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ABSTRACT 

Leaf area and crown dynamics control how trees grow through their supply of carbohydrates and 

growth regulators, and their influence on tree mechanical stability.  The influence of leaf area 

and crown dynamics to tree growth was investigated by testing the interdependence between leaf 

area, branch, and stem growth on young loblolly pine trees. The objectives were to  (1) 

determine the influence of current and previous year’s leaf area on  elongation of branches; (2) 

describe and test a unique way of quantitatively measuring the effect of neighbor branches on net 

growth of a target branch;  (3) quantify the growth impact of reduced leaf area on selected 

branch whorls on stem diameter growth; and (4) describe the changes in the stem profile of 

young loblolly pine trees in response to different combinations of artificial defoliation and shade 

stress treatments. A series of shade and defoliation treatments were applied on branches on the 

fourth (target) whorl from the top of selected trees, considering the positional effect of branches 

in the crown. Ten trees were randomly assigned one of nine treatments designed to effect the 

carbohydrate production and growth factors on branch growth. Three levels of treatments 

unaltered control, foliage removed, or foliage shaded, were applied on the target branches or its 

upper and lower neighbors. Treatments were replicated twice in each of the five blocks in the 

field. Growth responses were measured from elongation of terminal leaders, diameter of 

branches on the target whorl, and the diameter of internodes adjacent to treated branches. Results 

show that elongation of terminal buds and growth of new leaves were affected by removal or 

shading of leaf area and the initial base diameter of the branch. The number of new fascicles, 

representing stem units carried on a bud, could be predicted with the length of the fully elongated 

bud using the power law. Growth in tree diameter was sensitive to minor changes in the leaf area 

of the tree crown. Stem profiles varied with reduction in leaf area of selected branches, and the 
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effect of treatments was localized to internodes immediately above or below the branch whorls 

that were treated.  

Key words: Branch autonomy, Branch growth,  Crown dynamics, Defoliation, Leaf area, Shade 
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CHAPTER 1 INTRODUCTION 

Background  

Extension growth in trees occurs when shoot and root apical meristems extend. Shoot apical 

meristems give rise to leaves and branches while root apical meristems give rise to roots. Basal 

area is by action of the cambium which divides to form xylem to the inside and phloem to the 

outside. The balance in growth of foliage and stem or branch components gives trees their 

distinct crown shapes and plays a role in determining their growth rates (Ford, 1985). Growth of 

branches to specific crown shapes is partly endogenously controlled by action of growth 

hormones (Wilson, 2000). Irrespective of the form, growth of the crown maximizes leaf display 

for light interception (Fisher and Honda, 1979; Monsi and Saeki, 2005).   

Several mechanisms of stem formation have been proposed, among them are the crown centered 

mechanisms based on the pipe model (Rennolls, 1994; Shinozaki et al., 1964a) and the 

mechanical models that emphasize the distribution of bending stress on the stem (Dean and 

Long, 1986a; Metzger, 1893). However, no general mechanism has been agreed upon, but some 

authors have suggested that multiple factors, including mechanical bending and crown 

morphology are likely to be simultaneously involved in the development of stem form in trees 

(Osawa, 1993). 

The functional link between leaf area and stem transport was first quantified by (Huber 1928), 

and was later expanded by Shinozaki and other workers (1964) to describe the pipe model 

theory. Per the pipe model, a unit mass of leaf area is serviced by a constant cross-sectional area 

of conducting sapwood.  There is also the established principle that the cross-sectional area of 

the stem at a given height in the crown is linearly related to the total leaf area above that point 
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times the distance to the center of the leaf area raised to 1/3 power (Dean and Long, 1986a; 

Shinozaki et al., 1964a; Shinozaki et al., 1964b). The pipe model theory forms the basis for many 

established relationships between tree sapwood cross-sectional area and leaf mass (Grier and 

Waring, 1974) or leaf area (Dean and Long, 1986b; Dean et al., 1988; Kaufmann and Troendle, 

1981). 

The tree crown grows as a unit, but leaf area on individual branches in the crown has a 

controlling effect on how branches grow. The top young shoots initially depend on reserves and 

imported carbohydrates for growth due to undeveloped leaf area, but quickly adapt to self-

sufficiency as leaves expand to maturity (Zimmerman and Brown, 1971). Branches in the middle 

crown are generally self-sufficient in carbohydrate supply due to fully developed leaf area and 

are able to export to neighboring shoots. Mature lower branches are considered autonomous in 

carbon demands (Sprugel et al., 1991) and therefore may have minimal contribution to 

carbohydrate requirements of other shoots or the stem (Roberts, 1994). Other studies have shown 

a more dynamic crown in which branches within the crown are interdependent in carbon supply 

in that carbohydrates are imported and exported depending on the need (Sprugel, 2002; 

Zimmerman and Brown, 1971). Growing tips and reproductive structures are documented to 

draw carbohydrates from far distances within the tree to satisfy their nutrient requirements 

(Wardlaw, 1990). Despite slowed growth, lower branches still respond to apical control exerted 

by terminal shoots, a phenomenon that demonstrates a more coordinated growth. 

Trees are considered an assemblage of self-similar, repetitive modules (White, 1979) arranged in 

a hierarchical model giving rise to a fractal structure (West et al., 1999). The question of 

autonomy of units such as branches has been a subject of many studies but remains unresolved 

(Sprugel, 2002; Sprugel et al., 1991; Watson and Casper, 1984). While absolute branch 
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autonomy would be considered unrealistic, this question can be resolved by examining 

acquisition, recycling, and assimilation of resources of interest. Physiological and anatomical 

patterns observed in trees provide evidence that tree branches maintain unique local control of 

resources such as water and carbohydrates (McCutchan and Shackel, 1992). Branches rely on 

stem structure for anchorage and water supply and therefore cannot be considered autonomous 

regarding water and mineral element acquisition. Branches can however be autonomous in 

carbon requirements due to the photosynthetic ability of local foliage. Young terminal shoots 

rely on other branches for carbohydrate supply until they are able to satisfy local respiration 

needs (Pallardy, 2010). The threshold at which a branch becomes self-reliant on carbon is still 

unknown, though it is thought to be a gradual transition. Resolving the question of branch 

autonomy will be useful in explaining how trees respond to inter-crown competition, differential 

shading and defoliation. 

Photosynthesis takes place primarily in foliage but wood constitute the bulk of biomass stock in 

trees. Complex mechanisms control allocation patterns of manufactured carbohydrate between 

foliage, growth, and wood. Studies show that allocation patterns are controlled by many factors 

including tree specific internal factors, source-sink relations (Kozlowski, 1992), environmental 

conditions (Dewar et al., 1994), hormones, and developmental stage (Wardlaw, 1990).  

Growth patterns in trees vary widely between species. In the genus Pinus, some species such as 

P. resinosa, P. contorta and P. sylvestris exhibit determinate growth within a season, while 

others such as P. radiata, P. elliottii and P. taeda have indeterminate growth. Loblolly pine (P. 

taeda L) demonstrates free growth (Dougherty et al., 1994) and therefore has multiple flushes of 

shoot growth per growth season (Tang et al., 1999). The first flush grows from preformed buds 

while subsequent flushes develop from neoformed buds.  The leaf primodia for the first flush is 
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laid in the previous growing season and therefore though elongation of the bud and foliage 

occurs in the spring, the number of foliage was fixed in the previous fall. Development of shoot 

and foliage primodia for the subsequent flushes occurs concurrently in the current growing 

season (Dougherty et al., 1994). The extent and number of flushes per shoot is determined by 

crown position (Tang et al., 1999), hormones, environment, and substrate availability. Variation 

in number of flushes with crown depth is an indication of the role of stage of development of 

individual branches and light availability within the crown. 

There is coordinated growth between leaf area, main stem and branches based on the established 

functional relationships that allow movement of substrates, water and growth regulators within 

the tree. Various authors have studied the functional relationship between leaf area, leaf mass 

and stem sapwood (Huber, 1928; Shinozaki et al., 1964a) (Grier and Waring, 1974) (Dean et al., 

1988; Kaufmann and Troendle, 1981). The mechanism on how leaf area contributes to form and 

taper of stem could be attributed to carbon relations (Långström et al., 1990), physiological 

responses (Larson, 1963), or distribution of mechanical stress (Dean and Long, 1986a). Studies 

show that stem growth responds to changes in crown leaf area. In a pruning study, Stein (1955) 

observed that diameter growth was significantly reduced when over 40% of the live crown was 

pruned. When studying loss of leaf area on selected branches, it is anticipated that the effect of 

treatments on branches would be reflected in growth of the tree stem. 

This study investigates the triggers of balance and interdependence between leaf area, branches 

in the crown, and the mechanisms of how crown dynamics contributes to growth of stem wood. I 

will attempt to quantify branch interactions in the crown using a series of defoliation and shading 

treatments that are designed to effect carbohydrate and growth factors on branch whorls and 
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stem.  The contribution of branch whorls to stem growth, and the distribution of growth along the 

stem is also examined in an attempt to describe the mechanisms behind stem formation. 

Research Objectives 

The overall objective of this study was to describe the how the crown centered models of stem 

formation are integrated into the knowledge of the functional crown in accounting for stem 

growth. The specific objectives include the following: 

(1) to describe and test a unique way of quantitatively measuring the effect of neighbor 

branches on net growth of a target branch (interdependence of branches); 

(2) to describe the changes in the stem profile of young loblolly pine trees in response to 

different combinations of artificial defoliation and shade stress treatments; 

(3) to quantify the growth impact of reduced leaf area on selected branch whorls on 

diameter growth; and  

(4) to determine the influence of current and previous year’s leaf area on elongation of 

branches. 

General Methods 

This study was conducted at Lee Memorial Forest, southeastern Louisiana (Fig 1-1). Trees used 

for this study were planted in 2012 in five isolated field blocks measuring 27 m x 27 m. Three 

blocks were planted at spacing of 3 m x 3 m while two blocks were planted at spacing of 1.59 m 

x 1.59 m. Second generation containerized loblolly pine (Pinus taeda L.) seedlings were sourced 

from the Plum Creek nursery in Hazlehurst, Mississippi. The seedlings were planted the same 

time using the same protocol. In 2015, 18 trees of good form were selected from each block 
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along the outer boundary of the blocks. Each of the nine treatment combinations were assigned 

on individual trees, and replicated in each block. 

 

 

Figure 1-1 Location of Lee Memorial Forest of Louisiana State University, in southeastern 

Louisiana. Inset shows location of Louisiana, US  
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Synopsis of the chapters 

This study reconciles the concepts of functional crown and the crown driven models of stem 

formation in an attempt to describe the mechanisms behind that control stem formation. Chapter 

2 presents a unique method of quantifying the interaction of branches in the crown. The novel 

method helps to isolate the effect of neighbor branches on net growth of a target branch. The 

influence of neighbor branches is successfully quantified. Chapter 3 analyzes the effect of 

reduced leaf area and treatments on the upper stem. The effects of treatments are analyzed by 

comparing stem profiles of treated trees with that of the untreated control. Linear mixed effects 

model is used to describe the stem profiles. Chapter 4 describes the observed growth responses 

from reduced leaf area in the crown. Radial growth is determined from the width of growth rings 

and the cross-sectional area of growth rings along the stem profile for two growth seasons. The 

effect on stem form is also related to stem profile and it reveals predictable patterns of tree 

response to the proportion of leaf area removed from the tree. Chapter 5 examines how leaf area 

and shoot elongation interact. Elongation of terminal buds and growth of new leaves are affected 

by last year’s leaf area and size of the branch. The number of new fascicles, representing stem 

units carried on a bud, can be predicted from the length of the fully elongated bud.  
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CHAPTER 2 ELONGATION OF BRANCHES AND GROWTH OF NEW LEAVES AS 

INFLUENCED BY LOSS OF LEAF AREA 

Introduction 

Shoots grow from action of apical meristems, which are also responsible for production of leaves 

and branches. The balance of foliage and stem or branch components gives trees their distinct 

crown shapes (Ford, 1985) and plays a role in determining their growth rates. Shoots grow while 

putting on new leaves that are displayed to maximize light interception (Fisher and Honda, 

1979). Branches are critical in supporting leaves just as leaves are critical in supplying 

carbohydrates for maintenance and growth. Growth of leaf area and shoots are therefore 

interdependent, but the distribution of growth between leaf area and shoot elongation varies.  

Though photosynthesis takes place primarily in foliage, supporting structures such as branches 

and stem constitute the bulk of biomass stock in trees. This could be attributable to a tree’s 

growth to achieve mechanical stability, and the short lifespan of leaves. The mechanisms that 

control allocation patterns of manufactured carbohydrate between foliage, growth, and structures 

are influenced by many factors including tree specific internal factors, source-sink relations 

(Kozlowski, 1992) environmental conditions (Dewar et al., 1994), hormones, and developmental 

stage (Wardlaw, 1990). Studies show that carbohydrate allocation is driven by source-sink 

relations (Kozlowski, 1992; Wardlaw, 1990) and that strong carbohydrate sinks such as 

elongating buds and reproductive organs are able to draw assimilates from long distances in the 

plant. However, Weinstein and others (1991) observed that reduced carbon is acquired on a first-

come first-served basis, based on proximity to the source. In this case, foliage carbon sinks are 

met first, then petiole, stem, branch, trunk and finally root sinks while water and nutrients are 

supplied to root sinks then trunk, branch, petiole and foliage. 
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Elongation of terminal buds has been shown to be endogenously controlled. In their study of 

shoot elongation in ponderosa pine (Pinus ponderosa var. scopulorum E.), Lanner and Connor 

(1988) surgically removed terminal meristems and needle fascicles from elongating buds. They 

observed that shoots whose apical meristems were removed elongated normally compared to 

controls but shoots whose fascicles were removed had reduced growth. They concluded that the 

elongation of terminal buds was therefore endogenously controlled by substances from within 

the elongating needle fascicles on the bud.  

Though elongating needles supply growth regulators, they are not fully developed to synthesize 

adequate amounts of carbohydrates for growth of the bud. Initial growth of elongating buds is 

sustained by imported carbohydrates from leaf area proximal to the bud (Zimmerman and 

Brown, 1971). Studies have shown that elongating buds are strong carbohydrate sinks, and are 

capable of drawing substrates from neighboring leaves, or long distance sources to support initial 

growth (Kozlowski, 1992; Kozlowski and Pallardy, 1997).  

Foliage forms the primary photosynthetic organs for plants and therefore influences availability 

of carbohydrates needed for growth. Limits to tree growth due to various stress factors at the site 

are often first observed in crown health in terms of leaf abscission, leaf coloration, die back or 

reduced crown size expansion as a response to competition when neighboring trees compete for 

space. Leaf contribution to growth can be assessed by observing net growth when the plant has 

limited access to light, is pruned, or is defoliated.  

Most studies on leaf area and the effects of its loss to plant growth have been done by simulating 

the effects of insect and herbivore defoliation to plants. Artificial defoliation experiments have 

been used to simulate both intensity and timing of defoliation (Reich et al., 1993; Vanderklein 
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and Reich, 1999). In most studies, plants respond differentially to loss of foliage (Kulman, 

1971). These variations occur due to differences in the intensity of defoliation, the timing of 

defoliation (Ericsson et al., 1980), nutritional status of the plant at the time of defoliation 

(Mattson Jr, 1980), and recovery time being considered in the studies (Oesterheld and 

McNaughton, 1988). Loss of leaf area generally affects photosynthesis in residual foliage, 

carbon partitioning, and allocation of biomass in the plant (McNaughton, 1983; Vanderklein and 

Reich, 1999). 

Despite extensive literature on plant growth responses to defoliation, few researchers have 

examined the role of current foliage in establishment and growth of new shoots and leaf area. In 

a study to examine the contribution of early and late leaves to shoot elongation, Kozlowski and 

Clausen (1966) covered early leaves, late leaves, and early and late leaves of Betula papyrifera 

M. They observed that the contribution of early and late leaves to shoot elongation differed 

markedly. Covering of early leaves before mid-June inhibited shoot growth, the presence of 

normally growing early leaves was essential for normal shoot development and survival 

(Kozlowski and Clausen, 1966).  

In trees with preformed buds such as Pinus taeda, the bud that elongates in the spring is formed 

in the previous year. Therefore, the shoot and leaf area are determined in the previous year, being 

influenced by the prevailing environmental conditions. It follows suite that the previous year’s 

foliage should be instrumental in establishing the preformed bud and could play a role in its 

elongation in the next growing season. The new elongating bud could depend on previous years 

foliage for supply of carbohydrates until new foliage is developed to supply requirements for 

growth. 
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The current study examines how leaf area and shoot elongation interact. It is hypothesized that 

shoot elongation is predictably related to preformed leaf area. Growth of shoots was examined 

under controlled carbohydrate supply by applying a series of defoliation and shade treatments on 

last year’s leaf area. The treatments reduced the effective leaf area on the branch and thus 

presumed to trigger an imbalance between carbohydrate source and sinks. Defoliation was 

anticipated  to reduce plant leaf area load and elicit plant responses to defoliation and injury 

(Trumble et al., 1993). Shading reduces photosynthesis rates of the branch while initially 

retaining the respiration demand of foliage and maintaining hormonal balance. The terminal 

leaders of the branches were expected to grow despite defoliation and shading because of their 

ability to import photosynthates from long distances and the supply from reserves (Ericsson et 

al., 1980; Kozlowski and Winget, 1964).  

Materials and methods 

Study area 

This study was conducted at the Louisiana State University’s Lee Memorial Forest in 

southeastern Louisiana, USA (300 52’52.5” N 890 58’ 43.4” W) (Fig 2-1). The general site 

conditions have been described by Dicus and Dean (2008). Lee Forest has subtropical climate 

with average daily temperature range of 12.50C to 250C and mean annual rainfall of 1600 mm. 

The average monthly temperature and rainfall during the study period were recorded by a 

weather station at the site. The soil at the study site is well drained, fine loamy, siliceous, thermic 

typic Paleudult (Ruston series) with a high level of exchangeable aluminum. There is North-

South soil fertility gradient at the site (Dicus and Dean, 2008). 
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Figure 2-1 Location of Lee Memorial Forest in Louisiana, USA 

 

Study methods and design 

The trees used in this study were planted in 2012 at Lee Memorial forest in five isolated field 

plots measuring 27 m  x 27 m. The field plots constitute experimental blocks for this study. Trees 

were planted at the spacing of 3 m x 3 m in three of the blocks and at 1.59 m x 1.59 m in two 

blocks. The trees were considered open grown in all the blocks at the start of the study. Trees of 

good form, vigorous, without injuries, and free of disease or insect damage were selected for 

treatment. Each block in the field received 9 treatment combinations applied separately on 

individual trees and replicated within the block. The treatments composed of removing foliage 

from the branches, covering foliage with shade cloth, and untreated control. The treatments were 

applied on the fourth branch whorl from the top (referred to as the target branches), and the 
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immediate upper and lower neighbors to the target branches, (referred to as neighbors) (Table 2-

1). For trees receiving defoliation treatments, current foliage was carefully removed such that the 

branch remained with terminal bud only. For trees receiving shading treatment, current foliage 

was carefully pulled back from growing buds and secured using a tape. The leaves were then 

covered with shade cloth to prevent light penetration. 

Table 2-1 Treatment combinations and theoretical expectation of the source of carbohydrates for 

elongation of terminal leaders 

Target 

branch whorl 

treatment 

 

Neighbor 

treatment 
label 

Treatment combinations and 

effect 

Source of 

Substrate  

Defoliation Defoliation DD 
Defoliated target branch whorl 

and defoliated neighbors 

Reserves + new 

foliage 

 Shade cloth DS 
Defoliated target branch whorl 

and shaded neighbors 

Reserves + new 

foliage 

 No treatment DC 
Defoliated target branch whorl 

and untreated neighbors 

Reserves + new 

foliage + import 

Shade cloth Defoliation SD 
Shaded target branch whorl and 

defoliated neighbors 

Reserves + new 

foliage 

 Shade cloth SS 
Shaded branch whorl and shaded 

neighbors 

Reserves + new 

foliage 

 No treatment SC 
Shaded target branch whorl and 

untreated neighbors 

reserves + new 

foliage + import 

No treatment Defoliation CD 
Untreated target and defoliated 

neighbors 

Current foliage 

+ new foliage – 

export 

 Shade cloth CS 
Untreated target and shaded 

neighbors 

Current foliage 

+ new foliage  -  

(export) 

 No treatment CC Untreated target and neighbors 
Current foliage 

+ new foliage 

• New foliage – accounts for carbohydrates from developing foliage on the new buds 

• Export – accounts for substrate supplied to neighbor from target branch whorl 

• Import –accounts for substrate acquired by target branch from neighbor branch whorls 

For all the selected trees, initial tree height, basal diameter, branch diameter, and branch length 

were measured and recorded from each tree. After treatment application, the length of the 

terminal bud was measured weekly until growth ceased. Its final length was measured at the end 

of the growing season for the year.  
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Measurement of leaf area 

The foliage removed from the branches was stored separately in labelled bags and transported to 

the lab on ice to prevent desiccation. From each labelled bag, a sample of 30 fascicles were 

randomly picked and labelled separately. Projected leaf area for each branch was determined 

from the 30 randomly selected fascicles by passing them through Licor LI-3100 leaf area meter. 

Each set of fascicles used in leaf area measurement was dried at 600C to constant weight. Leaves 

in each labelled bags from the field was also dried to constant weight.  

The dry weight and measured leaf area of the samples were used to calculate specific leaf area as 

cm2/g of dry weight. Leaf area removed from the branch was then calculated based on the 

specific leaf area. An allometric relationship was developed from branch leaf area and the cross-

sectional area at the base of the branch.  

The data showed a linear relationship between the cross-sectional area at the base of the branch 

and the leaf area carried on the branch. A simple linear model of the form y = a + bx was 

sufficient to generalize the branch-leaf area relationship. The linear model (Equation 2.1) 

explained 78% of the data and was used to calculate the initial leaf area on the target branches 

for all the trees before treatment application (Fig 2-2). The fitted model is 

ŷ = 1305.7𝐴𝑏 − 248.21;          (2.1) 

where ŷ is the previous year’s branch leaf area (cm2); and 

  𝐴𝑏 is initial cross-sectional area at the base of the branch. 
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Figure 2-2 Relationship between initial cross-sectional area at the base of the branch (Ab) and the 

initial leaf area on the branch (LA) 

Number of new leaves 

In the summer of 2016, the number of fascicles on the first flush of growth on each target branch 

were counted and recorded. This was to keep track of the new leaf area developed in the second 

year of the study as in relation to the elongating bud. Preformed buds in loblolly pine are formed 

in the previous growth season and are therefore influenced by the prevailing condition of the tree 

when they are produced (Dougherty et al., 1994). The number of fascicles could be affected by 

the reduced leaf area on the tree when the bud was set. 

Data analysis 

The effect of treatments on newly formed leaf area was determined from the number of new 

fascicles in the first flush of the next growing season. The average measured values for number 

of fascicles in the second growing season was analyzed by analysis of variance. The general 

mean model for fascicle data analysis is given in equation 2.2: 

LA = 1305.7Ab - 248.21

R² = 0.7867
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𝑦𝑖 = 𝜇 + 𝜏𝑖 + 𝛽𝑗 + 𝛾𝑖𝑗 + 𝜀𝑖𝑗𝑘 ;                                                                                              (2.2)  

  where µ is the overall mean,  

βj is the jth block effect,  

τi is the ith treatment effect, 

 γij is the interaction effect from the ith treatment and jth block, and 

 𝜀𝑖𝑗𝑘 is the experimental error assumed to be normally distributed with uniform   

  variance. 

In determining the relationship between shoot length and newly formed leaf area, the number of 

new fascicles on the fully elongated bud was predicted using a simple power model        

(equation 2.3): 

   𝑦 = 𝑎𝑥𝑏;                        (2.3) 

where y is the number of fascicles on a fully elongated terminal bud; 

            𝑥   is the length of fully elongated terminal bud; 

𝑎   is the scaling factor; and 

 𝑏  is the exponent. 

The effect of leaf area, branch length, branch diameter and treatments in predicting the growth of 

the terminal bud were examined. Initial values of cross-sectional area at the base of the branch, 

length of the branch, and leaf area were used as the predictors for the length of terminal  

leader in a linear model (equation 2.4): 

𝑦𝑖 =  a +  𝐴𝑏  +  LA +  BL +  ε𝑖;        (2.4) 

 where 𝑦𝑖 is the length of a fully elongated branch terminal bud; 

 𝐴𝑏 is the initial cross-sectional area of the branch; 

  𝐵𝐿 is the initial branch length; 
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𝐿𝐴 is the initial leaf area on the branch, representing previous year’s foliage; 

  𝜀𝑖 is the error. 

The effect of reducing leaf area on branches was accounted for by treatments, which were added 

to the model to simulate the decreased leaf area over the growing period. The predictive model 

for the magnitude of growth of the branch terminal leader had initial cross-sectional area at the 

base of the branch, branch length, treatment class variable and interactions between treatment 

and branch size as the predictors. 

𝑦𝑖 = 𝐴𝑏 + 𝐵𝐿 + 𝐼𝜏 +  𝐴𝑏 . 𝐼𝜏 +  𝐵𝐿. 𝐼𝜏 +  𝜀𝑖 ;       (2.5) 

where 𝑦𝑖 is the length of fully elongated branch terminal bud; 

 𝐴𝑏 is initial the cross-sectional area of the branch; 

 𝐵𝐿 is initial the branch length; 

𝐼𝜏 is the indicator variable for treatment 𝜏 where 𝝉 = 1 – 9;  

  𝜀𝑖 is the error. 

Results 

Length of terminal leader 

Growth of the terminal bud at the end of the growing season was predicted from the cross-

sectional area at the base of the branch, initial length of the branch, and the previous year’s leaf 

area carried on the branch (Fig 2-3, 2-4 and 2-5). The effect of previous year’s leaf area on 

growth of terminal leader was evaluated by adding treatments to the model. Treatment effect was 

significant in the model (p = 0.03).  Significant effects were also observed from cross-sectional 

area of the branch (p < 0.01) and initial length of the branch (p < 0.01). The interaction between 

treatment and cross-sectional area, and treatment and branch length were also significant (Table 

2-2). The model fit showed unbiased residuals (Fig 2-6). 
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Figure 2-3 Correlation between cross-sectional area of branch and the final length of terminal 

leader 

 

 

Figure 2-4 Correlation between initial length of the branch and the final length of terminal leader 
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 Figure 2-5 Correlation between initial leaf area of the branch and the final length of terminal 

leader 

 

 

Figure 2-6 Residual plot of predicted length of terminal leader from model fit (𝑦𝑖 = 𝐴𝑏 + 𝐵𝐿 +
 𝐼𝜏𝑖 + 𝐴𝑏 . 𝐼𝜏 +  𝐵𝐿 . 𝐼𝜏 +  𝜀𝑖) where 𝑦𝑖 is the length of fully elongated terminal bud (cm); 𝐴𝑏 is 

the cross-sectional area of the branch; 𝐵𝐿 is the branch length; 𝐼𝜏𝑖 is the indicator variable for 

treatment 𝜏 where 𝜏 = 1 – 9; and 𝜀𝑖 is the error. 
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Table 2-2 Fixed effects of initial branch cross-sectional area, length, leaf area and their 

interactions on the final length of terminal bud. Values obtained from fitting the model: 𝑦𝑖 =
𝐴𝑏 + 𝐵𝐿 +  𝐼𝜏 +  𝐴𝑏 . 𝐼𝜏 +  𝐵𝐿. 𝐼𝜏 +  𝜀𝑖) where 𝑦𝑖 is the length of fully elongated terminal bud 

(cm); 𝐴𝑏 is the cross-sectional area of the branch;𝐵𝐿 is the branch length; 𝐼𝜏 is the indicator 

variable for treatment 𝜏 where 𝜏 = 1 – 9; and 𝜀𝑖 is the error. 

 

Effect DF F Value Pr > F 

Cross-sectional area 1 84.57 <.01 

Branch length 1 47.53 <.01 

Treatment 8 2.23 0.03 

Cross-sectional area  x Treatment 8 2.51 0.01 

Branch length  x Treatment 8 3.67 <.01 

 

 

Table 2-3 Estimated difference in effect of treatments on the growth of the terminal bud between 

selected treatment groups and the control. H0: 𝑢1 –  𝑢2 = 0. 

Label Group 1 Group 2 
Branch  

elongation (cm) 
Standard Error Pr > |t| 

Control vs treated neighbors CC CD CS -15.90 18.73 0.39 

Control vs Defoliated target CC DC DD DS -47.62 24.56 0.05 

Control vs Shaded target CC SC SD SS -65.44 26.71 0.02 

 

Number of new leaves 

The number of new fascicles formed on the terminal bud followed a simple power law when 

plotted against the length of the terminal bud (equation 2.6). The model exponent shows a 
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decreasing number of leaves per unit increase in length of the terminal leader. The model 

explained 72% of the data in predicting number of fascicles (Fig 2-7).  

 

Figure 2-7 Distribution of number of new fascicles as predicted by the length of fully elongated 

terminal leader 

The fitted model is 

  ŷ = 10.45𝑥0.69 ,           (2.6) 

 where          ŷ is the number of fascicles a fully elongated terminal bud and 

            𝑥   is the length of fully elongated terminal bud. 

For trees with treated target branches and untreated neighbors (DC and SC) the number of new 

fascicles on the terminal leader was significantly lower than the number on untreated controls 

(CC)  (Fig 2-8). Defoliation of neighbor branches in addition to a treated target (DD and SD) 

also resulted in significant reduction in the number of new fascicles. The number of new 

fascicles in the next growth season appeared to be sensitive to defoliation. Treatments with a 

shaded target and untreated or defoliated neighbor (SC and SD) had significantly less number of 

new fascicles than the control. Shading neighbor branches appeared to enhance the number of 
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new fascicles on the target irrespective of the treatment on the target as demonstrated in 

treatments CS,DS, and SS as compared to CC,DC, and SC respectively, though not significantly 

different. 

 

Figure 2-8  Mean number of fascicles on the first flush of branch terminal leader in the next 

season following treatments. Treatments with different letters are significantly different 

(alpha=0.05) 

Discussion 

The initial values of current leaf area, cross-sectional area at the base of the branch, and length of 

the branch predicted the extension of the terminal bud. The cross-sectional area is related to 

sapwood, the actively conducting section of the branch diameter. Though the initial length of the 

branch had a weak correlation, it was significant in predicting final length of terminal leader. The 

branch length correlates with path length in conducting water, hence is a factor in building 

resistance to water conduction (West et al., 1999). The branch cross-section and length are a 

measure of branch size or volume. In this regard, branch size is also a measure of available 
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substrate in reserves that can act as a buffer to a stressed branch and supplement photosynthesis 

when photosynthates are in short supply (Eyles et al., 2009). 

Leaf area has a controlling effect on how branches grow. Treatments represented varying levels 

of leaf area on the branch as the leader elongated. Contrast groups estimates in table 3 show that 

the length of leader of the untreated target branches (CS, and CD) did not differ from the control 

irrespective of the neighbor treatment (p=0.39). It was therefore assumed that defoliation or 

shading of the neighbor branches does not significantly alter extension of the terminal bud of 

target branches. Contrast group estimates that compared control treatment to treatments with 

defoliated target branches recorded a reduction of 47.62 cm shorter that the control (p=0.05). 

Shaded target branches were significantly shorter (p=0.02) with a reduction of 65.44 cm 

compared to the control. Defoliated target branches suffered a sudden reduction in the 

photosynthetic surface area. This reduction in leaf area could have caused the shorter branches 

observed at the end of the growing season. However, the magnitude of reduction was less 

compared to shaded because the elongating bud could have mobilized reserves (Vanderklein and 

Reich, 1999) which acted as a buffer as the new leaves were still elongating.  

There is overwhelming evidence that plants exhibit compensatory responses following 

defoliation events. First, trees increase the rate of photosynthesis in the residual or regrowth 

foliage (Reich et al., 1993) as they compensate for lost leaf area. Second, after loss of leaf area, 

plant biomass does not necessarily reduce by the same proportion as the lost leaf area (Bassman 

et al., 1982; Harris, 1974), and third, some partial defoliation events may lead to an increase in 

biomass of the affected plant as compared to undefoliated plants (McNaughton, 1983). These 

compensatory responses explain the continued growth, and similar growth responses between 

defoliated branches and the control. 
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In shaded branches (SC, SD, and SS), the branch carried covered leaves for a while. Shading 

blocked light hence the leaves could not photosynthesize. However, the covered leaves continued 

to respire, and therefore sustained the carbohydrate demand without external supply. This could 

have reduced the amount of carbohydrates available for growth of the terminal leader. The 

carbohydrate demand from covered but respiring leaves and the growth of reaction wood to 

counter weight of the shade cloth could have provided competing carbohydrate sinks leading to 

reduced extension of the terminal bud. 

Effect of treatments on new leaf area 

Loblolly pine buds that elongate in the spring were preformed in the previous year. In testing the 

effect of treatments on formation of new stem units, the number of new fascicles in the first flush 

of the season following treatments was analyzed.  A simple power law predicted the number of 

new fascicles formed on the terminal leader (equation 2.7). Log-transformation of the power 

model gives the scaling factor and the exponent biological interpretation as intercepts and growth 

rates respectively, which makes it adaptable to forestry applications. The log-transformation of 

this model retained favorable model fit as it explained 70% of the data (Fig 2-9) 

Terminal buds of treated branches were allowed to grow and establish while the previous year’s 

leaf area was subjected to artificial shade stress or completely removed from the branch. Growth 

of terminal buds was observed to be dependent on the availability of incident radiation. In the 

absence of  photosynthates from leaves , the treated branches could have mobilized stored 

carbohydrate reserves (Da Silva et al., 2014) to sustain elongation of the bud and establish new 

leaf area. Defoliated (DC) or shaded (SC) target branches recorded significant reduction in the 

number of new fascicles (Fig 2-4). Defoliation stress on the target branches could have had an 
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effect on carbohydrate supply to the elongating buds in addition to interrupting supply of 

hormones and other substances manufactured or stored in the leaves (Kozlowski and Pallardy, 

1997; Lanner and Connor, 1988). Defoliation of neighbor branches therefore, could have limited 

the resources available to be exported to the target, and increased the distance to the next 

available source. 

 

Figure 2-9 Plot of number of fascicles on a terminal bud against the fully elongated bud on log-

transformed scale (log = log base 10). 

 

Artificial shade on the neighbor branches appeared to moderate the effect of the target treatments 

(DS and SS), resulting in similar number of fascicles to the control (Fig 2-4). This is reflected in 

a higher number of fascicles for treatments with a shaded neighbor as compared to defoliated 

ones. Generally, the effect of neighbors on number of fascicles was only detected when the target 

branch was treated, indicating that individual branches have local control over the setting of stem 

units in new buds.  
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The extension of the terminal bud was observed in all the treated branches. Treatments removed 

or covered last year’s foliage but terminal buds were able to grow new leaf area within the first 

flush. This emphasizes that trees prioritize shoot and leaf area growth even while under stress. 

The extension of the leader was predicted from the initial cross-sectional area of the branch, 

amount of leaf area and the length of the branch, giving an indication of the influence of size of 

the branch and photosynthetic capacity on future growth. The number of stem units as indicated 

by number of fascicles carried on bud can be predicted from the length of a fully elongated bud 

using a simple power law. Shoot growth was reduced by defoliation and shading of previous 

year’s leaf area, but shoot extension was observed possibly supported by reserves and current 

year’s leaf area.  
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CHAPTER 3 EXAMINING BRANCH AUTONOMY AND HOW CROWN DYNAMICS 

INFLUENCE GROWTH OF TREES 

Introduction 

The relationship between tree architecture and the function of morphological units is important 

in understanding tree growth responses to changes in the environment and adaptability to pests, 

diseases, and competition.  Plants demonstrate morphological plasticity in both shoot and root 

structures when responding to environmental changes (Ford, 1985; Sultan, 2000).  For instance, 

plants have developed modules (such as branches) that function  independent of each other but 

are linked together in an integrated body that allows flow of substances between them 

(Kawamura, 2010). While this structure gives plants flexibility when foraging for resources in a 

heterogeneous environment (Hardwick, 1986), it is unclear how differential growth and 

autonomy of modules is coordinated into a responsive organism. 

The tree is considered modular organism due its unique structure, which has repetitive self- 

similar modules. Researchers somewhat subjectively define the size and extent of a functional 

module because of seemingly obvious organizational levels in a plant segment. For instance, 

based on gross morphological features, a tree crown is organized into branches, branches into 

shoots, shoots into ramnets and buds, each qualifying as a module (Godin and Caraglio, 1998; 

White, 1979). Studies on crown structure classify a branch as semi-autonomous module in regard 

to resource acquisition and supply (Marsal et al., 2003; Sprugel et al., 1991). However, there is 

no consensus on the mechanisms underlying functional relationships between branches and the 

main tree profile. Some studies have suggested that branches  act autonomously in acquisition of 

resources (Lacointe et al., 2004; Sprugel et al., 1991) while others have proposed that there is 

interaction whether competitive or cooperative (Kawamura, 2010; Sprugel, 2002). According to 
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Figure 5-5 Stem-profiles of shaded and defoliated trees compared to the profile of the control. 

The y-axis represents the average relative diameter per internode while the x-axis represents the 

corresponding mean relative height. Treatments with defoliated branch whorls are represented by 

figures a, b, and c while treatments with shaded branch whorls are shown in figures d, e, and f. 

 

 










