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ABSTRACT 

This study examined several aspects of canopy structure and their influence on growth 
of loblolly pine (Pinus taeda L.) plantations. Foliage distribution, crown hydraulic 
architecture, and the effect of chronological changes in canopy structure on stand 
development were explored as possible components of a future process-based model intended 
for management purposes. 

A model based on the Johnson’s SB distribution was developed to predict leaf area 
distribution of loblolly pine trees. This is a preliminary step for building a submodel capable 
of simulating chronological changes in canopy structure and stand growth. The model 
accurately predicted the cumulative distribution of leaf area in the crown. It has the potential 
to be included in forest growth models where an accurate description of leaf area distribution 
is needed. 

A novel process-related, non-carbon-based growth model for predicting the growth of 
closed, unthinned, loblolly pine stands was developed. Its ability to represent the dynamics of 
the canopy and stand growth was evaluated. Overall, model predictions were in agreement 
with reported observations or proposed theories in relation to stand growth, size-density 
relations, and relationships between canopy dynamics and stand growth. 

Modeling the hydraulic architecture of the crown is important because it controls 
crown recession. Patterns in branch permeability with crown depth and permeability at the top 
of the main stem were analyzed for loblolly pine trees from families selected for differences 
in growth rate and crown size. The results showed that branch permeability decreased 
significantly from the top to the bottom of the crown and that genetic-based differences might 
exist in patterns of stem and branch permeability. 

The study showed the potential of using a process approach to develop a forest growth 
model and utilizing mechanistic and empirical elements in the construction of the simulator. 
In addition, the integration and synthesis of information coming from diverse sources in the 
model allow the possibility of detecting deficiencies in the understanding of key processes 
and provide a guide for formulating hypotheses and planning experiments to fill the gaps in 
knowledge of the processes regulating stand development. 
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CHAPTER 1 

INTRODUCTION 

From a forest management perspective, it is important to understand how natural and 

induced factors affect present and future forest productivity. Forest models, which are based 

on biologically sound principles can help achieve that understanding and at the same time 

produce accurate predictions of future growth and yield of forests under varying silvicultural 

practices and environmental conditions. Models are tools that help solve problems by 

providing a simplified representation of a real system and simulating its behavior under a 

specified set of conditions (Korzukhin et al. 1996). Particularly, forest process-based models 

are tools that attempt to synthesize our knowledge and understanding of physiological and 

ecological mechanisms affecting forest growth into predictive algorithms (Johnsen et al. 

2001). However, the complexity of these models, poor understanding of some key processes, 

and lack of data have hindered their acceptance as management tools. Therefore, it has been 

thought that empirical models are more suitable for the task (Mäkelä et al. 2000). Progress 

was made toward the application of process-based models as predictive tools in forest 

management after recognition that both empirical and process based models are part of a 

continuum from purely empirical to purely process-based models and that the most efficient 

way to develop predictive forest models is to use the best features in both methodologies. One 

approach is to conceive the model in terms of the biological processes involved. Then, model 

construction would proceed using mechanistic processes when they are well understood and 

empirical relationships when there is not a reasonable theory to describe a process or data for 

supporting it (Korzhukin et al. 1996; Mäkelä et al. 2000; Johnsen et al. 2001). Examples of 

this approach are “hybrid models”, in which mechanistic-based elements are blended with 
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statistical approaches. These models usually represent biological processes in a simplified 

way, have reduced data requirements, and can be applied across different forests and stand 

conditions (Johnsen et al. 2001). 

This study explores the feasibility of developing a hybrid growth model for loblolly 

pine (Pinus taeda L.) plantations using biological hypotheses that explain the relationship 

between canopy dynamics and stand development. Some important processes affecting this 

relationship were examined, modeled, and used as a basis for producing a preliminary 

process-related model with mechanistic and empirical components. 

Canopy dynamics is important in understanding mechanisms regulating forest 

production (Waring et al. 1981; Kuulivainen 1991). The canopy is the place where important 

physiological processes such as photosynthesis, respiration, and transpiration occur, and it 

affects primary production, particularly wood production, as the stem is the main component 

of the supportive and transport structures of the tree. Therefore, incorporating elements of 

canopy dynamics is essential for the development of efficient process-related forest growth 

models. Modeling the leaf area distribution is an essential step for constructing process-based 

models with research and predictive purposes.  

Light penetration and interception by forest canopies are intricately tied to the spatial 

distribution of foliage and its supporting structures. Quantification of the vertical foliage 

distribution serves the purposes of characterizing the initial state of the canopy and measuring 

the change in distribution as a response to natural or induced factors. In this study, a model for 

predicting leaf area distribution of loblolly pine trees from tree dimensions was developed as 

a preliminary step for building a submodel capable of simulating chronological changes in 

canopy structure and stand growth with time under various stand conditions. 
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Canopy structure and size-density relationships in a stand are strongly interrelated. A 

feedback mechanism by which stand growth and yield can be predicted consists on modeling 

dynamic process by which canopy structure (mainly leaf area and its distribution) regulates 

stem growth and size, which affects the size-density relationships of the stand, which in turn, 

determines future changes in canopy structure. A process-related, non-carbon based model for 

unthinned loblolly pine stands was developed based on this mechanism. 

An essential aspect in the construction of a canopy dynamics model driven by 

physiological processes is to predict changes in height to the base of the live crown. Prevalent 

theories attribute crown recession to insufficient levels of light received by the lower 

branches. It is hypothesized that in lower crown positions the carbon fixed by branches is not 

enough to compensate the cost of respiration and maintenance of living structures, much less 

to produce new leaves (Waring et al. 1981; Sampson and Smith 1993). More recently, 

hypotheses that incorporate components of hydraulic architecture on processes of height 

growth and crown recession are gaining acceptability. For example, Protz et al. (2000) 

proposed that the process that drives crown recession is related with reduced permeability of 

lower branches as consequence of the effect of reduced light levels in xylem development. 

Therefore, variations in hydraulic permeability of branches may be a critical factor regulating 

the process of crown recession, and could constitute the basis for the development of process-

based submodels that replace the traditional empirical models used for describing this process. 

There were three main objectives in this study. (1) I developed a mathematical model 

based on a probability function to predict the leaf area distribution of loblolly pine trees 

growing under various stand conditions as a component for a process-related model. (2) I 

developed a novel process-related, non-carbon-based growth model for predicting the growth 
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of closed, unthinned, loblolly pine stands. (3) I examined some elements of the hydraulic 

architecture of the crowns of loblolly pine, particularly the patterns of branch permeability 

and their association with foliage structure, as an initial step for integrating hydraulic and 

mechanical relationships within a canopy dynamics model. 
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CHAPTER 2 

MODELING THE VERTICAL DISTRIBUTION OF FOLIAGE AREA FOR YOUNG 
LOBLOLLY PINE PLANTATIONS WITH THE JOHNSON’S SB DISTRIBUTION 

2.1. INTRODUCTION 

Models that simulate growth and yield of forest stands can benefit from the 

quantitative description of vertical leaf area distribution. The spatial distribution of foliage 

and its supporting structures determine the pattern of light attenuation and the distribution of 

photosynthesis, transpiration, and nutrient cycling (Massman 1982). In addition, stem 

geometry is strongly affected by the distribution of foliage (Larson 1963; Dean and Long 

1986; West et al. 1989). Because silvicultural practices are known to alter foliage distribution, 

changes in radial increments along the stem might be modeled based on the effect of these 

treatments on leaf area distribution (West et al. 1989). 

Vertical foliage distribution can be included into a growth and yield model. This can 

be accomplished using a mathematical submodel that is able to generate a smooth curve and 

captures realistically the properties of the observed foliage distribution and their dynamics 

under varying conditions. To be of practical use, this model will need as input, information on 

properties of the foliage distribution (e.g., mean, variance, percentiles) that can be easily 

obtained using nondestructive techniques. Several nondestructive methods are based on 

developing equations to predict the properties of the foliage distribution based on attributes of 

the tree (e.g., diameter at breast height, total height, crown ratio) that can be measured easily 

on the ground or with remote sensing techniques. Then, the predicted properties of the 

observed distribution can be used as input to calculate the parameters of an appropriate 

mathematical function that will produce a smooth curve resembling the observed foliage 



 6

distribution for trees with varying characteristics. Statistical probability distributions are 

mathematical functions that are suitable for such purpose. 

Probability functions are very appropriate to describe the vertical distribution of leaf 

area. These functions can take a broad range of shapes and its parameters can be related to 

easily measured variables. Several probability functions have been used to model vertical 

foliage distributions, e.g., the normal (Kinnerson and Fritschen 1971), the beta (Maguire and 

Bennett 1996), and the Weibull distributions (e.g., Gillespie et al. 1994; Baldwin et al. 1997; 

Xu and Harrington 1998). The normal distribution has been used frequently (e.g., Stephens 

1969), but it is a symmetric distribution and has infinite tails. The Weibull distribution has 

been widely used because of its flexibility, but this distribution has an infinite right tail and 

must be truncated to fit foliage distributions (Maguire and Bennett 1996). The beta is very 

flexible and has definite end-points at both sides of the distribution; thus, it may be more 

suitable than a Weibull distribution for fitting foliage distributions (Maguire and Bennett 

1996). A probability function that rarely has been used to fit foliage distributions is the 

Johnson’s SB (Johnson 1949a). Like the beta, the SB has definite end-points, but is slightly 

more flexible. In addition, fractions of leaf area within specific intervals of crown depth can 

be obtained easily with simple tabulated values of the standard normal distribution. Finally, 

several methodologies are available to predict the parameters of the SB indirectly from tree 

attributes. The main objectives of this study were (1) to examine the ability of the SB 

distribution to describe the leaf area distribution of loblolly pine trees and (2) use the SB 

distribution as a model for predicting the projected leaf area distribution of loblolly pine trees 

of various age classes and treatments by using easily measured tree dimensions as predictor 

variables. 
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2.2. MATERIALS AND METHODS 

2.2.1. Data 

Measurements of projected foliage area (m2) of individual trees came from three 

separate studies carried out in plots from long-term trials established to investigate the effects 

of genetic families and silvicultural practices on the growth of loblolly pine plantations. The 

data came from 52, 15-year-old trees destructively sampled in August 1999 from a trial 

established at the John Starr Memorial Forest near Starkville, MS. The trial consisted of eight 

open-pollinated families from North Carolina selected for differences in growth rate and 

crown size. Trees were planted at 3 x 1.5 m spacing. A second set of 24, 12-year-old trees 

came from a destructive harvest carried out in December 1993 on a spacing trial (1.2 × 1.2 m 

and 2.4 × 2.4 m) established at Lee Memorial Forest in southeast Louisiana. Finally, 43, 4-

year-old trees were destructively sampled in August 1998 from a long-term research study 

near Fred, TX where factorial combinations of harvest impact, site preparation, and 

fertilization were applied to plots. Site and climate characteristics for these sites are described 

elsewhere (Roberts et al. 2002; Dicus 2000; Carter et al. 2002). 

Mean and standard deviations for selected tree characteristics, including leaf area per 

tree are shown in Table 2.1. Trees from Fred, TX and the Starr Forest were sampled during 

peak leaf area in late summer. Trees from Lee Forest were sampled in winter and represent 

minimum leaf area. Border, forked, and damaged trees were discarded from the analysis. 

All destructive harvests and leaf area measurements were carried out using the 

following methodology. After felling, stems were divided into 1-meter sections (0.5 m for 

trees from Fred, TX). Within the crown, branches were removed from each section and  
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Table 2.1. Mean values of stem diameter, total height (HT), crown length (CL), and total leaf 
area (AL) for the loblolly pine trees sampled in the destructive harvest. 

 
Group* n† Stem diameter 

(cm)$ 
HT  
(m) 

CL  
(m) 

AL 
(m2) 

  Mean SD‡ Mean SD Mean SD Mean SD$ 

1 23 18.25 3.71 15.97 1.84 6.08 1.16 23.76 12.41 
2 29 18.66 2.81 17.10 1.02 6.10 1.35 26.99 12.47 
3 24 11.38 2.71 11.70 1.09 5.04 1.35 8.39 5.46 
4 18 3.44 1.83 3.23 0.75 2.54 0.63 5.76 5.30 
5 25 4.62 2.27 3.55 0.96 2.93 0.96 7.95 7.18 

 
*Groups: (1) 15-year-old large-crown trees from Starr Forest in MS; (2) 15-year-old small-crown trees 
from Starr Forest in MS; (3) 12-year-old trees from Lee Forest in LA; (4) unfertilized 4-year-old trees 
from Fred, TX; (5) fertilized 4-year-old trees from Fred, TX. 
†Sample size. 
$DBH for groups 1, 2, and 3; root collar diameter for groups 4 and 5. 
‡Standard deviation. 
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separated into current-year foliage and twigs, previous year’s foliage and twigs, and 

nonfoliated live branches. Each component was weighed fresh, and a subsample was removed 

for determination of moisture content and proportions of foliage and branch mass within each 

component. Approximately 20 needle fascicles were collected from each age class of foliage 

within each section, stored on ice, and returned to the lab for specific leaf area (SLA) 

determination. Total projected leaf area was determined for each section. Section totals were 

summed for total crown leaf area. Live crown length was converted to relative crown depth. 

Relative cumulative leaf area is the leaf area from the tip of the crown to a given crown depth 

divided by the total leaf area of the crown. This allowed for comparisons of the shape of the 

distribution among trees of varying sizes and from different stands. 

2.2.2. Model development 

Vertical foliage distribution can be represented in a growth and yield model by 

characterizing the dynamics of foliage distribution with a set of equations. Several statistical 

probability distributions are suitable for this purpose. A probability distribution function may 

be defined by its probability density function (pdf), f(x, θ), where x is a random variable and θ 

is a set of parameters that define the shape of the distribution. The cumulative distribution 

function (cdf), F(x; θ), 0 ≤ F(x; θ) ≤ 1, is the result of integrating the pdf. If crown depth is 

considered as the random variable x, then leaf area distribution may be expressed in terms of a 

probability function by setting the pdf equal to the distribution of fractions of leaf area at 

given intervals of the crown depth. Then, the curve formed by accumulating the amounts of 

foliage from the tip to the base of the crown would be analogous to the cdf of a probability 

distribution (Figure 2.1). The values of θ determine the possible shapes that a probability 

function can assume. By estimating the set of parameters of F(x; θ) in terms of empirical
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Figure 2.1. Analogy between foliage distribution and a probability distribution function. The 
bars in (a) and the step line in (b) represent the observed leaf area distribution. The curves 
represent the probability density function (pdf) in (a) and the cumulative distribution function 
(cdf) in (b) of the probability distribution. 
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observations of the leaf area distribution, it is possible to calculate the cumulative or density 

values of the function at any point along the range of crown depths and to produce a smooth 

curve that closely resembles the observed leaf distribution. 

The practical utility of modeling leaf area distribution using probability functions 

depends on the ability to predict the parameters of the distributions from tree dimensions or 

stand variables (Kershaw and Maguire 1996). The percentile prediction method consists of 

developing equations for predicting the location of the leaf area percentiles along the crown 

from tree variables based on a sample of trees. The predictive equations are then used to 

calculate the parameters of a probability function and produce a smooth curve resembling the 

actual leaf area distribution of trees (Knoebel and Burkhart 1991). One advantage of this 

method is that the location of leaf area percentiles may be related to the status of the tree 

within the stand and provide a biological basis for the predicted distribution (Maguire and 

Bennett 1996). 

The model was developed using the Knoebel and Burkhart (1991) two-percentile 

method to fit the SB function to the observed foliage distribution of each destructively 

sampled tree. Then, predictive equations were developed to estimate the location of the leaf 

area percentiles of the sampled trees as a function of various tree dimensions. For each tree, 

the predicted percentiles were used to calculate the parameters of the SB distribution and 

generate a smooth curve resembling the actual foliage distribution. In addition, an adequate 

predictive equation to estimate total leaf area from tree dimensions was used. The final model 

was evaluated by comparing the predicted leaf area distributions with the observed leaf area 

distribution of the sampled trees. 
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2.2.2.1. The SB probability distribution and curve fitting 

The Johnson’s SB distribution (Johnson, 1949a) belongs to a family of distributions 

based on transformations of a random variable, x, to a standard normal variable, z, as follows: 

(2.1)  







−+
−

+=
x

xzx λε
εδγ ln , 

where ε, λ, γ, and δ are parameters and ε ≤ x ≤ ε + λ, δ >0, -∞ ≤ γ ≤ ∞, -∞ < ε <∞, λ > 0. The 

parameter ε is the lower limit of the range and λ is the range of the distribution, and γ and δ 

are parameters controlling the shape of the distribution (Johnson 1949a). The cumulative 

distribution function of the SB can be expressed as 

(2.2)  )(),,,,( xzxF Φ=δγλε , 

where (0 ≤ F(x,ε,λ,γ,δ) ≤ 1), and Φ(zx) can be solved for any value of x by use of the standard 

normal distribution. In this study, x is defined as relative crown depth (0 < x < 1). This sets ε 

and λ to 0 and 1, respectively, reducing the cumulative distribution function to 

(2.3)  
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Equation 2.3 can be used to calculate the cumulative fraction of leaf area at any relative crown 

depth. The shape parameters γ and δ were calculated using the two-percentile method with the 

following formulae (Knoebel and Burkhart 1991) 

(2.4)  
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where, zxp is the standard normal value corresponding to the xp cumulative percentile, and x50 

and xp are the relative crown depth points where the 50th and pth percentiles of cumulative leaf 

area occur. In their work, Knoebel and Burkhart (1991) chose the 50th and 95th percentiles to 

fit diameter distributions. The 50th percentile should be used because it is necessary to derive 

the parameter equations (Knoebel and Burkhart 1991). 

The parameter γ is associated with the skewness (i.e., degree of asymmetry) and δ 

with the kurtosis (i.e., degree of peakedness) of the distribution (Siekierski 1992). The 

parameter γ takes a value of zero when the distribution is symmetric, is positive when the 

distribution is skewed positively (upward), and negative when the distribution is negatively 

(downward) skewed. The larger is the value of δ, the larger the kurtosis or peakedness of the 

distribution. 

2.2.2.2. Percentile prediction from tree dimensions 

A series of linear and nonlinear models were screened to develop equations for 

predicting the location of various percentiles of leaf area (5th, 10th,..., 95th) from ground 

accessible tree dimensions. Candidate dimensions were determined from correlation analysis. 

Prediction models were selected according to statistical and biological criteria. The statistical 

quality of the model was assessed with the adjusted coefficient of determination (adj-R2) and 

the square root of the mean square error (Draper and Smith 1981). Predictor variables 

included stem diameter (D) at breast height or at the root collar, depending on tree size, and 

vertical crown dimensions. Vertical crown dimensions included total height (HT); height to 

base of the live crown (HB); crown length (CL = HT – HB); crown ratio (CR= CL/HT); height to 

crown midpoint (HMC  = HB +(HT – HB)/2); and relative height (HREL). Relative height was 

defined as total tree height divided by the average height of dominants and codominants in the 
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stand. This value is an indicator of the competitive status of a tree within the stand (Maguire 

and Bennett 1996). Crown ratio and height to the crown midpoint are related to tree size and 

crown position within the stand. Combinations of D and vertical crown dimensions such as 

D2HT and D/HT were also analyzed. The effect of age, fertilization, spacing, and genetic 

differences was assessed with indicator variables. Residuals were checked for normality, 

homogenous variance, autocorrelation, and multicollinearity. A value of α = 0.05 was set to 

test the hypothesis that regression coefficients did not differ from zero. The coefficients of 

linear models and nonlinear models were obtained through ordinary linear and nonlinear least 

squares algorithms included in SAS (Statistical Analysis System v. 8.1, Cary, NC). The final 

equation set showed correlations among the residuals, thus the coefficients were reestimated 

using seemingly unrelated regression following the recommendations of Borders (1989). 

2.2.2.3. Prediction of total leaf area 

An equation for estimating total leaf area is critical in modeling leaf area distributions. 

Although the shape of the distribution might be recovered accurately, errors in total leaf area 

amplify prediction errors in the distribution model. Because the precision of leaf area models 

vary according to stand characteristics (Whitehead 1978), the data were stratified according to 

the following criteria: (1) 15-year-old trees from families selected for large crowns, (2) 15-

year-old trees from families selected for small crowns, sampled in summer (3) 12-year-old 

trees sampled in winter, (4) 4-year-old unfertilized trees, and (5) 4-year-old fertilized trees 

sampled in summer. Groups (1) are (2) were distinguished according to previously observed 

differences in the allometric relationships between leaf area and tree dimensions (Roberts et 

al. 2002). Groups (4) and (5) were distinguished according to large differences in the average 

amount of leaf area. 
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The chosen model to predict total leaf area (AT, m2) was the following nonlinear 

equation derived from the uniform-stress model (Dean and Long 1986), 

(2.6)   
b

MC
T a

D
H

A 





⋅=

1 , 

where D is stem diameter (DBH or root collar diameter), HMC as defined in 2.2.2.2, and a and 

b are parameters to be estimated. This model showed the lowest bias across ages and stand 

conditions among a variety of available models derived from tree dimensions. The statistics of 

the fitted model for each group are shown in Table 2.2. 

2.2.3. Model evaluation 

In this study, all data were used in model construction to obtain the best possible 

estimates of the prediction error. Given the small sample size, no much gain in reliability 

would be obtained by splitting the data in fit and validation data sets (Roecker 1991). The 

ability of the models to predict leaf area distribution was evaluated by comparing the 

observed cumulative distribution against the predicted cumulative distribution for each tree 

using residual-based statistics. These statistics include the mean deviations (MD) for detecting 

bias, its complementary measure, the mean of absolute deviations (MAD) and the fit index 

(FI) for measuring model precision. The MD is computed as 

(2.7)  ∑
=

−=
n

i
ii yy

n
MD

1
)ˆ(1 , 

where yi  and iŷ  are the observed and predicted value of cumulative leaf area at relative 

crown depth i, respectively; and n is the number of values calculated for each tree. Models 

with low bias will have values of MD close to zero, and the sign of MD indicates whether the 

bias is positive or negative. The value of MD can be misleading when large positive and  
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Table 2.2. Statistics from the regression model, b
MCT aDHA )/(1=  to predict total leaf area 

for the various categories of destructively sampled loblolly pine trees. In the equation AT is 
total leaf area, D is stem diameter (DBH or root collar diameter), and HMC is height to the 
crown midpoint. 
 
Group* n† Coefficients$ Sy.x Adjusted-R2 

  a b   

1 23 16.58842† 2.336520 7.00 0.70 
2 29 26.47313 2.970365 5.75 0.79 
3 24 25.98581 2.795451 3.84 0.87 
4 18 14.68500 2.399037 1.30 0.95 
5 25 19.96653 2.615111 16.32 0.62 

 
*Groups: (1) 15-year-old large-crown trees from Starr Forest, MS; (2) 15-year-old small-crown trees, 
from Starr Forest, MS; (3) 12-year-old trees from Lee Forest, LA; (4) unfertilized 4-year-old trees, 
Fred, TX; (5) 4-year-old trees, fertilized, Fred, TX. 
†Sample size. 
$All coefficients significant with P < 0.05. 
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negative biases sum to zero. The value of MAD measures the true magnitude of the bias. The 

value of MAD is computed as 

(2.8)  ∑
=

−=
n

i
ii yy

n
MAD

1

ˆ1 . 

The fit index (FI) measures the precision of the model being analogous to the R2 

(Kvälseth 1985), but it varies between -∞ and 1, with 1 indicating a perfect fit. The value of 

FI is computed as 

(2.9) 
∑

∑

=

=
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−
−= n
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yy

yy
FI

1

2

1

2

)(

)ˆ(
1 , 

where y is the mean of the observed leaf area for each tree. Mayer and Butler (1993) 

discussed the interpretation of these statistics in detail. The bias and precision of the models 

of absolute leaf area were analyzed with more detail for each group by comparing differences 

between the observed and predicted fractions of leaf area and amounts of leaf area (m2) at 10 

percent intervals of crown depth. 

2.3. RESULTS AND DISCUSSION 

2.3.1. Prediction of percentiles from tree dimensions 

In addition to the 50th percentile, the 15th percentile was chosen to estimate the 

parameters of the SB because its location in the crown was better correlated with tree 

dimensions than any other percentile of the distribution. Nonlinear models including crown 

ratio and height to the crown midpoint were the best predictors of x15 and x50. An indicator 

variable (I) distinguishing the 4-year old trees from the 12 -15-year-old trees increased 

considerably the adjusted-R2 for all models. The final set of equations for x15 and x50 



 18

with their coefficients reestimated using seemingly unrelated regression was 

(2.10)   )806217.0103323.011342.187162.2exp(15 IHCRx MC ⋅+⋅+⋅+−= , 

(Adjusted-R2 = 0.35, Sy.x = 0.080, n = 119) 

and 

(2.11)  )346872.0046272.0569773.037013.1exp(50 IHCRx MC ⋅+⋅+⋅+−= , 

(Adjusted-R2 = 0.24, Sy.x = 0.008, n = 119). 

Although this study did not cover a full range of ages, the results indicate that the 

relationship between the location of the leaf percentiles and tree dimensions is affected by the 

stage of stand development. The relationship was weaker for 4-year old trees than for older 

groups, probably due to low levels of intertree competition, as canopy closure had not 

occurred. Brix (1981) found that variation in the foliage distribution of Douglas fir was a 

response to light availability along the crown profile. Possibly the relation between tree 

dimensions and properties of the leaf area distribution is stronger during the interval between 

canopy closure and self-thinning. 

With the exception of the Lee Memorial Forest trees, which were measured in winter, 

the average location of the selected leaf area percentiles was similar for all stands. The 

location of the 50th percentile provides useful information about the symmetry of the 

distribution. The relative crown depth for the mean of the 50th percentile ranged from 0.56 to 

0.60 for trees measured in summer when leaf area peaked, indicating a downward skewed 

distribution. The average location of x50 for the Lee Forest group did not differ significantly 

(P < 0.05) from 0.5 of relative crown depth, but it differed significantly from the other groups 

which had x50 located significantly below the center of the crown. More uniform distributions 

for the Lee Forest group might be the result of lower amounts of leaf area at the bottom of the 
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crown caused by the shedding of previous year needles. Baldwin et al. (1997) found that leaf 

phenology in loblolly pine affected considerably the predictions of foliage weight, surface 

area, and their vertical distribution. The effect of genetics on the location of this percentile 

was also analyzed by comparing the means of the individual families from Starr Forest, but 

although the average location of x50 ranged from 0.51 to 0.62 of relative crown depth, no 

significant differences were found. 

Apparently, a downward skewed leaf area distribution is advantageous at different 

stages of stand growth. A nonuniform crown structure reduces the vertical gradient of light 

attenuation within the tree crown compared with a uniform foliage distribution. Nonuniform 

distributions allow a better illumination at the lower parts of the crown so that leaves will 

have higher photosynthetic rates than leaves at the bottom of the crown of trees with a more 

uniform foliage distribution (Wang et al. 1990). 

2.3.2. Comparisons of parameters 

Differences in the average values of the parameters γ and δ for each group provide 

information differences on the leaf area distribution among groups (Table 2.3). The average 

value of γ ranged from –0.46 to 0.10, whereas, δ ranged from 0.92 to 1.05. In all groups, with 

exception of Lee Forest, the γ parameter was negative indicating that, on average, leaf area is 

concentrated toward the bottom of the crown. A one-way analysis of variance followed by a 

protected least significant difference (LSD) test showed that the mean value of γ for the Lee 

Forest group differed significantly (P < 0.05) from the mean value of the other groups. This 

indicates a concentration of leaf area toward the upper part of the crown in the Lee Forest 

group, probably due to loss of the previous year’s foliage cohort, as measurements were done 

in winter. A similar test for the means of δ indicated no significant differences between 
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Table 2.3. Mean values and standard deviations of parameter estimates for the SB distribution 
that describes the vertical distribution of leaf area for individual loblolly pine trees. The 
parameters γ and δ were obtained for each tree by using equations 2.4 and 2.5 in the text, 
respectively. 
 
Group* N† γ  δ 

  Mean SD$  Mean SD 

1 23 -0.33 0.43  0.94 0.29 
2 29 -0.26 0.26  0.94 0.18 
3 24 0.10 0.42  0.92 0.24 
4 18 -0.46 0.49  1.00 0.29 
5 25 -0.41 0.43  1.05 0.28 

 
*Groups: (1) 15-year-old large-crown trees from Starr Forest in MS; (2) 15-year-old small-crown trees 
from Starr Forest in MS; (3) 12-year-old trees from Lee Forest in LA; (4) unfertilized 4-year-old trees 
from Fred, TX; (5) fertilized 4-year-old trees from Fred, TX. 
†Sample size. 
$Standard deviation. 
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groups. Thus, the degree of peakedness of the distribution for all groups could be considered 

similar. 

2.3.3. Model evaluation 

The percentile-based SB model predicted well the cumulative distribution of relative 

leaf area (RCLA, Table 2.4) of individual trees within each group. Values of MD and MAD 

were low for all groups indicating overall low bias. In addition, the FI values were high (≥ 

0.95) indicating a high precision in the estimations for all groups. There were no appreciable 

differences in bias and precision for any group. 

The predictions of absolute cumulative leaf area (CLA, m2) showed increased bias and 

lower precision with respect to relative leaf area as indicated by the values of MD, MAD, and 

FI (Table 2.4). Biases for the absolute cumulative leaf area were relatively small for all 

groups, although no clear patterns were observed. Larger biases and lower precisions in the 

groups are related to their respective models of total leaf area because bias and precision for 

the relative cumulative distribution of leaf area were not appreciably different for any group. 

The FI values for absolute cumulative leaf area were considerably lower for 15-year-old 

large-crown families and 4-year-old fertilized trees than for the other groups, reflecting the 

lower precision of the total leaf area models for these former groups. 

The predicted average leaf distribution for each group closely resembled the overall 

shape of the observed distribution when differences between the observed and predicted 

amounts of leaf area (m2) at 10 percent intervals of crown depth were compared (Figure 2.2). 

It can be observed that leaf area tend to be underpredicted at the bottom of the crown for all 

groups. 
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Table 2.4. Average values of mean deviations (MD), mean absolute deviations (MAD), and fit 
index (FI) for various groups of loblolly pine relative cumulative leaf area (RCLA) and 
absolute cumulative leaf area (CLA, m2). 
 
Group* n†  RCLA  CLA 
   MD MAD FI  MD$ MAD$ FI 

1 23  -0.01 0.04 0.96  0.06 2.10 0.63 
2 29  -0.01 0.03 0.97  -0.25 1.78 0.79 
3 24  0.00 0.04 0.95  -0.24 0.93 0.81 
4 18  -0.01 0.03 0.97  -0.04 0.43 0.73 
5 25  0.00 0.04 0.96  0.04 1.07 0.52 

Mean 119  0.00 0.04 0.96  -0.10 1.31 0.71 
 

*Groups: (1) 15-year-old large-crown trees from Starr Forest in MS; (2) 15-year-old small-crown trees 
from Starr Forest in MS; (3) 12-year-old trees from Lee Forest in LA; (4) unfertilized 4-year-old trees 
from Fred, TX; (5) fertilized 4-year-old trees from Fred, TX. 
†Sample size. 
$m2. 
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Figure 2.2. Observed (•) and predicted (o) average leaf area (m2) as a function of relative 
crown depth for loblolly pine. Predicted leaf area was obtained from the SB fitted with 
predicted percentiles from crown dimensions. (a) 15-year-old large-crown trees from Starr 
Forest in MS; (b) 15-year-old small-crown trees from Starr Forest in MS; (c) 12-year-old trees 
from Lee Forest in LA; (d) unfertilized 4-year-old trees from Fred, TX; (e) fertilized 4-year-
old trees from Fred, TX. 
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Boxplots of residuals show a trend of underpredicting the fractions of leaf area at the 

bottom of the crown (Figure 2.3). At the central intervals of the crown of 15-year-old, large 

crown families, negative biases predominated, indicating an overestimation of the fraction of 

leaf area in those regions of the crown. On the other hand, biases at the center of the crown 

tended to be slightly positive for the small-crown families and fertilized 4-year-old trees. 

These biases were usually small, however, residuals were larger for 15-year-old trees, as these 

trees have larger amounts of leaf area than the other groups. Residuals were larger at the 

center of the crown because most of the fraction of leaf area exists in this part of the crown. 

Outliers were associated with trees whose distribution was not correctly described by the 

distribution model, probably due to large over- or under-estimation of total leaf area. In other 

cases, some trees showed large fractions of leaf area concentrated in one or two classes of 

relative crown depth, followed by no leaf area in the adjacent intervals. The resulting shapes 

of the distribution of these trees could not be accurately described with the distribution 

function. 

2.4. CONCLUSIONS 

The results demonstrate that the SB distribution is a suitable mathematical function for 

modeling leaf area distributions in loblolly pine. It is flexible enough to represent accurately 

the range of shapes of leaf area distributions. Furthermore, the parameters of the SB can be 

calculated directly by knowing two percentiles of the observed distribution. Also, the SB can 

describe the gradual reduction of foliage to zero at the top and bottom of the crown. An 

additional advantage of the SB distribution is its potential to describe both the vertical and 

horizontal distribution of leaf area simultaneously (Johnson 1949b). 
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Figure 2.3. Boxplots of the residuals (observed - predicted) of the fit of the SB to the leaf area 
distribution of loblolly pine trees of various age classes and treatments for the total leaf area 
distribution by classes 0.1 intervals of relative crown depth for loblolly pine trees. Edges of 
the box indicate the 25 and 75 sample percentiles of the data. Lines include the 10 and 90 
percentiles. The center drawn line is the 50 percentile. Individual points are extreme values. 
(a) 15-year-old large-crown trees from Starr Forest in MS; (b) 15-year-old small-crown trees 
from Starr Forest in MS; (c) 12-year-old trees from Lee Forest in LA; (d) unfertilized 4-year-
old trees from Fred, TX; (e) fertilized 4-year-old trees from Fred, TX. 
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The usefulness of probability functions in modeling the foliage distribution of trees 

and stands depends on the ability to accurately estimate the parameters of the function from 

easily obtained variables. Good predictions of relative cumulative leaf area were obtained 

despite the low precision for predicting the location of the leaf area percentiles along the 

crown and the amplified error produced by estimations of total leaf area. 

The results showed low biases within groups. This suggest that it is possible to predict, 

with confidence the leaf area distribution of classes of trees by using the SB distribution if 

measurements of crown dimensions can be obtained from a large number of trees. Such would 

be the case if crown dimensions can be acquired using various remote sensing techniques. The 

methodology used in this study for modeling the leaf area distribution can be used to build a 

submodel for inclusion in a stand-level or tree-level process model where accurate estimations 

of leaf area distribution may be necessary to characterize the initial state of the canopy and its 

changes as the stand develops. 

2.5. SUMMARY 

A model based on the Johnson’s SB distribution was developed for predicting leaf area 

distribution of loblolly pine trees from measurements of various tree dimensions. Data came 

from trees destructively sampled from stands differing in age, silvicultural treatments, and 

genetics. Equations were developed for predicting the location, in terms of relative crown 

depth, of the 15th and 50th percentiles of the leaf area distribution of individual trees by using 

tree dimensions as predictors. The predictions were used as input to estimate the parameters 

of the SB distribution. The model predicted well the cumulative fractions of leaf area along the 

crown, but errors were amplified when transformed to absolute values of leaf area, reducing 

the apparent precision of the model. The results showed low biases within groups. This 
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suggest that it is possible to predict, with confidence the leaf area distribution of classes of 

trees by using the SB distribution if measurements of crown dimensions can be obtained from 

a large number of trees. Such would be the case if crown dimensions can be acquired using 

various remote sensing techniques. The methodology used in this study for modeling the leaf 

area distribution can be used to build a submodel to integrate in a stand-level or individually-

based process model, where accurate estimations of leaf area distribution may be necessary to 

characterize the initial state of the canopy and its changes as the stand develops. 
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CHAPTER 3 

A PRELIMINARY STAND GROWTH MODEL DRIVEN BY CANOPY DYNAMICS 
FOR UNTHINNED LOBLOLLY PINE STANDS 

3.1. INTRODUCTION 

Forest process-based models are mathematical tools that attempt to integrate our 

knowledge and understanding of physiological and ecological mechanisms into predictive 

algorithms (Johnsen et al. 2001). Until recently, process models were viewed essentially as 

research tools. Their complexity and data requirements and a poor understanding of key 

biological processes hinder the applicability of process models to forest management. Thus, 

empirical models appear superior given their greater simplicity and predictive capabilities 

(Mäkelä et al. 2000). The realization that all modeling approaches can be placed on a 

continuum, from purely empirical to purely process-based, has created a pathway towards 

developing mechanistic models with predictive capabilities (Korzukhin et al. 1996; Mäkelä et 

al. 2000). An effective approach for building forest models is to envisage them in terms of the 

biological processes and relationships involved. The actual construction of the model would 

proceed using mechanistic processes when they are well understood and empirical 

relationships when there is no a reasonable theory to describe a process or data is not 

available to quantify the theory (Korzhukin et al. 1996; Mäkelä et al. 2000; Johnsen et al. 

2001). The so-called “hybrid models” consist of mechanistic-based elements blended with 

statistical approaches. Hybrid models may be built either by developing whole models 

composed of statistical and mechanistic elements (e.g., West 1993; Battaglia et al. 1999) or by 

coupling empirical growth and yield models with forest process models (e.g., Baldwin et al. 

1993, 2001). 
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From a timber management perspective, it is important to understand how natural and 

induced changes in canopy structure affect stem growth and quality. Given annual changes in 

foliage and its vertical distribution, the influence of canopy structure on stem growth and 

morphology can be modeled based on mechanistic theories such as the uniform-stress 

hypothesis (Dean and Long 1986, Dean 2001). This hypothesis provides a link between the 

processes taking place within the canopy and the processes that regulate carbon allocation to 

the stem. 

This work is an initial effort to build a predictive model for unthinned loblolly pine 

(Pinus taeda L.) stands based on biological principles, namely the relationship between 

canopy dynamics and stem growth. The model relies on empirical surrogates for most 

processes, but the organization of the model allows future replacement of empirical 

relationships with process-based routines. The model can be used either as a predictive tool or 

as a research tool to gain insight in the basic relationships between canopy structure and stand 

development. The primary objectives of this research are (1) to describe a novel process-

related, non-carbon-based growth model for predicting the development of closed, unthinned, 

loblolly pine stands and (2) to examine the ability of the model to simulate the dynamics of 

the canopy and stand growth under various combinations of site index and stand density. 

3.2. THE MODEL 

3.2.1. Philosophy and basic premises 

The general concept of the model is based on the relationships between tree size and 

stand density as controlled by chronological changes in canopy structure as the stand ages 

during the period of maximum intertree competition (Figure 3.1). The canopy is the principal 

location where light interception, photosynthesis, respiration, and transpiration occur. The key 
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Figure 3.1. Schematic representation of the basic components of the model and their 
interactions. Boxes indicate state variables and valves represent the processes affecting the 
state variables. 
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component of the canopy is the foliage whose amount and distribution affect the rates and 

efficiencies at which these processes occur. As foliage accumulates, the canopy changes in 

size and according to the uniform-stress hypothesis these changes determine the rate of stem 

growth in response to the mechanical requirements imposed on the stem. As trees increase in 

size, resource use and site occupancy increase producing further changes in canopy structure 

(e.g., crown recession). At some point, trees must die for others to continue growing. The 

release of resources that results, allows further accumulation of leaf area among the surviving 

trees inducing additional increments in stem growth. This process begins after canopy closure 

and continues until the additional growing space released through mortality is too large to be 

reclaimed by the surviving trees. At this stage, the relationship between stem growth, 

mortality, and canopy structure weakens (Dean and Baldwin 1996a). 

This conceptual model was used to build a mathematical model for simulating the 

development of even-aged, monespecific, stands with a surviving density of N trees per 

hectare at the beginning of the simulation period (initial age t). This is a whole-stand model 

where the stand canopy is represented by the crown structure of a tree whose diameter at 

breast height equals the average stand diameter (c.f., Dean and Long 1992). Information 

referring to the whole stand (e.g., leaf area index) is produced by multiplying the average 

value by the total number of surviving trees. It was assumed that the environment is constant 

through the stand development and, therefore, is defined simply by a site index. The foliage 

accumulates annually and it is distributed along the crown depending on changes in height 

growth and crown recession. Height growth and crown recession depend on neighbor effects, 

age, and site index. Changes in crown dimensions and leaf area distribution regulate stem 
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growth and form according to the uniform-stress hypothesis (Dean and Long 1986). Tree 

density changes in accordance with observed size-density relations (Cao et al. 2000). 

3.2.2. Model construction 

The model was programmed in SAS IML language (Statistical Analysis System v. 8.1, 

Cary, NC). The flow diagram of the model is described in Figure 3.2. The model produces 

numerical and graphic outputs summarizing the main attributes characterizing stand 

development. 

3.2.2.1. Modeling changes in crown structure of the average tree 

I assumed that the tree’s crown structure at a given age is completely defined by 

vertical crown dimensions (total height and height to base of live crown) and the vertical 

distribution of leaf area. I adopted an empirical approach for accumulating leaf area, since no 

process-based approach exists for growing leaf area for more than a single year. Changes in 

crown structure were modeled with empirical equations that predict changes in vertical crown 

dimensions, total leaf area, and leaf area distribution. 

a) Vertical crown dimensions 

To define canopy structure, it was necessary to determine the average tree height and 

the height to the base of the live crown. Average total height of the stand depends on age and 

site index; however, it is also sensitive to stand density, particularly at high densities, due to 

the presence of intermediate and suppressed trees. On the other hand, the height of dominants 

and codominants, or site height, within a stand is highly correlated with age and site index, 

but is nearly insensitive to changes in stand density. Baldwin and Feduccia (1987) developed 

the following equation to predict site height 

(3.1)  ( )( )[ ] 3
21 exp1 b

D tbbSIH ⋅−= , 
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Figure 3.2. Flow diagram of model implementation. Equation numbers (in parenthesis) for 
computing the attributes are included. 
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where HD = height of dominants and codominants (m) , SI = site index (m) at base age 25, t = 

age (years), and b1-b3 =  estimated coefficients. Average total height (HT) was modeled with 

the equation 

(3.2)  765
4

bb
D

b
T NHtbH ⋅=  

where N  = tree density (trees/ha) at age t and b4-b7 = coefficients estimated with nonlinear 

regression. 

Changes in height to the base of the live crown (HB) were represented using a 

modified version of the model described by Valentine et al. (1994). Valentine et al. (1994) 

assumed that average crown length is proportional to mean stand intertree distance (Mid, m), 

and he expressed the relationship in terms of the tangent of an angle θ, i.e., 

(3.3)  tanθ  = (HT –HB)/Mid, 

where HT – HB = crown length. Rearranging equation 3.3 to predict HB results in 

(3.4) 





−=

θtan
id

TB
M

HH ,  

and assuming that the space (m2) occupied by the average tree is 1/N,  

(3.5)  Mid = (10,000/N)0.5. 

Valentine et al. (1994) determined an average value of 26° for θ in a closed loblolly pine 

stand. They hypothesized that θ depends on species tolerance and site quality. I found θ  to be 

significantly correlated with age, average height, and site index. Therefore, θ was expressed 

as a function of these variables according to the following model was used to calculate HB: 

(3.6)   








⋅+⋅+⋅+
−=

)tan( 121198
10 tbSIbHbb

M
HH b

T

id
TB , 

where the coefficients b8-b12 were estimated with nonlinear regression. 
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The average values of total height and base to live crown were used to compute 

average crown ratio (CR) and average height from the ground to crown midpoint (HMC), i.e., 

(3.7)  CR = CL /HT 

and 

(3.8)  HMC = HT  - (HT – HB )/2. 

b) Total leaf area for the average tree  

Roberts et al. (2002) suggest that allometric models for calculating leaf area that 

combine vertical crown dimensions approach the precision of traditional equations based on 

DBH or sapwood cross-sectional area. Therefore, for this model, projected leaf area per tree 

(AL, m2) was derived with following model: 

(3.9)  )log()log(b)log( 151413 MCTL HbHbA ++= , 

where the coefficients b13-b15 were estimated with linear regression 

c) Leaf area distribution 

Average leaf area distribution was modeled with a SB distribution whose parameters 

were obtained indirectly through the prediction of the location of the 15th and 50th percentiles 

of leaf area along the crown depth of the average tree. Average crown length is expressed as a 

fraction of canopy depth with 0 and 1 equal to the top and bottom of the crown, respectively. 

The cumulative fraction of leaf area (F) from the crown tip to any point x of crown depth was 

computed as 

(3.10)   














−

⋅+Φ=
x

xF
1

lnδγ , 

where x = relative crown depth, Φ is the standard normal distribution, and γ and δ are 

parameters that control the shape of the distribution. The location of the 15 (x15) and 50 (x50) 



 36

percentiles of leaf area was predicted from crown dimensions and used to estimate γ and δ 

with a two-percentile method (Knoebel and Burkhart 1991). The original equations for x15 and 

x50 (Chapter 2) were modified to allow for reasonable extrapolations beyond the range of the 

original data used for fitting the model. The equations are 

(3.11)  )exp( 19
18

2
171615

b
MCHbCRbbx ++=  

and 

(3.12)   )exp( 23
22

2
212050

b
MCHbCRbbx ++= , 

where b16-b23 = coefficients estimated simultaneously with seemingly unrelated regression 

(Borders 1989). 

Total cumulative leaf area at any relative crown depth is obtained by multiplying the 

fraction of cumulative leaf area at that point by total leaf area. Transforming the relative 

crown depth to absolute values, the height to the tree’s center of leaf area (HLC) is calculated 

as 

(3.13)  50)1( xCHH LBLC −+=  

3.2.2.2. Prediction of volume and quadratic diameter 

According to the uniform stress hypothesis, stems behave as cantilever beams tapered 

to equalize bending stress across their length (Dean and Long 1986). It is assumed that 

bending stress is produced mainly by the wind exerting pressure on the crown foliage, which 

acts like a sail. Bending stress in turn stimulates cambial growth (Telewski and Jaffe 1986, 

Dean and long 1986). Several experimental and theoretical studies (Dean and Long 1986; 

West et al. 1989) have provided evidence of a strong relationship between foliage distribution 

and stem size and taper. Using the predicted crown structure at age t, the uniform-stress model 
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was used to calculate the stem taper of the average tree using the formula proposed by Dean 

and Long (1986): 

(3.14)  25)(24
b

hLh LAbd
h

=  

where dh = diameter (cm) at the stem height h, ALh = total projected leaf area (m2) above dh, 

and Lh =distance between the physical center of leaf area above dh and the height at dh. 

Estimates of b24 and b25 may vary depending on the season in which leaf area was measured. 

For loblolly pine stands, these values have been estimated for summer, when leaf area peaks, 

and winter, when leaf area is at minimum (unpublished data). The values of dh were 

calculated at 10 cm intervals to generate stem taper. The predicted diameter at 1.37 m from 

the ground obtained with equation 3.14 was assumed to represent the quadratic diameter (Q) 

of the stand (Dean and Baldwin 1996b). Finally, total average tree volume was computed 

numerically by summing the volume of 10 cm sections of the stem calculated with the 

Smalian’s formula: 

(3.15)  ( )2
2

2
18 ss

s
s dd

l
V +

⋅
=
π

, 

where Vs = volume of section s (m3); d1s and d2s = diameters at the ends of the section (m); ls = 

section length (m). Total volume of the average tree (V) is obtained by summing the volumes 

of all sections 

3.2.2.3. Modeling the link between the size-density relationship and canopy structure 

The relationship between tree size and tree density was modeled using a self-thinning 

curve. Cao et al. (2000) assumed that the relationship between quadratic mean diameter and 

tree density in tree stands follows a convex curve in a log-log scale as self-thinning proceeds. 

Based on this assumption, they developed a system of equations to model stand development 
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based on the reciprocal effects of stand diameter growth and tree mortality through time. In 

the present model, changes in tree density are predicted using a modified version of the 

mortality equation of Cao et al. (2000) fitted for densities relevant to loblolly pine 

management (Cao, personal communication). Future tree density at simulation time i + 1, 

Ni+1, is given by  

(3.16)   )](exp[)( ,261,1 iimimiii QQbNNNN −−−= ++ , 

where Qi = quadratic mean diameter (cm) at simulation time i; Qm,i. = maximum quadratic 

stand diameter (cm) at time i; Ni = stand density at time i, Nm,i+1  = lower limit for stand 

survival at time i+1 subject to maximum mortality and b26 is an estimated coefficient for 

loblolly pine stands. The value of Q was obtained from equation 3.14, thus it depends on 

crown structure at time i. The equation for Qm,i produces the self-thinning curve 

(3.17)  )]exp(1[ 29
28

623.0
27,

b
iiim NbNbQ −= − , 

where b27-b29 are coefficients estimated with nonlinear regression. The equation for Nm,i+1 is 

(3.18)   )](exp[ 3232

30

131
1

1,
b

i
b

i

b

i

i
iim ttb

t
t

NN −







= +

+
+ , 

where ti = stand age in years at time i, and ti+1 = 1 + ti and b30-b32 are estimated coefficients. 

3.2.3. Data 

Data for developing the empirical relationships and model evaluation came from 278 

measurements collected in 114 permanent plots from unthinned loblolly pine plantations 

located in Louisiana, southeast Texas, and southwest Mississippi. Stand age varied from 10 to 

45 years, tree density from 250 to 4500 trees/ha, and site index (base age 25 years) from 12 to 

25 m. Each plot was measured two to six times, 5 years apart. The data were randomly 

divided in to a fit data set for model construction (approximately 50% of the data) and a data 
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set for validation of the empirical models. Summary statistics for the fit and validation data 

sets are presented in Table 3.1. Estimates of volume and one-sided leaf area index per plot 

were available in the data set. These values as calculated by Dean and Baldwin (1996a) were 

assumed reliable estimations of the true volume and leaf area index and were used to check 

model behavior. Data for predicting projected leaf area distribution from crown dimensional 

variables came from two separate studies carried out in Mississippi and Louisiana including 

76 destructively sampled loblolly pine trees that were 12-15-year-old (Chapter 2). Some of 

the empirical models are taken from published sources. These are noted in Table 3.2. 

Nonlinear models were fitted using a nonlinear derivative-free algorithm provided by SAS 

(Statistical Analysis System v. 8.1, Cary, NC). Model coefficients and statistics for precision 

are shown in Table 3.2. All coefficients were determined to be significantly different from 

zero using 0.05 as the critical value of α. 

3.3. MODEL ANALYSIS 

3.3.1. Simulation of yield and growth 

Simulations of stand growth and yield variables from age 8 to 45 years for site index 

of 20 m at base age 25 years and 2500 trees/ha followed typical patterns (Figure 3.3). With 

respect to crown dimensions, average tree height approached average site height as the stand 

aged, a consequence of the reduction in stand density and loss of intermediate and suppressed 

trees (Figure 3.3a). Initially, crowns receded more slowly than the rate of average height 

growth, producing a increase in crown length. However, crown ratio decreased continuously 

with stand age (Figure 3.3a). Simulated tree mortality also followed a typical pattern (Figure 

3.3b). At early ages, mortality was low due to the small size of the trees and low stand density 

as indicated by the values of Q and the distance between Q and Qmax (Figure 3.3c). Mortality 
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Table 3.1. Summary statistics for the fit and validation data sets from loblolly pine stands. 
 
 Fit data set  Validation data set 
Variable n* Mean Min† Max$  n Mean Min Max 
Age 
(years) 

138 22 10 45  136 22.2 10 45 

Tree density 
(Trees/ha) 

138 969 249 4075  136 975 119 4500 

Basal area 
(m2/ha) 

138 31.22 7.21 48.89  136 32.08 6.57 48.69 

Quadratic mean 
diameter (cm) 

138 21.59 9.33 34.30  136 21.99 8.86 38.33 

Site index (m) at 
base age 25 years 

138 19.09 11.89 24.20  136 18.80 11.55 23.28 

 
*Sample size. 
†Minimum. 
$Maximum. 
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Table 3.2. Parameter estimates for the components of the model. 
 
Submodel Equa-

tion 
Sample 

size 
R2 Sy.x Parameter Estimate Reference 

        
Site height 3.1    b1 2.14915 

     b2 -0.0025042 
     b3 0.755862 

Baldwin and 
Feduccia 
(1987) 

        
3.2 138 0.96 0.78 b4 1.337744 

    b5 0.083386 
    b6 0.910084 

Average 
height 

    b7 -0.05036 

New equation 
from this study 
 

      
3.7 138 1.01 0.93 b8 4.268864 

    b9 -3.33430 
    b10 0.100000 

 
Height to 
crown base  

    b11 0.01436 
     b12 0.0155652 

 
Modified from 
Valentine et al. 
(1994) 

        
3.6 138 0.77 0.253 b13 -2.19715 

    b14 7.5437 
Total leaf 
area 

    b15 -5.422006 

Modified from 
Roberts et al. 
(2002) 

        
x15 3.11 76 0.31 0.0083 b16 -3.49992 

     b17 1.154893 
New equations 
from this study 

     b18 1.63746  
     b19 0.10000  
        

x50 3.12 76 0.21 0.0094 b20 -1.74858  
     b21 0.601573  

     b22 0.585208  
     b23 0.100000  

Leaf 
area 
distri- 
bution 

        
3.14    b24 3.431 Uniform-

stress model     b25 0.309 
(Unpublished 
data) 

        
3.16    b26 -0.16240 Size density 

relationship 3.17    b27 2150.00 
Cao (personal 
communication)

     b28 -0.05357  
     b29 0.52385  
 3.18    b30 0.07124  
    b31 -0.04380  
    b32 1.07124  
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Figure 3.3. Simulated outputs for selected variables representing growth and yield for a stand 
with surviving density of 2500 trees/ha and site index of 20 at base age 25 years. (a) 
Dominant height (HD), average height (HT), and height to the crown base (HB) versus age. (b) 
Tree density (N) versus age. (c) Mean quadratic diameter (Q) and maximum quadratic 
diameter (Qmax) versus age. (d) Leaf area index (LAI) and basal area (BA) versus age. (e) 
Current annual increment (CAI) and mean annual increment (MAI) in volume versus age. (f) 
Mean tree volume (V) and total stand volume (Vt). 
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gradually increased as trees increased in size and Q approached Qmax. Mortality rates 

decreased again when Q began to fall away from Qmax, indicating a decline in stand density as 

the stand aged. Leaf area index increased at early ages, reached a peak, and decreased slowly 

with age (Figure 3.3d). The pattern of stand basal area growth followed a somewhat similar 

pattern to LAI (Figure 3.3d). Patterns of LAI agree with results from other researchers (Ford 

1982, 1985; Long and Smith 1992). Current annual increment (CAI) and mean annual 

increment (MAI) also followed typical patterns with CAI peaking early during stand 

development and then decreasing as the stand ages (Figure 3.3e). Volume per tree exhibited 

an exponential pattern because of an increase in leaf area per tree and the height of the crown 

center. Such a pattern is consistent with the delayed culmination of the average individual tree 

growth compared to the culmination of stand growth (Assmann 1970). Stand volume showed 

the typical sigmoid pattern. It increased rapidly at early ages, but at older ages tended to reach 

a plateau because the increases in individual tree growth could not compensate for the 

reductions in tree density. 

3.3.2. Size-density and leaf area relationships 

To illustrate the model’s ability to simulate the more fundamental relationships of 

forest production, the model was run for combinations of tree surviving density (1200, 2400, 

and 3600 tree/ha) and site index (12, 18, and 24 m at base age 25) from 8 to 45 years (Figure 

3.4). In general, current annual increment in volume (CAI) increased with site index (Figure 

3.4a). For a given site index, the peak of CAI was delayed for lower initial stand densities. 

However, after peaking, stands with better site index and higher densities showed a 

substantial decrease in stand increment, reaching quickly null or negative values before stands 

with lower initial tree density or site index. This pattern has been reported in the literature for 



 44

c 

Stand density index

0 200 400 600 800 1000 1200 1400

C
ur

re
nt

 a
nn

ua
l i

nc
re

m
en

t (
m

3 /h
a/

yr
)

0

10

20

30

40

50

b 

Age (years)

0 10 20 30 40 50

St
an

d 
de

ns
ity

 in
de

x

0

200

400

600

800

1000

1200

1400

a

Age (years)

0 10 20 30 40 50

C
ur

re
nt

 a
nn

ua
l i

nc
re

m
en

t (
m

3 /h
a/

yr
)

-10

0

10

20

30

40

50

d  

log trees/ha

2.6 2.8 3.0 3.2 3.4 3.6 3.8

lo
g 

Q

0.6

0.8

1.0

1.2

1.4

1.6

SI

24
18

18

12
12

12

24

24

18

SI

24

18

12

SI = 24

SI = 18

SI = 12

Si =24

Si =18

Si =12Si =12

 

 
 
 
 
 
Figure 3.4. Simulated growth age and size-density relationships. (a) Current annual increment 
versus age; (b) stand density index vs. age; (c) Current annual increment vs. stand density 
index; (d) quadratic mean diameter vs. stand density. Surviving densities at the beginning of 
the simulations are: 1200 (⋅⋅⋅⋅⋅⋅⋅⋅), 1800 ( ⋅ ), and 3600 trees/ha ( ⋅⋅ ). SI = site index 
(m) at base age 25. 
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stands with different spacings (Clutter et al. 1983). The faster decrease of CAI at higher tree 

densities and site index appear to be a consequence of faster rates of mortality at early age, 

which can be not compensated by the increments in tree size at later ages. Patterns of stand 

density index (SDI) are more complex (Figure 3.4b). The SDI is larger and peaks earlier for 

higher tree densities for any site index. However, for a given tree density, stands with higher 

site index increase faster and peak earlier than for lower site index. Overall, the peaks in SDI 

are delayed as tree density and site index are lower The maximum stand density index for the 

best site and highest density combination was slightly over the maximum of 1100 reported for 

loblolly pine (Reineke 1933). As the stand aged, SDI for higher densities decreased faster; 

whereas, at lower densities and site index, SDI tended to reach a peak and remain stable. 

Differences in SDI may be related to a faster mortality that is not compensated by diameter 

growth. The CAI increased with increasing SDI, but it decreased rapidly just before peak SDI 

was reached. The form of the relationship between mean quadratic diameter and tree density 

(Figure 3.4d) shows the typical patterns. Lower tree densities require of larger trees to 

approach the self-thinning line. For a given density, the stand approaches to the self-thinning 

line faster for higher site indexes. At the highest combination of site index and tree density (SI 

= 24 m, 3600 trees/ha), the self-thinning curve is slightly surpassed. This could happen 

because the projected quadratic diameter depends on leaf area and crown dimensions, which 

are only indirectly constrained by stand density. However, as tree density decreases, these 

stands depart from the self-thinning curve. For poorer sites, the simulated size-density 

trajectories tend to approximate to the self-thinning curve slowly, but do not reach it. 

Leaf area index increases at an early age, reaches a peak, and then decreases with 

stand age (Figure 3.5a). The overall pattern agrees with observations for intermediate 
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Figure 3.5. Relations of leaf area index with current annual increment and growth efficiency 
for combinations of surviving density and site index. (a) Leaf area index versus age. (b) 
Current annual increment versus leaf area index. (c) Growth efficiency versus age. (d) Growth 
efficiency versus leaf area index. Surviving densities at the beginning of the simulations are 
1200 (⋅⋅⋅⋅⋅⋅⋅⋅), 1800 ( ⋅ ), and 3600 trees/ha ( ⋅⋅ ). SI = site index (m) at base age 25. 
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densities and site index (e.g., Kuulivainen 1991; Long and Smith 1992). Stands with larger 

initial tree densities reached a peak sooner than stands with lower densities in agreement with 

other studies (Turner and Long 1975; Long and Smith 1984). Leaf area index was lower and 

peaked later for lower site indexes. For poor sites, LAI does not decline after reaching a peak, 

which is consistent with observed behavior in a variety of species (Vose et al. 1994). 

The relationship between CAI and LAI was nonlinear (Figure 3.5b). Several authors 

have suggested that this relationship should be linear, with CAI increasing with increasing LAI 

(e.g., Long and Smith 1990); however, the existence of the relationship in a nonlinear form 

was suggested by Waring (1983). He stated that in stands with relatively low leaf area, the 

relationship between leaf area increment and stand productivity should be positive, but at high 

leaf area, productivity should decrease. The behavior of this model and those produced by 

another model developed by Shi and Cao (1997) appear to support Waring’s hypothesis. 

Growth efficiency is a measure of how the carbon fixed by the foliage is allocated to stem 

growth, and its analysis has produced valuable insights in the relationships between canopy 

dynamics and stand development (e.g., Waring et al. 1980; Waring 1983; Roberts and Long 

1992; Gilmore and Seymour 1996). When growth efficiency was plotted against age, it 

decreased for all combinations of site and stand density. The decrease was steeper for higher 

tree densities and, the higher the site index, the steeper the decrease for a same tree density 

(Figure 3.5c). Based on the simulations, growth efficiency decreased with LAI for all 

combinations of site and initial density (Figure 3.5d). Waring et al. (1981) and Oren et al. 

(1987) reported the same trend. Simulations from a model by Shi and Cao (1997) show 

growth efficiency decreasing steadily with increasing leaf area index from 5 to 45 years. Low  
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growth efficiency at high LAI has been suggested to be consequence of increasing shading, 

higher respiration rates, or increased moisture stress (Vose and Allen 1988). The present 

model showed a continuously decreasing value in growth efficiency, although at a lower rate 

after leaf area had peaked. Higher initial densities and better sites had larger values of growth 

efficiency. There is not clear agreement in the literature as how changes in site quality should 

affect the relationship between growth efficiency and LAI (e.g., Brix 1983; Vose and Allen 

1988). 

3.4. DISCUSSION 

Overall, the model predictions appear to be in agreement with reported observations or 

proposed theories in relation to stand growth, growth and size-density, and growth and leaf 

area relationships. The model’s behavior appeared to be less reliable at extremes of site index, 

tree density, and age. This is a result of the lack of measurements at the extremes of the site 

indexes and tree densities, especially at early ages. Some of the empirical equations were used 

much farther from the range of data used in their construction. For example, the system to 

predict the leaf area percentiles was fitted using data from trees that were just 12-15-year-old. 

Changes in crown structure with time were realistic for all combinations of site index 

and initial tree density, although some additional runs of the model at very low densities (< 

800 trees/ha) were less realistic. The trajectory of the simulated stand is strongly influenced 

by the crown structure determined at the initial age. The patterns of average height growth 

appear to be predicted with high precision with the empirical submodel (equation 3.2) at any 

age. Average height, however, depended on site index through its relationship with site 

height. Although site index has been assumed invariant with time for most models, under 

changing environmental conditions and improved silvicultural practices like fertilization, site 
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index should be considered a variable (e.g., Battaglia et al. 1999). The expression of site 

index, which is an input for this model, could be replaced with submodels that estimate soil 

fertility and water availability that would affect site height, average height, and crown 

recession. If site index does not vary with time and average height can be predicted with high 

precision, the prediction of height to the crown base is critical for the model. If the initial 

height to the base of the crown is too low, crown ratios will be unrealistically large and height 

to the midpoint of the crown very unrealistically low, affecting the estimations of total leaf 

area and its distribution that are dependent on crown dimensions. The crown rise equation 

used in this model (equation 3.6) produced realistic predictions of crown length, with the 

exception of the combination of lowest initial tree density and site index. For this 

combination, initial predictions of height to the crown base apparently were too low, leading 

to somewhat large estimations of average leaf area. Unfortunately, no data were available to 

determine the trends in crown behavior during the period in which crown closure occurs. 

Crown recession is largely affected by variations in environmental conditions, being very 

sensitive to light, nutrient, and water limitations. The replacement of empirical models of 

crown recession with a process-based model is appealing for improving the present model. It 

appears feasible to develop a process submodel based on recent hypotheses about the relations 

between crown hydraulic architecture and light limitations at the crown bottom (e.g., Protz et 

al. 2000). 

In this model, leaf area and its distribution determine increases in stem size and 

growth and control the size-density relationship. Various allometric models were tested 

previously and incorporated in the model. Some of them were biased and producing 

underestimations or overestimations of leaf area that led to unrealistic results. For example, in 
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the cases in which leaf area was underestimated stem growth was very slow, resulting in 

lower mortality rates which produced unrealistic predictions of stand occupancy at a given 

stand age. Thus, unbiased and precise estimations of total leaf area or LAI are critical for this 

model. Precise estimations of leaf area or LAI for various ages and stand conditions could be 

obtained from a large number of trees or stands using recent developments in remote sensing 

techniques (e.g., LIDAR). Also, leaf area estimations could be provided through an available 

process-based model and its output used as input for this model. 

Leaf area distribution affected the model behavior by affecting stem taper and 

therefore, quadratic diameter. For example, fixing the physical center of leaf area to match 

with the center of the crown produced large increases in diameter that could not be 

compensated for by increases in mortality resulting in unrealistically elevated values of the 

stand density index and quadratic diameters. 

The uniform stress hypothesis adequately predicted stem taper and volume based on 

the crown structure. This equation could be less reliable in open or older stands, where the 

relationship between stand density and canopy properties appears to be weaker (Dean and 

Baldwin 1996a). At older ages, the size of the gaps created by fallen trees is larger, and the 

ability of neighboring trees to close the gap decreases (Zeide 1991). In this case, the 

relationship between canopy structure and stem growth could be more dependent on 

environmental factors than on stand density. There are complex models accounting for 

changes in wind profile acting on the crown and other factors that could produce better 

predictions of stem growth under such conditions (e.g., West et al. 1989). 

The mortality submodel produced realistic results. This model was superior to a model 

using the Reineke’s self-thinning line (Cao 1994) that produced a very fast decline in tree 
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density at early ages. The mortality submodel is very important because it determines the 

effect of stand density on crown structure. Although, mortality has a strong stochastic 

component, using the self-thinning principle as a basis for modeling mortality appears to be 

appropriate where density-related mortality is more predominant than mortality related to 

other causes. 

The feedbacks of stand development on which this model is based (Figure 3.1) 

provided an appropriate framework to built a simulation model incorporating mechanistic and 

empirical elements. In addition, the model produced realistic predictions of the development 

of closed, unthinned, loblolly pine stands under various combinations of initial tree densities 

and site index. The model has several advantages such as the possibility of replacing 

empirical routines with process-based routines (e.g., crown recession), or using outputs from 

process based models as inputs for the model (e.g., estimations of LAI or site quality). 

Besides its flexibility, this model can be used as a research tool for proposing hypotheses 

about the relationships between canopy dynamics and stand development and can guide the 

planning of experiments for testing them. The effect of silvicultural practices such as thinning 

could be incorporated in the model with some minor modifications, and the model could be 

employed to observe the effect of certain management decisions on stand development, thus 

becoming a management tool as well. 

3.5. SUMMARY AND CONCLUSIONS 

A novel process-related, non-carbon-based growth model for predicting the growth of 

closed, unthinned, loblolly pine (Pinus taeda L.) stands was developed and its ability to 

represent the dynamics of the canopy and stand growth was tested. The general concept of the 

model is based on the relationships between tree size and stand density as controlled by 
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chronological changes in canopy structure during the period of maximum, intertree 

competition. Several empirical routines were included when information about a given 

mechanistic process was not available. Overall, model predictions were in agreement with 

reported observations or proposed theories in relation to stand growth, size-density relations, 

and canopy dynamics and stand growth relationships. The model has several advantages such 

as the ability of replacing empirical routines with process-based routines, or using outputs 

from process based models as inputs for the model. The model has potential to be used as a 

research tool for proposing hypotheses about the relationships between canopy dynamics and 

stand development, and serve as a guide for planning experiments to test such hypothesis. In 

addition, it has the potential to be used as a management tool. 
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CHAPTER 4 

PATTERNS OF BRANCH PERMEABILITY WITH CROWN DEPTH AMONG 
LOBLOLLY PINE FAMILIES DIFFERING IN GROWTH RATE AND CROWN 

SIZE 

4.1. INTRODUCTION 

Hydraulic permeability, the ability of sapwood to conduct water, is an indicator of 

water transporting efficiency of stems and branches. Its influence on leaf area--sapwood area 

relationships in trees is well known (Whitehead et al. 1984; Pothier et al. 1989a,b; Margolis et 

al. 1995). Hydraulic architecture, the differential patterns of hydraulic efficiency among tree 

components, in combination with stomatal control, regulate water flux within trees in the face 

of increasing height, changing water availability, and varying atmospheric conditions (Phillips 

et al. 2001). Thus, differential patterns of hydraulic permeability among tree parts may be a 

critical factor limiting tree size and crown dimensions. Protz et al. (2000), for example, found 

a possible association between reduced branch permeability at the bottom of the crown and 

branch death in lodgepole pine (Pinus contorta Dougl. ex Loud.). 

Permeability is affected by stand density (Keane and Weetman 1987), site quality 

(Pothier et al. 1989a,b), bending stress (Dean 1991; Fredericksen et al. 1994), fertilization 

(Whitehead et al. 1984; Dean 1991), age (Pothier et al. 1989a,b), and light (Schultz and 

Matthews 1993; Protz et al. 2000). These factors are known to affect individual tree growth. 

Several studies have shown faster growth rates to be associated with higher values of 

permeability in conifers (Booker and Kininmonth 1978; Edwards and Jarvis 1982; Whitehead 

et al. 1984; Pothier et al. 1989b). However, not all studies have found an effect of growth rate 

on permeability (e.g., Comstock 1970; Maherali and DeLucia 2000). If growth rate is 

correlated with permeability, then trees from families or provenances identified as “fast-
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growers” might show differing patterns of stem and branch permeability relative to families or 

provenances considered as “slow-growers”. Conversely, trees from families characterized by 

having large crowns might also show such differences relative to small crown families. 

Differing patterns of stem and branch permeability might have an important effect in how the 

foliage at a given crown depth responds to environmental stresses such as reduction in light 

availability and water deficits, thus producing changes in crown structure such as foliage 

density, crown length, and rates of foliage growth and senescence. Protz et al. (2000), for 

example, reported that needle mortality rate in lower branches of lodgepole doubled the 

mortality rate observed in upper whorls. Needle mortality rate was also higher in branches 

whose permeability had been artificially reduced. 

Longitudinal and radial patterns in stem permeability with tree dominance, stand 

density, and site quality have been analyzed for loblolly pine (Shelburne et al. 1993; 

Shelburne and Hedden 1996). However, patterns in branch permeability in loblolly pine trees 

are unknown. The objectives of this study were to (1) identify differences in stem top 

permeability and patterns of branch permeability with crown depth in specific loblolly pine 

families selected for differences in growth rate and crown size, and (2) examine if branch 

permeability shows any association with differences in the foliage structure of these families. 

4.2. MATERIALS AND METHODS 

The study site is located in Winston County, MS on the John Starr Memorial Forest 

near Starkville (33o 16'N, 88o 52'W). This is an interior flatwood site underlain with a Glossic 

Fragiudult soil (Prentiss loam). Average annual temperature at the site is 17.2 oC. Average 

annual precipitation is 1430 mm. Site index at base age 25 years is approximately 23 m.  



 55

Data were collected in August 1999 from a progeny trial planted in July 1985 

comprising eight families from eastern North Carolina (Land et al. 1990). These families were 

chosen based on a 12-year progeny test in North Carolina to represent combinations of fast 

and slow growth with small and large-crowns (two families of each combination). Trees were 

selected from a single planting block where families were arranged in row plots 3 meters apart 

(1.5 m between trees). After discarding border, forked, and broken-top trees, a sample of 47 

(five to nine trees per family) was used for the analysis. One of the fast-growth, large-crown 

families was excluded as all trees belonged to the south border of the plantation. Sample trees 

represent the range of stem diameters and tree heights present within each family. Diameter at 

breast height (DBH, 1.37 m) ranged from 11.6 to 25.3 cm. Total height ranged from 10.0 to 

18.8 m. 

Prior to felling, each tree was measured for DBH, total height, height to base of the 

live crown and crown width (average of maximum and minimum crown diameters measured 

from ground level). After felling, the stem was divided into 1-m sections. Within the crown, 

branches were removed from each section and separated into current-year foliage and twigs, 

previous year’s foliage and twigs, and nonfoliated live branches. Each component was 

weighed fresh, and a subsample was removed for determination of moisture content and 

proportions of foliage and branch mass within each component. Approximately 20 needle 

fascicles were collected from each age class of foliage within each section, stored on ice, and 

returned to the lab for specific leaf area (SLA) determination.  

From each crown section, a representative branch was selected, and a 20-25 cm branch 

section was taken 5 cm from the branch base. A 20-25 cm section of the main stem was taken 

at 1-meter from the terminal. Cut samples were sealed immediately in plastic bags, and stored 
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on ice to prevent drying or contamination. In the laboratory, the branch and stem segments 

were submerged for five minutes in a solution of 0.5 % of sodium hypochlorite to protect the 

samples from microbial contamination and then stored at 4°C. Only branches 2-year-old or 

older were used, as current year branches did not store well. 

Biomass subsamples were dried to a constant weight at 80° C. Foliage was separated 

from twigs to determine foliage mass--wood mass ratios for each component per section. The 

fresh needle samples were separated from the fascicle sheaths, and projected area was 

determined with an optical planimeter (LiCor Model 3000). The samples were then dried and 

weighed to determine SLA (cm2/g). Fresh mass--dry mass ratios, foliage mass--wood mass 

ratios, and SLA were used to calculate a projected leaf area (LA) for both current-year and 

previous year’s foliage for each 1-meter crown section. Section totals were summed for total 

crown LA. The relative crown depth of each sampled branch was calculated as the relative 

position of the midpoint of the section where the branch resided.  

4.2.1. Permeability measurements 

Permeability was measured according to the technique developed by Booker (1977). 

An apparatus similar to that described by Sperry et al. (1988) was built using a PVC pipe 

capped at both ends as water reservoir. The top end was connected with a hose to a source of 

pressurized air. A five-position manifold was attached at the bottom of the tank. A pressure 

regulator maintained constant pressure within the system during the measurements, and 

gauges along the manifold were used to record actual pressure where the branch segment was 

attached to the outlet. The tank was filled with a solution (pH ≈2) of distilled water and 

hydrochloric acid (HCL). The HCL was used to minimize microbial growth that could lead to 
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decline in conductivity (Sperry et al. 1988). The solution was degassed with a 0.22 µm 

Hellmann filter. 

Prior to measurement, both ends of the branch segments were resawn under water. The 

ends were then carefully shaved with a sharp razor blade to ensure open tracheids. The basal 

end of the segment was fit with flexible tubing and attached to the apparatus. Samples were 

perfused following the natural direction of flow. The solution was passed through the sample 

segments by applying 130 to 175 KPa of pressure. Flux was measured after checking for 

stable pressure. Flux stabilized usually after 10 minutes. The average of three consecutive flux 

measurements was used to determine the permeability of the segment. Water passing through 

the segments was collected in previously weighed glass beakers. Average water temperature 

varied between 20 and 21 °C. The mass of collected water was measured in a precision 

balance (Sartorius) and converted to volume using the density of water at the measured 

temperature. After measurement, total length and two perpendicular measures of diameter 

under bark were taken at both ends of the sample. Permeability was calculated according to 

Darcy’s law:  

(4.1)  
∆Ψ×
××

=
A

lq ηk , 

where k is permeability (m2), q is the water flux (m3/s), l is the length of the segment (m), A is 

sapwood cross-sectional area (m2), ∆Ψ is water potential drop (MPa); and η (ΜPa × s) is the 

viscosity of water at ambient temperature (20°C). Sapwood cross-sectional area was assumed 

as the total cross-sectional area of the segment determined by averaging the diameter under 

bark at both ends of the segment. 
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4.2.2. Statistical analysis 

The fixed-effects model for a completely randomized design with factorial treatments 

was used to assess if permeability measured at the top of the stem was significantly different 

for families selected for differences in growth rate and crown size. The linear model is 

(4.2)  ijkijjiijkY εατταµ ++++= )( ,    i =1,2 j = 1,2  k=1,..,9, 

where Yijk denotes the permeability of the kth sample, µ denotes the overall mean, αi denotes 

the effect of the ith growth rate level (fast, slow), τj denotes the effect of the jth crown size 

level (large, small), and (ατ)ij denotes the interaction between the ith growth rate and the jth 

crown size. 

The linear model used to analyze differences in branch permeability for levels of 

growth rate, crown size, and permeability change with relative crown depth is 

(4.3)  ijkmjkiijkmjkkjjkkjijkm RCDY εγφρδβϕταµ +++++++++= )()()()( , 

where Yijkm is the mth value of permeability (m2×10-12) for the ith tree at the jth growth rate level 

and kth crown size level for a branch located a given relative crown depth (RCD). The term 

γi(jk) denotes a random effect included to account for differences among trees (experimental 

units), and εijkm is the error term. The parameter µ is the overall mean intercept, αj is the 

effect of growth rate level on the intercept, τk is the effect of the crown size level, and ϕjk 

represents the effect of the interaction between growth rate and crown size. The parameter 

β represents the overall slope with respect to relative crown depth, δj is the effect of growth 

rate level on the slope, ρk is the effect of the crown size level, and φjk represents the effect of 

the interaction between growth rate and crown size on the slope. To determine the appropriate 

form of the model, the covariance analysis methodology proposed by Littell et al. (1999) was 
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followed. The Mixed Procedure of SAS (Statistical Analysis System v. 8.1, Cary, NC) was 

used to carry out the analysis. Patterns in the current leaf area--total leaf area ratio (AC/AL) 

with relative crown depth for levels of growth rate and crown size were examined with the 

following linear model: 

(4.4) ijkmjki
p

ijkm
p

jkkjjkkjijkm RCDY εγφρδβϕταµ +++++++++= ∑
=

)(

2

1
)()()(  

where all symbols are the same as in equation (4.3) and ΣRCDp represents a second degree 

polynomial function. 

For all analyses, a significance level of α = 0.10 was used. This critical value 

compensates for the lower statistical power of field studies (Peterman 1990). Residual 

analyses were carried out to test if the data met the model’s assumptions, and appropriate 

transformations were applied to the data when departures were present. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Top stem permeability 

Values of permeability for main stem samples averaged 2.0 × 10-12 m2. These values 

are somewhat lower than those measured in other studies. Shelburne and Hedden (1996) 

found average values of 4.29 × 10-12 m2 at the upper part of the main stem of 30-year old 

loblolly pine trees. Fredericksen et al. (1994) found average values of 2.05 × 10-12 in 30-year 

old loblolly pine trees artificially bent with pulleys and 2.43 × 10-12 m2 in stems of trees 

growing under normal conditions. The lower permeabilities observed in the present study are 

not extraordinary, as other studies have reported increases in stem permeability with age. For 

instance, Pothier et al. (1989b) found that permeability increased with age (15 to 35 years) 

and decreased with height within crowns of jack pine (Pinus banksiana Lamb.). For 15-year 
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old trees, they reported an average permeability of 1.4 ×10-12 m2 at the base of the upper third 

of the crown. 

Equation (4.2) was fit to the natural logarithm of permeability to correct for observed 

departures from normality and constant variance when fit to the untransformed data. The 

analysis of variance of the natural logarithm of permeability indicated, neither significant 

interaction between crown size and growth rate (P = 0.823), nor significant differences for 

families differing in growth rate (P = 0.481). Families differing in crown size, however, 

differed significantly in permeability (P = 0.003). The mean permeability of large-crown 

families was lower than the permeability of small-crown families (Figure 4.1). Other studies 

have shown that the strength of apical control is positively related to shoot hydraulic capacity 

(Sellin 1987; Joyce and Steiner 1995), suggesting a link between stem straightness and 

sapwood permeability. A study carried out by Land et al. (1990) on these same families at 5-

years-old showed that large-crown families tended to have more crooked stems and larger 

branches than small-crown families. They suggested that this could result from reduced apical 

control or the large branches increasing the risk of the top breaking out of the trees. 

4.3.2. Branch permeability 

Branch permeability for the sample averaged 0.74 × 10 -12 ranging from 0.12 × 10 -12 to 

3.5 × 10 -12. Protz et al. (2000) measured permeability values ranging from 0.16 × 10 -5 to 0.26 

× 10 -5 m2 for lower branches of lodgepole pine trees growing in closed stands. Although I 

found a significant trend of decreasing permeability with increasing relative crown depth, 

values for individual branches at similar relative crown depth varied widely. I assumed, 

initially, that microclimatic conditions within the stand were relatively homogeneous at 

similar canopy depths; therefore, no information on branch orientation was recorded. 
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Figure 4.1. Mean values of hydraulic permeability at the top of stem of loblolly pine families 
differing in crown size. Sample size is 17 and 28 for large and small-crown size families 
respectively. P is the p-value for the effect of crown size using the model represented by eq. 
4.2. Error bars are standard errors. Data are from a progeny trial established in 1985 on the 
John Starr Memorial Forest near Starkville, MS, USA. 
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Differences in branch aspect may have considerable effect on branch physiology, however. 

Working in thinned, loblolly pine plantations, Gravatt (1994) found differences in the 

morphology and physiology of branches located on the northern and southern aspects of the 

crown. 

Branch permeability was logarithmically transformed to correct for departures from 

normality and homogeneous variance. Analysis of the full model as illustrated by equation 

(4.3) indicated that neither families differing in growth rate (P = 0.178) nor crown size (P = 

0.226) differed significantly in the slope between ln(k) and RCD. Therefore, a reduced model 

was fit with a common slope (β) 

(4.5)  ijkmjkiijkmjkkjijkm RCDY εγβϕταµ ++⋅++++= )()()( . 

The reduced model had a significant negative slope (P = 0.003). The interaction and growth 

rate terms were not significant (Table 4.1); however, there was a significant, positive effect of 

the crown size term (P=0.042). Thus, parallel lines with common slope but different intercepts 

describe changes in permeability with relative crown depth for large and small crown families 

(Figure 4.2). 

Despite the large variability, permeability clearly decreased with crown depth. Protz et 

al. (2000) also reported lower values of branch permeability in the lower portions of crowns 

in both closed and open stands, the difference being greater in closed stands. Mencuccini and 

Grace (1996) studied age-related changes of hydraulic conductance in stems and branches of 

Scots pine, found that for branches of similar size, conductance was consistently lower at the 

bottom of the crown than at the top of the crown. Protz et al. (2000) suggest that reduced 

photosynthetic efficiency of branches in the lower crown is a consequence of hydraulic 
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Table 4.1. Results for the mixed covariance analysis for the natural logarithm of branch 
permeability (m2 x 10-12) of loblolly pine families assuming different intercepts and a 
common slope for combinations of growth rate and crown size. Relative crown depth is 
treated as a covariate. Data are from a progeny trial planted in 1985 on the John Starr 
Memorial Forest near Starkville, MS, USA. 

 
Effects F-value P-value 

Growth rate (GR) 0.51 0.481 
Crown size (CS) 4.41 0.042 
GR × CS 0.05 0.823 
Relative crown depth 9.51 0.002 
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Figure 4.2. Branch permeability as a function of relative crown depth (RCD) and crown size 
(CS). Regression lines were obtained from the model Ln(k) = -0.374 + 0.2859× D – 0.45701× 
RCD, where D=0 for small-crown families and D=1 for large crown families. Data are from a 
progeny trial planted in 1985 on the John Starr Memorial Forest near Starkville, MS, USA. 
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limitations. They found that lower branches showed lower values of permeability and reduced 

stomatal conductance with respect to upper branches on lodgepole pine trees growing in 

closed stands. In addition, lower branches were more likely to die than upper branches under 

drought conditions when branch permeability was artificially reduced by means of drilling 

holes in the xylem. They suggested that reduced hydraulic permeability was an important 

factor in causing mortality of shaded branches at the bottom of the crown. 

No differences in permeability at the stem or branch level were found for families 

differing in growth rate. Some studies have found a positive association between growth rate 

and stem permeability (Whitehead et al. 1984, Pothier et al. 1989a). However, Maherali and 

DeLucia (2000) reported that ponderosa pine (Pinus ponderosa Laws.) trees growing in a 

desert climate have higher specific conductivities but lower growth rates than trees growing in 

humid, montane climates, thus the larger specific conductivities observed in desert trees could 

not be attributed to larger growth rates. 

The significantly greater mean branch permeability observed in the large-crown 

families contrasts with the lower values measured at the top of the main stem relative to the 

small-crown families. These large-crown families have been identified as “competitor” 

genotypes that, when growing on wide spacing, may be capable of allocating more 

photosynthate to lateral branches at the cost of some apical control (Land et al. 1990). 

Large-crown and small-crown families did not differ in total foliage amount or crown 

dimensions (Table 4.2), but they differed significantly in current foliage--total foliage and leaf 

area--branch mass ratios. A weak but significant correlation was found between branch 

permeability and current foliage--total foliage ratio (r = 0.11, P = 0.07) for a given relative 

crown depth. The covariance model (equation 4.4) describing the relationship between current 
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Table 4.2. Mean values and results of the t-test (α = 0.1) for mean differences of crown 
dimensions and foliage variables in loblolly pine families differing in crown size. In 
parenthesis are standard errors. Data are from a progeny trial planted in 1985 on the John 
Starr Memorial Forest near Starkville, MS, USA. 
 

 Crown size  

 Large Small P-value 

Sample size 18 29  
Total height (m) 16.8 (0.2) 17.1 (0.2) 0.462 
Height to base of first live branch (m) 9.3 (0.2) 9.6 (0.2) 0.983 
Live crown length (m) 7.7 (0.3) 7.5 (0.2) 0.654 
Crown ratio 0.36 (0.1) 0.36 (0.1) 0.363 
Leaf area (m2) 27.7 (10.2) 28.7 (13.1) 0.708 
Leaf area density (m2/m3) 0.1 (0.02) 0.12 (0.04) 0.060 
Current foliage area-- total foliage area ratio 0.67 (0.09) 0.57 (0.07) 0.002 
Leaf area--branch mass ratio (m2/kg) 1.65 (0.51) 2.16 (0.61) 0.005 
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and total leaf area showed significant interactions of the crown size term with linear and 

quadratic terms of relative crown depth (Table 4.3). The relation was further examined with a 

reduced model including only crown size and using statistical contrasts at fixed 20 % intervals 

of crown depth. These results show large-crown families having significantly larger amounts 

of current leaf area relative to total leaf area in the lower two-thirds of the crown relative to 

small-crown families. Thus, it appears that large-crown families maintain a greater number of 

active terminal buds lower in the crown than small-crown families. 

There were no differences in height to the base of the live crown or crown length 

between large and small crown families, suggesting, that differences in permeability do not 

affect rates of crown recession. However, small-crown families did support greater amounts 

of leaf area per unit of branch mass (Table 4.2) and differed in current foliage--total foliage 

ratios along the crown, suggesting differences in crown structure. 

The observed differences in patterns of stem-top and branch permeability between 

large and small-crown size families growing in the same environment suggest the presence of 

a genetic component affecting the hydraulic architecture of loblolly pine trees. The expression 

of that genetic component on the crown structure of these families may depend, however, on 

environmental factors. 

4.4. SUMMARY AND CONCLUSIONS 

Patterns in branch permeability with crown depth and permeability at the top of the 

main stem were analyzed for loblolly pine (Pinus taeda L.) trees from families selected for 

differences in growth rate (fast, slow) and crown size (large, small). Permeability at the top of 

the stem averaged 2.0 × 10-12 m2, being significantly lower for large-crown families than for 

small-crown families. Average branch permeability was lower (0.74 × 10-12 m2) than stem top 
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Table 4.3. Results for the analysis of the final mixed covariance model for current foliage--
total foliage area ratio in loblolly pine families differing in crown size. Levels for contrasts at 
selected crown depths are denoted by CSL (large-crown size) and CSS (small-crown size). 
Data are from a progeny trial planted in 1985 on the John Starr Memorial Forest near 
Starkville, MS, USA. 

 
Effects F P-value 

Crown size (CS) 4.33 0.038 
RCD 101.20 <.001 
RCD × CS 7.17 0.008 
RCD2 57.80 <.001 
RCD2 × CS 4.67 0.031 
Contrasts T P-value 

CSL vs. CSS at RCD = 0.2 0.39 0.700 
CSL vs. CSS at RCD = 0.4 2.78 <.001 
CSL vs. CSS at RCD = 0.6 2.81 <.001 
CSL vs. CSS at RCD = 0.8 2.79 <.001 
CSL vs. CSS at RCD = 1.0 2.77 <.001 
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permeability and decreased significantly with crown depth. Large-crown families had higher 

branch permeability along the crown than small-crown families. The average permeability in 

stems and branches did not differ significantly between fast and slow-growth rate families. 

Large crown families had significantly larger current--total leaf area ratios in the lower two-

thirds of the crown. There was a weak but significant association between branch 

permeability and current--total leaf area ratios for a given relative crown depth. The observed 

differences in patterns of stem-top and branch permeability between large and small-crown 

size families growing in the same environment suggest the presence of a genetic component 

affecting the hydraulic architecture of loblolly pine trees. The expression of that genetic 

component on the crown structure of these families may depend, however, on environmental 

factors. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

This study, examined several factors of canopy structure and their influences on the 

stand development in loblolly pine (Pinus taeda L.) plantations from a modeling perspective. 

Aspects of the canopy such as foliage distribution, crown hydraulic architecture, and the 

effect of chronological changes in canopy structure on stand development were explored as 

possible components of a future process-based model intended for management purposes. 

The quantitative description of vertical leaf area distribution is an essential component 

in forest growth models because the spatial distribution of foliage and its supporting structures 

determine the pattern of light attenuation and the distribution of photosynthesis, transpiration, 

and nutrient cycling and because strongly influences stem growth and form. A model based 

on the Johnson’s SB distribution was developed for predicting leaf area distribution of loblolly 

pine (Pinus taeda L.) trees from measurements of various tree dimensions. The model 

predicted well the cumulative fractions of leaf area along the crown, but errors were amplified 

when transformed to absolute values of leaf area, reducing the apparent precision of the 

model. The model has the potential to be included in forest growth models where an accurate 

description of leaf area distribution is necessary. A modification of this model was 

implemented in the preliminary model subsequently built. 

A novel process-related, non-carbon-based growth model for predicting the growth of 

closed, unthinned, loblolly pine (Pinus taeda L.) stands was developed and its ability to 

represent the dynamics of the canopy and stand growth was tested. The general concept of the 

model is based on the relationships between tree size and stand density as controlled by 

chronological changes in canopy structure during the period of maximum, intertree 
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competition. Several empirical routines were included when information about a given 

mechanistic process was not available. Overall, model predictions were in agreement with 

reported observations or proposed theories in relation to stand growth, size-density relations, 

and relationships between canopy dynamics and stand growth. The model has several 

advantages such as the ability of replacing empirical routines with process-based routines or 

using outputs from process based models as inputs for the model. 

A critical component affecting the model behavior was the submodel of crown 

recession. This component was modeled empirically and had a reasonable performance within 

certain limits of density and site index, but as any empirically based model it was less 

satisfactory when simulations were run for stands with characteristics outside the range of 

conditions used in model construction. Given the large effects that physiology and 

environment have in the process of crown recession and its influence on canopy structure, it 

was deemed reasonable to analyze the possibility of replacing the empirical process for a 

process-based submodel. However, the processes intervening in crown recession are not 

totally understood, and the effort was dedicated to examine some physiological aspects that 

could be critical for the development of future models describing this process. Particularly, 

the hydraulic architecture of loblolly pine crowns is a topic that has been little explored and 

could have consequences on photosynthetic efficiency observed at the bottom of the crown. In 

this study, patterns in branch permeability with crown depth and permeability at the top of the 

main stem were analyzed for loblolly pine (Pinus taeda L.) trees from families selected for 

differences in growth rate (fast, slow) and crown size (large, small). The results showed 

significant differences between patterns of stem and branch permeability and that genetic 

differences affect this pattern. In addition, branch permeability decreased significantly from 
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the top to the bottom of the crown. Although, large crown families had significantly larger 

current--total leaf area ratios in the lower two-thirds of the crown than small crown families, 

only a weak but significant association between branch permeability and current--total leaf 

area ratios was found. These results show that variations in the hydraulic architecture of the 

crown of loblolly pine trees may be an important factor in regulating the process of crown 

recession. More research is required, however, before the effect of hydraulic architecture can 

be used for modeling crown recession, particularly studies that examine the relationships 

between hydraulic efficiency and light limitations. So far, little research has been done in this 

respect (e.g., Schultz and Matthews 1993, Protz et al. 2000). 

The study showed the potential of using a process approach to conceptualize a forest 

growth model and utilizing mechanistic and empirical elements in the construction of the 

simulator. In addition, the integration and synthesis of information coming from diverse 

sources in the model allows the possibility of detecting deficiencies in the understanding of 

key processes and provide a guide for formulating hypotheses and planning experiments to fill 

the gaps in knowledge of the factors regulating stand development. 
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