand Diameters at A' and 
PD Threshold (PRF 2.75) 

6 I 

o! 
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Growing Space [sq ftj 
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Comparison Between Mean Stand Diameters at A' and 
Adjusted PD Threshold (PRF 2.132) 

D 
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Figure 4. Mean stand diameter versus growing space at A* and 
PD threshold. and at A* and adjusted PD threshold. 
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This value corresponds to a BAF of -16.7 ft2/ac (3.8 
m2/ha). 

In the growth simulation process, if mean stand diameter 
multiplied by 2.13 exceeds the average intertree distance, 
then intraspecies competition is assumed to have begun and 
subsequent growth is predicted using the competitive 
growth system. Because the competitive growth subroutine 
uses dbh only, it is also required that all trees attain 4.5 ft in 
height. 

Growth Simulation 
Having incorporated the young-stand growth equations, 

treatment response functions, and definition of onset of 
competition into the PTAEDA2 model, an assessment of the 
model output was undertaken. An initial review of simula- 
tion output revealed that excessively large tree dimensions 
were predicted for trees in the upper portion of the size 
distribution when certain treatments or treatment combina- 
tions were applied. 'To prevent this occurrence, an upper 
limit on predicted tree diameters was estimated by a linear 
model developed from the NCSFNC Regionwide 7 data, 

MAXD = -0.46491 + 1.12421 X A (1 6) 

R2 = 0.98 Std. Error = 0.59, 

where MAXD = maximum allowable predicted dbh (in.) 
value at age A. 

The least-squares regression provided a prediction line 
that passed through the mean of the fitting data. As such, 
some observed tree dbh values were greater than those 
predicted from the MAXD model. To avoid excessive trun- 
cation of the upper tail of the tree-size distribution, an 
additional amount equal to 1 standard error (0.59) was 
added to the predicted MAXD value for each age. These 
limits may affect predicted values for periods of one to three 
years, depending on the intensity of the specified treat- 
ment(~). This limitation usually occurred where predicted 
treatment responses were at or near maximum values. The 
need to impose this limitation suggests that the use of 
multipliers may not be appropriate aver the entire range of 
tree sizes. 

An area of interest was 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 yearsr where PTAEDA2 generates the initial 
stand. Figure 5 illustrates the volume growth relationships 
between the original model and the juvenile growth version 
for site index values of 40, 60, and 80 ft (12.2, 18.3, and 
24.2 m). At site index 40 and 60 ft (12.2 and 18.3 m), the 
predicted volume obtained from the juvenile-growth en- 
hanced model was slightly higher than PTAEDA2 output. 
These higher values likely provide a better representation of 
stand growth. Baldwin et al. (2001) analyzed data from 100 
check plots in the Virginia Tech thinning study and found 
that the PTAEDA2 model under-predicted stand volumes. 
At roughly 30 years, the mean predicted stand volumes from 
PTAEDA2 were -600 ft3/ac (42 m3/ha) lower than ob- 
served plot volumes. The mean predicted stand volume 
using the juvenile growth model was nearly 400 ft3/ac (28 
m3/ha) higher than PTAEDA2 output, which more closely 
approximates the observed data. At site index 80 ft (24.2 m), 
volume growth trajectories were nearly identical for both 
models. 

Modeled Outcomes of Treatment Effects 
Site preparation had both positive and negative effects on 

growth and yield, depending on the type of site preparation 
performed. The effect of bedding on stand growth and 
development was characterized by early gains in volume 
growth, which diminished at later ages. Disking the site 
before planting produced increases of similar magnitude. 
The shear-and-pile site-preparation treatment resulted in 
reduced growth when compared to the baseline model. 
However, these initial losses diminish somewhat, and vol- 
ume growth progresses at a rate similar to that of the 
baseline after age 15 years. The predicted percent increases 
in volume at ages 8 and 25 years for selected treatments and 
treatment combinations are provided in Table 1. 

First-year mortality prediction was based, in part, on the 
implementation of bedding or disking site preparation. Both 
treatments produced increased survival rates. Initial num- 
bers of surviving trees between treated and check plots were 
notably different. However, there was little difference by 
roughly age 24 years. Rates of mortality were unaffected by 
the shear-and-pile treatment. 

Growth simulations specifying one- and two-year herba- 
ceous weed control treatments resulted in predicted values 

t J U V  +w/o JUV / 

Figure 5. Predicted mean volume growth for PTAEDAZ with and without juvenile growth phase for site index 60 ft. 
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Table 1. Predicted percent increase in total volume at stand 
ages 8 and 25 for various treatments at site index 60 ft and 680 

- treeslac planted. 

Percent 
Increase 

Treatment Age 8 Age 25 

Bed 
Disc 
ShearRile 
2-yr Herbaceous (Piedmont) 
1-yr Herbaceous (Coastal) 
lOOK Fertilization 
45N/50P/100K Fertilization 
2-yr Herb (Coastal) and 45N/50P/100K 
Bed and 2-yr Herb (Coastal) 
Bed, 2-yr Herb (Coastal), and 45N/50P/lWK 

that were consistent with expected responses. Volume gains 
attributable to herbaceo& weed control treatments were 
most pronounced early in the development of the stand. The 
greatest improvements in volume were associated with the 
two-year treatment in Piedmont locations. The smallest 
gains were associated with Coastal sites receiving a herba- 
ceous weed control treatment in the first year only. 

Simulated volume growth under fertilization treatments 
varied consideiably, depending on the elements chosen for 
application. The predicted increases in stand volume were 
the highest for the NP/K treatment. Conversely, applica- 
tions of K alone resulted in the smallest enhancements to 
estimated volumes as compared to untreated stands. 

Multiple Treatments 
In addition to selecting individual treatments for growth 

simulations, the user can also specify combinations of treat- 
ments. To present the results in a concise manner, only 
certain treatment levels and combinations are considered. 
Generally, responses to treatment combinations not specif- 
ically reported can be inferred. For instance, one can assume 
that herbaceous weed control and K fertilization will result 
in less response than weed control combined with a treat- 
ment of NPIK. 

Combining two years of herbaceous weed control with 
NPIK fertilization produced a significant increase in 
growth, especially for early stand ages. Notable improve- 
ments in stand volume resulting from treatment were still 
evident at age 25. The predicted increases in mean stand 
volume fbr ages 1-30 years are shown in Figure 6. 

Bedding site preparation combined with two-year herba- 
ceous weed control was also evaluated. This treatment com- 
bination also showed notable early growth improvements 
when contrasted with growth projections for untreated 
stands. As treatment effects diminish over time, projected 
stand volumes are not as great as those found when com- 
bining fertilization with two-year herbaceous control. 

Growth projections that combined the effects of site 
preparation, herbaceous weed control, and fertilization 
treatments were performed. The combination of bedding, 
two-year herbaceous weed control, and N/P/K fertilization 
was used to evaluate growth responses when three treatment 

Figure 6. Predicted mean volume growth for combined two- 
year herbaceous control and 45N/50Pl100K fertilization at site 
index 60 ft with 680 treeslac planted. 

options were specified. As anticipated, projected rates of 
growth greatly exceeded the estimates given for check plots 
(Figure 7). Improvements in stand volume of over 200% 
were predicted for early ages. Significant gains in stand 
volume were still present at age 25, Iargely because of the 
fertilization treatment. 

The remarkable projected growth increases for the com- 
bined site preparation, herbaceous weed control, and fertil- 
ization treatments leads to the question of biological max- 
imums. The simulations performed to evaluate effects of all 
three treatments used a site index of 60 ft (18.3 m) with 680 
treeslac (1,680 treedha) planted. Under this scenario, sim- 
ulation output showed that growth increases attributable to 
treatment effects did not push predicted values beyond a 
point that would be considered unattainable for loblolly pine 
stands (Figure 7). Under an extremely intensive site prepa- 
ration, vegetation control, and fertilization management re- 
gime, Borders and Bailey (2001) reported stand volumes 
near 6,000 ft3/ac (420 m3/ha) at age 12 for loblolly pine 
planted at 680 treeslac (1,680 treesha). 

It was expected that increasing planting density and site 
index under the three-treatment scenario would result in 
higher estimated stand volumes at each age. The PTAEDA2 
model provides limits for various input parameters. The 
upper limit for site index is set at 90 ft (27.4 m) and no more 
than 2,500 treeslac (6,178 treesha) can be planted. The 
point of interest here is what predicted outputs would be 
given if the model were set to the highest levels for site 

Figure 7 .  Predicted mean volume growth for combined bed- 
ding, two-year herbaceous control, and 45Nl50P1100K fertiliza- 
tion treatments at site index 60 ft with 680 treeslac planted. 
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shifts in means in determining the values of 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 may also be useful to 
users of the model. Table 2 provides standard errors to 
compute volume and prediction intervals for volume-per- 
acre estimates. Precision in the lowest and highest age 
groups suffered from a small number of observations, re- 
sulting in relatively wide error intervals. The overall value 
of D (mean difference between observed and simulated 
volumes) was -24.1 ft3/ac (-1.7 m3/ha) with a 95% con- 
fidence interval of -267.6 ft3/ac to 219.4 ft3/ac (-18.73 
m3/ha to 15.35 m3/ha). The offsetting effect of overpredic- 
tion for young stands and underprediction for older stands 
results in statistics that are consistent with results in the 
23-28 year range. 

Although the adequacy of simulation output from age 
eight onward remained largely unchanged, it was still nec- 
essary to evaluate the predictive ability of the precompeti- 
tive growth system. This was accomplished by using data 
from a site-preparation study located in the Piedmont region 
of Georgia and South Carolina. Lantagne (1984) g' ives a 
detailed description of this study. These data were chosen 
because of the existence of tree measurements on areas 
having received chop-and-burn site preparation, which is 
the baseline preplanting treatment in the model presented 
here. 

These data are complicated by the fact that a drought 
occurred in the first growing season after planting, which 
resulted in very poor survival. To perform a validation 
analysis similar to that for closed-canopy stands, observed 
volumes at age six years were scaled to estimate volume per 
acre if observed and predicted survival rates were similar. 

These data were used to calculate the 5 statistic and 
confidence intervals based on differences in observed ver- 
sus predicted volumes. The value of was 4.77, indicating 
that the mean and variance of the predicted volume signif- 
icantly deviated from the observed values. The value of D 
for these plots was -61.6 ft3/ac (4.31 m3/ha), suggesting 
that slight overprediction existed at age six years. The 95% 
confidence interval for D produced lower and upper confi- 
dence limits of - 17.3 ft3/ac (1.21 m3/ha) and - 105.9 ft3/ac 
(7.41 m3/ha), respectively. These results are consistent with 
those reported above for the 8-10-year age class. 

Verification 
Because all available data on early treatments were used 

to develop the response functions, we look at response 
levels reported in other research to corroborate the adequacy 
of model outputs. Stafford et al. (1985) reported growth 
responses to shear-and-pile for loblolly pine at age three. 
These data were consistent with the model in that the 
shearlpile treatment resulted in less growth than the 
choplburn method. The study reported that height growth 
was reduced by nearly 0.25 ft (0.08 m), whereas losses in 
radial growth were 0.07 in. (0.18 cm). The model predicted 
(based on site index 60) reductions of roughly 0.9 ft (0.27 

m) for height growth and slightly over 0.1 in. (0.25 cm) for 
diameter growth. The same study also contained informa- 
tion on growth trends where site preparation consisted of 
shear/pile/disc. The reported increases in age-three height 
and diameter were approximately 0.6 ft (0.18 m) and 0.2 in. 
(0.50 cm), respectively. Model output shows increases of 
0.4 ft (0.12 m) for height and 0.2 in. (0.50 cm) for diameter 
are predicted when shear/pile/disc is specified. 

Growth responses to bedding and disking treatments 
were evaluated by Pehl and Bailey (1983) for 10-year-old 
loblolly pine. Growth simulation with bedding site prepa- 
ration slightly overpredicted the mean stand height (20.5 ft 
[6.2 m] versus 23.0 ft [7.0 m]), whereas predictions of basal 
area (83 ft2/ac [19.1 m2ka] versus 78 ft2/ac [17.9 m2/ha]) 
and volume (1,225 ft3/ac 185.7 m3ka] versus 1,108 ft3/ac 
[77.5 m3/ha]) were slightly less than the observed data. The 
disked areas in this study showed comparable performance 
to the bedding treatment. Respective mean stand height, 
basal area, and volume at age ten were 21.3 ft (6.5 m), 81.3 
ft2/ac (18.7 m2/ha), and 1,403 ft3/ac (98.1 m3/ha). The 
estimated stand attributes from simulation output were 21.5 
ft (6.6 m) mean stand height, 67.7 ft2/ac (15.6 m2/ha) of 
basal area, and 903 ft3/ac (63.1 m3/ha) in stand volume. The 
model predicted stand height well, but basal area and vol- 
ume were underpredicted. A confounding factor was that 
study plots were heavily invaded by volunteer pines, which 
may have contributed to the predictive bias. 

Comparisons between model output and observed data 
for herbaceous control treatments were also performed. 
Pienaar and Shiver (1993) published age five- and age 
eight-year results from a study of application of herbaceous 
weed control treatments. The results of growth simulations 
with herbaceous control indicated that the research plots had 
more basal area and volume than was predicted by the 
model for each density level. For 800 treedac planted, the 
study showed basal area to be 133 ft2/ac (30.6 m2/ha), 
whereas the model predicted 117 ft2/ac (26.9 m2/ha). Sim- 
ilarly, study volume was estimated as 2,060 ft3/ac (144.1 
m3/ha), whereas 1,866 ft3/ac (130.5 m3/ha) was predicted by 
simulation. An area of discrepancy was in predicted levels 
of survival, because the research plots had notably low rates 
of mortality. This situation likely contributed to the under- 
estimation of growth by the model. 

Model predictions of response to fertilization were the 
most difficult to verify because of the range of rates of 
application found in published reports. Gent et al. (1986) 
evaluated growth response to rates of P and N+P fertiliza- 
tion in age three to five year loblolly pine stands. Rates of 
element application averaged over the study sites were 
similar to the rates used to develop the fertilization response 
equation for the simulation model. That study reported 
average gains in height growth of 53% and 61%, respec- 
tively, for P and N+P fertilization. Model output for P and 
N+P fertilization estimated gains in mean height of 24% 
and 43%, respectively. Study results also showed improved 
diameter growth attributed to P (68% increase) and N+P 
(79% increase) fertilization. The model predicted gains in 
diameter growth of 47% and 77%. Percent increases in 
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simulated growth were less than observed on plot data from 
that study. It would be desirable to develop response models 
where application rates are continuous variables. This 
would allow for better direct comparisons between model 
output and study results. 

The verification efforts have shown that predicted 
growth and yield may be either under- or overestimated for 
any given study. This is expected because of the nature of 
the simulation process, which is designed to represent av- 
erage growth rates and treatment responses. In some situa- 
tions, comparisons were confounded with differences in 
mortality rates. 

Conclusion 

Impacts of intensive management practices on growth of 
Loblolly pine have been extensively reported over the last 
two decades. The &enera1 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 intensity and duration- 
of-treatment effects were dependent on the practice used 
and attribute of interest. 

Because of the overall lack of information needed to 
develop precise site-specific responses, environmental stand 
conditions were evaluated using site index estimates. Un- 
doubtedly, site index does not always capture the array of 
conditions that affect treatment response. This was con- 
firmed by the relatively high variation in growth response 
for each of the treatments studied, and resulted in observed 
responses for any particular stand to be more or less than 
that predicted by the model. Further research is needed to 
incorporate comprehensive site information into growth and 
treatment response models. 

Successful incorporation of the young-stand growth sys- 
tem into the existing PTAEDA2 model was accomplished 
using site index as a driver for annual growth rates. Site 
index was used as a point of reference across the growth 
systems, and served as a vehicle -for carrying treatment 
responses into the competitive growth phase. This approach 
worked well for most of the site, stand, and treatment 
combinations available within the model. However, in sit- 
uations where predicted response to treatments was high, 
the tree sizes in the upper tail of the size distribution became 
efcessively large. This implies that equal application of 
treatment response to each tree may not be appropriate. 

The tendency of the model to overpredict per-acre vol- 
ume for younger stands and to underestimate volume at later 
ages was consistent with the behavior of the existing 
PTAEDA2 model. These discrepancies were, at least in 
part, attributable to differences in observed versus predicted 
mortality rates. Foresters who use the growth model devel- 
oped in this research can expect similar performance to that 
of the PTAEDA2 model, while having the added flexibility 
to examine precompetitive growth trends and evaluate ef- 
fects of early silvicultural treatments over the length of a 
rotation. 
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