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ABSTRACT
SCHUTT, J. R., H. H. SHUGART, and J. W. RANNEY. 1985. Crown
geometry of plantation-grown American sycamore and its
simulation. ORNL/TM-9721. O0Oak Ridge National
Laboratory, Uak Ridge, Tennessee. 290 pp.

Branching variables were measured on plantation-grown American

sycamore (Platanus occidentalis L.) as part of a study to describe and

model branch-level crown geometry. The analyses were assumed to define
a complete description of sycamore crown geometry.

Results show that sycamore produces two types of primary proleptic
branches: those that develop either the current year (Type I) or the
subsequent year (Type II). Several subsequent analyses treated these
branch types separately. Type I branching potential varied with tree
and through time, and the number formed was associated with extension
growth. Type I branches form on the lower trunk annual growth
increment (AGI), form at a slightly more acute angle than Type 11
branches, and, after the first year, do not differ in extension growth
from Type Il branches.

Environmental and genetic factors affected extension growth.
Leader growth was predicted from either calculated soil moisture values
or one of three drought indices, and from class variables which were
assumed to represent fertilization/cultivation and tree genetics.
Variables related to crown geometry and crown growth history were used
to analyze relative branch growth (branch AGI/leader AGI). Node
density was examined. Node position analysis revealed three phases of
growth: increasing, almost constant, and declining internode

distance. One or more phases were absent on many branches.
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Phyllotaxis was studied. For leaves or primary branches, the mean
angle of divergence was 145.7 degrees. The direction of the spiral
reversed on 27.5% of the tree AGIs; a phenomenon independent of tree
and time. Second- and higher-order branches formed at mean angles of
90 and 270 degrees. On these AGIs, the circular variance increased
acropetally to 13 nodes, or 90 cm, at which point the phyllotaxis
appeared spiral. The number of daughter branches formed, their angle
of divergence from the mother section, and their subsequent
inclinations were predicted from variables related to branch geometry,
crown position, and tree genetics.

Results of the branching analysis were used to develop a FORTRAN
computer model which simulates the three-dimensional development of
sycamore crowns. The model was validated by comparing output for
leader growth and branching characteristics with field observations.

Future model uses are discussed.
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CHAPTER 1

INTRODUCTION

The growth of a particular plant in the forest depends

upon its capacity to express its genetic potential through

physiological functioning within the environment to which

it is exposed. --- Daniel et al. 1979

The study of plant geometry and growth has ancient
foundations. 1In his excellent review, Studhalter (1955) recorded
early concepts of plant growth and subsequent developments in this
field. The earliest citation to a botanical work that he found was
a fragmentary reference to writings by the Greek author Empedociese
of Agrigentum (ca. 450 BC) contained in Aristotle's works. The
earliest written observation on tree growth was part of a
Hippocratic collection discussed in Cohen and Drabkin (1948). This
interesting passage discusses the grafting of a bud from one type of
tree onto another and the observation that fruit later produced from

that union is unlike the tree on which it was grafted. This was

thought to occur in the following manner:

First the bud sprouts, for it has nourishment originally
from the tree from which it was taken and then in that
upon which it was grafted. When it has sprouted in this
way it sends out tender roots to the tree and at first
derives nourishment from the moisture of the tree upon
which it has been grafted. Then after a time it sends
roots into the ground through the tree upon which it has
peen grafted and derives nourishment from the soil,
drawing up moisture. It is from this source that it

has been fed.
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The similarity between this explanation of the process of
bud-grafting and the current analogy of the “pipe-model” (Shinozaki
et al. 1964) is striking.

In the modern literature, tree geometry and growth studies
take one of two approaches. In the first, the crown is examined at
a fixed point in time or over a season to identify within-tree
correlations and trends of growth. An early example of this
approach is the work of Friesner (1943-44) on red pine (Pinus

resinosa Ait.) and Eastern white pine (Pinus strobus L.). In March

1947, he marked the terminal bud of 30 lateral branches on one
Fastern white pine and 130 branches on two red pine trees. The
elongation growth of these branches was measured through the growing
season. Friesner discovered several facts. First, whereas most
studies prior to his had shown elongation to follow a "grand period"
sigmodal curve, he found three distinct waves of growth. Secondly,
he found current growth to decrease from tree top downward; the
leader grew more than l-year-old primaries, which grew more than
2-year-pld primaries, and so on down the stem. He also found older
second-order branches to elongate Tess than younger ones, even
though they may be found on older primaries. These differences were
primarily due to differences in rates of growth, rather than in the
duration of elongation.

Anotner example of this approach is Duff and Nolan's (1953)
work 1in which they examined radial and apical growtn of the bole in
red pine. This example differs from the first in that single

measurements were made on each experimental unit producing a



3

"snapshot" view of stem growth. They found three observable
trends. Their first (Type 1) trend examined all stem radial growth
increments formed in a given year. As they examined the annual
growth rings from tree apex to base, they observed that the mean
growth increment increased to a maximum and then declined from that
point to the tree base. They found this same pattern as they
examined radial growth from pith to current growth at a fixed

internode (Type 2). Their Type 3 sequence examined the nth

ring
from the pith from tree apex to base. No pattern was found in the
variation of the mean along this gradient. A Type 1 decline in
organ size from tree tip to base has also been observed for bud size
(Kozlowski et al. 1973, Owston 1969), branch elongation (Cannell
1974, Fraser 1962, Friesner 1943-44, Forward and Nolan 1964, Jensen
and Long 1983, Norman and Jarvis 1974, and Powell 1977), and branch
weight (Kohyama 1980). It is to be noted that all these studies
have been on conifers. Further examples of Type 2 and Type 3
sequences will be mentioned in Chapter 5,

Ward's (1964) work is another example of ‘the snapshot

approach. He measured approximately 150 shoots on thirty

10-year-old red oak (Quercus rubra L.) trees. From these data, he

demonstrated that both the number of buds formed and the number of
branches formed were a function of the length of the "mother" shoot.
In many studies of tree crown geometry, the number of variables
measured is limited; very few studies measure more than one. One
reason for this fact is that studies of this type are very labor

intensive. Jensen and Long (1983) noted this fact, and their study
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on Douglas fir (Pseudotseuga menziesii (Mirb.) Franco) was confined

to measuring most of the branches from within a 90 degree quadrant
(285 -015 degrees azimuth). Hutchinson et al. (submitted) also
noted the amount of labor needed to measure the geometry of woody
elements in a forest canopy.

The second method used to study tree geometry and growth
involves an examination of the processes which produce a given tree
geometry. This type of study may follow directly from the approach
mentioned above. Many excellent reviews of these processes have
been published {e.g., Brown 1971a, Jankiewicz and Stecki 1976,
Kramer and Kozlowski 1979, Wareing 1970, and Wilson 1970). Aging,
one such process, was described and examined by Moorby and Wareing
(1963). They observed three predictable changes with increasing
tree age: (1) the branch annual growth increment (AGI) decreases
markedly with age (this is similar to a Duff and Nolan Type 2
sequence for branches), (2) apical dominance ("control," sensu Brown
et al. 1967) is lost so that a leader can not be clearly identified,
and (3) older shoot systems show a weak, if any, response to
gravity. All of these processes are reversible. Their work

examined these changes in Scots pine (Pinus sylvestris L.) and

Japanese larch (Larix leptolepsis (Sieb. & Zucc.) Gord.) and

explored the mechanisms governing these changes.
Apical control is another process governing the growth of
trees. Foresters and botanists assumed for a long time that the

presence of a single leader in excurrent trees was the result of

strong apical dominance and that the multi-leader condition of
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decurrent trees was the result of weak apical dominance. Upon
closer examination, Brown et al. (1967) noticed that the uppermost
buds on excurrent trees do grow the year they are formed, whereas
the buds in decurrent trees are usually (see Chapter 4) completely
inhibited. During the second year, the top buds of decurrent
species are released, and may grow to compete with the leader,
whereas in excurrent trees, the apex maintains control over the
amount of extension growth. This newly described phenomenon was
called apical control. Brown (1971) speculated that the
misunderstanding of this situation probably resulted from an attempt
to transfer results form the work on apical dominance by Thimann and
Skoog (1933, 1934) on the herbaceous Vicia faba L. directly to woody
plants.

In many of these studies of tree geometry and its development,
results have been presented as word models (e.g., Jankiewicz 1972),
graphs (e.g., Figure 13.2 in Fisher 1978, Friesner 1943-44), or as
means (e.g., Table 1 in Baxter and Cannell 1978, Table 1 in P. White
1984). Few mathematical models have been fit to any of the observed
trends. One clear exception is the paper by Cochrane and Ford
(1978). In this study several branching variables were measured on

five Sitka spruce (Picea sitchensis (Bong.} Carr.) trees, and other

variables were later measured on an additional 10 trees.

Statistical models were fit for the leader and branch annual growth
increment, number of branches formed, branch azimuth, branch
inclination, proportion of interwhorl buds, and mean relative length

of interwhorl branches. This paper contains the most complete



6

statistical description of branch geometry known to the author. The
fact that the primary author of this paper is a member of a
department of actuarial mathematics and statistics demonstrates the
complexity of these analyses.

Plant crown processes, such as photosynthesis, respiration,
transpiration, and gas exchange, depend upon tree attributes (crown
structure and physiological status) as well as on environmental
factors. For this reason, the accurate description of tree geometry
is important. In his 1976 paper, Helms reviewed plant and
environmental factors influencing tree net photosynthesis. He
asserted that foliage position is of great importance to plant
productivity. Many other papers, both theoretical and empirical,
have examined the geometry of both trees and stands and evaluated
the importance of crown geometry to productivity (e.g., Kira et al.
1969, Monsi et al. 1973, Monteith 1965, deWit 1965).

Light interception is another process influenced by tree and
stand geometry. Lemur and Blad (1974) reviewed modeling approaches
used to estimate plant canopy radiation interception. They found
two classes of models: geometrical and statistical. Geometrical
models assume that the stand is composed of regularly arranged
shapes of objects with characteristic dimensions. These models
usually deal with individual plant types which are simulated as
cones, spheres, cylinders, etc., and are used to predict light
interception on a daily, seasonal, or yearly basis. Geometrical
models may be further subdivided into models that consider

individual plant shapes and those that consider arrangements of
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shapes. A current study that uses this approach is Oker-Blom and
Kellomaki (1982). Statistical models, on the other hand, do not
explicitly consider the position of canopy elements, but assume that
the canopy display can be described as a statistical distribution.
They are often used to study light penetration through a canopy.
The probability of light interception by any canopy layer is a
function of the statistical distribution assigned to the canopy and
includes such elements as the number of leaf layers and the
distribution of their inclination (e.g., Duncan et al. 1967).

Each of these modeling approaches has its limitations.
Geometrical models assume that the crowns are a monolayer, ignoring
the theory developed by Horn (1971). Descriptive geometrical models
which include Horn's theory are given in Brunig (1976). Statistical
models simulate plant canopies, but ignore individual plants. For
these reasons, neither model type can be used to understand light
interception by individual trees. Another approach'(Gates 1980)
develops analytical models to examine factors affecting the energy
budgets of leaves and plants and photosynthesis of leaves. This
approach is also limited in that it ignores crown structure.

A new class of models is now being developed which may be
considered as another type of geometrical model. These models
simulate the growth of the branching system and, as such,
demonstrate a tremendous potential for use in understanding the
relationship between crown geometry and crown processes. The first
model of this type (Honda 1971) examined the wminimum number of

variables needed to simulate tree-like objects. In a later paper,
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Fisher and Honda (1977) used this modeling approach to simulate

branching in Terminalia catappa L. from data previously collected by

Fisher (1978). This model was later used to examine the equitable
distribution of leaf clusters on a branch system (Honda and Fisher
1979) and the branch angle which maximized light interception (Honda
and Fisher 1978, Fisher and Honda 1979a). Work on this model
continues (Fisher and Honda 1979b, Honda et al. 1981, Honda 1982).

Terminalia branching is fairly easy to simulate because its
branching follows several well defined rules. Branches are produced
in whorls with the whorls in a plane. Branching is dichotomous,
with a constant mother/daughter length ratio and angles. This
species also produces leaves in whorls at tne end of each branch.
In most of the work with the model of this species, competition
occurs only among branches in the same tier, although in one paper
(Honda et al. 1981) inter-tier competition was considered.

Hofmann (1981) studied the three-dimensional branching of

rubber trees (Hevea brasiliensis (Willd. ex A. Juss) Mull-Arg.) with

the purpose of identifying selection characteristics for resistance
to wind damage. As part of this work, he also developed a
three-dimensional branching model for this species.

Since canopy processes are determined by crown geometry as
well as crown physiology and environmental conditions, a detailed
description of crown geometry is needed. This description could
then be reduced to a model describing branch development, and this
model, in turn, could then be used to examine crown processes (e.g.,

light interception, branch mortality, etc.,) as well as crown branch
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dynamics. For this work, the branching of open-grown trees should be
studied first, and this should be followed by an examination of the
effects of competition on crown branching.

The present research was undertaken to accomplish the
following goals:

1. To quantify the geometry of plantation-grown sycamore

(Platanus occidentalis L.).

2. To develop statistical models which integrate known
mechanisms of branching and which describe the processes
involved in sycamore growth.

3. To integrate the branching variables analyzed under goal 2
into a FORTRAN model which simulates crown development in
sycamore.

The "ideal" method to study crown geometry would begin by
examining open-grown trees. Here, the architectural model (Halle
et al. 1978) of the tree develops with only intracrown competition.
The effects of intra- and interspecific competition on crown
geometry would be examined next and added to the model. 1In the
current study, competitive effects were minimized by examining
young, plantation-grown trees.

Sycamore was chosen for study for a variety of reasons, For
one, it is an economically important species and has been studied
intensively as a source of fiber using the "silage" (McAlpine et al.
1966) silvicultural system (e.g., Bellanger and Pepper 1978,
Crandall and Luxmoore 1982, Geyer 1981, Saucier et al. 1972,

Steinbeck 1971, and Wood et al. 1976). Because of this fact, a
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fairly well developed literature has developed which examines the
effects of fertilization, spacing, rotation length, genetics, soils,
etc., on the growth (usually height and diameter) and carbon
allocation (to roots, bole, or branches) of this species. From a
practical standpoint, this means that plantations of several ages
and cultural treatments already exist. Also, many of the studies of
tree crown geometry have been done on trees with low branching

densities (e.g., Aralia spinosa L., P. White 1984) or on trees with

very regular branching patterns (e.g., Terminalia catappa L., Fisher

1978). The branching of sycamore is intermediate in branch density
and complexity between trees such as Aralia and, for exampie, that

of Betula nigra L. Sycamore is also a long-lived,

early-successional tree and will experience a variety of
environmental conditions throughout its 1ifespan. Trees in this
category may be the most plastic in their developmental geometry
and, therefore, the most interesting to study (P. white, pers.

comm. ).
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CHAPTER 2

MATERIALS AND METHODS

The study site is part of a hardwood plantation established by
Union Camp, Inc. in Sussex County, Virginia along the Nottoway River
(Figure 2.1). An overview of Union Camp's site selection criteria
and hardwood plantation management techniques is given in Malac and
Heeren (1979). The soil at the site used in this study is in the
Riverview series. This is a well drained fine loam that forms along
floodplains of rivers located in, or originating in, the Piedmont.
The typical pedon consists of a silt loam surface layer overlying a
thick (84 cm), loamy B horizon. This soil is well drained and is
flooded during the spring of most years. The topography is nearly
level to gently rolling.

Since this site had not previously been under agricultural use,
it was prepared for planting by clearcutting. This was followed by
shearing any material remaining and piling it into windrows.

Seed for this Union Camp plantation was collected from an area
which ranged from just south of Franklin, Virginia, north to the
study site (within a 64 km radius of the site). At each location,
better than average trees were selected by criteria which was later
used to select mother-trees to establish a seed orchard. To qualify
for selection a tree must have been producing seed and had a good
form (i.e., straight bole and good crown). Since sycamore
self-polilinates to produce sterile seeds, seed was collected from

only one tree in a given stand (although other trees had to be
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visible) and from only one tree in a given drainage system
(R. Heeren, pers. comm.). These seeds were then grown for one
year in Union Camp's nursery. Healthy seedlings (minimum root
collar diameter of 0.95 cm and a height of 60.96 cm) were selected
and planted at the study site in the winter of 1976/77. The trees
were planted at a spacing of 3.05 m in rows that were 3.66 m apart.
The gross area planted in sycamore this year at this site was
38 ha. Vegetative competition was reduced by cultivating with
offset cultivator disks. This machinery was designed to throw a
mound of soil along the row to cover emerging weeds not reached by
the disks. The study site was cultivated in May and June of 1977
and twice in 1978. Union Camp's site fertilization depends on
soil analysis and the expected response of weeds to fertilizer
application. At the study site, a banded application of diammonium
phosphate was added in June 1977 at a rate of 280.23 kg/ha
(250 1bs/a). A mid-rotation fertilization of 280.23 kg/ha of
ammonium nitrate was made by helicopter. The trees will be
harvested between ages 12 and 15 and will be allowed to coppice
for two rotations.

The study site was naturally divided into blocks by the
presence of both an access road and windrows. Each block contained
approximately 10 rows of trees. To estimate the number of trees in
each block, the number of tree positions was counted for one row.
The term position is used here instead of tree because it was easy
to determine where each tree had been planted, even though it may

have subsequently died. Tree selection began by assigning tree
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numbers to each block of trees. To minimize edge effects along the
end of the rows, the first and last 10 trees in each row were not
included. Each block was then assigned a three digit range of
numbers, the length of which was equal to the number of positions in
that block; this was done to ensure that each position had an equal
probability of being selected. A three digit random number was then
chosen to select a tree position. The row number was selected next.
This was done by first excluding the two rows neighboring the windrows
to minimize any edge effects and then randomly choosing a row number.
A position was selected for study if it met the following criteria:

1. a tree was present at the study position;

2. the trunk was unforked with only one stem;

3. the tree was surrounded by two living trees in all

directions (i.e., the tree was in the center of a group of
25 living trees formed by five trees in each of five rows).

If the tree at the study position (n) did not meet these criteria,
the next 10 trees (n + 10) in that row were examined, searching for
the first tree that met all the criteria. If one was not found, the
search continued in the opposite direction for up to 10 trees
(n -10). If this procedure failed to identify a suitable tree, the
process was repeated; another block and row were randomly selected
until a study tree was found.

After the first three trees had heen measured and the fourth
one had been selected, it appeared that the study site was not
homogeneous; trees in different areas of the plantation seemed to

differ in height and survival. At this point one of the blocks was
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randomly chosen, and all subsequent study trees were measured in
this block. Since two of the three previously measured trees were
not from this block, they were not included in the analysis.

Data were collected in two phases: Tleaf data were collected
in the late summer of 1982 and branch data were collected in the
winter of 1982. Leaf measurements were made after branch elongation
was almost complete. Each branch was identified temporarily by
assigning it a number counting from tree base to tip and every fifth
primary branch was marked with flagging tape for easy location.
Since a previous study (Schutt, unpub. man.) had indicated that
branch competition may be greatest in the row direction, the
azimuths were divided into four quadrants with quadrants 1 and 3
being centered on the row azimuth (75/255 degrees). The azimuth of
each live primary branch was recorded and its quadrant number was
determined. On each stem annual growth increment (AGI) four
branches were randomly chosen for study from each quadrant. Leaf
measurements were then made on the current leader and on these
randomly selected primary branches. If the primary branch had
second-order branches attached to it, a second-order branch from
each primary branch AGI was randomly chosen for measurement. This
technique was followed for all higher-order branches. On some trees
it was difficult to distinguish between the two lower stem AGI's
because radial growth had obliterated the pseudo-terminal bud scale

scars and because sycamore (Platanus occidentalis L.) forms Type 1

proleptic branches (Chapter 4). This position was tentatively

located and was verified later (p. 28).
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A method was needed to assign an identification (ID) to each
branch. An example of the numbering system used is given in
Figure 2.2. A two digit code was used to record the node number of
the branch from the AGI base, and a one digit code was used to
record the age of the branch section being measured. If the branch
was a second- or higher-order branch, the ID of all ancestor
branches was also included in the ID for that branch.

After a study branch was chosen and given an ID, the distance to
each node was recorded to the nearest cm. If a branch had two nodes
within the first cm, they were counted as only one node. For each
leaf on the branch section, the following measurements were made:

1. The angle between the branch and the petiole. This angle,
called the parent angle (PANG), was measured with a
protractor to the nearest degree.

2. The angle formed between the petiole and a plane containing
both the branch section and the line of gravity. This is
called the parent "azimuth" (PAZ) because of the
correspondence between this angle and the bird's-eye view
of the primary branches measured relative to north. This
angle was measured to the nearest 5 degrees with a
protractor which haa a line level attached to it.

3. Lamina inclination (ANG) relative to gravity. This angle
was measured to the nearest degree with a protractor which

had a weighted string attached to its focus.
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Diagram showing potential branch positions and giving
examples of branch identification (ID). O1B is the
number of the study branch from tree base. In the
other ID variables, the "0" stands for branch "order"
and the number following the "0" gives the order of the
study branch. In the last letter, "N" represents the
"node number" of the parent to which that branch is
attached and the "A" represents the "age" of the annual
growth increment.
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4. Lamina azimuth (AZ) relative to gravity. This was
measured to the nearest 5 degrees with a compass numbered
counterclockwise from north so that the face did not have
to be rotated for each measurement.

5. Petiole length was measured to the nearest cm.

6. Lamina length was measured to the nearest cm.

7. Lamina width was measured to the nearest cm.

Figure 2.3 gives a diagram showing how several of these
variables (which have corresponding measurements for the branches)
were measured.

After all leaves had been measured on the selected branches of
all orders on the first tree, it became apparent that the amount of
information gained from measuring the innermost leaves on the lowest
branches was small in relation to the time taken to measure them as
each of these branches typically held only one or two very small
leaves. To allocate time optimally, subsequent measurements were
made only on leaves attached to the three most recent years of
branch growth. At the end of the measuring period, leaves were
collected from various quadrants, branch ages, and branch orders to
develop a regression equation predicting branch area from lamina
length and width. Leaves were dried in a plant press and their
areas were measured to the nearest 0.1 cm2 using a LI-COR
Incorporated model LI-3100 area meter. While the present study does
not include an analysis of leaf variables, a description of the
methods used to collect the data have been given because these

branches are included in the branch data set.
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Diagrams showing methods used to obtain several of the
variables. (a) Parent angle (PANG) between the petiole
(or daughter branch) was measured with a protractor.
For curved branches, this angle was the angle formed
between a tangent to the mother at the point of
daughter insertion and a line connecting daughter base
to tip. (b) Parent azimuth {PAZ) was measured by
holding a protractor at 90 degrees to the axis forined
by the mother branch. The 0 degrees mark on the
protractor lies in a plane formed by the intersection
of the line formed by the mother branch and a line of
gravity. (c) Inclination relative to gravity (ANG) for
leaves and branches was measured with a protractor with
a weighted string attached to its focus. Leaf
inclinations are measured from the horizontal and
branch inclinations are measured from the vertical.

(d) Azimuth relative to gravity (AZ) was measured with
a compass that had the face numbered counterclockwise.
(Leaf azimuth is the azimuth of the normal of the
lamina. (e) Petiole length and lamina length and width.
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Branch data were collected in the late fall/early winter of
1982. Un each trunk AGI, the distance to each node was measured to
tne nearest cm. At this time the temporary branch numbers were
repiaced with actual node numbers. Because radial growth had
obliterated botn leaf and stipule scars at the base of some trees,
the original node numbers could not be determined for the lowest
branches and their temporary numbers were retained. (Note: these
branches were not included in any analysis requiring node number).
Measurements made on the primary branches are similar to those made
for the leaves (Figure 2.3). They include:

1. The inclination of the basal branch segment relative to its
mother (PANG) was measured to the nearest degree. For
primary branches, the bole was assumed to be vertical;
therefore the angle was the same as the angle relative to
gravity.

2. Branch section inclination relative to gravity (ANG) was
measured for each AGI to the nearest degree.

3. Compass azimuth (AZ) was measured to the nearest five
degrees. Only one reading was made for Tor each primary
branch assuming that the azimuth did not change.

4. Branch section length of each AGI was measured to the
nearest cm.

Similar measurements were made for each AGI on all higher-order
branches. The one measurement that differs for nigher-order
branches is the azimuth, which is now measured relative to the plane

formed with the branch segment and the line of gravity. This
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measurement was called parent azimuth (PAZ) in the leaf data set.
Measurements were made on all branches which held leaves that were
measured for the leaf data set. In addition, branches were also
sampled from branch AGI's older than three years.

For both the leaf and the branch data sets, missing values were
coded with either a 0, 99, or 999.

Another data set was needed to predict the summer branch
inclinations from the winter inclinations. The assumption was
made that changes in branch orientation were due to changes in
the primary branch inclination and that the relationship of the
higher-order branches to their mother branch did not change.

This assumption may be violated in the case of long second- or
higher-order branches, but it is probably accurate for short
branches. In the late-summer of 1983, 10 trees were randomly
selected in the study block according to the criteria described
above. On each tree, one primary branch from each stem AGI was
selected, and the inclination of each primary branch AGI was
measured. These branches were remeasured in autumn 1983 after
leaf-fall.

A1l data were punched onto cards for statistical analysis.
While the branch data were being collected, several errors were
found in the branch ID. These were usually due to miscounting the
node number {e.g., the branch was at node 5, not at node 4). These
corrections were made. Two data sets were then created: one
(PARENT) contained the master data set with all branches listed

relative to their mother branch and the second (DAUGHTER) contained
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a separate data line for each branch. Several statistical programs
were written using the Statistical Analysis System (SAS Institute
Inc, 1982) to check for errors in the data. One such program
determined if the numbers for the observations on eacn variable in
the PARENT data set were equal. Errors of this Lype were usually
found in pairs and were caused by writing a data point on the wrong
line. These errors were easy to correct. In the original data set,
broken branches were marked and the inclinations of the broken
segments were measured. A second program was written to locate
these values and set them to missing (= 999). A third program was
written to check for missing values in the DAUGHTER data set.
Errors of this type were often caused by recording a data value in
the wrong column (e.g., at node 9 instead of at node 10). These
were also corrected.

As mentioned above, on some trees it was not possible in the
field to distinguish between year 1 and year 2 trunk growth. For
most temperate tree species, this position can be estimated by
examining branch ages. This is not possible for sycamore because it
forms Type I proleptic branches so that branches of two ages are
found intermixed on one AGI. To solve this problem, plots were
drawn which show trunk annual height growth, branch annual growth,
and branch age (Figure 2.4). A more detailed description of the
problem and a solution was given in Schutt {unpub. man.) and in the
brief summary which follows:

1. Within an AGI, branch length increases with increasing

distance from the AGI base.
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Figure 2.4 Side profiles of the study trees. Lines to the left of
the y-axis show tree height at various tree ages. Lines
to the right of the y-axis show branch annual growth
increments (AGI) and age for all primary branches.

Within an AGI, Type I proleptic branches are identified
by their older age.
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2. In subsequent years, the lower, smaller branches die,
leaving a section of the bole which is free of branches.
3. MWhen Type I proleptic branches occur, they occur on the
lower section of a stem AGI.
4. First year growth of Type I proleptic branches is usually
shorter than growth of subsequent years (see pages 93-95).
With these observations (which can do be made on Figure 2.4),
it was possible to identify the last year 1 branch formed. Other
data sets were then used to determine the mean distance from the
last branch formed to the end of that season's growth. This value
was 2.55 ¢cm (N = 44). The division mark between year 1 and
year 2 growth was then set at 3 cm (the mean value rounded to the
nearest cm) above the last year 1 branch. To verify the assignment
of this location, increment cores were taken at various heights from
any tree where there was a question about the year 1 and year 2
division mark to determine tree age at that height. These data
verified this procedure. The relative node numbers for the AGI for

years 1 and 2 were then determined and added to the data set.
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CHAPTER 3

HEIGHT GROWTH

Introduction

Patterns and phenology of extension growth will be discussed in
Chapter 5. This chapter will address the topic of environmental
effects on the total amount of seasonal extension growth.

Plant extension growth is the result of the complex interaction
between a plant's genetic potential and a host of environmental
resource levels and regulators. Kramer and Kozlowski (1979) listed
the principal resources needed for plant growth as light, water,
oxygen, carbon dioxide, and mineral nutrients. Physical space
should be added to this list. Environmental regulators include
temperature, wind, gravity, pH, water, and biochemicals. Analysis
of plant growth is further complicated by interactions among the
environmental resources, the environmental regulators, and the
growing plant. Indeed, plant growth is usually not limited by a
single, simple factor as was proposed by Liebig (1843) and later
modified by Blackman (1905). Therefore, any attempt to model plant
growth from a single environmental factor should be undertaken with
a healthy dose of optimism. Even so, a significant amount of the
variation in plant growth can be explained from an analysis of
environmental factors. For example, in his review, Brown (1971a)
summarized our current understanding of the effects of mechanical

forces, light, water stress, and temperature on plant form.
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Lockhart (1961) related extension growth in pinto beans to light
intensity, demonstrating that maximum length was obtained at less
than full sunlight; elongation growth was inhibited by gibberellin
deficiencies in full sunlight. Wilson and Fisher (1977) also found
that light intensity determined the amount of extension growth in

striped maple (Acer pensylvanicum L.) as well as the fate of bud

primoraia. Biro et al. (1980), Jaffe (1973), Neel and Harris
(1971), and Turgeon and Webb (1971) all found touch to inhibit
terminal elongation in the species they studied. Hunt and Jaffe
(1980) found an interaction between temperature and wind (one type
of touch) while explaining the amount of elongation growth in

Phaseolus vulgaris L.

Perhaps the area of environmental physiology mogt thoroughly
studied is the effect of water supply on plant growth. Relatively
few papers have examined the effects of moisture surplus on plant
physiological processes. In one review of this topic, Kozlowski
(1982) discussed the effects of flooding on tree growth and
concluded that trees vary both in their flood tolerance and in the
methods used to survive a flood. A topic studied more thoroughly
than water surplus is the effects of water deficits on plant
growth. Brown (1971a) concluded that water is the single most
important factor limiting tree growth and distribution. Kramer and
Kozlowski (1979) also concluded that water supply is the primary

environmental resource controlling the occurrence of trees in places

where temperature will allow their existence.
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Many physiological processes are affected by water deficits. A
recent review of this topic was supplied by Hsiao (1973). He wrote
that, although studies on this topic abound, few authors have
concurrently examined the progress of more than one physiological or
metabolic process in plants undergoing increasing, gradual water
stress. Because of this fact, it is hard to place the various
processes in a sequence of increasing sensitivity to stress. With
the Timited data available to him, he tentatively concluded that
cell growth is the most sensite process. His evidence came from a
variety of sources. One was the fact that turgor pressure has long
peen considered crucial for cell expansion. Another was that the
rates of change in cell enlargement with water stress proceed too
rapidly to be caused by metabolic changes. He cited a study by
Acevedo et al. (1971) which demonstrated that short, mild water
stress in maize did not alter total elongation. This implied that
metabolic processes continued uninterrupted during the period of
stress. A last line of evidence came from the fact that root growth
is resisted by soil water potential and soil mechanical resistance.
An increase in soil water potential or mechanical resistance should
reduce root pressure potential and, subsequently, root growth. This
has been found to be the case (Greacen and Oh 1972).

Zahner (1968) reviewed the effects of water deficits on tree
extension, diameter, root, and reproductive growth. He concluded
that:

Botanists, foresters, and horticulturalists in every decade

since the middle of the eighteenth century (reviewed by
Studhalter et al. 1963) have reported increasingly
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convincing evidence that tree growth responds more to
natural changes in sap flow, and therefore environmental
water stress than to any other normal, perennial factor
in a forest or an orchard (emphasis added).

This statement can be coupled with Hsiso's assertion about the
importance of cell turgor pressure to growth to conclude that
there is a correlation between cell water potential and soil
water potential, although the two are not equivalent. Zahner
continued by stating that differences exist even within the soil
and that the average soil moisture stress of a volume of soil
differs from the moisture stress at the root/soil interface, the
later being much greater. The magnitude of this soil/plant
water potential difference increases with height above the water
table. Spatial and temporal variations in water potential in
the soil-plant~atmosphere continuum have been described by
Hinckley et al. (1978). They reviewed studies of field~-grown
forest trees and included the following topics: the
environmental control of stomatal activity, transﬁiration and
water movement in tree stems, tissue capacitance, interspecific
variations, and ecological considerations.

The amount of extension growth also varies with site, year,
and tree species. Zahner (1968) reported that hundreds of
papers have been published which demonstrate that height growth
is less on dry sites than on moist sites. He formed the general
conclusions that soil water is the key to forest site
productivity and that soil characteristics which determine the

amount of water available to a tree account for most of the
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variation between sites. Although this is so, forest soil
characteristics have been poorly studied (Hinckley et al. 1978),
and problems such as site heterogeneity make this work
difficult. The amount of extension growth at a given site also
varies between years. Many authors have correlated extension
growth with rainfall (Zahner 1968) resulting in the general
conclusion that, for trees on upland sites, growth is greatest
in wetter years. The effect of climate on extension growth also
varies with species at any given site. In trees such as tulip

poplar (Liriodendron tulipifera L.) and loblolly pine (Pinus

taeda L.), which grow throughout the season, extension growth is
reduced by current season water deficits, whereas in species
with preformed leaf primordia, water deficits of previous years
reduce the number of leaf primordia formed and current deficits
reduce leaf size and internode distance (Zahner 1968). Doley
(1970) has proposed an alternative explanation to account for

the amount of extension growth in Liriodendron. He simulated

drought experienced by Liriodendron seedlings by reducing

atmospheric humidity in a growth chamber from 95% to 45% and
reducing soil water potential from -0.4 to -11.0 bars. He found
that humidity reduced growth more than the water potential of
the root medium. In the field, these variables probably
interact to produce the observed growth.

Bassett's (1964) work is an early study attempting to
quantify soil moisture availability and its effect on tree

growth. He used a previously developed method to estimate soil
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moisture content for each day in the growing season from the
following data: field maximum, field minimum, minimum storm,
accretion regressions, depletion curves, transition dates, and a
daily record of rainfall. This technique was used for the 0 to
15.24 and 15.24 to 30.48 cm (0 to 6 and 6 to 12 inch) soil
layers. He then created two indices to relate soil moisture
levels to tree growth: no-growth and growth days. He defined a
no-growth day as a day in which the mean moisture tension in the
surface 30.48 cm (foot) reached or exceeded -4 bars. The index
was the sum of these daily values. To calculate the growth day
index, soil-moisture tension and potential evapotranspiration

(PE) were compined as:
Growth-day unit = 1.0 -(P x T)

where P is the daily value of PE in inches of water and T is the
mean moisture tension of the surface 30.48 (foot) of soil in bars.
The product of P and T represents the interaction between these
terms, which is tree water stress. These two indices were regressed
against basal area growth (ftz) and cubic-foot growth of a second

growth forest composed of loblolly and shortleaf (Pinus echinata

Mill.) in wixture with upland southern hardwoods, mainly southern

red oak (Quercus falcata). The linear regressions were significant

(p <0.01) and explained 95 to 97% of the variation in the data.
Zanner and Stage (1966) have also developed a tool to predict
tree growth from daily moisture stress. Their technique is based on

Thornthwaite's technique of determining the difference between
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potential evapotranspiration and precipitation and, in the case of a
deficit, calculating soil moisture depletion. In one analysis, they

explained 72% of the variation in red pine (Pinus resinosa Ait,)

shoot growth from water deficits of the current year shoot elongation
period, deficit sums for the previous year's needle-elongation plus
fooa-storage periods, and the sguare of sum of deficits for the
preceeding year. This was an improvement on the 52% of the same
variation given by a regression on total precipitation and average
temperature for the same growing periods. They also were able to
describe 78% of the variance in the deviation from normal basal area

growth in western white pine (Pinus monticola D. Don) by an

orthogonal polynomial regression using mean daily temperature, daily
precipitation, and six coefficients describing woisture stress.

Many equations have been developed to predict evapotranspiration
on time scales varying from one day to one month (Veinmeyer 1964).
The most widely used technique for calculating water balance is that
developed by Thornthwaite and Mather (1955, 1957). Input to this
model includes:

1. mean monthly (or daily) air temperature,

2. mean monthly (or daily) precipitation,

3. information about the water holding capacity of the soil,

and

4. plot latitude.



43

The first step in this technique is to calculate a temperature
efficiency (TE) index as the sum of the twelve monthly temperatures

(Ti) from the empirical equation:

12 1.514
TE =5, (T4/5) :

Next, potential evapotranspiration (U) is calculated as:
U= 1.6(10T4/TE)2
where:
a = 0.000000675(TE)3 - 0.0000771(TE)2 + 0.01792TE + 0.49239.

This value is then modified to correct for varying day lengths with
increasing latitude and also for different month lengths. The
difference between precipitation and potential evapotranspiration is
calculated next. If this value is positive, water is added to the
soil until it is at field capacity, at which point runoff occurs.
If the value is negative, moisture is withdrawn from the soil.

Soil water depletion does not occur in a linear fashion but
along a soil-moisture characteristic curve (Hillel 1971). At
increasing tensions, soil moisture is held more and more tightly by
the soil. Soil wetting occurs by a different process, and this
curve differs from the soil depletion curve. This phenomenon is an
example of a hysteresis. In Thornthwaite and Mather's 1957 paper,
soil moisture values were found in tables for different soil

available water holding capacity and from values for accumulated
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potential water loss (ACCPWL). Pastor and Post (1984) observed in
Dunne and Leopald (1978, Figure 8-3, p. 241) that soil moisture is
related to ACCPWL by a negative exponential and that the slope of
this function is determined by field capacity (FC in mm). They then
selected random values from Thornthwaite and Mather's tables as data

which was used to develop the following summary equation:

Soil water = FC x e(0.000461 - 1.10559/FC) (ACCPUL)

They obtained an RZ of 0.9993.

Several indices have been developed to quantify the severity of
soil moisture stress on plant growth. Palmer (1965) used
Thornthwaite and Mather's approach to develop the Palmer Drougnt
Severity Index (PDSI) which averages the current weather conditions
with conditions for part of the previous month. A map showing PDSI
values for the 48 continental states can be seen in the Weekly
Weather and Crop Bulletin. This index has been used successfully to
account for much of the variation in tree-ring chronologies and to
reconstruct droughts (Cook and Jacoby 1977).

Mann and Post (1980) developed another index for soil moisture
stress, and a description of their method can be found in Solomon
et al. (1984), and Pastor and Post (in press). Soil moisture values
were calculated by the Thornthwaite and Mather approach. Their
drought index (D) is the number of days in the growing season that
soil moisture falls below the -15 bar tension level. Tree diameter
growth is reduced by a factor (1 - D/Ui) where Di is the "maximum

drought days" that species i can tolerate during the growing season.
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This parameter was estimated by comparing the western-most extent of
a species' range with maps of calculated maximum drought days for
the eastern United States. They used Bassett's 1964 paper to assume
that the shape of the function relating tree diameter growth to a
“drought day" climatic index is Tlinear.

The purposes of this chapter are: to parameterize a soil
moisture model for the study area based on Thornthwaite's
methodolagy, to develop several indices which describe soil moisture
deficits, and to develop an equation to predict sycamore bole
extension growth from these soil moisture indices and from

calculated so0il moisture values.

Materials and Methods

Mann and Post's FORTRAN computer code was used to determine
the monthly soil moisture values from observed temperature,
precipitation, soil, and latitude data. Growing season length was
determined as the number of days between the mean last spring frost
and the mean first autumn frost. These values were obtained from
the Climatic Atlas of the United States {1968). Soil moisture
values were estimated by the following procedure. Union Camp, Inc.
had previously classified and mapped the soils at the study site
(Chapter 2). Values for the depth and texture of each soil horizon
of the Riverview soil were taken from the "typical pedon"
description given on the Soil Series sheet by the U.S. Department of
Agriculture, Soil Conservation Series. Field capacity (FC) for each

texture was obtained by multiplying soil moisture values by weight
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found in Table 1 of Broadfoote and Burke (1958) by bulk density
estimates found in their Table 7. Soil moisture values for -15 bar
tensions (DRY15) were read directly from Figure 6 of the same
publication. The values for both field capacity and -15 bar tension
for each soil layer were then multiplied by the depth of that layer
to estimate the available water holding capacity of the soil. Mean
monthly temperatures and total monthly precipitation data for the 53
most recent years were obtained for the tidewater climatic division
of Virginia from the publication Climatological Data. A weather
station exists in Stony Creek, Virginia (which is near the study
site), but data from this station was nol used alone because Blasing
et al. (1981) have shown that climatic division data is preferred
over single station observations for predicting tree diameter
response to climate. This is due to the fact that data averaged
over several stations reflects the regional climate better than that
of a single station due to dampening of local, anowalous
fluctuations.

Three indices were created to describe drought severity for
each year (Figure 3.1). The first expressed the growing season date
(GSD) that the soil moisture potential reached the -15 bar level and
was expressed as a fraction of the growing season length. The
second was calculated by subtracting the duration (DUR) of the
drought (also expressed as a fraction of the growing season) from
1.0. This index is the same as that calculated by Mann and Post
(1980), scaled by the length of the growing season. The thira index

represented the fraction of the potential water available for plant



Figure 3.1.

47

Rainfall, evapotranspiration, soil moisture, and three
climate indices for 1980. GSD is the growing season
date that the soil moisture curve drops below the 3-bar
tension level expressed as a fraction of the growing
season length. DUR is the duration of the drought
expressed as a fraction of the growing season length.
FPOT is the fraction of the potential soil water
available for extensive growth calculated as (field
capacity - 3-bar tension) x length of the growing
season.
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growth (FPOT). This potential is the product of the number of days
in the growing season and the available watef holding capacity (AWHC
= FC - DRY15). These indices all ranged between 0.0 (representing
total drought) and 1.0 (representing no soil water deficit).

A1l 1input data were added to the model which was run to
calculate monthly soil moisture values and the DUR index. For the
53 years of input data, the DUR index was less than 1.0 in only one
year. Therefore, this index was not sensitive enough to explain the
variation in sycamore extension growth.

The fact that cell growth is one of the processes most
sensitive to moisture stress was noted above (Hsiao 1973). Hsiao
summarized information showing that growth ceased at leaf water
potentials of -4 bars in sunflower, -7 bars in maize, and -12 bars
in soybeans. Table 1 in his paper indicates that this process may
be sensitive to tissue water potentials of a fraction of a bar.
Stransky and Wilson (1964) found that shoot extension in loblolly

(Pinus taeda) and shortleaf pine (Pinus echinata) was totally

inhibited by a soil water potential of -2 bars. Doley (1970) found

a 70% reduction in Liriodendron stem elongation with a reduction of

leaf water potential from -6 to -7 bars. Bassett (1964) cited Kramer
and Kozlowski (1960) who stated that, theoretically, soil water
potentials greater than ~1 or -2 bars reduce growth, and Bassett
used a DRY value of -4 bars in his work. These examples have been
given to demonstrate that cell expansion is sensitive to soil water
potentials above -15 bars, the value taken as representing the

permanent wilting point. Because of this fact, the DRY value was
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reset at -3 bars. Values for this soil moisture potential were
given in Holtan et al. (1968) and was calculated for the current
study by the following procedure. First, the seven study sites
closest to Stony Creek, Virginia were located. These were: College
Park, Maryland; Moorfield, West Virginia; Blacksburg, Virginia;
Americus, Georgia; Watkinsville, Georgia; Beemerville, New Jersey;
and Mariboro, New Jersey. Soil water tension values were obtained
for each layer of the Riverview series from silt loam soils at these
sites. Since an adequate sample size was obtained only for the
surface horizon, values for the subsurface horizons were obtained
from soils at the same sites but with other surface horizons. Data
for the loamy fine sand subsurface layer were still too few, so
values were obtained from the description of other eastern United
States soils. From these data the mean -3 bar moisture values was
calculated for each layer, and these values were then multiplied by
the depth of that layer in the Riverview series to get the soil -3
bar moisture value.

Preliminary data analysis indicated that an additional tree
neight measurement was necessary. The original study trees could
not be remeasured because the tops of several of these trees had to
be removed to measure them. In the autumn of 1983, fifteen trees
were randomly selected from throughout the plantation described in
Chapter 2. Tree height was measured for each of the seven years of
growth, and in addition, two increment cores were extracted at
random azimuths from the base of each tree. To determine if these

trees differed in mean annual height from the 10 study trees, they
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were compared by t-tests. These analyses failed to reject the null
hypotheses (p >0.05) and confirmed that the ten study trees are a
random sample of the larger population. Figure 3.2 shows the mean
height and diameter growth for the 7 years of stand growth, as well
as soil moisture and Palmer Drought Severity Index values for the
same time period.

The growth curve of many species is not linear over time but
sigmoidal (Leopold and Kriedmann 1975). Because the shape of this
curve affects the form of the regression equation, tree height was
plotted against time for the trees at this study site, for trees at
other sites planted by Union Camp, Inc., and for values published in
Belanger and Pepper {1978) for two stands with densities similar to
those in the present study. These curves (Figure 3.3) are linear
over the age of the study. Others (Cochrane and Ford 1978) have
observed linear extension growth in young plantations.

Several other factors had to be considered during mode]l
development. First, the first year of tree height growth is not
only a function of tree genetic potential, environmental conditions,
and cultural management techniques, but is also a function of
seedling size and the depth to which it is planted. Because of
this, the first year's growth was not included in the analysis.
Second, as mentioned in Chapter 2, the trees were fertilized during
the first year of growth and cultivated twice during each of the
first two years. The trees were also fertilized at mid-rotation
(age 7). Early-rotation fertilizer effects last two years (J. Jones,

pers. comm,) with 2/3 of this effect occurring in the first year.
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The combination of year 2 fertilizer and cultivation effects was
coded as a FERT = 2 class effect and the mid-rotation effect was
added as a FERT = 3 effect. A last complication is that repeated
observations were made on the same tree, violating the regression
assumption of independence. One technique used to avoid the
potential correlation among observations is the growth curve
analysis procedure developed by Grizzle and Allen (1969). Another
analytical approach suggested by Draper and Smith (1981) for growth
data is to fit a model "in as common sense a manner as possible, and
then to examine the residuals from the fit to see if they exhibit
characteristics that give clues of invalid assumptions." In the
present study there were two extremes in a continuum of potential
methods that could have been used in the analysis. An
anti-conservative procedure would have treated all observations as
completely independent, which they clearly are not. A conservative
method would have treated the observations on a tree as completely
dependent, and the six observations could then be collapsed into
one. The model chosen assumes that tree growth is linear over the
course of the experiment and that the population mean height is
lTognormally distributed. Any dependencies present in the data can
then be treated as a random effect due to "tree.," By tnis
procedure, any tree whose growth is above the mean in its first year
of growth will be above the mean all other years. For the
relatively short growth period analyzed in this study, this
assumption is appropriate. However, for analyses covering longer

growth periods or for different genotypes or silvicultural
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treatments, the shape of the growth curve may change (Daniel et al.
1979) and another model may be needed. This term is considered as a
random effect in the analysis because the study trees are a random

sample of the larger population. The equation to be analyzed was:

b b )
HT = e O « (SOIL MOISTURE INDEX) ! « eFERTILIZER . oTREE,

After taking logs this became:
In(HT) = bg +by Tn(SOIL MOISTURE INDEX) + FERTILIZER + TREE.

Separate analyses were run for all three soil moisture indices
as well as for monthly soil moisture values. Since the April soil
moisture value was the same for all years, it was deleted. It was
also necessary to combine the soil moisture values for the months of
May and June, July and August, and September and October because of

the small number of years in the data set.

Results and Discussion

Results from the regression analyses (Table 3.1) show that all
regressions are significant (p <0.05). In the regression with May
and June soil moisture (1nWAT5/6), the significance level is less
than in other regressions, and in this model the soil moisture term
is not significant (p >0.05). Above, it was mentioned that the
April soil water value was the same for all years. Figure 3.2 shows
that the soil is recharged to field capacity each year and is still
at field capacity early in the growing season. As such, it is not

surprising that unless a very hard drought develops early in a



Taple 3.1. Parameter estimates, F-values, and coefficients of determination for the

multivariable regressions predicting In (AHT) from climate, fertilizer, and

tree variables. The significance levels given over the parameter estimates are
from the type 11l F-tests.

Fertiilizer class

Tree
Intercept Climate 0 2 3 Yariance F RZ
-12.446 2.243 1n WAT 5/60S -0.009*% 0.380 0.600 0.0119"S 2.13% 0.334
-4.627 1.272 In WAT 7/8%%% -0.327%%% 0,042 0.000 0.0217% 5.04%%% (0,543
-0.038 0.675 In WAT 9/1C***  -0.308***  (,209 0.000 0.0214% 4.94%*x  (.539
4.813 0.765 In GSD*** -0.355%*%*  $.080 0.00¢ 0.0221* 5.21%**%  §,552
4,809 0.761 Tn DUR*** -0.358***  (.083 0.000 0.0219* bolb*x**x  (.549
4.928 0.677 In FPQT*** -0.259%**  (,221 0.000 0.0203* 4.47%*x  (,514

nSNot significant.
*Significant at 0.05 level.
**Significant at 0.01 level.

***Significant at ¢.0071 level.

9s
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season, this early-season water value would add little to the
regression. After June, the soil moisture values are highly
significant, indicating that this is the time of year when tree
growth is most sensitive to soil moisture stress. It should also be
noted that the three climatic indices are highly significant and
that the magnitudes of the parameters are similar. They all do a
good job of measuring soil moisture stress. This in not surprising
as all three are highly correlated (p <0.0001, n = 53).

The fertilizer effect is also highly significant. The value of
0.0 for the mid-rotation (FERTilizer = 3) class level is a result of
the algorithm that SAS uses to solve the normal equations, and other
FERTilizer class level values should pe compared to this value. The
model was able to detect that both the early fertilization/cultivation
treatment and the mid-rotation treatment increased sycamore height
qrowth. The combination of early fertilization and cultivation
(FERT = 2) resulted in the greatest increase in height growth.

With the exception of the first regression, the magnitude of the
parameters are strikingly similar. As the purpose of these cultural
techniques is to reduce direct competition by herbs and to increase
height growth, it appears that they are successful.

The random TREE effect is also significant, although less so
than the other terms. This implies that the trees have little
differences among them. This is not surprising in a monoculture
established from similar genetic stock. This term was assumed to be

lognormally distributed with a mean of 0.0 and the calculated
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variance given in Table 3.7. Once again, there is a striking
similarity in the magnitude of this term among regressions.

This TREEL effect could represent one of two factors: microsite
or genetics. A microsite effect would represent variables related
to the environment (e.g., small-scale changes in soil fertility,
soil texture, or soil depth) or biotic effects on tree growth (e.g.,
insect attack). These environmental variables would influence
growth throughout the tree's life and would prohably affect the
growth of several trees in an area. Biotic effects would probably
be important only for early tree growth (affecting subsequent
years), although an acute, late-season attack may affect the
parameters for this variable. A second possibility is that these
TREE differences are related to genetics and that trees differ in
their growth potential. Because the study area was over a small,
apparently homogeneous area of the sycamore plantation, and because
the mean tree height for these 10 study trees did not differ from
the height of the rest of the plantation, the TREE effect is
probably not due to microsite effects. For the remainder of this
paper, the TREE effects will be assumed to be due to genetics.
Indeed, trees do differ in their height growth potential.

Because the results from several of the models were so similar,
any one of the regressions could have heen used in the simulation
model to predict neight growth. The regression with the DUR
variable was chosen because of its similarity with previous work by

others.
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CHAPTER 4

OPPORTUNISTIC BRANCHING

Introduction

To temperate foresters and botanists, it has long been considered
"normal" for trees, shrubs, and herbs to make their total annual
extension growth in a single flush which follows a sigmoid "grand
period of growth" shape curve (Studhalter 1955). Modifications of
this pattern were considered the exception, not the rule. This
chapter will examine some of these so called "exceptions" and their

significance for sycamore (Platanus occidentalis L.).

Bell et al. (1979) developed a model to simulate two-dimensional
branching patterns of plants. 1In this model, the developmental
geometry of a plant was simulated from parameters modeling meristem
fate (time of birth and death), potential (or type), and position
(location and orientation). Meristems have one of three initial
fates: they may grow into a shoot, abort, or become dormant (often
as a bud which may develop later). Growing and dormant meristems
may later be damaged and die, or may die naturally. A considerable
botanical literature has developed to name and describe these
meristem fates. For examplie, Studhalter (1955) listed over twenty
terms that describe late-season growth flushes; the two most common
are the German "Johannistrieb" and the English "lTammas" (Brown
1971b, Halle et al. 1978, Rudolph 1964). Another branching

phenomenon is prolepsis.



60

Spath (1912, in Halle et al. 1978) defined syllepsis and

prolepsis as (in translation):

Sylleptic shoots are such as develop regularly on a leafy
unmodified shoot, without consideration of the season,
during continuous extension growth of the terminal bud
from newly formed lateral auxiliary buds - mostly without
forming bud scales first - therefore without a preceding
rest period and developing independently of other

factors. Therefore they belong to the normal shoot system
of the plant, but they are to be found frequently and
regularly in young plants only and may be lacking
occasionally in old ones.

True proleptic shoots are those which develop
irregularly on a leafy unmodified shoot, without
consideration of the season after complete conclusion of
extension growth, therefore from already closed (almost
always terminal) buds after an appreciable resting
period. Therefore they do not belong to the normal shoot
system of the plant.

Kozlowski (1964) wrote that sylleptic shoots are "less well known"
and "often are unnoticed because they form during the early part of
the growing season when normal shoots develop (emphasis added)." He

cited Szczerbinski and Szymanski (1957) who found that "shoots in

young Pinus sylvestris trees formed frequently from newly formed,

scaleless buds that had not passed through a period of rest
(emphasis added)."

Multiple tip flushes have long been known. Theophrastus wrote
of two types of multiple flushes, end-on-end from terminal buds and
lateral growth from lateral buds (in Studhalter 1955). This
distinction has been retained up to the present. Rudolph (1964)
defined lammas growth as "the type of terminal shoot elongation

characterized by one or more periods of growth following the first
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elongation of the terminal shoot earlier in the season" and
prolepsis as “the condition in which at the end of the normal
seasonal growth, one or more lateral buds at the base of the
terminal bud break dormancy and add another flush of growth."

He further limited the definition of prolepsis to include only
branching at the base of the terminal bud of the main stem.

Kramer and Kozlowski (1979) further added that these are "abnormal
late-season bursts of shoot growth from opening of recently formed

buds which are not expected to open until the following year

(emphasis added)."

Halle et al. (1978) have also reviewed the historical usages of
the terms syllepsis and prolepsis. They retained Spath's original
definition of syllepsis but adopted Tomlinson and Giil's (1973)
modification to his definition of prolepsis. Their definition
reads, "Prolepsis is the discontinuous development of a lateral
from a terminal merisiem to estabiish a branch, with some
intervening period of rest of the lateral meristem." Their
contentions with Spath's definition are two. The first is that he
did not differentiate between the growth of the terminal and lateral
buds (lammas and prolepsis as described above).

In their words:
These definitions indicate that no distinction is made
between activity of terminal and lateral buds, i.e., the

terms do not relate only to branching “prolepsis.” Spath

thus clearly means "precocious" breaking of a bud which

would “"normally" be expected to overwinter, a sense in

which it 1s still commonly used, especially with reference

to specialized shoot systems like that of Pinus, e.g.,
Rudolph (1964).
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Their second disagreement is with the fact that many
definitions state that this is an unusual phenomenon (note the
emphases added to the above quotations). Again, in their words:

Now that we have a more cosmopolitan understanding of tree

growth and especially now that we can appreciate that

synchronization of shoot extension is neither a necessary,

nor the most common condition for tree growth, as tropical

observation demonstrates, we can apply Spath's terminology

strictly to branch expression in the way we have

established ... without treating it as a special case.

This leaves the field clear for "lammas shoot” and its

equivalents to describe a normal but only infrequently

expressed phenomenon. We thus invert the whole of the
philosophy behind the forester's thinking, by saying

"temperate trees are anomalous, lammas shoots of various

kinds are normal phenomena of growth."

They suggested that this normative viewpoint developed because most
studies have been made on temperate trees and emphatically stated
that this viewpoint "has to be changed."

In the literature, the terms prolepsis and lammas have
sometimes been used interchangeably. Rudolph's (1964) definition of
lammas growth was restricted to terminal shoot growth and his
definition of prolepsis was for lateral bud growth. Kozlowski
(1964) and Kramer and Kozlowski (1979) agree with this terminology.
Carvell (1956) described lammas growth on red pine as shoots which
originated from lateral buds surrounding the leader. As such, his
lammas growth is equivalent to Rudolph's proleptic growth. Halle
et al. (1978) also use the term lammas to refer to shoot growth.

Morphologically, sylleptic branches can be identified by the

presence of an extended internode (hypodium) below the first leaf or
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pair of leaves (Halle et al. 1978, Tomlinson 1983). Proleptic
branches can be recognized by the presence of basal bud-scales and a
gradual transition (of size and shape) towards adult foliage. Many
factors have been put forth to explain the frequency of late-season
growth flushes. In his review, Rudolph (1964) found that soil,
weather, light, heredity, and auxin relationships have been
postulated as primary factors influencing the formation of these
shoots. Because his own work had shown that jack pine (Pinus
banksiana Lamb.) from the more southern Lake States had a higher
frequency of late-season shoots than more northerly seed sources, he
attributed the difference to genetics. Brown (1971b) gave excess
late-season rainfall as the primary cause for lammas shoots.
Borchert and Slade (1981) observed them more frequently on "vigorous
saplings." Carvell (1956) also found that lammas shoots were found
"almost entirely...[on] the largest and most vigorous [red] pines."
Rudolph (1964) mentioned another type of branch growth which he
called "long buds" in which terminal buds elongate but do not
break. These differ from lammas shoots of pine in that Tammas
shoots have needles along their length, whereas long buds do not.
Syllepsis, prolepsis, and lammas growth are examples of buds
which grow either immediately after formation or shortly
thereafter. Buds may also remain suppressed for much longer periods
of time. The terminology “suppressed" adopted here is that of Brown
(1971b) who prefers its use to “dormant" because the buds are

continually producing new leaf and scale primordia, and are growing
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with the radially expanding cambium. If stem cross sections are
made, vascular traces can be seen (Brown 1971b, Figure I-18a and b).
In some tree species, auxiliary buds may produce additional buds in
the axils of their basal bud scales (Brown 1971b). These buds may
then exist as suppressed buds. Epicormic branches, also called
"water sprouts" (Kramer and Kozlowski 1979), result from the release
of suppressed buds after an increase in light intensity received by
tree trunks or branches (Daniel et al. 1979). Huppuch (1961)
observed epicormic branches on sycamore trees after a reduction in
stand basal area and his data suggest that the frequency is
proportional to residual basal area. Stump sprouts are another
example of the release of suppressed buds on lower tree stems
(Kramer and Kozlowski 1979). |

In addition to buds that form in leaf axils, buds may develop
which have no connection with apical meristems. These are called
adventitious buds (Kramer and Kozlowski 1979). A1l buds on roots
are adventitious (Brown 1971b), and stems that originate from them
are called root sprouts or "root suckers" (Kramer and Kozlowski
1979). Adventitious buds may also arise from stem meristematic
tissue on stumps, and these "stool sprouts® are usually short lived
(Kramer and Kozlowski 1979).

The present study will adopt Halle et al.'s (1978) definitions
of syllepsis and prolepsis. Use of their term prolepsis is,
however, not without problems when it is applied to tree branching

in seasonal environments. In temperate climates, their “period of
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rest" may occur within one growing season, over the winter, or over
several years (e.g., epicormic branches). No terminology has
developed to separate the first two of these situations. Branches
formed from buds that form, rest, and break during the same growing
season were called “"proleptic" by Spath. Halle et al. wrote (p. 45)
that he meant “"precocious." Elsewhere (p. 45), Halle et al. (1978)
imply that these should be called lammas shoots, but the problem
with their use of this term is that they use it elsewhere (p. 273)
where they apparently mean "epicormic." A term to describe the
branches of temperate trees that form from overwintering buds is
also lacking. Both of these branch types were observed on
sycamore. In the present study, branches that form along the
current leader growth will be called Type 1 proleptic branches or
Type I branches, and those that form from overwintering buds will be
called Type II proleptic branches or Type 11 branches. The
terminology is easy to remember for temperate trees in that Type I
proleptic branches form on l1-year-old branch sections and Type II
branches form on 2-year-old branch sections.

The presence of epicormic branching in sycamore has already
been mentioned. The purpose of this chapter is to examine other

branching strategies exhibited by in American sycamore.

Materials and Methods

A description of the sampling techniques has been given in

ChapterVZ. In addition to the main data set, data were collected on
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plantations established in 1974, 1977, 1978, 1981, 1982, and 1983.
In each of these, 15 trees were randomly chosen. On these trees,
the amount of height growth was measured and the number of Type I
and Type II branches formed each year wera counted. Two diameter
measurements were also recorded. For the older plantations, two
increment cores were extracted near the base of each tree. In the
plantation established 1974, extension growth was measured for as

many years as possible.

Results

On several trees the branches appeared to stop and then
continue growing within the same year. This was evident from the
presence of pseudo-terminal bud scale scars and, in some cases, by
the presence of the bud scales. In the 1982 growing season thnis
trait was observed on one branch of one tree, at 11 places in
another, and 15 times on a third tree. Only two examples were
observed on 1981 tree growth. The mean number of nodes produced
before bud set (for the 1982 data) is 3.55, and the mean number
after bud set is 1.37 nodes. The high frequency of occurrence on
only a few trees suggests that this trait is genetically
determined. OUne of these trees was the smallest one measured, and
the other was of average height.

On the study trees, two instances were observed where two

primary branches were attached to the same node. The population
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frequency of this event, and the mechanisms causing it are unknown.

Red oak (Quercus rubra L.) is another species with this trait

(Ward 1964).

In many instances, one or more new branches had formed on an
older section of a primary branch. It is unknown whether these
branchlets were newly formed after branch damage or whether this is
an example of the process mentioned above where suppressed buds
which formed in the axils of basal bud scales may later be released
(Brown 1971b).

Sycamore also forms Type I primary branches, and the number
formed on each annual growth increment (AGI) of each study tree is
shown in Table 4.1. They can also be identified in Figure 2.4 (see
pages 29-34). No second- or higher-order branches were observed.
The "X" under TA6 for trees 2 and 7 indicates that these trees
appeared to be only five years old, presumably due to dieback which
probably occurred their first year of growth. Many factors may be
proposed to explain the presence of Type I branches on these trees.
Among these are: genetics, tree age, climate, spacing {competition),
site fertility (natural and added), and interactions between these
factors. To determine the effect of tree age on Type I branching,
all observations for trees 2 and 7 were shifted left one column in
the table so that TA6 represented year 1 growth for all trees, TA5
represented year 2 growth, and so forth. At this point it should be
noted that this test is not simply a test for age dependency.

Climate, fertilization, and cultivation may have a confounded effect
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Table 4.1. The number of Type I proleptic branches on each annual
growth increment (AGI) for the ten study trees. The "X"
under Trunk Age 6 for trees 2 ana 7 indicates that these
trees had shown dieback.

Trunk Age
Tree 1 2 3 4 5 6
Total
2 1 X 1
4 4 7 11
5 9 4 13
b 4 1 5
7 2 4 X 6
8 9 1 10
9 4 4
10 1 3 4
11 3 3
12 10 7 17

Total ) 5 43 20 74
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with age. A G-test (Sokal and Rohlf 1969) was performed to test the
null hypothesis of independence between age and tree effects. The
G value of 104.802 is much greater than the X2 (p = 0.05) value

of 61.582, so the null hypothesis of independence is rejected. It
is clear from Table 4.1 that some trees formed more Type I branches
at a given age than others. The column totals indicate that they
produced more Type I branches early in their life. This may have
occurred through a variety of mechanisms. One is that physiological
age does affect Type I branch formation. Climate may also have been
favorable for Type I branching during early tree growth and less
favorable in later years. These stands were also fertilized and
cultivated during these first two years. It has been shown that
these factors affected tree height growth (Chapter 3), and it will
later be shown that they also increased node density (Chapter 5)
and, therefore, increased the number of potential daughter branches
formed. Unfortunately, data are not available to distinguish among
these factors. Union Camp, Inc. does have plantations of various
ages, but these plantations could not be used to sort out the
climate, fertilizer, and cultivation effects because they were
planted on different sites.

The significant interaction between the age/climate/
fertilization/cultivation effect and the tree effect indicates that
Type I branching is genetically inherited. This hypothesis was
tested on the other data sets described in the Materials and Methods

section of this chapter. To average out any climate effect in these
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data sets, they were divided into two classes: even and odd years.
It was mentioned above that two of the trees showed evidence of
dieback the first year. Since it was not possible to determine tree
age in the oldest plantation by counting pseudo-terminal bud scale
scars, these trees were assumed to be the same age. Results of this
analysis are shown in Figure 4.1. According to notes in the SAS
(1982a) output, these tests may be invalid due to small sample size
in some of the blocks. Yates' correction for continuity has been
frequently recommended for small sample sizes (Sokal and Rohlf
1969), but this results in an unduly conservative test. Since this
is the case, the chi-square results were accepted as calculated. 1In
all three plantations, trees with Type I branches in even years show
a frequency of Type I pranch formation in odd years that is higher
than expected. The same is true for trees with no Type I branches.
These differences are significant for the plantations established
1974 and 1977 and almost so for the one established 1978. To obtain
a larger sample size, data from these three sites were pooled, and
the test was rerun. The X2 value of 13.792 is highly significant

(p = 0.0002). This indicates that the significance level for the
individual sites would probably have been higher with larger sample
sizes. For both the plantation established 1977 and the one
established 1978, one tree had experienced dieback during one year.
When these trees were deleted, the X2 value increased for both of
these cases. These analyses demonstrate a genetic basis for Type 1

branching.
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Plantation established 1974

Absent
0dd
years
Present
Total

Plantation established 1977

Absent
0dd
years
Present
Total

Plantation established 1978

Absent
Udd
years
Present
Total

Even years
Absent Present Total
Observed 6 3 9
exp%cted 3.6 5.4
X 1.6 1.1
0 6 6
2.4 3.6
2.4 1.6
6 9 15
X2 = 6.67 p = 0.0098
tven years
Absent Present Total
Ubserved 11 1 12
exp%cted 9.6 2.4
X 0.2 0.8
1 4 3
2.4 0.0
0.8 3.3
12 3 15
2= 5,10 p = 0.0239
Even years
Absent Present Total
Ubserved 5 6 11
exp%cted 3.7 7.3
X 0.5 0.2
0 4 4
1.3 2.7
1.3 0.7
5 10 15
X2 = 2.73 p = 0.0986

Figure 4.1. Chi-square test for independence

in

Type I proleptic branch

formation in even and odd years
for three sycamore plantations.
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Next, the hypothesis was made that the number of Type I
branches formed was related to the amount of tree leader extension
growth. Data for this analysis were taken from measurements
on plantations established in 1474, 1977, 1978, 1981, and 1982.
This potential data set was subset to include only those trees which
are genetically Type I branch forming trees, defined as those which
formed Type I branches in at least one year. The mean annual leader
extension growth for this group was 96.6 cm. Trunk sections were
divided into two classes: those greater than or equal to this mean
and those shorter than tnis mean. The association between branch
length and presence/absence of Type [ branches was then tested. A
chi-square test far independence strongly rejected tne hypotheses of
no association (X2 = 7.214, p = 0.0072, N = 151). Frequencies
were higher than expected for the long shoot/Type 1 branches present
and the short shoot/ no Type I branches present classes. This
result provides evidence for the case that conditions which result
in increased leader elongation (e.g., adequate soil moisture,
fertilizer application, or cultivation) also increase the frequency
of Type 1 branches. In Chapter 3 it was assumed that tree growth
was relatively constant across years (i.e., no age effect) over the
course of this study. Differences in extension growth across years
were predictea from fertilization/cullbivation and climate effects.
1t appears that these same etfects can be invoked to explain the
number of Type 1 branches formed through their combined effect on

the amount of Teader growth.
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Since Type I proleptic branch formation is related to extension
growth, a regression analysis was performed to predict the number of
Type I branches formed from the amount of Tleader length. Because
the data consist of counts, some of which are zero, they were
transformed by adding 0.5 to each observation and then taking the
square root (Sokal and Rohl1f 1969). The ANOVA table is given in
Table 4.2. While the significance level is very high, the
prediction power of the model is low. This shows that the numper of
Type I branches formed is greater on longer mother sections, but it
is also determined by other, as of yet unknown, factors.

Next, Type I proleptic branches were compared 1o branches
attached to the same AGI and also to branches of the same age. In
sycamore, primary branch length is a function of the distance from
the base of the annual growth increment to the branch (Schutt,
unpub. man.). As such, the first step in this analysis was to test
for differences in position of attachment. The distance from the
AGI base to the branch could be used to compare branches attached to
the same mother trunk section, but this measure could not be used to
compare branches of the same age due to differences in amount of
extension growth. To make this second comparison, the relative
position (RELPOS = node distance /AGI length) was used. As in the
regression analysis of Chapter 3, a random class variable (TREE) was
added to account for differences among trees, assuming that this
accounted for any dependencies in the data.

Results are snown in Tables 4.3 and 4.4, In five of the six

ANUVAs, the F-value is highly significant. The TREE term is highly
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Table 4.2. ANOVA for the regression predicting the number of Type 1
proleptic branches formed from mother branch Tlength.

Source of

Variable df SS MS F
Length (cm) ] 4.080 4.080 18.56%%*
Error 147 32.326 0.220 RZ = 0.112
Total 148 36.407

**%Significant at 0.007 level.
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Table 4.3. Results from the ANOVA analysis examining for differences in
position of attachment between Type I and Type II proleptic
branches attached to the same trunk section.

Mean node distance Type III F-value Full model
Proleptic
Trunk age Type 1 Type 11 class Tree F R2Z
2 47.67 cm 66.27 cm 7.92%* 6.05x** 5,72%x* 0.336
4 28.40 60.81 32,53%%* 5.61%k% 6.90%** 0.479
5 70.64 114.07 99.21%** 14.74%%* 18, 69*%* 0.656
6 36.33 68.93 31.20%%* 7.47%%* 11.71%%% 0.672

NSNot significant.
*Significant at 0.05 level.
**3ignificant at 0.01 Tevel.

***Significant at 0.001 level.

Table 4.4, Results from the ANOVA analysis examining for differences in
position of ‘attachment between Type I and Type II proleptic
branches of the same age.

Mean relative node

position Type IIl F-value Full imodel
Proleptic )
Branch age Type 1 Type 11 class Tree F R2
2 0.401% 0.678% 9.46%* 0.59ns 1.5005 0.183
5 0.418 0.774 58.47%%* 1.02ns 8.60%** 0.522

NSNot significant.
*Significant at 0.05 level.
**Significant at 0.01 level.

**kSignificant at 0.001 level.
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significant for the comparisons of the branches on the same mother
section, but is not significant for the comparison of branches of
the same age. In all analyses, Type I branches form much lower
along the trunk than Type II branches. The lengths of Type I and
Type Il branches were also compared. In Chapter 5 a model will
be developed to predict the annual growth of branches of all
orders. This model was rerun with the addition of a term to examine
tor differences between Type I and Type II branches. Before
interpreting the results of this analysis, two further
considerations are necessary. First, the model was designed to
aescribe the exponential decay in branch annual growth with
increasing age. Because the first year growth of Type I branches is
shorter than the following year's growth, it was not included in the
analysis. Second, the full model included branches of all orders,
whereas it was stated earlier in this chapter that only primary
(first-order) Type [ proleptic branches are formed. The analysis
showed that the PROLEP term was not significant (p = 0.05).
Therefore, after the first year of growth, the growth increment of a
Type [ branch does not differ significantly from that of a Type II
branch formed at the same node distance.

An attempt was made to run an ANOVA to compare the length of
each year's growth between Type I and Type Il branches with node
position (or relative position) as a covariable. The results were
ambiguous, and no clear pattern emerged. Some analyses showed an
interaction between the slopes of the two branch classes. In some,

one or more year's growth differed among the classes but in others
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it did not. Some of this confusion may be due to small sample size
or to a confounding of tree and proleptic class variables. Because
of these difficulties, these results will not be presented.

The angle of divergence between a branch of one order and the
next (PANG) were also compared for these two branch classes. As
with the analysis for length, the model will be given in Chapter 5.
This analysis showed that Type I branches form at an angle 1.0

degrees more acute than Type Il branches.
Discussion

Many attempts have been made to relate the size and shape of
organisms to their structure. If the process of survival is seen as
a game, then the organism's “strategy" is to survive by performing
various biological tasks with minimum energy expenditure within a
given environment. Leopold (1971), drawing upon his earlier work
with stream drainage systems, made the analogy that tree branching
structures are governed by the opposite tendencies of providing
efficient sunlight interception while minimizing energy expenditures
on branch and stem lengths. Rashevsky (1961) stated the principle
of optimal design as:

For a set of prescribed biological functions of prescribed

intensities, an organism has the optimal possible design with

respect to economy of materials used and energy expenditures
needed for the performance of the prescribed functions.
He then defined the principle of adequate design as above,
substituting the word "adequate" for "optimal." Organisms may not

have optimal design, but they must have adequate design.



/8

Attempts have also been made to develop theories which explain
the functions performed by organisms, and then to evaluate these
theories by a comparison with data. Rashevsky (1943a, b, 1944) was
one of the first investigators in this field.

This process has been applied to the design of tree crowns and
forest canopies. Paltridge (1973) developed an analytical model to
examine the effects of leaf water potential (through its effect on
photosynthetic rate) on tree geometry. His model was later applied
to forest canopies after it was expanded to include light
interception. He examined the effects of tree height, soil
water availability, and tree shape on the photosynthetic rate of
forest trees.

Horn (1971) developed a theoretical model to explain strategies
of leaf aistribution by individual trees. His theory consisted of
twoe tree crown types: the monolayer, in which all leaves are held
in one layer at tne periphery of the crown, and the multilayer, in
which leaves are held throughout the crown with "gaps" between
individual leaves. He then predicted that multilayer trees would be
found in early successional stages and also in late successional
stages on xeric sites, and that monolayer trees would be found in
late successional stages and also in the understory. He also
predicted that early successional, multilayer trees would have small
or lobed leaves, be tall and thin as a sapling, have soft wood, and
a conical shape in the open. Late successional, monolayer trees
would be flat and spreading as saplings and would be tall and

ellipsoid to cylindrical in the open.
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The shape of individual plant parts has also been analyzed by
this process. Parkhurst and Louck's (1972) model predicted leaf
size by assuming that leaves are designed to produce maximum
water-use efficiency. Their results agree well with observed
large-scale trends. Givnish and Vermeij's (1976) model predicted
leaf size by comparing gains due to enhanced gas exchange with
losses of water and predicted leaf shape from mechanical efficiency
and proper orientation to light.

0f course, tree canopy shape is also limited by physical laws.
Greenhill (1881), one of the first to examine these "limiting
rules,” predicted the greatest height to which a tree of a given
diameter could grow without buckling. D'Arcy Thompson (1952) was
another explorer in this field and investigated the growth and form
of a variety of organisms. Other early investigators in this field
were Opatowski (1944a, 1944b, 1945) and Esser (1946a,b). Work along
this line continues to the present (Cobble 1971, McMahon 1973,
McMahon and Kronauer 1976).

Various authors have examined the methods used by trees to
achieve a canopy shape. Halle et al. (1978) have developed a series
of architectural models which describe the genetic pattern of
branching. Their models use attributes such as the amount of stem
branching (branches or unbranched) and pattern of shoot elongation
(continuous or rhythmic) to classify trees. More recently, Fisher
and Hibbs (1982) have demonstrated that these models can not be tied
with any successional stage because the same architectural model may

give rise to different canopy geometries and different architectural
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models may give rise to the same geometry. They concluded that the
adaptive geometry of a tree and its architectural model are not
synonymous, nor even comparable. Brunig (1976) has also developed a
series of tree "ideotypes" based on the aerodynamic properties of
leaves and the exposure of mature leaves to wind and radiation.
Marks (1975) examined the correlation between extension growth and
successional status in the northeastern United States. He found
that early successional trees have indeterminate growth that allow
for large amounts of extension growth and allow growth to continue
through the growing season. Late successional species produced
small amounts of extension growth over a short time period through
determinate growth patterns. P. White (1983) examined the
correlations among leaf size, leaf shape, twig cross-sectional area,
leaf number per twig, and branching density for 74 eastern tree
species. He found that leaf size is positively correlated with twig
area and negatively correlated with branch density. Early
successional trees also tend to have smaller leaves than late
successional trees at the same twig diameter, more leaves per twig,
and larger total area per twig. They also have longer extension
growth per year and either compound leaves or high bifurcation
ratios. Trade-offs among leaf size, leaf number per shoot, and
branching density exist, so that overall tree form is better
correlated with successional status than single canopy attributes.
Recent work by John Sperry (Tomlinson 1983) has shown that
conductivity values of the vascular system of proleptic and

sylleptic branches are lower in young proleptic branches than in
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young sylleptic branches. This situation is reversed as the
trunk/branch union thickens. Tomlinson suggested that young
proleptic unions are less efficient but safer, whereas mature
proleptic unions are more efficient but less safe. He further
suggested that from the point of view of hydraulic conductivity,
temperate trees may have selected the safest union between branch
and tree. These examples demonstrate that the genetic potential of
a tree species is a result of a series of trade-offs among several
developmental patterns and in some environments, species which are
genetically diverse have a survival advantage.

Sycamore is usually classified as intolerant to intermediate in
tolerance and competitive ability (Fowells 1965). Seedlings must
have direct light to survive. When they do, they can grow 91.4 to
121.9 cm in height the first year and continue this fast growth
throughout their life. Apical growth is indeterminate, continuing
throughout the growing season. This species also sprouts readily
when young. The crown of the trees is open, conforming to Horn's
multilayer strategy. These facts confirm the status of this species
as early-successional, Sycamore has many developmental attributes
which allow it to be successful in this role, and these traits were
observed ana discussed in this chapter. It may form more than one
branch at a node, may form new branches when old ones are damaged,
may stop and then continue growth, and may form Type 1 proleptic
branches. While not previously discussed as an adaptive strategy,
these traits are clearly beneficial to early-successional species.

As will be discussed in Chapter 5, branching is by acrotony: within
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a given trunk AGI, longer branches form towards the branch apex.
This phenomena is advantageous for it produces leaf area through the
length of the trunk, while concentrating that leaf area near the top
of the bole. For an early-successional species, heignt growth is
tantamount to survival. The same argument is true of Type 1
proleptic branching. A species which can develop its leaf area
along the current year's leader growth has an advantage for light
interception. The combination of traits which allow sycamore to
develop its canopy throughout the growing season, to develop leaf
area in the same year as extension growth, and to repair damage
gives this species an advantage over other trees and allows for
its survival.

From a management point of view, if prolepsis is genetically
determined and found on Tlonger stems, then selection for this trait
may be useful in giving these trees an advantage when they are grown
in plantations with competition with herbs.

The presence of all these features permits sycamore to survive,

and thrive, as an early successional species.
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CHAPTER 5

CROWN DEVELOPMENT

Introduction

Chapter 1 discussed the fact that very few studies exist which
give a complete description of crown branching for any tree
species. At that point, however, a list of the variables needed for
such a “"complete description" was not given. Since branching occurs
over a two year interval for most temperate tree species (see the
"exception" discussed in Chapter 4), these processes can be
classified by year. A description of first year growth of both
trunk and branches includes the following variables:

1. the amount of extension growth at all crown positions,

2. the number of nodes formed,

3. the distance to each node, and

4. the azimuth of each node.

If the crown description is to include leaf display as well as
branching, the following variables are also needed:

1. petiole length,

2. the angle of divergence between the petiole and the mother

branch,

3. leaf size,

4, leaf inclination relative to gravity, and

5. leaf azimuth relative to gravity.

The azimuth of the Teaf Tamina must also be measured if leaf weight

and petiole flexibility cause it to differ from the node azimuth.
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And, if leaf inclination and azimuth are measured relative to the
mother branch rather than relative to gravity, a measurement of the
torque of the petiole and lamina must also be made. In the second
year of branch formation the following variables are needed:

1. the number of daughter branches produced,

2. the node number of each daughter, and

3. the angle of divergence between the mother and daughter

branch.

If, as is usually the case, the branches are not straight, then the
azimuth relative to the mother should be remeasured as it will differ
from the node azimuth. All variables describing year one growth must
also be measured for each daughter. These second year branching
variables must also be measured on any Type I proleptic branches
formed during the first year. Cochrane and Ford (1978) have
categorized these variables into three phases of branch growth:
(1) production, which includes the number of branches produced;
(2) dispersion, which includes branch azimuth and inclination;
and (3) extension, which predicts the length of each branch.

What follows is a brief review of the processes governing these

aspects of crown development.

Elongation Growth: Pattern and Phenology

For a long time, it was assumed that plants made their total
amount of seasonal extension growth in a single spurt which could be
described by a sigmoid curve (Studhalter 1955). Richards (1969)

attributed the first clear description of this "grand period of



85

growth" to Sachs (1874). Many of the earlier papers on tree
extension growth used this terminology. For example, Friesner
(1941-42) found that the growth of four species of Indiana pines
“illustrated a grand-period type of behavior," and he then subset
these curves into nine types. He mentioned that the "essential
character" of the curves was not affected by the environment, but
that environmental factors do affect curve shape. In a later paper
(1943-44) he observed that growth of eastern white pine (Pinus

strobus L.) and red pine (Pinus resinoa Ait.) departed from a

“grand period" shaped curve. In his words:

A1l previous studies of these species have shown the

elongation of the primary axis to exhibit essentially

a grand period type of curve while in these three

trees each curve shows 3 waves of intensity, which do

not have a very close resemblance to the grand-period

type of curve.
After this work, other researchers questioned whether all trees
follow this "grand period" type of curve, and indeed, they found a
variety of types of growth curves. These shapes vary with species,
individual, and crown position and are further modified by
environmental factors (Kozlowski and Ward 1961).

Brown (1971b) classified elongation growth patterns of
different species into four patterns. Growth may occur: (1) in a
single flush followed by the formation of a resting bud, (2) in

several flushes each of which is followed by the formation of a

resting bud, (3) in a growth flush followed by shoot-tip abortion,



86

or (4) by a sustainea growth flush in whicn late-formed leaves
expand before terminal bud formation.

The growth curves of individual branches on a tree are also
affected by crown position. For example, Friesner (1943-44)
observed that: (1) current growth on primary branches decreased
from tree tip to base (Trend 1 in Chapter 1), (2) second-order
branches elongated less than primary branches, (3) second-order
branches on older first-order branches elongated less than
second-order branches on primaries above them, and (4) older
second-order branches grew less than younger second-order branches,
even though the younger second-order branches may have been on older
primary branches. Although the duration of elongation varied
petween branches, the rate of elongation varied much more.
Kozlowski and Ward (1961) found a decrease in amount of elongation
growth with increasing branch order. Others have observed a decline
in the duration of elongation growth with increasing branch order.
Fraser (1962) ana Forward and Nolan (1964) found that elongation
growth at the tree tip began earlier, and ended later, than at the
tree base.

Studies on tree extension growth have continued to the
present. Critchfield (1960) examined heterophylly in Populus
lengths; the first internode formed between the early and late
leaves was longer than those below or above it. He also found
(1971) a distinct hiatus in leaf production and internode expansion

between early and late leaf formation in red maple (Acer rubrum L.).
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Borchert (1973) proposed a model to explain endogenous rhythms in
shoot growth which assumed that this phenomenon was caused by
feedback between two potentially limiting reactions. His predicted
results (1975) agreed with observed patterns of shoot growth in pin

oak (Quercus palustris Muench.). He later developed a computer

program to aid in analysis of shoot growth patterns (1976).

Phyllotaxis

Leaves may be arranged along the stem in one of three
phyllotaxes: they may form singly at an angle of 180 degrees from
each other (distichous), form in pairs which are 90 degrees from
each other (decussate), or form spirally around the stem. ’Of these
three patterns, spiral phyliotaxis has received the most attention.
As an interesting historical aside, Leonardo da Vinci (McMurrich
1930, MacCurdy 1936, both cited in Studhalter 1955) made an
unsuccessful attempt to determine branch age from phyllotaxis.

Braun (1831) and Schimper (1836) are credited with putting the study
of phyllotaxis on its modern basis (Sinnott 1960). They proposed
the rule that the angle of divergence between two consecutive leaves
is a rational fraction of 360 degrees (Snow 1955). This fraction is
determined by connecting the centers of leaves in the order of their
formation (Snow 1955) to form the ontogenetic, or genetic spiral.
After a fixed number of turns have been made in the spiral, a leaf
will be reached which is directly above the first leaf in the
series. This phy]]otaxis is expressed as a fraction in which the

numerator gives the number of turns of the spiral between
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overlapping leaves and the denominator gives the number of leaves
encountered in the process. Distichous phyllotaxis is represented
as the Braun-Schimper fraction 1/2. OUther observed fractions are
1/3, 2/5, 3/8, and 5/13. These fractions form a series in which
both the numerator (or denominator) is the sum of the numerators (or
denominators) of the previous two fractions. The numbers used in
this series (1, 1, 2, 3, 5, 8,...) are the numbers of the Fibonacci
series in which each number is the sum of the preceeding two.

A second approach used to study phyllotaxis examines leaf
primordia in the bud, or in other specialized circumstances where
the phyllotactic spiral can be observed clearly (e.g., at the base
of a pine cone or in a sunflower head). Snow (1955) used this
technique to observe that the angles of divergence between leaf
primordia do not support Braun and Schimper's rule. Angles of
divergence do not fall into clearly defined groups but approach the
number 0.382 (the "golden mean") which defines the angle 137.5
degrees. It can be observed that, with the exception of a few
special cases, all the Braun-Schimper angles are practically the
same.

By this second approach, two intersecting logarithmic spirals
are observed. Beginning with the most recently formed plant part
(e.g., leaf primordia, cone scale, or seed), the number of elements
in each of these spirals (parastichies or contact parastichies) are
counted up to the plant part where the two curves intersect, and
these numbers are then expressed as a fraction (e.g., 3/5).

Fractions formed by this method also use the numbers of the
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Fibonacci series, but these fractions differ from the Braun-Schimper
series in that the denominator of one fraction becomes the numerator
of tne next (e.g., 2/3, 3/5, 5/8, etc.). Several researchers have
noted that this series converges to 0.618, the complementary
fraction formed by the “golden mean” (1.0 -the "golden mean"). Some
have speculated that the angle (137.5 degrees) formed by the "golden
mean® optimizes leaf display. Thompson (1952) disagrees. In his

words:

While the Fibonacci series stares us in the face in the
fir-cone, it does so for mathematical reasons; and its supposed
usefulness, and the hypothesis of its introduction into
plant-structure through natural selection, are matters which
deserve no place in the plain study of botanical phenomena.
Reviews of phyllotaxis can be found in Richards and Schwabe
(1969), Sinnott (1960), and Snow (1955). A recent work in this area

is Williams (1975).

Branch Inciination

Branch inclination is the angle (measured from the vertical)
that a branch, or branch section, forms with a line of gravity
passing through the point of measurement. Several terms have been
used to describe these angles, and these depend on the location of
the measurement on the branch. Burtt (1899, in Brown 1971a) calied
the angle formed in the middle course of growth the "angle of
inclination" and the angle formed by the branch tip the "geotropic
angle." Polk (1974) defined the "angle of origin" as the angle made

by the branch at its point of insertion along the stem and defined
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the "angle of termination" as the angle formed by a 1ine connecting
the branch tip to its origin. Jankiewicz and Stecki (1976) have
illustrated thnat the angle of origin or "crotch angle" may change
with tree age simply because the branch becomes embedded in the
trunk. A complete description of branch curvature would include
branch inclinations at all branch positions. Recently, Burk et al.
{1983) developed a method to model branch inclination by assuming
constant curvature.

Branch angles are under genetic control but are also influenced
by environmental factors. Genetic variation may be seen among
cultivars and even within the same tree (Kramer and Kozlowski
1979). Many morphological processes have interacted to produce the
branch inclination observed at any given time, and information on
these processes has been summarized by Brown (1971a), Jankiewicz and
Stecki (1976), and Kramer and Kozlowski (1979). Jankiewicz and
Stecki reported tnat the direction of branch growth is determined by
the angle the branch forms with the {runk and the amount the branch
will bend. In pines, crotch angles often widen during the first
year of growth. This is accomplised through two mechanisms. First,
newly formed tissue in the branch crotch exerts a mechanical downward
pressure on the branch. Second, reaction wood is formed, perhaps as
a response to basipetally transported auxin produced by the leader
(Jankiewicz and Stecki 1976, Wareing 1970). This influence of the
leader on pranch inclination is an example of epinasty. These
downward forces exerted at the base of the branch are opposed by

reaction wood formation on the lower side of older branches and also
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by branch thickening. At the branch apex, growth is upward in
response to gravity (negative geotrophism). The net result of these
processes produces the branch inclination observed at any given
time. This angle may increase in winter due to the weight of any
snow load. In subsequent years, branch inclination increases under
the weight of new needles, and this force 1is countered by reaction
wood formation.

Similar processes determine branch inclination in woody
angiosperms. One difference in this group is that negative
geotropism is often countered by geo-epinasty. This process causes
downward branch growth (Jankiewicz and Stecki 1976), and its
strength is correlated to branch order (higher-order branches are
less geotropically active, Brown 1971a).

Branch inclination, in turn, affects branch physiology.
Horizontal branches have less extension growth and greater
reproductive growth, a fact well known by fruit growers. Another
effect of inclination on physiology is the fact that after
displacement from the vertical, buds on the underside of a stem are
often released (an example of reiteration, sensu Halle et al. 1978).

Branch angles also change with tree age and competition. Moorby
and Wareing (1963) described three processes associated with tree
aging. The first of these, reduced annual growth, was mentioned
above. The second, loss of apical dominance, may affect branch
angles through a decreased epinasty. The third, change in geotropic
response, results in increased branch angles. As an example of this

third effect, it is often observed that top branches are often
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vertically oriented and that branch angle increases basipetally
(similar to the Type 3 Duff and Nolan sequence discussed in
Chapter 1). This is true for both woody angiosperms (e.g., Quercus

rubra L., Ward 1964) and conifers (e.g., Picea sitchensis (Bong.)

Carr., Cochrane and Ford 1978). Competition also affects branch
angle. Nelson et al. (1981) observed an increased angle of origin
and a decreased angle of termination at wider spacings with Populus
clones.

The purpose of this chapter is to give a “"complete description”
of sycamore branching. Statistical models will be developed which
describe each aspect of branch growth listed in the Introduction to
this chapter. These models will then be used as the basis of the
simulation model developed in Chapter 6. Where possible, variables
which represent the processes discussed in the introduction to this

chapter will by entered into the analyses.

Materials and Methods

Chapter 2 discussed the procedures used to select study trees
and branches, and also listed the variables measured on each branch.
The methodology used to analyze these data will be given in each of

the following sections.

Results and Discussion

Extension Growth
Figure 5.1 shows the annual growth of the primary branches on

the study trees. In this figure, the l-year-old section (current
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Figure 5.1. Branch annual growth increments (AGI) for all primary
branches. (a) Trunk age = 2 (TA2). (b) TA3.
(c) TA4. (d) TA5. (e) TA6. Type I branches are
marked with a boxed "X" and Type Il branches are marked

with an "X."
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growth) of a branch is marked Branch Section Age = 1, the 2-year-old
section is marked Branch Section Age = 2, and so forth. All
measurements on a given branch have been connected with a solid
line. Observations on Type II proleptic branches (Chapter 4) have
been marked with an "X," and those on Type I proleptic branches have
been marked with a boxed "X." Several generalizations can be made
from this figure. First, in most cases, the length of Type I
proleptic branches is much less in their first year of growth than
in the following year. This is probably due to the fact that these
branches could elongate for only part of the growing season; some
time had elapsed before the bud had formed and more time lapsed
during the (brief) rest period. Second, the decrease in length of
successive annual growth increments (AGI's) is exponential. This is
especially evident for the 5-year-old branches. A third observation
is that climate affects branch elongation growth, Chapter 3
discussed the theory behind this concept and demonstrated that
sycamore height growth is related to soil moisture. Values for the
DUR soil moisture index (see Chapter 3) for years 1978 to 1982 are:
0.74, 1.00, 0.42, 0.85, and 1.00. The reduction in elongation
growth due to the 1980 soil moisture deficit can be clearly seen in
Figure 5.1.

A multivariable regression analysis was performed to model
mean branch growth. Soil water availability, cultivation, and
fertilization affect extension growth (Chapter 3). These whole-tree

effects were accounted for by scaling (dividing) branch AGI Tlength



97
by the length of the tree leader AGI. This technique implicitly
adds these environmental effects to branch growth through their
effect on leader growth. Previous work (Schutt, unpub. man.) has
shown that the amount of first-year extension growth of the primary
branch is a function of the distance from the base of the trunk AGI
to that branch; branches near the tip of a trunk AGI section are
longer than those below it. This can be observed in Figure 2.4 (see
pages 29-34). Because several observations were taken on each
branch, the regression assumption of independence was violated.
This difficulty was circumvented by assuming that the relationship
between branch length and distance to that branch (mother node
distance (MN)) held for other years of branch growth. This model is
more flexible than the previous work in that it allows the curve
shape to vary. The further hypothesis was made that this branch
position effect also holds for extension growth of second- and
higher-order branches. This was accounted for in the model by
including all "ancestor" node distance terms (grandmother (GN),
great-grandmother (GGN), great-great-grandmother (GGGN)). It
will be shown later in this chapter that branch length is a good
predictor of the number of nodes or the number of daughters formed
on a branch section. Because of this relationship, mother length
(ML) may also affect subsequent daughter branch length. This
hypothesis was also tested by the regression. The exponential decay
observed in Figure 5.1 was entered as the variable branch age (BA).
Further hypotheses were made that the slopes and intercepts of these

variables differed with branch order and with branch section age
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(parent age = PA) within order. These variables were added to the
model, A multiplicative model was chosen and analyzed by taking the
natural logarithm (indicated by the prefix LN on the variables) of
all variables. The full model contained the following terms:
branch order (ORDER); parent age (PA); mother, grandmother,
great-grandmother, and great-great-grandmother node distances (LNMN,
LNGN, LNGGN, LNGGGN); ancestor lengths (LNML, LNGL, LNGGL, LNGGGL);
and branch age (8A).

Results from this analysis are shown in Table 5.1. The full
model is highly significant (p <0.0001) and accounts for 79% of
the variation in the data. Several interesting observations can be
made from this table. One is that the predictive power of the
"ancestor" variables decreases with each generation from the
daughter branch. This says, for example, that if a primary branch
can survive to produce a fourth-order branch, the position of the
fourth-order branch on the third-order branch is a petter predictor
of the length of that fourth-order branch than the position of its
first-order ancestor on the trunk. This table also demonstrates
that branches of different orders and branches on different parent
ages within each order differ in their siope and intercept. A
partial explanation for this may be the nature of the data in that
it contains branches of different ages. For example, l-year-old
primaries vary in length from small branches near the AGI base, to
longer branches near the AGI tip (this is an examplie of the mother
node position effect described above). On the other hand, the

measured 5-year-gld primaries are those which have undergone several
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Table 5.7. Results from the regression predicting branch growth (expressed as
a percent of leader growth) from branch order, percent age,
"ancestor" node distances, "ancestor" lengths, and branch age.
See the text for an explanation of the terms.
Sum of squares
Source of
Variation af Full model  Type III M5 F
Mode 1 79 5999.843 75.947 162.22%**
URDER 3 30.595 10.198 21, 78%**
PA (URDER) 6 15.817 2.636 5.63%**
LNMN (ORDER) 4 490,334 122.584 261.84%x*
LNGN (ORDER) 3 6.460 2.153 4,60*%*
LNGGN {URDER) 2 2,549 1.274 2.72ns
LNGGGN (URDER) 1 0.464 0.464 0.990n5
LML (ORDER) 4 25.074 6.269 13.39x**
LNGL (ORDER) 3 2.477 0.826 1.76N8
LNGGL (ORDER) 2 1.017 0.509 1.09n%
LNGGGL (URDER) 1 0.497 0.497 1.0605
BA {ORDER) 4 190.117 47.529 101, 52*%*
LNMN {PA * ORDER) 9 90.873 10.097 21.57%%%
LNGN (PA * ORDER) 5 4.642 0.928 1.98ns
LNGGN (PA * QRDER) 0 - - -
LNGGGN (PA * ORDER) U - - -
LNML (PA * ORDER) 9 37.809 4,201 8. 97***
LNGL (PA * ORDER) 5 3.552 0.710 1.5018
LNGGL (PA * ORDER) 2 0.385 0.193 0.41N%
LNGGGL (PA * ORDER) 0 - - -
BA (PA * ORDER) 6 8.538 1.423 3.04%*
Error 3359 1572.584 0,468 RZ = 0.792
Total 3438 7572.426

NShot significant.

*Significant at 0.05 level.

**Significant at 0.01 level.

***Significant at 0.001 level.
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years of branch death, and in this process the probability of
survival is greater for longer branches (Schutt, unpub. man.).
Consequently, these older branches will probably have a more
homogeneous length (at least for their oldest lengths) than will the
1-year-old branches. Branches of all ages are needed to estimate
the effect of mother length. The 5-year-old branches add more
information on the shape of the decay curve, whereas the l-year-old
branches yield more information on the effect of position on first
year growth, Repeated measurements made on the annual extension
growth a cohort of branches are needed to develop a better model for
this variable.

To parameterize the equation for the tree branching model, the
regression was rerun, deleting all terms that were non significant
in the first analysis. The parameter estimates for the LNMN term
for order 1 to order 4 branches are: 1.47, 1.27, 0.84, and 0.08.

An exponent greater than one indicates that the branches near the
AGI tip dominate; branches get proportionately longer with
increasing distance to the AGI base. The small exponent for order
4 branches may be due to small sample size. This analysis confirms
the observation that branch length increases with distance from the
AG] base,

This pattern of decreasing organ size with increasing distance
from the tip has been observed by others. It has been found for
inter-whorl branch lengths among conifers (Baxter and Cannell 1978,
Cochrane and Ford 1978, Jensen 1976, Powell 1977), for branch length

in woody angiosperms (Caesar and Macdonald 1984, Isebrands and
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Nelson 1982, Jankiewicz and Stecki 1976, Nelson et al. 1981), and
for bud size (Gi11 1971). The pattern of increasing branch length
within an AGI is called acrotony and appears to be due to
differences in bud size and/or ability to attract assimilates
(Jankiewicz and Stecki 1976). At one extreme in the range of

expression of acrotony, some species, such as Ailanthus altissima

(Mi11.) Swingle and Aralia spinosa L., may produce only one or two

daughter branches which are located near the AGI tip. Acrotony
probably is advantageous in that it allows for display of
photosynthetic surface throughout the stem while concentrating most
of that surface near the crown periphery. In woody angiosperms,
these long primary branches often grow to compete with the leader
(Brown 1971a).

Trees have many trade-offs available to them to develop an
optimum photosynthetic area and mechanical support of that area.
P. White (1983) has shown that correlations exist between twig
thickness, leaf size, and branching density in trees of the eastern
United States. Whitney (1976) has suggested that the rachis of a
compound leaf may be the functional equivalent of the long, slender
shoot produced in some species. The rachis may differ from those
shoots in that it is a "disposable" organ in the sense that it does
not contribute to the final geometry of the tree. Acrotony may be
another advantageous branching strategy. The lower, shorter shoots
may also be disposable, yet unlike the compound leaf's rachis, it
may function for more than one year. The longer shoots have a

longer life expectancy and may function in crown expansion.
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Previous work (Schutt, unpub. man.) has confirmed that primary

branch death in sycamore (Platanus occidentalis L.) is concentrated

on the lower, shorter branches on an AGI. This previous work also
confirmed the observation that the amount of annual branch growth
declines with increasing branch age.

Uther researchers have observed a decrease in branch AGI length
with increasing branch age (e.g., Powell 1977) and three have
modeled it. Jensen (1976) predicted branch length in Douglas fir

(Pseudotsuga menziesii (Mirb.) Franco) with the equation:

Y = 438.0 - 319.0(Tog X)

where Y is internode length (AGI) and X is internode number from the
bole (BA). Fisher and Honda (1977) modeled the dichotomous branching

of Terminalia catappa L. as the ratio of the daughter branch length

to the mother length. Their branching ratios of 0.94 and 0.87 can

be translated into the equation:
Y = ak

where Y and X are as above, and a is the branching ratio. Cochrane
and Ford (1978) defined the relative extension rate (G(I)) of whorl

and interwhori branching as:

6(1) = Branch increment in the ithseason

Average lengtn of branch in ithseason
where:

G(I) = (0.6250)(1.1377)~1 2<=1<8
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for whorl branches and:
G(I) =(2.1727)(1.7082) -} 2<=1<4

for interwhor] branches. The current analysis is an improvement over
these models in that it includes branches of all orders and in that
it also scales branch growth by leader growth (and in doing so
includes the effects of climate, cultivation, and fertilization on
branch extension growth).

Physiological explanations have been given to describe the
decrease in annual branch growth with increasing branch age. Moorby
and Waring (1963) described the "marked reduction in the annual
increments of extension growth" as a defining characteristic of tree

aging. In Scots pine (Pinus sylvestris L.) this was observed first

on higher-order branches, and it spread in an acropetal direction
until the whole branch was affected. Grafting experiments have
shown that this is a reversible process. Moorby and Wareing also
conducted pruning experiments to demonstrate that this phenomenon s
a result of increasing intra-branch competition for available
nutrients with increasing branch complexity. Apical dominance
("control," sensu Brown et al. 1967) also modifies nutrient
distribution. Many observations are present which support the
hypothesis that this intra-crown competition is for root-originated
metabolites (Jankiewicz and Stecki 1976). Jensen (1976)
hypothesized that the decrease in annual branch growth was due to
physiological changés occuring in the branch as well as to changes

in the relative position of the growing tip with respect to the
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tree's leader. He listed potential physiological changes as:
increasing apical age, mechanical changes in the transport system,
and reallocation of growth substances from extension to radial
growth. He argued that competition from neighboring trees or
self-shading was not the cause because this trait was observed on
even the youngest branches.

The decrease in annual branch extension growth has also been
explained from a metapopulational (sensu J. White 1979) viewpoint.
J. White (1980) generalized that module size decreases with
increasing module number. Borchert and Slade (1981) have shown that
branching rate must also decline with plant age to avoid intra-tree
competition. These two principles have been validated from field
observations. For example, Gunckel et al. (1949) observed a

reduction in the long shoot/short shoot ratio in Ginkgo biloba L.

They attributed this to inhibition of sub-terminal branch growth by
terminal long shoots, an effect controlled through auxin
production. Wilson (1966) observed this same phenomenon in red
maple. P. White (1984) also noted a decrease in extension growth

with increasing annual growth number in Aralia spinosa.

Observations of this type have led J. White (1980) to conclude that
the number of branches on a tree becomes asymptotic with increasing

plant age.

Number of Nodes

The number of nodes borne on a branch increases with branch

length. The density of those nodes (number of nodes/branch increment
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length) may also change with branch length. Data presented in

P. White (1984) suggest that this is true for Aralia spinosa. He

found the node density of the first mean annual increment to be
0.13 nodes/cm (10 leaves/75cm) whereas the density of later
increments was 0.24 nodes/cm (6 nodes/25 cm). Only two regressions
were found in the literature which predict number of nodes from
branch length (Powell 1977, Ward 1964). In both of these
regressions, the number of nodes formed was a linear function of
branch length.

The purpose of this section is to develop a model to predict
node density. Since this density may vary with branch length, a
logarithmic multiplicative model was chosen because of its
flexibility. The effect of branch length on node density was
included by adding the logarithm of branch length (LNLEN) as an
independent variable. Chapter 3 demonstrated that both
fertilization/cultivation and climate influence height growth. Node
density may also vary with these effects. To test this hypothesis,
the early rotation fertilization/cultivation effect was added as a

FERT 2 class effect and the absence of this effect was entered as

il

i

FERT = 0. The DUR soil moisture index developed in Chapter 3 was
also used in this analysis to account for climatic effects. Another
random class variable (TREE) was added to account for any data
dependencies due to differences in trees.

Table 5.2 gives the ANOVA for the regression equation. The

parameterized equation is:

0.390 ~0.440 _ by . pup 0-103,  bg

Tn(NNODES/LENGTH) = e * LENGTH



Table 5.2.

ANOVA table for the regression predicting the node density
{In {numper of noaes/branch length), from branch length
(LNLEN), fertilizer (FERT), climate (LNDUR}, and tree
(TREE} effects.

Sum of squares

Source of

Variation df Full model  Type III MS F

viode 1 12 230.272 1G6.189 843.69%*%
LNLEN i 203.090 2383.090 8629, 17%**
FERT 1 1.28% 1.289 56.p69%%*
LNDUR 1 1.004 1.064 46,79%**%
TREE 9 2.527 0.287 12.35%*%%

Error 966 21.971 0.023 R2 = 0,913

Total 978 252.243

***%Significant at §.001 Tevel.

901
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where 02 is the fertilization/cultivation effect (0.0 for FERT = 2
and -0.321 for no fertilizer) and by is the TREE effect

(distributed lognormally with mean = 0.0 and variance = 0.00269).

By far, the LNLEN term accounted for most of the predictive power of
the equation. This is due to the high association between branch
length and number of nodes on the branch (Figure 5.2). The negative
sign of this exponent means that In(node density) decreases as LNLEN
increases; longer branches have a lower node density. This
observation was verified in the analysis of node position given in
the following section and will be discussed further at that point.
This fact also correlates well with the observation made from

P. White above. It may also be true that these longer branches
(with their lower node density) hold leaves which are larger than
average. The sign of both the fertilization/cultivation and soil
moisture index parameters is positive, indicating that both
fertilization/cultivation and increasing soil moisture availability
increase node density. (The fertilization/cultivation term
increases from no-fertilization/cultivation effect of -0.321 to a
fertilization/cultivation effect of 0.0.) Presumably, under better
growing conditions, the trees can have a higher leaf density. The
significance of the TREE term indicates that individual trees differ
in their node density; some trees produce nodes closer together than

others. This trait may be genetically determined.

Node Position

As mentioned earlier in this chapter, many authors have

measured shoot length or shoot growth rate through the growing
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season. Although this is so, few studies give node positions along
those branches. Early work is qualitative. Ward (1964) cites
Busgen and Munch (1929) who wrote that it is "well known that on any
given shoot the length of internodes tends to be relatively small
near the apex, greater in the middle, and small near the base of the
season's shoot." It must be kept in mind, however, that at this
time growth was considered to follow a "grand period" curve. This
is not true for all species. Fisher (1978) presented data showing

that the length of the first internode in Terminalia catappa was

greater than 25 cm, and that subsequent internodes were spaced less
than 1 cm apart. Baxter and Cannell (1978) observed increasing
internode length towards the stem apex in Sitka spruce (Picea
sitchensis (Bong.) Carr.). Powell (1977) reported that the nodes
were distributed uniformly on branches with four or more buds but
became more concentrated near the apex. Critchfield (1971) observed

that shoots of striped maple (Acer pensylvanicum L.) with more than

seven nodes had two distinct peaks in internode length. He cited
previous work of his which found this to be true for Jonger shoots

of Populus trichocarpa (1960) and Ginkgo biloba (1970). Borchert

(1976) developed a computer program to analyze shoot growth and gave
examples of node positions, but in his example with pin oak, the
length to the first internode after each growth flush really is the
sum of two or three internodes. The purpose of this section is to
examine node position on branches of various lengths in American

sycamore,
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Graphs were drawn to show node position for branches with 5, 8,
11, 14, and 17 nodes. On branches with only 5 nodes, internode
distances increased with node number. The other curves appearad to
be sigmoidal in shape. An early attempt was made to model this
response by fitting linear, quadratic, and cubic curves through
these data by the method of Grizzle and Allen (1969). This approach
failed on two counts: a lack of fit was observed for several of the
models (for all three curves for the data with 11 nodes), and the
Q;] matrix was not positive definite for the class with 17
nodes, so no model could be fit for those data.

In a second attempt to mode]l node position, the data for each
node class were replotted as relative node position (node number
/number of nodes) versus relative node distance {node distance
/branch length) to determine if the curves followed a previously
described general family of curves. The curves were “standardized"
because the branches of any node class differed in length. In
addition to these curves, the first differences (slopes) were also
plotted (Figure 5.3). A subset of only approximately six curves are
shown in each of these graphs.

At this point it should be noted that internode distance is a
function of several variables. In species with preformed buds, the
number of nodes is determined in one growing season, and weather of
the second growing season influences internode distances. By
contrast, in sycamore (and other species with free growth), both the
number of nodes and internode distance are related to current

weather. The distance between two nodes in these species is a
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Relative node distance and slope plotted against
relative node position for the node classes. The heavy
lines are the mean responses for all observations on
that node class. Lighter lines are a subsamples of

branches. For node classes with few observations, all
data are plotted.
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function of the time that has elapsed between formation of the two
nodes and the rate of elongation. In the following discussion, we
will assume that the rates of these two processes are correlated.
In the plots of this figure, three distinct phases of branch
growth can be identified: increasing internode distance; almost
constant, but slightly declining internode distance; and rapidly
declining internode distance. Al1l three phases can be observed on
the branches with the greatest number of nodes (i.e., the Tongest
branches), and, as a result, these curves are sigmoid in shape.
These three phases can also be observed on the plots of the first
differences for the longer branches. The slopes increase to a
maximum, follow a slightly declining plateau, and then decrease to
zero. As the plots for shorter and shorter branches are examined,
the middle phase of growth becomes less important until it
disappears. The third phase also declines in importance on
progressively shorter branches until it too disappears. The section
given above on number of nodes demonstrated that node density
decreases with increasing branch length. From the figures given in
this section, it can be concluded that this occurs through an
increase in the center phase of growth, where nodes are spaced
further apart. The higher node density observed on the shorter
branches is a result of the absence of this center phase and an
increase in importance of the first and third phases of growth.
The growtnh of higher plants has been compared to accumulation
of capital at continuous compound interest (Leopold and Kriedemann

1975). The embryo represents initial capital, and net productivity
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is determined by the rate of growth. This analogy may be extended
to include plant parts as well as whole plants. In this study, it
can be applied to shoot elongation and node positions. All branches
showed the first of the three phases: increasing internode Tlength.
Whether this pattern was requlated by internal or environmental
factors is unknown. For the shorter branches, growth stopped at
this point, perhaps as a result of crown expansion with its
increased shading and competition for water and nutrients. These
branches may die in subsequent years due to lowered light levels
(Millington and Chaney 1973). Longer branches, once they had
accumulated sufficient capital, produced nodes at a regular
interval. This process continued until growth was limited by other
factors, presumably related to the end of the growing season.
Internode distance declined beyond this point.

If it is true that the rate of node formation and the rate of
elongation are correlated, then growth in sycamore does appear to
follow a "grand period" of growth. This statement, however, should
be accepted only tentatively. A closer examination of the curves
indicates that two, or perhaps more sigmoid shaped curves can be
seen on the longer branches. The graphs of the first differences
are not "smootn", indicating that node formation is affected by

other factors (e.g., weather).

Phyllotaxis: The Trunk

Analysis of branch azimuths differs from analysis of other
variables discussed to this point in that the measurements are on a

circular scale instead of the more familiar linear one. For
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example, consider two branches with azimuths of 5 and 355 degrees.
The linear mean of these two observations is 180 degrees, exactly
opposite the direction of the true circular mean of 0 degrees.
Techniques have been developed to analyze data of this type (e.g.,
Batschelet 1981, Mardia 1972).

Primary branches were examined for a preferred orientation.
This situation could result either from branches being formed at
that azimuth or from selective branch death. Previous work (Schutt,
unpub. man.) had suggested that branch death may be greatest along
the row direction in plantation-grown sycamore trees. The technique
to analyze circular data with means that are 180 degrees apart
(axial data) is to double the angles and reduce them to modulo
360 degrees (Batschelet 1981). To test the hypothesis of a
preferred branch orientation, both the azimuths and the doubled
azimuths were analyzed. Data for the 10 study trees were pooled and
examined by AGI. Type I branches were analyzed separately.

Table 5.3 gives the results for this analysis. Branch azimuths
for several primary branch positions are shown in Figure 5.4.
Results of the Rayleigh test show no preferred branching direction.
In the test of the axial data, the direction of the Type I branches
in only one trunk class was significant, and this result may be
spurious due to small sample size. A second option is that Type I
branches may have formed at a preferred azimuth, although this
explanation does not find support from the other trunk AGI's.

Angles of divergence between consecutive leaves or branches

were calculated by subtraction. Chapter 2 mentioned that it was not



Table 5.3. Rayleigh test for a preferred direction of primary branching for
sections with more than 5 observations.

Trunk  Proleptic Mean Circular,
Age Class N r r {angles doubled) Angle Variance
2 i 118 0.0250s 0.05405 43.9 80.0
2 II 6 0.261015 0.725* 2798.1 69.7
3 I 73 0.04315 0.11078 1.5 79.3
4 I 83 0.0330s 0.063nS 202.4 79.7
5 1 67 0.077"s 0.034"s 213.9 77.2
5 {1l 43 0.086"s 0.1450s 232.0 77.9
6 I 34 0.16Gns G.22205 123.9 73.¢
6 II 20 0.2391s §.0720s 17.9 7G.7

921

INOTE: The maximum circular variance is 81.03 degrees.
NSNot significant.

*Significant at 4.05 level.
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Azimuth of Type I and Type II proleptic primary
branches at various canopy positions. Compass north
(North), sample size (N), mean angles (ANGLES),
circular variance (S), and length of the mean vector
(R) are also shown. Since the mean angles are 180
degrees apart, only the first of each pair is plotted.
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possible to determine node position on the lower two trunk sections
(trunk age (TA) five and six) on several trees, so branches on these
sections were not included in the analysis. These differences were
examined to determine if they were normally distributed.

Results are shown in Table 5.4. The angle of divergence was
normally distriputed on TAl for all 10 trees, for 6 of 10 trees on
TA2, for 8 of 10 trees on TA3, and for 6 of 9 trees on TA4. This
table also shows that the mean angle is greater than 180 degrees on
three of the 10 trees for TAl, TAZ2, and TA3, and 2 of the 9 trees
for TAA. This is probably due to a reversal of the direction of the
ontogenetic spiral. On these sections the mean divergence angle is
close to 220 degrees. If the reversal in the direction of the
phyllotaxis is accounted for, this mean is approximately 140 degrees,
a value close to the other means.

Next, tne frequency of phyllotaxis reversal was examined to
determine if it was higher on any tree or in any year of growth by a
chi-square test (Sokal and Ronlf 1969). The calculated value of
4.455 for a tree effect was much less than the tabular value of
16.919 (a = 0.05). Likewise, the year effect (0.27) was non
significant (compared with a tabular value of 7.815, u = 0.05).
Therefore, phyllotaxis reversal appears to be spread across the
population and may develop in any year. The mechanism causing this
phenomenon is unknown as is its significance. No other works were
found which described this phenomenon, so its occurrence in other

species is also unknown.



Table 5.4.

Resuits from

the Shapiro-Witk tests for normality of the angle of divergence between consecutive

leaves (TA = 1) or branches (TA = 2, 3, or 4) for the different trunk ages (TA) on each tree.
TA = | TA = 2 TA = 3 TA = 4
Tree N Mean W N Mean W N Mean W N Mean W
2 13 146.9  0.909"° 1 209.5  (.751%* 6  153.3  0.956"° 9  238.9  0.893"
4 13 138.4 0.946™ 13 223.5  0.931"% 5 217.0  0.938"° 6 128.3  0.877"°
5 19 143.4  0.978" 9 163.9  0.775%* 6  225.0  0.843"% 4 160.0  0.826"°
6 10 tou.s  0.963"° 14 143.6  0.918"S 7 160.0  0.792% 7 219.3  0.920™
7 18 136.4  0.918"° 12 148.3  (.71u** 8  230.0  0.905"° 8  134.4  0.956"°
3 o 208.8  0.971"S 8 141.3  0.903"S 4 161.3  0.981" 5  133.0  0.752%
9 13 220.4  0.924™ 8 177.5  0.91178 6  149.2  0.689%* 2 147.5 -
10 15 z21.3 0.969"° 13 205.4  0.788%* 7 139.3  0.938"° 7 142.1  0.795%
1 M 175.9  0.932" 13 131.9  0.903"S 8  136.3  0.916"° 7 136.4  0.9577°
12 6 164.4  0.9360S 10 153.5  0.940nS 5 177.0  0.893nS 12 155.8  (.757%*

NSnot significant.

*significant at 0.05 level.

**5ignificant at 0.01 level.

LEL
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Observations for trunk sections which were not distributed
normally were deleted, and the remaining observations were pooled to
test for normality. These distributions were not normal for TAl or
TA2 but were for TA3 and TA4. The reason for this is unknown. The
sample size decreased from TA1 to TA4 (N = 144, 66, 49, and 41), and
SAS also used a different normality test for the Tatter two TA's.
The effects of these factors are unknown. An ANOVA was performed to
determine if differences in the angle of divergence could be
explained by a tree effect and also by a trunk age effect within
tree. These two variables were not significant (p >0.05), and
together they explained only 7.2% of the variation in the data.
Obviously, other factors are involved in determining the difference

between the mean and observed angles of divergence.

Phyllotaxis: Branches

Field observations suggested that second- and higher-order
branches form oppositely along their mother branch at azimuths of 90
and 270 degrees. This hypothesis was tested by a V-test (Batschelet
1981). As mentioned above, analysis of axial data is preceeded by
doubling the angles and reducing them to modulo 360.

Results are shown in Table 5.5 for branch positions with more
than four branches. Figure 5,5 shows azimuths for several selected
branch positions. Most of the statistics calculated are highly
significant (p <0.001) showing that the branches are distributed

circular normal with means of 90 and 270 degrees.
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Table 5.5. Results from the V-test for second- and higher-order branches to determine
if branch azimuths are distributed circularly normal with means of
90 degrees and 270 degrees. Branch angles were doubled for the test.
Results are presented for all positions with more than 4 observations.

Trunk  Order Order Order Proleptic Mean Circular
Age 1 Age 2 Age 3 Age Class N u Ang]e‘ Variance
2 2 II 7 3.59%** 92.1 7.9
3 2 1 219 13.64%%% 89.7 23.9
4 2 [ 202 11.42%%* 86.7 26.5
4 2 II 6 3,310 88.4 8.4
4 3 I 92 9., 29%** 86.0 22.5
4 3 2 I 30 g.8hx** 88.8 19.0
4 3 2 11 6 2.62%* 108.3 9.8
5 2 I 148 9.86%** 91.3 26.5
5 2 1I 42 4, 59%*%% 90.3 28.6
5 3 1 93 4,4 xx* 94.9 33.2
5 3 I1 33 4, 04**x 81.5 28.1
5 3 2 1 74 8.74*%%* 85.9 21.2
5 3 2 II 22 5.48*** 87.1 16.7
5 4 I 91 3. 96%+* 87.5 34.0
5 4 Il 39 4. p2x¥x 95.4 27.7
5 4 2 I 58 8.04*%* 85.4 20.0
5 4 2 II 12 4, Q3%+ 86.2 16.7
5 4 3 I 44 6.99%** 85.3 20. 1
5 4 3 1 14 4.,18%** 86.5 18.3
5 4 3 2 I 19 5. 10*x* 92.3 16.7
5 5 11 15 2.58%% 78.3 28.2
5 5 2 11 7 2.55%% 79.7 21.1
5 5 3 i1 10 3.31x%* 94,5 20.3
5 5 4 II 12 4, 22%%% 86.3 14.6
6 2 [ 38 6. 33%+* 90.7 21.2
6 2 I1 11 4, 14%x% 90.5 13.9
6 3 I 39 3.08%** 87.4 32.7
6 3 Il 7 2.37%% 86.0 24.3
6 3 2 I 29 5.05%%* 77.2 20.8
6 4 1 40 3.97%*% 80.8 29.5
6 4 II 10 0.760S 119.1 33.4
6 4 2 [ 9 3.24%%% 89.9 19.7
6 4 3 I 15 4,63%%* 84.5 15.1
6 5 I 20 0.99n5 112.7 35.7
o 5 11 7 -0.4205 358.0 38.1
6 5 2 I 13 3.04%%* 85.8 25.6
6 5 3 I 9 2.86%% 96,4 22.5
6 5 4 I 16 2. 94%% 89.1 28.1
6 5 4 I 6 2.84%* 81.2 15.2

10nly one mean angle is given. The second mean angle is equal to the first
plus 180°.

NSNot significant.
*Significant at 0.05 level.
**Significant at 0.01 level.

***Significant at 0.001 Tevel.
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Azimuth of second~ and higher-order branches at various
canopy positions. Relative north (Vertical), sample
size (N), mean angles (ANGLES), circular variance (S),
and length of the mean vector (R) are also shown.

Since the mean angles are 180 degrees apart, only the
first of each pair is plotted.
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Field observations also suggested that azimuths of daughter
branches formed near the tip of a long mother branch were formed at
all compass directions. To test for a change in branch phyllotaxis,
all observations were pooled and subset by node number and node
distance class. All positions with fewer than five branches were
deleted from this analysis as were positions that were not
dgistributed normally.

Results from the Rayleigh test by node distance are shown in
Table 5.6 and results by distance class are shown in Table 5.7.
Azimuth distributions become random at 13 nodes or at a distance
greater than 90 cm. In the analysis for the bimodal distribution of
branch azimuths, three branch positions were not significantly
concentrated around the means of 90 and 270 degrees. These were on
the 4- and 5-year-old sections of primary branches attached to TAG6.
The branches at these positions had probably undergone a lot of
sub-branch mortality on the shorter, basal branches, and the
surviving branches were probably the longer, apical branches formed
by spiral phyllotaxis. This may be the reason the hypothesis of
pimodal distribution was not rejected. It is clear from Table 5.7
that the significance level of the concentration parameter declines
even before this distance. From these tables, it is also apparent
that the angular deviation increases with increasing node number or

node distance. These hypotheses were tested by regression analyses,
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Table 5.6. Results from the Rayleigh test to determine the location
where branch phyllotaxis changes: Results for node
number, A bimodal distribution was assumed and the
angles were doubled for the analysis.

Node Mean Angular
Number N r Ang1el Deviation
i 7 0.817%* 80.8 17.3
2 84 0.633%** 87.2 24.5
3 245 0.669%** 86.1 23.3
4 281 0.676%%* 88.1 23.1
5 248 0.667%** 88.7 23.4
6 202 0.670%*% 89.9 23.3
7 167 0.574%**% 87.3 26.4
8 115 0.503%%x 89.4 28.06
9 67 0.418*** 84.0 30.9
10 57 0.397*** 82.1 31.5
11 39 0.463%** 90.0 29.7
12 26 0.477%* 112.3 29.3
13 22 0.137"° 91.4 37.6
14 7 0.491ns 89.5 28.9

10nly one mean angle is given. The second mean angle is
equal to the first plus 180°.

NSNot significant.
*Significant at 0.05 level.
**5ignificant at 0.01 level.

***xSignificant at 0.001 Tevel.
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Table 5.7. Results from the Rayleigh test to determine the location
where branch phyllotaxis changes: Results for node
distance. A bimodal distribution was assumed and the
angles were doubled for the analysis.

Node Mean Angular
Distance N r Ang]e] Deviation
0-10 cm 301 0.643*** 86.9 24.2
10-20 cm 393 0.668%** 87.9 23.3
20-30 cm 285 0.655%** 89.3 23.8
30-40 cm 221% 0.600%** 87.1 25.6
40-50 cm 142 0.593%** 86.4 25.8
50-60 cm 104 0.432%** 94.0 30.5
60-70 cm 62 0.357%** 87.3 32.5
70-80 cm 39 0.393** 89.2 31.6
80-380 cm 16 0.434% 85.0 30.5
90-100 cm 11 0.430n5 89.3 30.6

10n1y one mean angle is given. The second mean angle is
equal to the first plus 180°.

NSNot significant.
*Significant at 0.05 level.
**Significant at 0.01 level.

***Significant at 0.001 level.
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and Tables 5.8 and 5.9 show that both models are significant. The

parameterized models are:

Circular Variance = 19.28 + 1.03(Node Number)

and

Circular Variance = 22.15 + 0.120(Node Distance)

Frequency plots showing angle of divergence were generated for
all node positions greater than 13 (N = 12) and for all lengths
greater than 90 c¢cm (N = 7). The plot for node position appeared to
have a bimodal distribution with means near 150 and 230 degrees.
This indicated that dauyghter branches on first- and higher-order
branches may form in a clockwise or a counterciockwise direction as
they do on the trunk. A1l observations greater than 180 degrees
were changed so that the direction of phyliotaxis was in the
opposite direction. The resulting distripbution of differences did
not differ from normal (p >0.05) and the mean angle did not differ
significantly (p >0.05) from the "ideal" angle of 137.5 degrees.

In summary, the phyllotaxis of daughter branches that formed on
first- and higher-order branches is opposite (distichous) with means
of 90 and 270 degrees. With increasing node number/distance, the
circular deviation around these means increases linearly to the
thirteenth node or to a distance of 90 cm. After this point, the
phyllotaxis is no longer opposite but spiral, and the mean angle of
divergence does not differ significantly from 137.5 degrees. While
the number of observations at this point is few, it appears that the

phyliotaxis can be either clockwise or counterclockwise.



141

Table 5.8. ANOVA analysis for the regression predicting circular
variance from node number.

Source of

Variation df SS MS F

Node number ] 150.30 150.30 35.44%%%
Error 10 42.41 4.24 RZ = 0.780
Total 11 192.71

***Significant at 0.001 level.

Table 5.9. ANOVA analysis for the regression predicting circular
variance from node distance.

Source of

Variation df SS MS F

Node distance 1 86.31 86.31 28.62%*
Error 7 21.11 3.02 RZ = (0.804
Total 8 107.42

**Significant at 0.001 level.
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The section on branch Tength stated that acrotony may be
advantageous to sycamore. This is probably also true for branch
azimuth. One study of leaf angles, areas, and canopy development
(Duncan 1971) demonstrated that, for plant canopies with a leaf area
index greater than 3.0, maximum photosynthesis was achieved when the
upper elements were held vertically and Tower elements were held
horizontally. This prediction has been observed for some deciduous
forest canopies (e.g., Miller 1969). McMillen and McClendon (1979)
onserved leaf inclination of ten species of woody deciduous dicots
to be more horizontal in the shade than in the sun. These patterns
appear to correlate with branch azimuth in sycamore in that the
shorter, basal branches on each AGI are neld horizontally. While
branch inclination may differ from leaf inclination, this arrangement
could result in greater light interception. By contrast, the longer,
apical branches are formed at all azimuths. This arrangement is
advantageous in that it increases the probability that one of these

daughters may be able to survive and extend thne crown.

Number of Daughters

The number of daughter branches that can potentially form on a
mother branch is limited by the number of nodes on that branch, and
this, in turn, is related to the mother branch length (see the
section on "wnNumber of Nodes"). Some trees can avoid this limit by

forming more than one bud at a node (Chapter 4).
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The number of daughter branches that actually forms on a mother
branch has been related to mother branch length. Ward (1964)
explained 57% of the variance in the number of daughters formed on
red oak from mother shoot length. Cannell (1974) also found that

the number of lateral branches in lodgepole pine (Pinus contorta

Dougl.) and Sitka spruce was related to mother shoot length. This
relationship varied with provenance. These two variables were also
correlated on older Sitka spruce trees (Cochrane and Ford 1978), but
not on younger trees. For sycamore, the correlation between the
number of daughters and the number of nodes on the mother branch
(r = 0.948, p <0.0001) was slightly higher than the correlation
with mother branch length (r = 0.929, p <0.0001). A regression
equation was then developed using the number of nodes on the mother
branch section and a random class variable representing differences
due to a tree effect.

The ANOVA table for this analysis is5 shown in Table 5.10. The

parameterized model is:
Number of Daughters = -1.836 +0.829(Number of Nodes) +TREE .

Most of the variation in number of daughters produced can be
explained by these two independent predictors. The type III sums of
squares show that much of this predictive power comes from the
strong relationship with number of nodes. The random TREE effect is
assumed to be distributed normally with mean 0.0 and calculated

variance of 0.1607. As in previous analyses, this TREE variable may



Table 5.10. ANUVA analysis for the regression predicting number of daughter
branches formed from the number of nodes on the parent branch.

Sum of squares

Source of

Variation df Full model  Type III MS F

Mode 16 2104.77 210.48 364.08%**
Number of nodes 1 1882.66 1882.66 3095, p3***
Tree 9 47 .60 5.29 8.70%**

Error 287 174.54 0.61 RZ = 0.923

Totai 297 2279.32

***Sjgnificant at 0.001 Tevel.

adl
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represent a genetic effect. Several authors have found that the
number of daughters formed is heritable. Faulkner's (1970) review
included heritability estimates for the number of branches formed
per whorl in conifers. Polk (1974) found that daughter production

is heritable for jack pine (Pinus banksiana Lamb.). It is not

unreasonable to assume that the same is true for sycamore.

In the section analyzing extension growth, the following
principles were stated: (1) increasing module number results in
decreasing module size, (2) branching rate must decline to avoid
intra-crown competition, and (3) the number of branches on trees
becomes asymptotic. Growth in which either the probability of
branching or the number of branches formed per branching event
changes with time is called nonstationary (Waller and Steingraeber,
in press). The analysis of branch length given above demonstrated
that branch annual extension growth declined exponentially with
increasing branch age. The analysis in this section adds that the
number of daughter branches formed along these branches also
declined, showing that branching in sycamore is nonstationary.
Therefore, sycamore follows the first two of these principles.

While it has been stated that branching rate must decline with
time, the mechanism through which this occurs has not yet been
elaborated. The current analysis indicates that it occurs through a
decline in mother branch length and not as a decline in the branching
rate (expressed as number of daughters per number of nodes or branch

length). This can be deduced from the fact that the regression is
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linear and that thne intercept is near zero (although it does differ
significantly from zero). This analysis was also run with mother
pranch length (MLEN) and TREE as independent variables. The
regression was significant (p <0.0001) and explained 89.0% of the
variation in the data. This second regression is important because
the intercept does not differ significantly from zero, and it lends
even stronger evidence to the case that branching rate per unit

mother length is constant. This relationship has been observed by
other authors. It is implicit in Ward's (1964) regression predicting
number of daughter branches formed on red cak. It was also explicitly
stated by P. White (1984) who observed a correlation between decreasing

pranch length and branching rate in Aralia spinosa.

The relationship between number of daughter branches formed and
parent length was developed for all crown positions, including the
upper, exposed crown as well as lower, shaded crown. Therefore, it
appears that the number of branches formed is independent of the
amount of light received by the mother branch section. Because
competition for light is the most important variable influencing
branch survival (Millington and Chaney 1973), competition by
neighboring trees would not be expected to influence this
relationship. If competition does affect branching density, it
would probably do so directly through its effect on extension growth

and only indirectly through the number of daughters formed.
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Mother/Daughter Branch Angles

The morphological processes governing the expression of branch
angle were discussed earlier in this chapter. This section will
analyze the angle of divergence between mother and daughter branches.

Field observations indicated that the angle of divergence
between a mother and daughter branches increased with distance from
the AGI tip. Correlations between distance (r = -0.677) or node
numbers (r = -0.658) with branch inclination were significant
(p <0.0001) for l-year-old primary branches. This relationship
was also noted for higher-order branches. This observation was
added to the regression predicting mother/daughter branch angle
equations through the following variables: node number (NO), node
distance (NODE), and relative node position (RELDIST = NODE/LENGTH).
Epinasty was represented by either the number of nodes (NNODES) or
the length (MLEN) of the mother branch section. Negative geotropism
is probably related to both the vigor of the daughter branch
(related to length, DLEN) and the number of daughter branches
(NDAUT) formed. These variables were added to the equations. Since
this mother/daughter branch angle may differ with branch order, a
class variable representing order (ORDER) was also added. A term
representing increasing parent age (PAGE) was nested inside the
ORDER effect to determine if branch angles increased from tree tip
to base. Finally, a random TREE variable was added to the model to
account for any tree effect.

Results from these analyses are shown in Tables 5.11, 5.12, and

5.13. Uverall, the three models explain a similar amount of the



Table 5.11.

ANGVA analysis for the regression predicting mother/daughter
branch angle: node number. This analysis differs from the
following two in that it includes the daughter node number and
the number of nodes on the parent branch. See text for an
explanation of the symbols.

Sum of sguares

Source of

Variation df Fuil model Type III MS F

Model 24  113265.48 4719.40 48,89%**
NO 1 14923.73 14923.73 154, 60%**
NNODES 1 5847.82 5847.8¢2 60.58%**
NDAUT ] 119.73 119.73 1.24N5
DLEN 1 7729.49 7729.49 80.07%**
URDER 3 2880.83 960.28 9,95%**
PAGE {URDER) 8 2103.98 263.00 2.72%%
TREE g 26007.00 2889.67 29.93%**

Lrror 1803  174048.74 96.53 R2 = 0.394

Total 1827 287314.22

NSNot significant.

*Significant at 0.05 level.

**Significant at 0.01 Tevel.

***5igniticant at 0.001 level.

8yl



Table 5.12.

ANOVA analysis for the regression predicting mother/daughter
This table is similar to Table 5.11
but substitutes node distance for node number and mother length

for number of nodes on the mother.

branch angie: node distance.

Sum of squares

Source of

Variation df  Full model Type III MS

Model 24 111660.95 4652.54 47 .76%%*
NODE 1 12866.11 12866.11 132.06%%*
MLEN i 6545.47 6545.47 67 . 19%**
NDAUT 1 687.18 687.18 7.05%*
DLEN 1 6083.71 6083.71 62.45%%*
ORDER 3 3432.33 114411 17.74%%%
PAGE (ORDER) 8 3342.04 417.75 4, 29%%%
TREE 9 23143.71 2571.52 26.40%%*

Error 1803  175653.27 97.42 RZ = 0.389

Total 1827  287314.22

MSNot significant.

*Significant at 0.05 level.

**5ignificant at 0.01 level.

***Significant at 0.001 level.

eyl



Table 5.13. ANGVA analysis for the regression predicting mother/daughter
branch angle: relative node distance.
Table 5.12 but substitutes relative daughter position {RELDIST)
for node distance.

This table is similar to

Sum of squares

Source of

Variation df  Fuill model Type III MS

Mode 1 24 108641.78 4526.74 45, 68***x
RELDIST 1 9846.94 9846.94 99, 37***
MLEN 1 919.29 919.29 9.28%*
NDAUT 1 749,87 749,87 7.57%%
DLEN 1 12601.21 12601.21 127.16%x%
ORDER 3 2869.86 956.62 g, p5kEx
PAGE (ORDER) 8 3333.54 416.69 4.20%**
TREE 9 24410.52 2712.28 27 .37%%x

Error 1803 178672.44 95.10  RZ = 0.378

Tota) 1827  287314.22

NSNot significant.

*Significant at $.05 level.

**Significant at 0.07 level.

***Significant at 0.001 level.

04l
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variation in the mother/daughter branch angle. In the first two
regressions, the variable representing branch position (node number
or distance) added the most predictive power to the model.
Mother/daughter branch angles widen with increasing distance from
the branch tip. This confirms field observations. 1In both
regressions, daughter length was the next most important variable;
longer daughters form at a more acute angle than shorter ones. In
the third regression, the order of importance of these two variables
was reversed. Above, it was discussed that the basal, shorter,
horizontally held branches may have an advantage for light
interception. This analysis adds that these same branches are held
at a greater angle from the mother than branches near the branch
section tip. This would also be advantageous for light interception
by minimizing the possibility of leaf overlap. These short branches
also have a short life span. Therefore, they may perform a function
similar to that of the rachis of compound leaves but differ from it
in having a longer life span. In contrast to these branches, the
longer, more acutely held branches near the tip would be favored to
increase crown size if environmental conditions allow. This
situation has been observed in the field.

In the first two regressions, the variable representing
epinasty was next in importance. Long mother branches (which also
have more nodes) have wider mother/daughter branch angles. This
result agrees well with theory if mother length does accurately

represent epinasty. In both of these regressions, the TREE effect

was next in importance. As was stated in previously discussed
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analyses, this term may represent a genetic effect. Polk (1974)
found the angle of origin to be heritable in jack pine, and
Faulkner's paper (1970) gives estimates of the heritability of this
trait for several conifers. Brown (1971a) and Kramer and Kozlowski
(1979) both state that branch angle in woody angiosperms is under
genetic control. In the third regression, the order of importance
of these last two variables was also reversed.

Significant differences were also found among branch orders,
confirming that those branches differ in their geotropic action
(Brown 1971a).

The effect of parent age within order was also significant.
Others have observed that primary branch inclinations decrease
basipetally. This was not observed in the present study. The
reason for this is unknown, but a partial explanation may come from
a consideration of the branch population dynamics. On the
2-year-old section of the trunk, all first-order branches are
present and vary from the apical, longer, acutely held branches to
the basal, shorter, horizontally held branches. Because branch
death is concentrated on the basal, shorter branches, the mean
inclination will increase merely due to branch death. This may be
countered by the actual increase in branch angle with age. These
two processes result in no apparent trend of increasing branch
inclination with age. Because of this observation, the effect of
parent age was assumed to be random instead of fixed. The expected
mean for this effect is 0.0 and the calculated variance is 1.722.

This same problem of the change in branch metapopulations was
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encountered and discussed in the section on extension growth, and it
deserves further attention.

In the first analysis, the effect of the number of daughters
was not significant (p >0.05), but it was in the other two
regressions (although less significant than all other variables in
the model).

Because of the slightly higher R-square value, the regression
with node number and number of nodes on the mother was chosen for

the branching model. The parameterized equation is:

Parent angle = 42.865 ~ 1.804(N0O) + 1.737(NNODES) + 0.232(NDAUT)
-0.167(DLEN) + ORDER + PAGE(ORDER) + TREE

where ORDER is 4.210, 10.024, 1.457, and 0.0 for orders 1, 2, 3, and
4; PAGE(ORDER) 1is normally distributed with mean 0.0 and variance
1.722; and TREE is normally distributed with mean 0.0 and variance

17.169.

Branch Inclination

The epinastic effect exerted by the leader decreases with
increasing distance from the growing tip (Brown 1971a). Therefore,
the processes that determine branch inclination during the second
and following years of growth differ from those of the first year.
At the branch tip, negative geotropism continues to make the branch
grow more vertically, although this effect declines with increasing

crown age (Moorby and Wareing 1963). In addition, increasing branch



154

weight causes the branch to become horizontally oriented, and this
force will be opposed by reaction wood formation and geo-epinasty
(Jankiewicz and Stecki 1976). In the last section, the angles
between a mother branch and 1-year-old daughter branches were
analyzed. This section will examine inclination of subsequent
branch growth.

Branch inclinations become more vertical with increasing
section age for primary branches of all ages (Figure 5.6). A lipear
model was chosen to fit this relationship. Since the inclination of
the first branch section relative to gravity is determined by its
azimuth and inclination relative to its mother section, this first
angle (FIRANG) was entered into the regression as an independent
variable. The distance (DIST) to each branch section from the
pranch base was added to account for the change in inclination with
increasing branch age. Because the distance to the first branch
angle (DFIANG) differs witn branch order (ORDER), these two
variables were added to the model. DFIANG, FIRANG, and DIST were
nested within order in the first iteration of this analysis to
account for potential interactions. As in previous analyses, a
random variable representing a tree effect (TREE) was added to
account represent genetic differences.

Results of this regression are shown in Table 5.14. Both the
DFIANG term and the DFIANG(ORDER) and FIRANG(ORDER) interaction
terms were not significant (p >0.05). Alsc, the parameters for

the ORDER term were extremely high, and the intercept term was



155

Figure 5.6. Branch inclination of each annual growth increment for

all primary branches. (a) Trunk age = 2 (TA2).
(b) TA3. (c) TA4. (d) TA5. (e) TA6. Type I branches

are marked with a boxed "X" and Type Il branches are
marked with an "X."
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Table 5. i4.

For a description of the variables, see the text.

ANOVA table for the regression predicting branch inciination.

Sum of squares

Source of

Variation df  Full model  Type IIii ¥S F

Mode] 22 182001.30 8272.79 84.9g***
DF LANG ] 97.85 97.85 HROLE
FIRANG ] 24705.34 24705.34 253.78%%%
DIST ] 931.0 931.00 9.56%*
URDER 2 1072.20 536.10 5,5 1**
DFIANG {URDER) 1 3.2] 3.21 0.03NS
FIRANG (ORDER) 2 366.71 183.36 1.887S
DIST (ORDER) 2 958.53 479.26 4,92%*
TREE g 23707.18 2634.13 27 .06%%*

Errar 1725 149519.65 97.35 RZ = (.524

Total 1147 291521.25

NSNot significant.

*Significant at 0.05 ilevel.

**Significant at 0.01 level.

***Sqignificant at 0.001 leved.

851
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extremely low. Because of these facts, the regression was rerun, and
all variables that were nonsignificant in the first analysis were
deleted. In this resulting regression, the distance term (DIST) was
non significant, although it previously had been significant. The
regression was run a third time without this term, and the results
are shown in Table 5.15. The parameterized model is:
Inclination = (31.773 + ORDER) + 0.398(FIRANG) +
(DIST{ORDER))(DIST) +TREE
where: ORDER is -6.614, -0.880, -5.533, and 0.0 for orders 1, 2, 3,
and 4; DIST(ORDER) is -0.116, -0.191, -0.258, and 0.752 for orders
1, 2, 3, and 4; and TREE is distributed normally with mean 0.0 and
variance 23.998. The first branch angle (FIRANG) was the best
predictor of branch inclination in this model. This result is as
expected. The branch angles are probably highly inter-correlated
and, therefore, the first angle would be a good predictor of
subsequent angles. The DFIANG(ORDER) term was also highly
significant. While branch inclinations are probably correlated, the
correlation between the first angle and subsequent angles probably
declines with increasing distance from the first angle as later
angles become more vertically oriented. The significance of the
distance variable lends evidence to support this hypothesis. In the
first regression, the parameters for the ORDER term were similar in
magnitude, but opposite in sign from the variable representing the
distance to the first angle (DFIANG). Omission of the DFIANG term

in the current analysis made the magnitude of the ORDER term more



Table 5.15. ANUVA for the reduced model predicting branch inclination. See
the text for a description of the variables.

Sum of squares

Source of

Variation daf Full model  Type 11l MS F

Mode] 17 181085.37 10652.08 109.09%**
F IRANG 1 » 32715.31 32715.31 335.04*%**
ORDER 3 2333.99 778.00 7 .G7%x%%
UIST {ORDLER) 4 23845,11 5961.28 61.05%*=%
TREE 9 24055.07 2672.79 27 . 37%**

Error 1131 110437.44 97.65 RZ = 0.621

Total 1148 291522.81

***Significant at 0.001 level.

091
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reasonable. Because of the observed interaction between these
variables, the ORDER term in the third regression probably
represented the increasing distance of each successive branch

order from the bole. The TREE term was also significant. As
mentioned above, several authors have found that branch angles are
genetically inherited. These studies included angles other than the
mother/1-year-old-daughter angles analyzed above. Polk's (1974) work
on jack pine demonstrated that the angle of termination is inherited
in that species. He also found that the maximum branch curvature
(the greatest departure of a branch from a straight line extending
from the point of origin to the branch tip) is heritable. Faulkner's
work (1970) included heritability estimates for branch inclination,
including observations for branches at several whorls; it is unknown
if these values are for angles of origin, angles of termination, or
another angle measurement. Nelson et al. (1981) observed significant
differences between angles of origin and angles of termination for
Populus clones. They also found that increasing density decreased
branch angles of origin and increased angles of termination. 1In a
later paper (Burk et al. 1983) they developed a model to simulate the

geometry of first-order branches for that species.
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CHAPTER 6

MODEL DEVELOPMENT AND VALIDATION

Introduction

At some point in the development of any field of science,
it becomes appropriate to synthesize current knowledge about a
particular topic into a cogent whole. This may be done by developing
a model which integrates both extant observations and theories about
the processes producing those observations. This model then becomes
a formal description of, and hypothesis about the phenomena.

Information about plant growth has reached the level where
models are now being synthesized. These models may be classified by
their scale of resolution; they may simulate growth of plant parts,
whole plants, or entire populations. Plant models may also be
categorized by their theoretical framework; some are purely
descriptive, being empirically derived, and others are developed
primarily from theory.

The work by Pietarinen et al. 1982 is an example of a
theoretical model which simulates growth of plant parts. Their
equations have accounted for 68% to 93% of the variance in daily
shoot and needle growth and 50% to 60% of the variance in diameter
growth in Scots pine. Another theoretical model for the growth of
plant parts is the work of Jankiewicz {1972). This model was

developed to explain increasing difference in size betwsen two buds
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or young shoots. A third example of this modeling approach is the
work of Thornley (1977).

At the second level of resolution, whole-plant models consider
individual plants as the object of study. A more detailed
description of this type of model will follow later.

At the broadest modeling scale are models which simulate growth
of communities. Shugart and West (1980) have reviewed forest
models, identifying those which can be used to simulate succession.
They have grouped these models into those which are based on
individual trees, those based on gaps, and those based on stands.
These models range in complexity from matrices which give
probabilities of tree-by-tree replacement to complex models which
include the tree's three-dimensional geometry.

Models of individual plants can be subclassified by the
dimensions that they grow. Some keep a budget of carbon allocation
within a plant (e.g., Ledig 1969, Promnitz 1975, Thornley 1972a,b).
Others keep track of extension growth. This subclass can be further
subdivided into two-dimensional (e.g., Bell et al. 1979)
and three-dimensional models (e.g., Fisher and Honda 1977, Hofmann
1981). The three-dimensional models which simulate individual
branches on trees are very detailed in that they must include branch
azimuths and inclinations as well as extension growth. A third
subclass of the individual plant models records both tree diameter
and extension growth (e.g., Daniels and Burkhart 1975, Daniels et al.

1979, and Mitchell 1975). Models of this type are usually part of a
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stand model. While they are three-dimensional, their degree of
resolution is less than models which explicitly grow branches.

Whole-plant models can also be subclassified by their
theoretical framework into empirical (statistical) models and
pure theoretical models. It should, however, be understood that
these two subclasses are not mutually exclusive. Empirical models
are, indeed, built upon a theoretical framework, and theoretical
models require an empirical base. Empirical models are highly
data~-dependent and are usually designed to simulate a specific
situation. Examples are: Bell et al. 1979, Daniels and Burkhart
1975, Vaniels et al. 1979, Fisher and Honda 1977, and Hofmann 1981.
The pure theoretical models can be further subdivided into those
which consider physiological processes and those which consider
physical processes. Physiological models include the work of Ledig
(1969), Promnitz (1975), and Thornley (1972a,b) and examples of
theoretical models that examine physical phenomena are: Cohen
(1967), Honda (1971), and McMahon and Kronauer (1976). Other
theoretical models which examine some particular aspect of branching
were discussed in Chapter 4. Both the empirical and the theoretical
whole-plant models have their advantages and disadvantages and their
uses. The strength of the physiologically based models is that they
incorporate biological processes. These models usually consist of a
set of differential equations which describe carbon allocation
within the plant. Their shortcoming is that this allocation is

limited to a course scale of resolution for the plant dimensions
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that they model. For example, Promnitz's (1975) work inciudes
allocation to four pools: stem elongation, stem thickening, roots,
and leaf mass. Absent from this work is any explicit geometry of
the plant. Empirical models have the advantage of considering the
plant's geometry at either a course or fine scale of resolution, and
they have been used for management purposes (Daniels and Burkhart
1975). The criticism of this modeling approach is that they lack
"complete biologically-derived causal relationships for growth"
(Promnitz 1975).

An "ideal" tree growtnh model would incCorporate the effects of
both genetic potential and environmental resources and conditions on
cellular physiological processes. This model would then allocate
cellular products to a geometrically-explicit routine for radial and
extension growth. The Timitation to developing this model is the
lack of information on carbon allocation and the effects of geneltics
and environment on this process. For this reason, there has not
been more hybridization between these two modeling approaches. This
area of physiological research is just now burgeoning (e.g., Gifford
and Evans 1981, Wardlaw 1976, and Wareing and Patrick 1975).

Three-dimensional, empirical tree models have another advantage
which was mentioned in Chapter 1. Many studies of canopy
physiological processes occur at the level of the individual branch
(e.y., Dickmann and Gordon 1975) or at selected canopy positions
(e.g., upper and lower canopy, MclLaughlin and McConathy 1979).

Other processes, such as light interception and branch death,
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themselves depend, in part, upon canopy geometry. These models can
be used to make inferences about canopy design (e.g., Honda and
Fisher 1978, Honda and Fisher 1979).

The purpose of this chapter is to present a branching model for

plantation-grown sycamore (Platanus occidentalis L.) trees. The

model is similar to that of Honda (1971 and its second generation
offspring; e.g., Fisher and Honda 1977) and Hofmann (1981) in that
it examines the three-dimensional extension growth of a species.

The equations developed in Chapters 3 and 5 were used to predict the

various components of growth.

Model Description

The model consists of a main program which, in turn, calls a
series of subroutines. A flowchart of MAIN is given in Figure 6.1.
A listing of the FORTRAN code for the entire model is given in
Appendix A. Model input data are given in Appendix B. The model
uses the following subroutines:

INPUT -~ inputs length of the run, number of trees, soil

characteristics, site characteristics, monthly

mean temperature and total precipitation,

standard deviations for the climate variables, and
the mean relative mode positions for each node class

and their covariances.
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TREE
MAIN PROGRAM
CALL INPUT gﬁ’éJDTSDATA
CALL CLIMAT
CALL GROW

l

CALL

SORT

ND

CALL KILL

CALL PRUNE

CALL OUTPUT

NO

CALL
OUTPLT

CALL
VALID

END

Flowchart for the main program in TREE.

Each box

containing the term CALL is a call to a subroutine.
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CLIMAT - wuses randomly generated monthly temperature and
precipitation values to calculate the DUR soil
moisture index developed in Chapter 3.

GROW -~ computes leader and branch extension growth. This
subroutine is the workhorse of the model and will pbe
discussed later in greater detail.

NODEAZ - calculates the number of nodes on a branch and their
positions and azimuths.

KILL - determines trunk dieback, kills higher-order branches
attached to a dead branch, and randomly kills 1living
branches.

PRUNE - prunes dead branches from the storage arrays.

NEWID - generates ID for trunks and daugnter branches.

COURD - determines branch coordinates as well as azimuth and
inclination relative to gravity for l-year-old branch
sections.

SURT - sorts branches.

OUTPUT - outputs branch variables. It also has the facility
to output node distances and azimuths.

QUTBR -~ a utility program used for debugging which outputs
branch variables for one branch.

QUTPLT - outputs coordinates for plotting.

VALID - samples the model output to validate the model.

This will be discussed below under the "Validation"
section.

ERR - utility used to stop the program.
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The storage arrays are designed to hold all the variables
associated with one branch. At present, the program Timits tree
growth to six vears, but this can be extended by expanding the
dimension of the storage arrays, and by modifying the sort and
output subroutines. Each branch is given an identification (ID)
which accommodates up to a fifth-order branch. This IU includes the
age (suffix "A") as well as the node number (suffix "N") of all
ancestors of the branch. The method of branch identification is
similar to that described in Chapter 2 but differs in that the node
position for all branch orders becomes the node position for the
next lower branch order. For example, a primary branch is designated
by the age of the trunk to which it is attached (TA) and the node
number on that trunk section (TN). Other branch variables in the
model are: order (ORD), branch age (BAGE), inclination relative to
the parent (PANG), azimuth relative to the parent (PAZ), mother
length (GROM), mother node distance (NODE), "grandmother' node
distance (NODEG), azimuth (AZ) and inclination (ANG) relative to
gravity, length (LEN), number of nodes (NNODES), condition (COND),
node/azimuth array pointer (NAPT), number of daughters (NUDAUT), and
X, ¥, and z coordinates (X, Y, and Z). Also associated with each
branch are two 50 element arrays that store node distances (NODED)
and azimuths (AZIM) for a maximum of 25 nodes for each of two

years. A further description of several of the subroutines follows.

Subroutine CLIMAT

Chapter 3 discussed a program developed by Mann and Post (1980)

to simulate soil moisture. That program was modified by Pastor and
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Post to include tneir (1984) summary of Thornthwaite and Mather's
actual evapotranspiration. Data for observed mean monthly
temperatures and total monthly precipitation were added as input to
the model, and three soil moisture indices were developed and used
to analyze the effect of soil moisture deficits on extension

growth. Subroutine CLIMAT is that same program, modified to
generate random monthly soil moisture conditions. Input to this
subroutine includes monthly mean temperature, total precipitation,
and standard deviations for these variables calculated from 53 years
of data. To determine if the monthly temperatures or amounts of
precipitation are independent of one another, simplie correlation
coefficients were calculated. Of the 66 possible correlations for
each set of variables, only 8 were significant (p <0.05) for
temperature and only 4 for precipitation. Therefore, the assumption
was made that the monthly observations are independent. A normal
random number generator was used to calculate monthly temperature

and precipitation from these means and standard deviations.

Subroutine GROW

This subroutine is built around the variables defining a
"complete description" of crown geometry that were listed at the
beginning of Chapter 5. It also determines branch growth at all
canopy positions and updates ID. A flowchart of the subroutine is
given in Figure 6.2. The first year of growth, this subroutine
calls NEWID to generate ID for the trunks and then calculates the

random TREE effects for extension growth, number of daughters,
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A
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DETEAMINE ANGLE
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RETURN

Flowchart for subroutine GROW.

Each box with the

term CALL is a call to a subroutine.
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mothner/daughter brancn angle, and inclination. It then shifts
vatues tor LEN, ANG, NNODES, and NDAUT to the next array position
(aging Lhem) and increases the "age" variables in tne [D. Since
observed heights for first year growtn are more a function of the
depth of planting than of genetic or environmental factors, mean
observed tree height (71.9 cm) and standard deviation (29.8 cm) are
used in conjunction withn & random number generator to determine
first year growth., Height growth for olher years is calculated from
thie eqguation developed in Chapter 3. For branches, extension growth
is calculated using the equation developed in Chapter 5. The
effects of environmental and genetic variables were included in that
analysis by dividing branch AGL length by leader AGI length. The
stmulation includes these effects on brancih extension growth by
inciuding their effect on leader extension growth. For example, a
dry year will reduce extension growth throughout the crown through
its effect on leader arowth. For both leader and branches, NODEAZ
is called to determine the distance to, and azimuth of each node.
The inclination of the current branch growth is determined next.
COUKD 1s then called to determine the three-dimensional coordinates
of the branch terminus. On 2-year-cld branches, the number of
daughters produced is calculated, NEWID is called fto initialize the
variabies for these daughters, and variables obtained from the
mother branch are stored. All daughter branches then follow a

course of events which parallels that experienced by their mother
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branch; their length is determined, NODEAZ is called to give node

distance and azimuth, and COORD is called to calculate coordinates.

Subroutine NODEAZ

The purpose of this subroutine is to determine node distances
and azimuths. These two variables are stored in each of two 50
element arrays. NODEAZ begins by calculating the number of nodes on
a branch using the equation developed in Chapter 5. On branches
older than two years, node poesitions on the 2-year-old section are
temporarily stored in an array called NODEGT which is used to store
NODEG for use in calculating branch extension growth. Node and
azimuth measurements on the l-year-old branch section are then moved
to the 2-year-old position. Since a model Could not be fit to the
node distance data, mean vectors and covariance matrices were
generated directly from the "normalized" node distance
measurements. However, for several of the node classes, sample size
was too small to accurately estimate these matrix elements. To
circumvent this problem, branches of several node classes were
pooled together, using piecewise linear interpolation. By this
method, branches with 16, 17, and 18 nodes were pooled together, as
were observations on branches with more than 19 nodes. NODEAZ then
uses these covariance matrices and a multivariate normal random
number generator to form a vector of deviates which is added to the
mean vector., Back interpolation is performed where appropriate.
Absolute node positions are calculated by multiplying relative node

distances by branch lengths,
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Primary branch azimuths are calculated from the observed mean
angle of divergence (145.7 degrees), its standard deviation
(43.0 degrees), and a random number generator. It was shown above
(Chapter 5) that 27.5% of the annual growth increments (AGI's) had
a reversed direction of payllotaxis. A uniform number generator
simulates this phenomenon in the model. On primary and higher-order
branches, daughters form alternately at 90 and 270 degrees relative
to the parent. Another uniform number is drawn to determine at
which of these azimuths the first daughter branch forms. The
azimuths then alternate between these two means with increasing
variance up to a distance of 90 cm, at which point the phyliotaxis
becomes spiral. A circular normal random number generator is used
to predict the angular deviation for the opposite phyllotaxis. For
the spiral phyllotaxis, the model uses a technique similar to that

used for primary branches.

Subroutine KILL

This subroutine has three functions: to determine trunk
dieback, to kill all higher-order branches attached to a dead branch,
and to kill living branches. Field observations showed that 17.4%
of the trees were one year younger than the plantation, and this was
attributed to dieback. Of those that show dieback the first year,
12.5% also do so the second year. This is simulated by using a

uniform number generator.
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In subroutine GROW, a branch is marked for removal if its total
extension growth is less than 0.5 cm in any year. Subroutine KILL
marks for removal all higher-order branches attached to that branch.

KILL also kills living branches. Little is known about the
demographic factors which produce final tree shape (J. White 1980).
To obtain a thorough understanding of these processes would require
making repeated observations on branch cohorts. This effort would
lead to a statistical demography of branches, but would not elucidate
the mechanisms behind the metapopulational changes. One current
work on bud demography is Maillette's (1982a) paper on silver
birch. She later {1982b) incorporated this information into a
Leslie matrix which was used to examine population dynamics.

Little is known about the mechanisms involved in branch death.
Millington and Chaney (1973) asserted that branch death is influenced
by a number of factors and concluded that light intensity appears to
be the most important of these. Other authors have attributed
branch death to competition for light (and moisture and minerals;
Harper 1977, Kramer and Kozlowski 1979, and J. White 1980). Putz
et al. (1984) observed "crown shyness" in Costa Rican forests., They
found two mechanisms proposed in the literature to explain this
phenomenon: mutual shading and mechanical abrasion. Their field
observations revealed broken twigs and few leaves on branches
bordering crown shyness gaps. The sum of intercrown displacements
during wind and crown separation distance in still air were

examined, and the two were found to be significantly correlated.
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They concluded that "crown shyness" in this forest was due to
mechanical abrasion. With only few such exceptions, the literature
on branch death is scant.

Lacking a strong theoretical base from which to determine
branch death, empirical methods could be developed. For example,
branches could be sorted by order, age, and number of nodes. At
each node position in each of these subclasses, the branch survival
probabilities could be calculated and used in the model. A second
technique and the one used in this work is to infer changes in time
from changes in space. The regression developed to predict the
initial number of daughters present on 2-year-gld branch sections
(Chapter 5) was used to predict the initial number of daughters
present on older branch sections. Survival was then calculated as
the observed number of daughters on a branch divided by the
predicted number of daughters. These mean survival rates were then
modeled by a regression equation. It was assumed that mortality was
concentrated on the short, basal branches. This assumption has an
empirical basis (Schutt, unpub. man.). Table 5.10 shows that over
92% of the variation in number of daughters produced was explained
from the number of nodes on the mother branch and a TREE effect.
However, as mentioned in Chapter 2, the number of nodes could not
be determined on several lower trunk sections, so this eguation
predicting number of daughters was reanalyzed using mother branch

length and order.
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Branch survival probabilities were predicted from parent branch
order (PORDER), parent age nested within parent order (PARAGE(PORDER),

and a random TREE class effect. Results are shown in Table 6.1. The

parameterized model is:

SURVIV = 0.381 + PORDER + PARAGE(PORDER) + TREE

where PORDER is 0.894, 1.090, 0.939, and 0.000 for orders 0 (trunk),
1, 2, and 3; PARAGE(PORDER) is -0.089, -0.200, -0.158, and 0.308 for
orders 0, 1, 2, and 3; and TREE is distributed normally with mean
0.0 and calculated variance 0.010. The number of branches surviving
is equal to the predicted fraction multiplied by the initial number
of daughters. Branches are flagged for deletion if their node
number is less than the number of surviving daughters -1 (the minus 1

is added because no daughters form at the last node on a branch).

Subroutine COORD

This subroutine determines x, y, and z coordinates for all
branch sections. Two points are calculated for the first year of
branch growth, and in subsequent years only one is needed. When
branches are formed, azimuth and inclination are calculated relative
to the mother branch rather than relative to gravity. For primary
branches, these azimuths and inclinations are the same and can be
stored directly. For second- and higher-order branches, axis
translation and rotation are needed to determine the coordinates of
the branch AGI apex, and the equations for this orthogonal rotation

were taken from Hofmann (1981). Once the coordinates for the first



Table 6.1. ANUVA for the regression predicting the probability of survival of

daughter branches. Independent variaples are the order of the
parent branch (PORDER}, parent age nested within order (PARAGE
(PURDER)}, and a random TREE effect.

77

Sum of squares

Source of

Variation df Full model  Type III MS F

Model i6 17.29 1.08 16.18%*xx
PURUER 3 0.71 0.24 3.56%
PARAGE (PORDER ) 4 11.42 2.86 42.76%%%
TREE g 5.56 0.62 9. 25%%%

Error 535 35.73 0.47

Total 55] 53.02 RZ = 0.326

MSNot significant.
*Significant at 0.05 Jevel.
**Significant at 0.01 level.

***Significant at 0.001 level.

8L1
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two points have been calculated, branch azimuth and inclination

relative to gravity can be determined.

Subroutine SORT

Branches must be sorted by TREE, TA, TN, O1A, OIN, and so forth,
for subroutines GROW and KILL to operate. A program written by
Edwards (1976) at Oak Ridge National Laboratory was used to call the
IBM Syncsort program from within the FORTRAN program. Since Edwards'
program is system dependent, users wishing to execute the model on

their computers will need to modify this section of the code.

Model Validation

Following the development of a model is model evaluation; its
performance must be evaluated. Shugart et al. (1980) have presented
a variety of techniques used to verify and validate forest
succession models. Modeling three-dimensional tree branching has
not developed to this level of sophistication yet, and techniques
are just now being developed to validate these models. This section
proposes two such methods.

In the current work, mean branch growth at all canopy positions
is predicted from regression equations and other analyses developed
in Chapter 5. Random variation is entered into the model in several
ways. One is through the TREE term used in many of these analyses.
This random class variable (TREE) was used to account for potential
data dependencies due to lack of independence, and the effect of

this term was assumed to be normally distributed with mean 0.0,
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However, estimation of fixed effects in an unpalanced mixed model is
difficult, and it is the topic of current statistical research
(e.g., Harvey 1982, Harville 1972). The approach taken in the
present work was to treat the random TREE effect as fixed. This
effect was then calculated and added back to the model. Since these
tree effects were assumed to be due to genetics, the varianles were
prefixed with "GEN." These mean TREE effects are: GENEXT = 0.025,
GENUAU = -0.379, GENANG = -0.222, GENINC = 4.995, GENNOD = 0.042,
and GENSUR = -0.134. The variance for these effects was calculated
from the analyses and added back to the branching program by
multiplying its square root by a normal random deviate.

A second technique to aad random variation to the model is
through an error term. Regression analyses attempt to model all the
variance present in a given data set. This tool assumes that the
errors at any given value of the independent variable are normally
distributed with common variance at each value of the independent
variable. This common variance is the mean square error term in the
regression ANOVA. This variance was added back to tne model by
using a random normal deviate generator.

Chapter 2 discussed a data set containing measurements of
annual tree height for 36 trees. To validate tree extension growth,
the model was modified to grow 36 stems. Values of the DUR soil
moisture index for the six years of tree growth were input into the
model for direct comparison hetween the two data sets. Tree fheights

were compared by t-tests. Table 6.7 shows that the model generated



Table 6.2. Results of the model validation for tree height.

N Mean height Standard deviation

Year Ubserved Model Ubserved Model Observed Model t

1982 36 36 535.1 cm 493.4 cm 114.6 cm 108.5 cm 1.583Ns
1981 36 36 409.9 399.7 99.7 103.6 0.42605
1980 3o 36 321.3 316.4 86.4 100.9 0.223ns
1979 36 30 271.6 262.9 82.1 94.0 0.4171s
1978 35 30 195.6 165.9 77.3 81.0 1.578ns
1977 30 27 74,1 66.5 26.1 22.7 1.16801S

"SNot significant.

181
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trees are slightly smaller then the observed trees but that this
difference is not significant for any year of growth. If was
concluded that the model accurately predicts leader extension growth.
To validate the model's ability to produce branches, a data set
was needed which contained observations measured by a technique
different from that used to develop the model. This was done by
measuring branches within a given area of the crown relative to
gravity. A 0.25 m3 cube was constructed with dowels for this
task. Ten trees were chosen by the same selection criteria
discussed in Chapter 2. Observation were made on each tree at each
of several canopy positions, one near the tree top and one at each
of four azimuths in the middle of the canopy. The cube at the tree
top was placed so that: (1) the plane at the base of the cube was
at 75% maximum tree height, (2) the trunk axis was in a second cube
plane, and (3) a plane passing through the trunk axis and the cube
center was at an azimuth of 165 degrees. This azimuth was chosen
because it was perpendicular to the row direction (in an attempt to
reduce competitive effects) and it was on the south side of the
tree. Cube position for the tree's middle canopy was determined by
finding the maximum branch reach (perpendicular distance) from the
trunk. At these four positions, the cube was placed so that:
(1) the plane at the base of the cube was at 50% maximum tree
height, (2) a plumb line lowered from the center of the cube was at
an azimuth of either 75, 165, 255, or 345 degrees (positions 2, 3,

4, or 5), and (3) a plane passing through both the tree trunk and
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the center of the cube was parallel to two sides of the cube (i.e.,
the azimuths of the sides were at 75/255 and 165/345 degrees).

A1l branch AGI's falling within the volume of the cube were
sampled. For each segment, the following were measured:

1. Primary branch age (or age of the primary branch to which

the sample branch is connected,

2. branch section age for the branch and all its lower-order

ancestors,

3. length of the branch AGI falling inside the cube,

4, azimuth relative to north, and

5. inclination relative to gravity.

Subroutine VALID examines every branch section generated by the
model to determine if part of that branch lies within any of the
validation positions. [f not, the next branch section is examined.
If it does, the same measurements made on the actual trees are taken
from the branch.

Two models were compared to this data set. Botﬁ models include
all the random branching effects described above; they differ in
that model 1 does not include random branch mortality while model 2
does. Sample plots for these two models are shown in Figure 6.3.

Tables 6.3 and 6.4 give the results for the comparisons of these
models with the validation data set. The mean number of branches
produced by model 1 does not differ significantly from the observed
data for any of the five cubes. In cube 1, this mean is slightly
lower than the observed mean, yet for all other cases it is higher

(almost twice as high in cube (3), although not significantly so.



Figure 6.3.
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Sample plots for trees generated by the model.

Plots a-f are from model 1 and plots g-1 are from
model 2. Both of these models include all random
effects. They differ in that model 2 includes random
branch mortality and model 1 does not.
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Table 6.3. T-test comparisons for Models 1 and 2 with field gbservations on four branching variables. Model 1 does
not include randem branch mortality while Model 2 does include this effect. The mean values of the
variabies and the t statistics are shown.

1 2 3 4 5
Yariable X £ x t X t X t X t

Observed Cube
Number of Branches 8.70 19.10 21.00 19.80 20.30
Primary Branch Age 1.60 3.31 3.47 3.36 3.38
Mean Branch 30.41 11.70 11.18 13.70 12.30

Section Length {cm)
Mean Inclination (degrees) 46.45 61.19 61.32 57.75 57.64
Model 1 Cube
Number of Branches 7.00 0.60"°  27.00 -0.43"% 42,33 -2.06"% 20,00 1.30"%  26.00 -0.95"°

. ns Hohk *k ) ok ~ *
Primary Branch Age 1.43  1.03 3.74 -5.28 3.72  -3.15 3.79 -5.58 3.62 -2.56
Mean 8ranch 33.33 -0.59"° .52 0.32"% 11,98 -0.62"°%  13.31  0.22"5  20.58 -4.50"

Section Length (cm)
Mean Inclination (degrees) 52.66 -1.66"° 63.50 -0.78"° 57.43  1.65"° s55.54  1.06"° s54.68  1.05"°

Model 2 Cube

Number of Branches 3.83  2.62 10.80 1.54" 5,83 0,78 817 2.56 10.83  2.03"°
. N . *kx . * ns ns P, ns
Primary Branch Age .17 3.87 3.56  -2.46 3.42 Q.51 3.43  -0.51 3.38  0.89
. AN - ns . LK ns - *kN
Mean Branch 49.39 -3.81 13.63  -1.06 14.64  -2.57 14,57  -G.40 20.58 -3.68

Section Length {cm)
Mean Inclination (degrees) 40.17  1.87™% 61,07 0.03™ 59.39 0.83"% 50.57  2.64 54,68 1.057°

NSNot significant.
*Significant at 0.05 level.
**Significant at 0.01 level,

***Significant at 0.001 level.

L6l



Tabie 6.4. Chi-square tests to determine if the frequencies of branches in each order for Models 1 and 2 differ
significantly from field observations.

Observed Model 1 Model 2
Order Order Order

Sample
position 1 2 3 4  Total T2 3 4 Total X2 1 2 3 & Total @
Cube 1 61 25 86 17 4 21 1.02ns 2] 2 23 4.63%
Cube 2 40 100 49 2 191 14 26 26 0 66  7.67"S 11 31 12 0 54 1.09NS
Cube 3 46 103 56 5 210 27 62 38 0 127 3.55NS 317 55 23 O 95  4.69NS
Cube 4 52 99 44 3 198 21 41 25 0 87  3.27"% 13 23 12 1 49 0.300S
Cube 5 44 111 48 203 30 35 13 78  13.12%% 24 27 14 65  9.15%

NSNot significant.

*Significant at G.05 level.

26



193

After a period of time, the theoretical number of branches
produced by trees is higher than the observed number (Borchert and
Slade 1981, J. White 1980} and this difference increases as the tree
ages. Because of this, branch mortality must be included in any
model that predicts crown growth. The high variance of the data is
probably the reason these means are not significantly different.
However, some mortality does occur in model 1 in that subroutine
GROW kills any branch whose annual extension growth is less than
0.5 cm in any given year. Without this aspect of the model, the
number of branches produced would be even greater. Results for
model 2 demonstrate that samples from this model have fewer branches
than the validation data set (in some cases less than 1/2 than the
observed number), although these differences are significant in only
two of the five cubes. As shown in the section for subroutine KILL
above, the regression used to predict branch survival described only
32.6% of the variation in this data set. Part of this may be due to
the method used to estimate survival (in some cases it may be over
100%) and part can be attributed to the general lack of knowledge
about the factors determining branch mortality. As a result, it
appears that this regression overestimates mortality. Resolution of
this problem will depend on the development of an empirical and
theoretical basis for predicting branch mortality.

Results for the chi-square tests comparing frequencies of
branches of each order are shown in Table 6.4. For model 1, the

frequencies differ only for cube 5. Results for model 2 show that



194

cubes 1 and 5 differ significantly. In all three of these cases,
the number of primary branches sampled is too high. Since the size
of the cube is constant, sampling small trees results in including
more young primary branches than would be included in a sample of a
larger tree. This may be the case in this study. Overall, it
appears that the distribution of branch orders produced by these two
models well represents that of the actual trees.

Table 6.3 shows the comparison for branch lengths. The
branches in cube 5 of model 1 are much longer than the measured
trees. For all other canopy positions, the lengths are strikingly
similar. Results for model 2 are more complicated. These Tengths
ao not differ significantly from the field observations for cubes 2
and 4 yet do for cubes 1, 3, and 5 (cubes 1 and 5 at p <0.001).
Comparisons of the mean numbeyr of branches in both models showed
that model 1 has more branches than average and model 2 has fewer
(although only two of the ten comparisons are significant). It was
also shown that the distribution of orders differed significantly
for only three of the ten positions. Since this is so, it can be
deduced that this difference is not due to selective mortality on
second- and higher-order branches (shorter branches), but is evenly
distributed across the shortest branches of all orders. When the
methodology for determining branch mortality was being determined,
it was assumed {based on a previous study) that the branches near
the base of the parent AGI were killed. This assumption deserves

further attention. The observation that primary branches are more
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numerous than anticipated for three of the 10 study cubes is
evidence against this theory. Another alternative explanation for
this phenomenon is that the equation used to determine elongation
growth needs further work. This may be the reason that no
fourth-order branches were sampled.

For both models, only one of the comparisons for inclination
was significant. The agreement with the data set is remarkable.

These analyses show that branch extension growth and branch
mortality may be the most sensitive branching variables and the
processes governing these phenomana deserve further attention. The
analyses for the validation of model branching demonstrate that the

model does a good job of simulating the crown geometry of sycamore.
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CHAPTER 7

CONCLUSIONS AND IMPLICATIONS

The guotation given at the beginning of Chapter 1 stated that
plant growth is a function of its genetic potential as modified by
environmental factors. This work has been an attempt to quantify
and model the processes involved in tree growth and to evaluate
environmental effects on those processes.

Chapter 3 demonstrated that bole extension growth in

plantation-grown sycamore (Platanus occidentalis L.) trees is a

function of soil moisture, fertilization/cultivation, and tree
genetics. The soil moisture tension used to define "extension
growth stress" (-3 bars) worked well as both late-season soil
moisture values and each of three soil moisture indices were able to
predict extension growth. The analysis demonstrated that Union
Camp's policy of early-rotation fertilization/cultivation and
mid-rotation fertilization does increase height growth in this
species at this site. The significance of the TREE effect also has
management implications. One possibility is that this factor simply
represents random events which affected individual trees (e.g.,
insect damage, shading, or micro-site effects). A second, and
perhaps more viable option is that genetic differences exist among

trees in their potential ability to elongate. This indicates that
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selection could be done to choose superior genotypes which would
increase biomass yield from these plantations.

Analysis of Type I proleptic branching (Chapter 4) showed that
trees differ in their potential to produce Type I branches at given
ages. Those that do produce Type I branches were examined, and it
was found that the probability of a tree forming Type I branches in
even years was associated with its probability of forming Type I
branches in odd years. It was concluded that Type I proleptic
branch formation has a genetic basis. Data were not available to
determine if the effect of "age" on Type I branch formation was
truly due to physiological age, or due to climate change over the
study period, to fertilizer effects, or to interactions among any of
these factors. The number of Type I proleptic branches was also
found to be associated with the amount of leader extension growth.

Type I proleptic branching appears to be a mechanism through
which a species can develop its photosynthetic area near the tree
leader, and species with this mechanism available to them would have
a selective advantage with respect to light interception. This also
has management implications. Since weed competition is costly to a
plantation manager, selection for trees with Type I branching may be
a way to decrease this competition and, thereby, reduce costs.

Since this trait is observed more frequently on trees with greater
extension growth, concurrent selection for greater extension growth
and Type I proleptic branch formation may have economic advantages.

Type I proleptic branches form along the lower trunk annual

growth increment (AGI), form at a slightly more acute angle than
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Type II proleptic branches, and, after the first year of growth, do
not differ in elongation growth from Type II branches located at the
same position.

Analyses were performed to quantify all variables needed for
the "complete description” of canopy geometry discussed in Chapter 5.

An equation was developed to predict extension growth for all
canopy positions from branch order, parent age, branch age,
“ancestor" (e.g., mother, grandmother, and so forth) node distance
(acrotony), and ancestor length.

Node density (number of nodes /branch length) was predicted
from branch length, fertilization/cultivation, soil moisture, and a
TREE effect. Both increased fertilization/cultivation and increased
soil moisture availability increased node density. Longer branches
have a lower node density, a fact observed by others.

The figure for node position demonstrated that there are three
identifiable phases in branch growth. In the first, branch internode
distance increases. This is followed by a period of almost constant,
but slightly declining, internode distance. In the third phase,
internode distance decreases. All three phases are identifiable on
longer branches (those with more nodes). With decreasing branch
length, the middle phase becomes less important and finally
disappears. On shorter branches, the third phase also disappears.

Un the shortest branches, the first phase becomes less evident.

Phyllotaxis of branches of all orders was examined. Primary
branches show no preferred direction of orientation. The mean angle

of divergence between leaves or branches was 145.7 degrees with a
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standard deviation of 43.0 degrees. The direction of this spiral
was clockwise, but on 27.5% of the trunk sections it was reversed.
This reversal of the direction of the ontogenetic spiral was spread
across the population; it was not concentrated at any tree age or on
any tree,.

Second- and higher-order branches form at mean angles of 90 and
270 degrees relative to their mother branch. The circular variance
about these means increases with increasing node number or distance
on a branch AGI. At a point beyond 13 nodes or 90 cm, the
phyllotaxis becomes spiral. While the number of observations beyond
this point is few, it appears that here, as well as for the primary
branches, the direction of the spiral can be either clockwise or
counterclockwise.

Most of the variation in the number of daughter branches formed
on a mother branch was predicted from the number of nodes on the
mother {or mother length) and a TREE effect. This relationship was
used in Chapter 6 to develop a regression equation fo predict branch
mortality.

The angle of divergence between a mother and daughter branch
was determined from daughter node number, number of nodes on the
parent, number of daughters, daughter length, branch order, parent
age within order, and a TREE effect. In this analysis, the number
of nodes was used to represent epinasty, and the number of daughters
and daughter length were used to represent the daughter branches'

ability to resist this effect. All variables were significant.
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Branch inclination was predicted from branch order, the first
angle of the branch, the distance to that first angle (which also
includes an effect due to order), and a TREE term. With increasing
branch age, branch tips become oriented more vertically.

The relationships developed for the branching variables were
synthesized into a FORTRAN model to simulate the three~-dimensional
crown geometry of sycamore. Output for leader extension growth by
the model agrees well with observed data on extension growth as does
output describing model branching.

The statistical analyses developed in this work demonstrate a
varying degree of “success" in explaining the variation in the
data. Some of the models explain over 90% (e.g., those predicting
node density or number of daughter branches) and others explain less

(e.g., trunk extension growth R?

R2 = 0.792, degree of Type I proleptic branching R2 = 0.112, and

= 0.549, branch extension growth

branch survival R2 = 0.326). The degree of success of the fit of

a statistical model is a result of one of several factors. One such
factor is the skill with which the model to be fit is chosen (e.g.,
the correct curve shape and the correct variables). Another problem
which results in poorly fit models is a lack of understanding

of the mechanisms governing the process being modeled. This results
in attempting to guess at those mechanisms and then including them
in the model. This problem is compounded in situations where a
number of variables are involved, a situation often encountered in
the present work. Even where some theoretical information is known

(e.g., parent/daughter branch angle is affected by epinasty and



201

negative geotropism) it was still necessary to select a variable
which would best represent this effect. Even in this example, where
a theoretical basis of the phenomenon was somewhat known, only 39.4%
of the variance was accounted for.

This lack of fit of the equations to the data indicate areas of
branch growth that deserve further attention. For example, little
is known about the control of the degree of Type I branching. The
control of branch death is, likewise, little understood. In this
second example, the analysis is so complicated (involving tree
genetics, cellular physiology, tree crown morphology, abiotic
environment, etc.,) that an approach using a three-dimensional
pranching model to examine the effect of crown morphology may be
the most viable alternative.

There are many other processes that a spatially-explicit
branching model may be used to study. Chapter 1 mentioned light
interception as one potential area. Data on crown display have
already been collected (Chapter 2), and this is the next logical
place for future model work. This new light model, which would
include light interception, could be used as the basis of other
investigations. For example, it could be used for management
purposes to simulate plantation geometry and to examine the effects
of spacing or tree genetic variation on light interception. The
place to add spacing effects has already been designated in
subroutine NEWID. For this application, the effects of spacing on
branch characteristics would need to be added. This was the topic

of a related study (Schutt, unpub. man.).
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The light interception model could also be used to study canopy
energy allocation. The relationship between the total amount of
light 1intercepted by a branch and the amount of extension growth
could be explored. This may also lead to an understanding of the
processes controlling branch death. [t may also be possible to use
this model to examine the effect of crown geometry on physiclogical
processes. If these techniques lead to further elucidation of the
mechanisms governing crown architecture, then those mechanisms could
be added to the model's theoretical framework model for the next

generation of models.
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c
C
C

TEIS PRCGRAM GENERATES THREE DIMENSIONAL SYCAMORE TREES

Ceerrdikkrhhkhbohbh kbbb tkk koo kA AR kb e kR PR A Rk kbR ek Rk R bk bk hkkkkE

1HE CODE TO THE CCMMENT CAKDS IS AS FCILQOWS:
C ~COMMENT TO TDOCUMENT THE MODEL

nonnononOooOaoann

co
(o

CE
cvy

cB

~LINES USED TC GROW ONIY THE BOILE

CC- DEBUGGING TOCL

CE
cC
cp
CR
cs
C1
cv
cH

~WERRCR* RANCCM EFFECTS

-WGRK TO BE COMPLETED IN THE MODEL
-LINES USED TO CALL SUBFOUTINE KILL JUST TO PRUNE HIGHER ORLCER ERANCHES
- RANDOM NUMBER GENERATOR INITI ALIZATION
~TG CHANGE THE SIZE OF THE STORAGFE USED BY THE MODEL, CHANGE ALL
~"TREEY RANLOM EFFECTS
~-LINES TO BE COMMENTED TO VALIDATE THE MOLEL

~RANDCH CLIMATE

SIZE OF ALL TREE ID ARRAYS AS WELL AS THE STATEMENTS MARKEL

WITH THIS CCMMENT STATEMENT

COMMCN /TREEIDs TREE (3000),TA (3000),TH (3000) ,014 {3000),01¥8 (3000),
§ 023 (3000) ,02N{3000) ,034(3000) ,03% {3000) ,04A {3000) ,C4N{3000),

& ORD {3000) ,BAGF (3000) ,PANG {3000) ,PAZ {3000) ,GROM(3000),

& WNODE({3000), NOLEG (3000),AZ {3000) , ANG (3000, 6) ,LEN {3000,6) ,

& NNOLES(3000,6),COND{3000),NAPT{3000},NDAUT(3000,5),

& X{(30600,7),Y(3000,7),2(3000,7)

INTEGER*2 TREE,TA,TN,C1A,CIN,0%1,028,0G3A,03N,043,04N,

& ORD, EAGE,NODE,NODEG, NNODES, NAPT, NDAUT

REAL LEN

LOGICAL*1 COND

COMMCN /CLCATA/ MT(12), TSD{12), MPPTIN(12), PPINSD{12), FC, FCBhM,
& DRY2, BuS, EGS, PLAT

REAL KT, MPPIN

COMACN sDUR/ DURLN

COMMON /LEAFID/ PANGL(3000),PazL (3000),PL{3000),L1 3000} ,WL{3000),
§ AZL{3000) ,ANGL (3000)

COMMCN #NOBR/ NOBRT,NOBROT,NOTREE

INTEGER*2 NOBRT,NOBROT,NOTREE

COMNCN sNOs NYEARS,NTREES,NOYR

INTEGER*2 NYEARS,NTREES

LOGICAL*1 FLAG

DIMENSICN TURVAL(6)
DATA DURVAL /~0.7133%,-0.24080,0.00000,-0.90387,-0.26657,0.00000,

C ESTART(I,J): I AND J AKE MANY INTEGERS"™

Ck

CE

cy

CALL RSTART(395879,76)
NOBRT =0
NOBRCT =0
KPRT =1
CALL INPUT
DO 20 I=1,NYEARS
NOYR =I

CALL CLIMAT

DUKLN =DURVAL (1)

WRITE(6,1) I,DURVAL(I)

FOFMAT (" YFAR=',I2,' LNDUR =*,FS9.5)
NOEROT =NOERT

CALL GROW

IF (NOBRT .GT. 1) CALL SCET
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FLAG =.FALSE.

IF (#oD{I, KPRT) .E¢. 0} CALL QUIPUT (FLAG)
CAIL KILL

FLAG =.TRUE.

cc

cc IF (MOD{I, KPKT) .EQ. 0) CALL CUTPUT (FLAG)

CE
CAIL PRUNE

cc

cc IF (MCD(I, KPRT} .EQ. 0) CALL OUIPUT (FLAG)
IF (NOYR .LT. NYEARS) GO To 20

CE

CAIL OUTPLT
CAIL VALID
WRITE {6,10) I
10  FORMAT(' END QF YFAR °,I1)
20 CONTINUE
WRITE (6,25) NOERT
25 FORMAT (* TOTAL NOMBER CF BRANCHES =',I5)
STOP
END
[t E RS EIE SR RES ISR SRR s E R RS LR el Rl R R AR R R LR s kR 2 S ]
c
c THIS SUBRCUTINE INPUTS DATA
C
o LR EL IS A L L S R R s R s S R R iR 2R SRR R s s iR R Rt R LR R S
SUBROUTINE INPUT
COMHCN /CLLCATA/ MT(i2), TSD{12), MEPIN(12), PPINSD(12), FC, FCHM,
& DRY3, BGS, EGS, PLAT
REAL MT, MPPIN
COMMCN sNOy NYEARS,NTREES,NOYR
INTEGER*2 NYEARS,NTREES
COMMCN /MSMVYN/ IPOINT (2,17),0MEAN(141) ,0SIGHA {906)
INTEGER*2 IPCINT

C DATA THAT IS REQUIRED FCR THE OPERATICN OF THIS ROUTINE IN THE

C CEDER OF INPUT:

C CARD: VEARIABLE: FORMAT:
C 1 NYEARS = NUMBER OF YEARS IN THE SIMULATION 15

C 1B NTEEES = NUMEFR CF TREES IN THE SIMULATION I5

o 2 IC = CENTIMETERS OF WATER THE SOIL CAN HOLD

C AT FIELT CAPACITY F8.4,1X
C 2 DRY3 = CENTIMETEES OF WATER BELOW WHICH TIR¥E GROWIH

C STCPS (3 EBAKS) F8.4, 1X

C 2 DRY15 = PERMANENT KRILTING POINT FOR PLANTS (15 BAES) FB.4,1X

C 3 BGS = YEAR DAY ON WHICH THE GRCWING SEASCN BEGINS (4/15) F5.710,1X
(o 3 EGS = YZAR DAY ON WHICH THE GRCWING SEASON ENDS (10,15) F5.1,1%
C 3 PLAT = LATITUDE COF PLOT (DEGREES NORTH) F5.2

ot 4 T = MEAN TEMEERATURES (JAN-DEC) CENTIGRADE 12F6.2

C 5 TSC =TEMPERATURE STANDARD DEVIATION 12F6.3

C 6 MPPIN = MEAN PRECIPITATICN (JAN-LEC) CENTIMETERS 12F6.3

C 7 PPINSD = PRECIPITATION ST.DEV. (JAN-DEC) CENTIMETERS 12F6.3

C XMCNTH = THE ARRAY WHICH STORES THE MONTHLY BEGINNING WATER

C VALUES. TO GET THE VALUE FOR ANY GIVEN MCNTH, USE THE
C VALUE FOR HCNTH (I +1), THE END-OF-MONTH VALUE.

C 8 K = THE SIZE OF THE WODE POSITION AKRAYS 12

[ S OMEAN = THE CBSERVEL MEAN RELATIVE NODE POSITION F9.7

C 10 OSIGMA = THE OBSERVED COVARIANCE MATRIX E12.6
C

C

C INPUT LENGIH CF RUN

C

READ (5,5, END=1000) NYEARS
5 PORMAT (I5)
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aho

ana aOOaO0 ann

[sEsKe]
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WRITE(6,10) NYEARS
10 FORMAT (*ONUNEEER OF YEARS =v,15)

INPUT NUMBER CF THEES

READ (5,5, END=1000) WTREES
WRITE(6,11) NTEEES
11 FORMAT ("ONUMBER OF TRFES =?,I5)

INPUT SCIL CHARACTERISTICS

READ {5, 15, ENC=1000) FC, DRY3, DRY15
15 FORMAT (3(F7.4,1X))

FASTOR AND POST'S AET REQUIRE FC TO BEE IN MM

FCMM =FC *10.

WRITE{6,20) FC, DKY3, DRYiS
20 FORMAT (*OFIELD CAPACITY =%,F8.4,2X,*3 BAR TENSION =*,¥8.4,2X,'15

EBAR TENSION =°,F8.4)

INPUT SITE CHARACTERISTICS

READ (5,25, FND=1000) BGS, EGS, PLAT

25 FORMAT (2(F5.1,1X) ,F5.2)
WRITE({6,30) BGS, EGS, PLAT

30 FORMAT ('OGRONING SEASON: BEGINNING DAY =*,F5.%,2X,*END DAY =4,
£ F5.1,2X,"IATITUDE =°,F5.2)

INPUT MEAN MONTHLY TEMPERATURES AND STANDARD DEVIATIONS, AND CONVERT

FROM ENGLISH ONITS TO SI UNITS

READ (5,40, END=1000) ({MT{I),I=1,12)
40 FORMAT (12F6€.2)

R EAD {5,50, END=1000) {1ISD(I),I=1,12)
50 FORMAT (12F€.3)

DO 45 I=1,12

MT(I)=(NT(I) -32)/1.8

TSD (1) =TSC(I) /1.8
45 CONTINUE

INPUT PRECIPITATICN DATA AND CONVERT FROM ENGLISH UNITS 10 SXI UNITS

KEAD (5,50, END=1000) (MPPTN(I),I=1,12)
READ (5,50, END=1000) ({PPTNSD(I)} ,I=1,1)
DO 5% 1I=1,12
MPPTN (I} =MPPIN (I) *2.54
PPTNSD (I) =PPTNSD (I} *2.54

55 CONTINUE®

REITE OUT INPUT DATA

WRITE(6,60)
60 FORMAT (*OMEAN TEMPERATURES (C) )
WRITE{6,65)
65 FORMAT (4X, *JANY,6X, FEB',6X,* MAR®, 6X, ' APR® ,6X, HAY",
>6X, 1IN, 6%, *JULY, 6X, ' AUG",6X, *SEP',6X,"'OCT" ,6X, *NOV',6X, " DEC?)
WRITE(6,70) (T (1),I=1,12)
70 FORMAT (' *,12(F7.2,2X))
WRITE(6,75)
75 FORMAT (*OTEMPERATURE STANDARD DEVIATIONS (C) *)
WRITE{6,65)
WRITE(6,80) (TSL{I) ,I=1,12)



80 FORMAT(* ',12(F7.3,2X))
WRITE(6,85)
85 FORMAT ('OMEAN ERECIPITATION (CHM)‘*)
WEITE (6,65)- '
WRITE(6,80) (NPPTIN{I),1=1,12)
WRITE (6,90)
90 PORMAT (*OPRECIPITATICY STANDARD DEVIATILIONS (C)")
URITE(6,65)
URITE(6,80) (EPINSD(I),I=1,12)

INPUT THE MEAN VECTORS FCKk NODE POSITICNS ANL THEIR COVARKIANCE.
THE VARIABLE K GIVES THE SIZE OF THE ARRAY. NNODES 16— 1€ WKERE
TKEATED AS 17; NNOLES 19+ WERE TREATED A5 21. BECAUSE THE LAST
LISTANCE WAS ALWAYS =1.0, THE VECTORS ARE ALWAYS OF LENGTH
NNCDES ~1.

DC 125 NPT=1,1€

[sNeNsEsEzNe!

cc
cc WRITE (6,95) NPT
€C 95 FORMAT (* NPT =',I2)
READ {5, 100, END=1000) K
100  FORMAT(12) .
MBEG =IPCINT (1,NET)
MEND =HBEG +K -1
cc
cc WRITE (6, 105) K,HBEG,MEND
cc 105  FORMAT (' *',7%,I2,2(5X,13))
RERD (5,110, END=1000) (OMEAN(I), I=MBEG,MEND)
110 FORMAT(B8F9.7)
ISEEG =IFOINT (2, NPT)
DO 125 I=1,K
ISEND =ISBEG +I ~1

cc
cc WEITFE (6, 115) ISBRG,ISEND
cc 115 FORMAT (* *,30%,I4,5X,14)
REAL(5,120,END=1000) (OSIGHNA (J),Jd=ISBEG, ISEND)
120 FORMAT (6E12.5)

I1SBEG =ISERD +1
125 CONTINUE
cc
cc WRITE{6,130) {(CMEAN(I),I=1,141)
CC 130 FORMAT{® ',12F11.7)

cc WRITE(6,135) (CSIGMA(I),I=1,906)
CC 135 FORNAT(' ',11E12.5)
RETU KN

1000 WRITE(6,1001)
1001 FORMAT ('Y INPUT ERRCRIf!!lY®)
RETUEN
END
C***##***###**#**##**&***#*#********#tt*t***##**#*********&*#***t##***ﬁ****#ﬁ*
C
C INITIALIZE CCMMON BLCCKS
C
Ct**##***#***#*i***tt***$$*##*$*$***#i#*t*#*##t****##**t*tt#**#tt#*##*t****#t*
BLOCK DATA
COMX¥CN /DUR/ DURLN
DATA DURLN ,0.0/
COMMCN /MSHVH/ IPOINT{(2,17),0HEAN(141) ,0SIGHA (906)
INTECER*2 IPCINT
DATA TPCINT ,1,1,2,2,4,5,7,11,11,21,16,3¢€,22,57,29,85,37,121,
& u6,166,56,221,67,287,79,365,92, 456,106,561, 122,697,142, 907/
COMMON /NOLAZM/ WODED {3000,50) ,AZIH«(3000,50)
INTEGER*2 NOCEL
CS C[IMENSICN THIS STATFMENT TO (ARRAY SIZE)} *50
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DATA NODED /150000%999/,A2I4 /150000%999.,
COMMCN SNOLCEGT, NODEGT (25,4)

INTEGER*2 NODEGT

DATA NODEGT ,100%999,

COMMON /NOER/ NCBRT,NOBROT,NOTREE
INTEGER*2 NOERT,NCBRCT,NOTKEE

GATA NOTREE /0,

END
Chdtkb kb adkkhkkhkd bkt okbokkkbdordk kok ddokd ok dokfok $okokok b Rtk g dokodok sk dokok ok & & ok
c
C THIES SUBROUTINE CALCULATES THE SOIL MOISTURE INDEX
C

Cre btttk kb bdddkbdsdhhthbkhdhtohihtok Pk k bk kbkk bk kb bk bk khdkhd bk hkkkhh bk dok e kkk
SUBRCUTINE CLIPAT
COMMCN sCLDATA/ MT(12), TST(12), MEPIN{12), PPTNSD{12), FC, FCHMH,
& DRY3, EGS, ¥GE, PLAT
REAL MT, MPPIN
CCMMCN /DUR/ DURLN
COMMCN /NOy/ NIEARS,NTFEES,NOYR
INTEGER*2 NYEARS,NTREES

EROGRAM FOR CALCUIATING THE FRACTION CF THE
GROWING SEASON WITH FAVORABLE SOIL MOISTURE FOR GROWTH

anno

DIMENSION DDI3(12),C(12,26),D{12,6),CAYS(12) ,RT(12),REPTN (12)
DIMERSION XWCNTH(13),0{12) ,AET (12)

LOGICAL*1 FLAG /. FALSE./

EQUIVALFNCE {C{1,21),0(1,1))

MONTHLY CORRECTION FACTORS FOR 25-50 CREGREES LATITUDE NOETH
IN UNITS OF 12~HOUR 30-DAY PERIODS
ACJUSTEL FOR VARYING LAY AND MONTH LENGTHS

noonoOn

DATA Cs.93,.89,1.03,1.06,1.15,1.14,1.17,1.12,1.02,.59,.91,.91,
.92,.88,1.03,1.06,1.15,1.15,1.17,1.12,1.02,.99,.91,.91,
262,.88,3.03,1.07,1.16,1.15,1.18,1.13,1.02,.99,.9¢C, .90,
.91,.88,1.03,1.07,1.16,1.16,1.18,1.13,1.02,.96,.90, .90,
.91,.87,1.03,1.07,1.17,1.16,1.19,1.13,1.03, .98,.9G, .89,
.90,.87,%.03,1.08,1.18,1.17,1.20,1.14,1.03,.98,.89,.88,
.90,.87,1.03,1.08,1.18,1.18,1.20,1.14,1.03,.98,.89,.88,
.89,.86,1.03,1.08,1.19,1.19,1.21,1.15,1.03,.98,.88,.87,
.88,.86,1.03,1.09,1..19,1.20,1.22,1.15,1.03,.97,.88,.86,
.88,.85,%.03,1.09,1.20,1.20,1.22,1.16,1.03,.57,.87,.86,
.87,.85,1.03,1.09,1.21,1.21,1.23,1.16,1.03,.97,.86, .85,
W87,485,9.03,1.10,1.21,1,22,1.24,1.16,1.03,.97,.86,.84,
.86,.84,1.03,1.10,1.22,1.23,1.25,1.17,1.03,.97,.85,.83,
.85,.84,1.03,1.10,1.23,1.24,1.25,1.17,1.04,.56,.84,.83,
e85,.804,1.03,1.11,3.23,1.24,1.26,1.18,1.04,.596,.84,.82,
.84,.83,1.03,1.11,1.24,1.25,1.27,1.18,1.04,.96,.93,.81,
.83,.83,1.03,1.11,1.25,1.26,1.27,1.19,1.04,.96,.82, .80,
.82,.83,1.03,1.12,1.26,1.27,1.28,1.19,1.04,.55,.82,.79,
081,.82,9.02,1.12,1.26,1.28,1.29,1.20,1.04,.95,.81,.77,

81,.82,1.02,1.13,1.27,1.29,1.30,1.20,1.04, .95, .80,.76,72%0./

DATA D/.80,.81,1,02,1.13,1.28,1.25,1.31,1.21,1.04,.54,.79,.75,

.79,.81,1.0%,1.13,1.29,1.31,1.32,1.22,1.04,.54,.79,.74,
.77,.80,1.02,1.14,1.30,1.32,1.32,1.22,1.064,.53,.78,.73,
276,.80,1.02,1.14,1.31,1.33,1.34,1.23,1.05,.93,.77,.72,
e754.79,1.02,1.%4,1.32,1.34,1.35,1.24,1,05,.93,.76,.71,
L74,.78,1.02,1.15,1.33,1.36,1.37,1.25,1.06,.52,.76,.70/

EWN = HROONATE W= $ ODONN
.

DD

c
C  DAYS {J)
c

NUMBER CF DAYS FEETWEEN MID~-MONTH I-1 AND I

DATA DAYS/31.,28.,31.,30.,31.,30.,31.,31.,30.,3%.,30.,31./
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C INITIALIZE VAIUES THE FIRST YEFAR

IF (FLAG) GO TC 10
DO 5 J=1,12
U (3) =0.0
AET (J)=0.0
XMONTH (J) =0. 0

5 CONTINUE
YMONTH (13) =0.0
ACCPWL =0
GSL=FGS —BGS

INITIALIZE WATER CONTENT CF SOIL IN JANUARRY QF THE
INITIAL YEAR OF SIMULATICN AT FIELD CAPACITY (FC)

nO OO0

WATER = FC
WATI KM =FCHM

ADJUSYT (ATITULCE PCINTER

[sXsRs)

LAT= (PLAT+.5)~24
IF(LAT.-GE.26) IAT = 26
10 CONTINUE

INITLALI?E THE DDI2 AKREAY

oOnn

DO 15 J=1,12
DDI3 (J) =0.0
15 CONTINUE

C
C INITTALIZE TEMPERATURF EFFECIENCY (TF), AND CURRENT DAY (CDAY).
C
TE = 0.0
ChAY=0.
Do 3C J=1,12
C
C GENERATF TEMPEFATURE LCATA
C
CW

RT(J) =HT(J) +ISD(J) #*RNOR(0)
CW KT (J) =MT (J)

IF(RT{J) .GE. 0.0) GO 10 30
WRITE (6,25) NCYR, J, RT(J)

25 FORMAT ("OTEMPERATURE SET TC ZEROY/
** YEAR  MONTH TEMFERATURE'/1X,14,4X,I2,8X,F5.1)
RT(3)=0.0

30 TE=TE+(.2%RT(J)) %*1.514
A= 6TF5%TE%%3-77. 1 *TE**%2+17920.0%TF+492390.0
A=.000001%3

C
C ENTER MONTHLY LCCEF FCh WATER CALCULATIONS
C
DO 7&5 J=1,12
C
C GENERATE PHRECIPITATICN LATA
C
CW

RPPTN(J) =MPETN(J) ¢PPINSD{(J) *RNCH{0)
Ccw RPPTIN (J) =MNEPTIN{J)
IF (EPPIN(J) .1lT. CG.) RPPTN{J} =0.

[oRg]

STORE MCNTHLY BEGINNING WATER VALUES AND TOTAL YEARLY WATER



[p]

YO0

acnnnh oo

[sReKy!

[sEeKsKs!

XMONTH {(J) =WATER
COMPUTE EVAPOTIRANSPIRATICN (U)

IF(RT{(J)-LE.0.0) GC TIC 45
U (J) =1. 6% ( (10.0%RT (J) /TE) #*4) «C (J,LAT)
GO TC 50

45 U {J) = 0.0

UPDATE WATER BALANCE, CURRENT DAY OF YEAR

COMPUTE ACTUAY FVAPOTRANSPIRATION FROM PASTCOR AND POST 1984
EWL =POTENTIAL WATER 10SS

ACCPWL =ACCUMUILATED WATER LOSS

CSH¥ =CURRENT LCEFICIT

AET =ACTUAL EVAFOTRANSPIRATION

5C OWATER=WATER
RPPTN(J) = AMAX1(0.0,RPPTN(J))
PWL =RPPTN (J) -U{J)
IF {EWL .GE. 0.0) GO T0 55
PHLMM =PWL *10.
ACCPWL = ACCEWL +PWLHM

WATERM =WATINM *{(EXDP((.000461 -1.10559 /FCMM)} *(-1. *ACCPWL)))

WATES =WATERY ,10.
WATER=ANAX1(0.C,WATER)
CSM =WATER -~ OWKATER
AET(J) =AET(J) +(REPTN(J) —CSM)
GO0 TC 60
55 WATEF =OKATER +PWL
WATEE =AMINT(FC, WATER)
ACCPSL =0.
WATIMM =WATER #10.
CSM =WATER ~CWATER
AET(J) =AET(J) ¢U0({J)
60 CONTINUE
IF (J -EQ. 12) XMONTH({13) =WATER

CALCULATIE THE WUMEER CF LEY DAYS (3 BAR)

OCDAY=CDAY
CDAY=CDAY+DAYS (J)

IF{Ccray .LE. BGS) GO 10 75
IF(OCDAY .GE. EGS) GC 710 75

INCREMENT THE NUMEER OF DRY (3 BAR) DAYS, INTFRPOLATING
I¥ NECESSARY, TRUNCATE AT ENDS OF GROWING SEASON

IF{OWATER .GE. [RY3 .AND. WATER .GE. DRY3) GO TO 75

IF(OKATER .GI. DRY3 .AND. WATER .L7. DRY3} GO TO 65
IF(OWATFR .LT. DRY3I .AND. WATER .GT. DRY3) GO To 70
DDI3 {J) =DAYS (J)
IF(OCDAY .LT. EGS .ANL. CDAY .¢€T. BGS) DDI3I(JI)=CDAY-EGS
IF(OCDAY .1T. EGS .ANL. CDAY .GT. EGS) DUI3{J)=EGS-CCLAY
GO TC 75

65 DDI3 (J) =DAYS (J)*{DRY3~WATER)/ (OWATER~RATER)

IF(OCDAY .LT. BGS .ANL. CDAY .GT. PBGS)
* DDPI3(J)=AMIN1{DDI3 {J),CDAY~BGS)
IF{OCDAY .1%T. EGS .ANL. CDAY .GT. EGS)
§ DLI3{(J)=EGS~CDAY+DLI3(J)
IF(DLI3 (J) .LT. 0.0) DDI3{J)=0.0
Go TC 75
70 DDI3 (J) =DAYS (J)* {(DRY3~CWATER) / (HATER-OWATER)
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IF (OCDAY .IT. EGS .AND. CDAY .GT. EGS)
& DDI3(J)=OCLCAY+LDI3 (J)~BGS
IP(DLI3(J) .L7T. 0.0) LDI3(J)=0.0
IF{OCDAY .LT. EGS .AND. CDAY .GT. EGS)
* DDI3 (J) =AMIN1(LDI3(J),EGS~OCTCAY)
75 CONTINUE
WRITE {6,80)
E0 FORMAT (////'OMCNTHLY TEMPEFATURES (C)*")
WRITE(6,85)
85 FORMAT (3X, 'YEAR',6X,"JAN',6X, *FEB',6X, "MAR', 6X,° APR', 6X, " HAY",
>6X, "JUN', 6%, *JULY, 6K, AUG* 6%, 'SEPY, €X,'ACTY ,6%, *NCV',6%, ' DEC')
WRITE(6,90) NCYF, {RT (J) ,d=1,12)
90 FORMAT(' *,I5,4X,12(1X,F6.2,2X))
WRITE(6,95)
95 FCRMAT (*OMCNTIHLY PRECIPITATION (CH)*%)
WRITE (6,85)
WRITE (6,90) NCYF, (REPTN (J) ,J=1, 12)
WEITE (6,100)
100 FCRMAT (*OMONTHLY BEGINNING WATER VALUES AND CECEMBER'®'S END (CH) ')
WRITE(6,85)
105 WRITE (6,110) NCYR, (XMONTH (J),Jd=1,13)
110 FORMAT {* *,I5,4%,13(1X,F6.2,2X))

CALCULATE THE YEARLY NC. CF DRY DAYS ANL THE FRACTION CF THE GROWING
SEASON AVAILABLE FCR GBHCWTH

OO n

YDD3 =0.0
DO 115 J=1,12
YDL3= YDL3 +CLCI3 (J)
115 CONTINUE
WRITE (6,120)
120 FORMAT (*OFPACTICN CF THE GROWING SFASON AVAILAFLE FCR EXTEESION',
& ' GROWTH?)
DUR=1.0 -YLD3 ,GSL
WRITE (6,125) LUK
125 FOKMAT (1X, F10. 4)
cc
cC WRITE (6, 125)LUR,¥DD3,GSL
CC 125 FOFMAT{1X,F10.4/' YDD3 =9%,F10.4,' GSL =',FS.1)
DURLN =ALOG{LUE)
FLAG =.1TRUE.

cC
ce WRITE (6, 2002)
CC 2002 FOFMAT(' END OF CLIMAT!)
RETUEN
END

CHEAR LR FPh kR kb Ehxh b od bk kR phok ke kA ok kr hkFh bk pE SRk p e r S e b ke e b S hhdkkh ok ok nhk

C
C THIS SUBROUTINE CCMPUTES TREE EXTENSICN GROWTIH:

Cc THE FIRST SECTICN GROWS EXISTING BRANCHES ANL THE SECCND SECTICN
C CREATES "DAUGHTER® BRANCHES

C

C

R EL R R R T e R L R L R P e R S T RS R RS LR R PR RS S A 2 R0 R 02

SUBRCUTINE GRCE
COMMCN /TREEID/ TREF(3000),TA{3000), TN (3000),01a (3000),01N(3000),

023 (3000) ,C2N (3000) ,03A (3000) ,03N (3000) ,04A (3000) ,Cu4N (3000},

ORD (3000) ,BAGE (3000) ,PANG (3000) ,PAZ {3000) ,GROA {300C),

NODE (3000) , NOLEG (3000) ,AZ (3000) , ANG (3000, 6) ,LEN {3000,6),

NNOLES (3000,6),COND (3000) ,NAPT (3000) ,NDAUT{3000,5),

X(3000,7) ,Y(3000,7),2(3000,7)
INTEGER*2 TREE,TA,TN,01a,C1N,02A,C2N,03A,03N,04A,04N,

ORL,PBAGE, NODF¥,NODEG, NNODES, NAPT, NDAUT

foc Bk ocioc W o Ber ]

™

REAL LEN



LOGLCAL*1 CONEL
COMMCN /DUK/ DURLN
CONMCY RO/ NYFARS,NIREES,NO¥R
INTEGER*2 NYEARS,NTREES
COMMCN /NOERy NCERT,NCPRCT,NOTREE
INTEGER*2 NOERT,NCEBRCT,NOTHEE
CONMCN sNOLCAZMy NGLED{3000,50) ,AZIN{3000,50)
INTEGER*2 NODEL
COMNCH /NGLCEGT, NODEGT {25, 4)
INTEGER*2 NOLEGT, ICPT, IGNO
DINENSICN C{u4), AMLO{4), AMNO(4), GNC(8), BAG(H),
£ PAC (4,5), AMLPAO (4,5), AMNPAO(4,S), BAPAC (4,5)
DATA O ,3.781, -.493, ~.397, 0./,
AMLO ,-.792, -.111, -.928, .358,
AMNO s1.4€6, 1,272, .€a4, .075/,
GNO /0., .232, -862, .3257,
BAC /-.511, —.556, -.145, -.117/,
PAC /2.052, 1.83€, 1.165, 1.843, 1.067, 4.721, -.612, 0.,
1.776, 3.999, 2%0., 1.303, 3%0,, 4%0.,,
AMLPAC ,.779, -.402, .261, ~.€25, .B21, -1.124, .1325, O.,
-.139, ~1.166, 2%0., —.208, 3%0., 4¥0./,
AMNPAO #-1.280, .183, -.106, .143, -1.124, .102, .009, 0.,
~.194, .181, 2%0., -.036, 3%0., 4%0./,
BAPAO ,.086, -.298, -.512, 0., .137, -.220, 2%0.,
L0048, 3%0., 4%0., 4*0.,
DIMEKSION OI{4), DO (4)
DATA QI /-6.614, -0.880, -5.533, 0.0/,
2 DC /~0.1161, ~0.1909, -0.2582, 0.7519/
INTEGER*2 TPASAV,GLEN
INTEGER*2 NOER, NOLAUT
DIMENSION CPANG(3)
DATA OPANG ,4.210395, 10.023550, 1.457318/

o T T T o B e B o R e e, B T R o)

CE
DIMENSION GENEXT{10), GENDAU{10), GENANG{10), GENINC (10)
CE DIPENSION GENEXT (36), GENDAU (10), GENANG{10), GENINC(1d)
DATA GENEXT ,10%999.,, GENLAU ,10%999./, GENANG ,10%959./,
& GENINC #10%999./
CE DATA GENEXT ,36%999.,
INTEGER*2 IOCEAL
LOGICAL*1 FLAG
IF (NOYR .NF., 1) GC T0 5
CALL NEWID (NTREES)
NOBROT =NOERT
po 1 I=1,NTREES
c1
CE
GENEXT(I) =0.025451473 +SQRT (0.021946795) *RNOR {0}
GENDAU (I) =~0.3792€1322 +SQRTI{C.160703831) *RNOR {0}
GENANG(I) =~0.2218096100 +SDRT (17. 16945369) *RNOR (0)
GENINC(I) =4.995001855 +SQRT (23.99845355) *RNOR{0)
CT GENEXT (£} =0.025451473
cT GENLDAU (1) =-0.379261322
C1 GENANG (I) ==~0.2218C96100
c1 GENINC (I) =4.995001855
1 CONTINUE
S IODEAD =99
DO 969 NOBE=1,KOBRCT
IF (.NOT. COFD(NOBR)}) GO TO 999
c
C SKIP BRANCHES WHERF THE PARENT BRAKCH EAS DIED
c

IF {ORD{NOBR} .GT. IOLEAD) GO T0O 999
IODEAD =999
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FIND THE POINTER FCE THE GENETIC EFFECT ARRAYS

s NeNe!

NOTREE =TREE (NORF)
IF (ORD(NOER)} .EQ. 0) NOTR =NOBE

BCVE TEE LENGTHS ANL INCLINATICNS

[oNeNe]

IF {EAGE(NCEE) .EQ. 0) GC T0 10

SHLIFT T™HE LENGTIHS, INCLINATIONS, NNODES, AND NDAOT

000N

IEND =BAGE (NCBE)
J =IEND +1
DO 8 I=1,IENC
K =J
J =J -1
LEN(NOBR,K) =LEN (NOBE,J)
ANG(NOBR,K) =ANG(NCER,J)
NNCDES (NORE,K) =NNCLES (NOBR,J)
8 CONTINUE
IF (EAGE(NGER) .EC. 1) GO 10 10
IEND =IEND -1
J =IEND #1
DO 9 I=1,IENT
K =J
J =J -1
NDAUT (FOBR,K) =NTAUT (NOBE,J)
9 CONTINUE

AGE THF ERANCH

[eNalal

10  BAGE (NOBR) =EAGE (NOEE) +1

INCREASE THE AGE OF THE ID FOR HIGHER CRDER PARENTS

NOTE THAT THIS POINT IN THE FRCGRAM CAN CONLY BF REACHET IF THE BRANCH
1S ALIVE

NOTE ALSC THAT IN SUBROUTINE "KILL", IF A PARENT BRANCH DIES, ALL
CAUGHTER BRANCHES LIE TCC

eNsNsEeEeNaKse!

IF (CRD (NOER} ~1) 20,19, 11
11 IF (ORD(NGCER) -3) 1€,17,12
12 IF (ORD(NOER) -5) 16,15, 13
13 WRITE {6, 14) NOBE
14  FGEMAT(® THE CRCER FCR BRANCH #',15,' IS GREATER THAN 5!t1tr1v)
15  OUA(NOBR} =OU4B(NORR) +1
16 O3A(NOBR) =032 (NOBE) +1
17 O2A{NOBR) =C22(NCBEF) +1
18 O1A(NOCBR) =O1A(NOBR) +1
19 TA(NOBR) =TA{NOBE} +1
GO TO 55
CHREd ke ek ke ke ehkh gk bk khkhk dhhkdopkk
C THIS SECTIION DETERMINES LEADER GROWTH
i EEI 2RI SRS R R RS ER R R L F LS T
20 IF (NCYR.NE.1 .ANL. (NOYR.NE.2 .CR. BAGE (NGER).GTI.1)) GO TO 30
CF
25 LEK{NOBR,1) =71.93 +29.79 *RNOE (0)
CE 25 LEN(NOBR,1) =71.93
IF (LEN(NGER,1) -0.5) 25,25,100
c
C SAVE THE TRUNK AGE FOR USE IN CALCULATING IPA FOR BRANCE GROWTH
c
30 TBASAV =FEAGE (NOBH)
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CALCULATE TRUNR HEIGHT GECWTH

[sNeReNy

35  ERROR =0.356425 *BNCE(0)
35  ERRCR =0.
40 IF (NOYR .NE. 2} G0 710 45
C YEAR 2 FERTILIZER EFFECT
LEN(NCBE, 1) =EXP{4.80918 +0.760937*DURLN +0.082655
& 4GENEXT(NCIREE) 4ERKCR)
IF (LEN(NGER,1) -0.5) 35,35.100
45 IF (NOIR .NE. 7) 6C TO 50
C YEAR 7 FERTILIZER EFFECT
LEN{NOBR,1)=FXP (4.80918+C.760937*DURLN+GENEXT ( NOTREF)
& +EFROR)
IF (LEN(NODER,1) -0.5) 35,35,100
C WC FERTILIZER EFFECT
S0 LEK(NOBR, 1} =EXF (4.80918 +0.76093I7+DURLN -0.358011
& +GFNEXT (NCTREF) +ERROK)
IF (LEN{NCER,1) ~0.5) 35,35,100
C*##t****#i****#it#*i*t****#***********#

C TEIS SECTICN GRCWE EXISTING ERANCHES
CHed b bk stttk hhk kbt k bbbk bk ALk kbR bR Rk Rk

g}
]

C
C CALCULATE EXTENSICN GRCWIH OF EXISTING BRANCHES
c
C
C CETERMINE IFA FCR EXISTING BRANCHES
C
55 IF {ORL(NOBR) ~-2) 57,6C,56
56 IF {CED{NOBR) ~-4) 65,70,75
€ CEDER 1
57 OLEN =1
IPA =TBASAV —TA(NOBE) +1
GO TC 90
C CEDER 2
60 OLEN =2
IPA =TA{NOBR) -O1) (NOEF)
GO TC 90
C CRDER 3
€5 OLEN =3
IPA =01A(NCBE) —~023 (NCER)
GO TC 90
C CEDER 4
70 OLEN =4
IPA =02A{(NORE) —03A{NCER)
GO TC 90
35 IF (CRD (NOEB) .GI. 5) GG TO 80
OLEN =4
IPA =03A(NCBF) ~CU42a(NOBR)
GO TO 90
80 WhITE(6,85) CRL(NOER)
85 FPORMAT {* ORDER =?,I3,! WHILE SETTING IPA FOR EXTENSICE GROWTH')
S0 IF (IPA .GI. 5) IPA =%
CE
CF EREOR =0.6868971 *RNCR {0}

ERROE =0.

IF (GROY (NOBR).GT.0 .AND. NODE(NOEFK).GT~.0 .AND. NODEG{NOER).GT.D}

& GO T0 96
WRITE{6,95) NCBR,GRON (NOER),NCDE (NOER) ,NODEG {NOBR)

95 FORMAT (* BASF=(0; NCBR=1,I5,' GROM=9,FS.1,' NODE=?,13,* NODEG=',I3)

CALL GUTIBE (NCBE)
96 LEN{NOBE,1) =EXP(~6.436+0 (OLEN)+PAC(CLEN,IPA))
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AGRCM (NOBR) %% (AMLO (CLEN) ¢ AXLPAQ (CLEN, IPA})

*NOLE (NOBR) *# (AMNC (CLEN) + AMNPAO (CLEN, IPA) )

*NODEG (NOPR) #*GNO (OLEN) * EXP (BAGF (NOBR)

* (BAO {OLER) +EAPAC (OLEN,IPA)))

*EXE (ERROR)

*LER (NOTR, 1)

cc WRITE(6,97) CIEN, IFA,O (GLEN) , PAG (CLEN, IPA) , GROMN {¥ORR) ,AMLC {OLEN) ,
cc & ABLPAO (CLEN,IPA),NCDE (NOBR) ,AMNO (CLEN), AMNPRO (OLEN,IPA},

cC & NCDEG(NOBE),GNO{OLEN), EAGE (NOBR) , RAO {OLEN) , BAPAC (CIEN,IPA),

cc & LEN(MOTS,1) ,LEN{NCEE) ,NAPT (NOBE)

CC 98 FORMAT(' OLEN=',I1,' IPA=*,I2,' G(CLEN)=*,F6.3,' FEAC(OLEN):%,F6.3,

[T o Wl ol og B v R e ]

cc § ' GRCM (NCBR)=?,F4.0,* AMLO(CLEN)=',F5.3,
cc & ' AMLPAC(CLEN,IPA)=',F6.3,' NODE(NOBR)=",13/' AMNO (OLEN)=?,F5.3,
cc & % AMNPAC (OCLEN,IPA}=*,F5.3,
cc & ' NODEG {(NOBF)=%,I3,% GNC{OLEN)=?,F4.3,* BAGF(NOBE)=",11,
ce & ' BAO(OLEN)}=*,F5.3," BAEAO (CLEN,IPA)=%,E5.3/
cc & ' LEN(NCTR,1)=?,F4.0," LEN(NOBEK,1)=',F4.0," NAPT=Y,I4,% txst%?)
C
C IF THE BEANCH GROWS LESS THAN 1 CH, IT DIES
C
IF (LEN(NOER, 1) .GE. 0.5) GO TO 100
ICDEAD =ORL (NOER)
COND (NCBR) =.FALSE.
GO TC 999
c
C TDETERMINE NODE POSITICNS AND AZIMUTHS
C
CE

100 CAIL NODEAZ (NCER)
CB 100 CONTINUE
C

C LETERMINE BRANCH INCLINATION RELATIVY TO GRAVITY
C
IF (CRD(NOBR) .EC. Q) GO TC 102
DIST =0.
TEND =BAGE (NCEF)
DO 1C1 I=2,IENEC
DIST =DIST +LEN (NCBE,T)
101 CONTINUE

CF

ERROF =9.881590572 *ENCR (0)
CE EREOR =0.

ANG (NOBR, 1) =(31.773 +CI(ORD{NOBR)))

& +C.3979 * (ANG (NOBR,BAGE {NOBR}))

& + (DO (ORD (NOBR)) *LIST) +GENINC(NOTREE) +ERRCR

IF (ANG(NOER,1) .17. 0.) ANG(NOBE,1) =0.
o
C CETERMINY BRANCH CCORDINATES
c

102 FLAG =_FALSE.
CALL COORD (NGBE,NGLAUT,FLAG)

C

C ACE LEAVES T0 THE ERANCH

C

cc IF | ) CALL LEAF {NOBF)

CRABRREEERIXCIRREHRER AR R Kb RRERKIR KRR E S
C TEIS SECTICN PRCLUCES “DAUGHTER™ ERANCHES
CHEIBFIRLE AR RARERRSREERE SRR RAERRRR B hfH
IF (BAGE(NCER) .L1. 2y GO TO 998
CE
CB SKIP THE DAUGHTER SECTICN
CE
CE IF (OIN(NOBEK) .LE. 0) GO TC 999
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SKIP THIS SECTICN FCR EERANCHES WITH ONLY ONE NODE

[sXeXs!

IF (NNODES (NCBR,2) .IE. 1) GO TC 999

CALCULATE THE NUMEER CF DAUGHTIERS

[2EaNsRe!

ERROF =0.779852Z0 *BNOF (0)

CF ERFOR =0.
NDAUT (NOBR,1) =HFIX(~1.83575020 +0.82928330 *NNODES (NCBR, 2)
& +GENDAU(NOTEEFE) +ERROR +.5)
IF (NDAUT (NCER,1) .GE. 1) GO TC 104
NDAUT(NCBR,1) =0
GO TC 999

104 IF (KDAUT{NOER,1) .GE. NNCDES (NOBE,2))

& NDAUT (NOBR,1) =NNCDES(NOBR,2) -1

CETERMINE ID FCR KEW ERANCHES

a0 n

CALL NEWID (NCBE}

CETERHINE THE NCTE NUMBERS FOR THE DAUGHTER ERANCHES. I ASSUME THAT THE
ERANCHES ARE ON CONSECUTIVE NODES AND ARF ALL CLUSTERED AT THE END OF
THE BRAWCH

anNnaonn

NODENG =NNCDES (NOBE,2) —NLAUT (NOBE,1) -1
NNDATUT =NDAUT{NCBR,1)
DO 3C0 J=1,NNCAUT

NOLAUT =NCERT -NNDAUT +3

NOLENC =NCDENC +1

STORE CAUGHTER VARIABLES

[sEaKe]

NOTE (NODAUT) =NODED {NAPT (NOBR) , NCDENO +25)
PAZ (NODAUT) =AaAZIM (NAET (NCBR) ,NCLENQ +25)
GRCH {NODAUT) =LEN{NCER,2)
IF (CRD{NODAUT) -2) 106,1C€,10°%
105 IF (CRC{(NCLAUT) ~4) 110,115,120
C CEDER 1
16 TN {NCDAUT) =¥CDENO
OLEN =1
IPA =TBASAV ~TA(NCDAUT) +1
GO TO 128
C CFLER 2
108  IGND =TN (NCDAUT)
O1K(NODAUT) =NCDENO
OLEN =2
IPA =TA {(NCLAUT) -01A (NODAUT)
GO TC 12°%
C CEDER3
110 IGEO =01N{NQLAUT)
02K (NODAUT) =NCDENG
OLEN =3
IPA =01A (NCCAUT) —-02A(NOLAUT)
GO TC 12%
C CFDER 4
115  IGKC =02N (NOLAUT)
03N (NCDAUT) =NODENO

CLEN =4
IPA =G24 (NGDAUT)} —03a (NOLAUT)
GO TC 12%

C CEDER 5
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126 IGAO =03N(NGLAUT)

O4X (NCDAUT) =NGCDENC

OLEN =4

IPA =03A (NCLAUT} ~C4A(NOLAUT)
125  IOET =ORL (NOLAUT) -1

NOTLEG (NODAUT) =NODEGT (IGNO,ICPT)

C
C CALCULATE DAUGHTEE LENGTHS
c
126  IF (IPA .GT. 5) IPA =5
CE
CE ERKCR =0.6868971 *ENOR {0)
ERKOR =0.
cc
cC WRITE{6,130) NCDAUT,OLEN,IPA,GRON {NODAUT),NODE (KCLAUT),
cc & NCDEG (NODAUT) ,BAGE (NODAUT} , ERRCR, NCT&
CC 130  FORMAT (' NCDAUT =?,I13/' OLEN =9,I2/% IPA =°,i2/%' GROM =',F5.0/
cc 2 ' NCDE =',13/' NODEG =°,I3/' EAGE =',I2/' ERRCR =',F10.7/
cc & * NCIR =1,12)
IF (GROM{NCDAUT).GI.0 .AND. NODE (NGDAUT).GT.O
& .ANL. NODEG(NCLAUT).6T.Q) GO T0 132
WRITE({6,131) NCDAUT,GECM(NODAUT) , NCCE(NOLAUT) ,NODEG (NCDAUT}
131 FORMAT {(* BASE=0; NODAUT=°,I5,¢ GRCK=',F5.1,% NODE=?!,I3,* NCDEG=*,
& 13)
CALL CUTBER (NCEE)
CALL OUIBR (NCDAUT)
132 LEN(NODAUT, 1)} =FXP(~6.436+40(CLEN) +PAO (OLEWN,IPA))
&  *GRCHM{NOLAUT)*#* {AMLO (CLEN) + AMLEAQ (OLEN, IPA))
&  *NODE (NCDAUT) % (ANNO (OLEN) ¢ AMNPAO (OLEN, IPA)})
&  *NODEG (NOLAUT) **GNC (OLEN) * EXP (EAGE (NGDAGT)
&  *[BAO(OLEN) +BAEAC(CLEN,IPA)})
&  *EXP (ERGFOF)
&  *IEN(NOTR,1)
cc WRITE (6, 1132)CLEN,IPA,0 (OLEN), PAC (OLEN,IPA) ,GRCH {(NCLAUT),
cc & AFLO(OLEN), AMLPAC (CLEN, IPA),NODE (NODAOUT) , AHNO (OLEN),
cc & APNPAO (OLEN,IPA),NCLEG (NODAUT) ,GNQ(QOLEN), BAGE (NOTAUT) ,BAC (OLEN) ,
cc & BAPAO(OLFW,IPA),LEN(NOTE,1),LEN (NCDAUT) ,NAPT (NODAUT)
CC 98 FOEMAT{' OLEN=%,11,' IPA=',I2,* C(CLEN)=',¥6.3,' EAC(OLEN)=*,F6.3,
cc & * GRCM (NCLAUT)=',F4.0,' AMLO(CLEN)=',F5.3,
cC &' AMLPAO(CLEN,IPA)=?,%6.3,' NODE(NODAUT)=*,I3/' AMNC(OLEN)=",F5.3,
cc & ' AMNPAC(CLEN,IEA)=1',F5.3,
cc & ' NODEG (NCDAUT)=¢,I3,' GNO(CLEN)=',F4.3,% BAGE(NGDAUT}=',I1,
cc & ' BAG(OLEN)=",F5.3,% BAFAC (CLEN,IFA)=",F5.3/
cc & ' LEN(NOTE,1)=*,F4.0,% LEN (NOBR,1)=',Fu.0,' NAPT=',I4," #&&¥*V)
C

C 1t THE DAUGHTER GRCWS LESS THAN T CM, 1T DIES
C
XF (IEN(NCDAUT,?) .GF. 0.5) GO TOo 134
NDAUT{NCBR,1) =NDAUT(NCBR,1) -1
NCBRT =NGBKT -1
GO TC 300
CC
CcC WRITE (6,133) NCCAUT,LEN(NOCAUT,1)
cc 133 FORMAT (* NCDAUT =',12/" LEW(NOLCAUT,1) =',F5.1)
C
C DETERMINE NCDE POSITICNS RAND AZINOUTHS
C
134 CALL NCLEA?Z {NODAUT)

CALCULATE BRANCH ANGLES RELATIVE TGO THE PARENT

[aNgNe]

IF (ORD(NODAUT) .LE. 3) ORDER =CFANG (ORD (NODAUT))
IF (ORD{NOLCAUT) .GTI. 3) CRDER =0.000
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NNN =0

ERFOR =9.825113 *BNCE (D)
EREORT =1.312261 *ENORK (0)
ERRCR =0.
FRRCRT =C.
PANG (NODAUT) =42.86466 —1.803771 *NODENO
+1.736657 *NNCDES (NOBR,2) +0.2315104 *NDAUT (NOER, 1)
-0. 1666276 *LEN(NODAUT, 1) +CRDER +ERRORT
+GENANG {NOTRE¥) +EREOR
IF (PANG (NODAUT) .GTI. 0.) GO TC 138
WRITE (6, 136) NAET (NODAUT),PANG (NCDAUT)
FORMAT(* PANG RESET CN BRANCH NAET =',15,' OLD VALUE =%,F6.1)
CAIL CUTER (NCEE)
CAIL CUTER (NCDAUT)
WRITE (6, 137) NCDENG,CRDEE,ERRORT,NOTREE,GENANG (NOTRER) , ERROR
FORMAT (' NCDENO=',I3,' CRDER=',F8.4," EREORT=',F6.2,'NOTREE=1
I2,% GENANG (NOTREE)=',F7.2,° ERRCR=',F6.2)
NNK =NNN +1
IF (NNN .GE. 20) SICF
GO To 135
IF (PANG {NCDAUT) .IT. 99.) GC TC 139
WRITE (6, 136) NAPT (NCDAUT) ,PANG (NCDAUT)
PANG (NODAUT) =98,
CONTINUE

MINE CAUGHTER CCCHDINATES

LAG =.TRUE.
ALY CCCRD (NCEEK,NCLCAUTI,FLAG)

EAVES 10 THE ERANCHES

IF ( ) CALL LEAF (NODAUT)

CONIINUE
ONTINUE

WRITE (6,2002)

FOEMAT (' EBD CF GROWY)
ETUEN

ND

sk dkkkkkk bk pkk ko kb bkkk ok k hhkk bk kktkkk ke kk kb dhkk kb dxkkkbhkk Rk pk

HIS SUBROUTINE CALCULATES NODE POSITIONS AND AZIMUTHS

FRKIA AR R RERE R TR R RN Rk Ak kK Rk Rk R R E kR SE R Rk kR AR R kK ok dokkE Rk k kK

UBRCUTINE NCDEAZ {NC)

NTECER*2 NO ,

K (3000},

024 (3000) ,02N {3000) ,03A (3000) ,03N (3000) ,04A {3000) ,C4N (3000),

ORD (3000} , EAGE(3000) , EANG (3000) ,P2Z (3000) ,GROM (3000),

NODE (3000) , NOLEG (3000) ,AZ (3000} , ANG (3000, 6) ,LEN (3000,6) ,

NNOTES (3000,6) ,CONE {3000) , NAPT (3000) ,NDAUT (3000,5),

X(3000,7) ,Y(3000,7),2(3000,7)

NTEGER*2 TREE,TA,TN,01a,C1N,02A,C2N,034,C3N,044,04N,
ORL,EAGE,NODE,NODEG, NNOLES,NAPT, NDAUT

EAL LEN

OGICAL*1 COND

OMMCN /DUR/ DURLN

OMMCN /NOBR/ NCBRT,NCEROT,NOTREE
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INTECER#*2 NCERT,NCEECT,NOIREE
CGMHCN /NO/ NYFARS,NTEEES,NOYR
INTEGER*2 NYEARS,NIKEES
COMMCN /MSMVN, IPCINT (2,17),0MEAN {141),0SIGNA {906)
INTECER*2 IPCINT
COMNMCN /NOLAZN, NOTED (3000,50) ,AZIK(3000,50)
INTEGER*2 NODEL
COMNCN /NCLEGT, NOLEGT (25, 4)
INTEGER*2 NCLEGT, 10PT
LOGICAL*1 FLAG
DIMENSION FMEAN{27),RSIGNA (210),RVEC(2,27),FLAG(16),WKVEC (27),
& E(2)
DATA NR /1,
DATA FLAG /16%*.TRUE./
CE
DOUBLE PRECISICN LSEED
CF 1.00 < LSEED < Z147483647.D0
DATA DSEED ,13C29.T0,
DIMENSICN IPT2({S) ,INTET(159) ,XINT (159)
INTEGER*2 INTPTY
DATA IPT2 ,1,1€,33,51,70,91,113,136/
DATA INTPY /1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,
0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15, 1€,
9,11,12,13, 14,15, 16,17, 18,19,
,10,11,12,13,14,15,16,17,18, 19,
,9,10,11,12,13,14,15,16,17,18, 15,20,
$9,10,10,11,12,13,14,15,16,17,1¢8,19, 20,
.8,9,10,11,12,13,13,14,15, 16,17,18,19,20,
8
[ ]
.0

[l R o ey B B o]

¢9,10,10,11,12,13,14,15,15,1¢€¢,17,18,19,20/
.011,0.015,0.018,0.022,0.026,0.029,0.033,

,0.048,0.051,0.055,
0.056,0.05% 9,0.046,0.042,0,039,0.036,0.033,0.029,0.026,
0.023,0.02¢,6.016,0.013,0.010,0.007,0.003,
0.005,0.010,0.015,0.020,0.025,0.030,0.035,0.040,0.045,0.003,
0.008,0.013,0.01€,0.023,0.028,0.033,0.038,0.043,
0.002,0.005,0.0G07,0.010,0.012,0.014,0.017,0.019,0.021,0.024,
0.026,0.029,0.031,0.033,0.03¢€,0.038,0.040,0.043,0.045,
0.045,0.043,0.041,0.039,0.037,0.035,0.032,0.036,0.028,0.026,
0.024,0,022,0.019,0.017,0.015,0.013,0.011,0.009,0.006,0..004,
0.002,
0.043,0.039,0.03%,0.031,0.027,0.023,0.019,0,014,0.010,0.0086,
0.002,0.,046,0.041,0.037,0.033,0.029,
0.025,0.021,0.017,0.012,0.008,0.004,
0.042,0.036,0.030,0.024,0.018,0.012,0.006,0.048,0.042,0.036,
0.030,0.024,0.018,0.012,0.006,0.048,
0.042,0.036,0.030,0.024,0.019,0.012,0.006,
0.040,0.032,0.025,0.017,0.010,0.002,0.042,0.034,0.027,0.019,
0.011,0.004,0.0044,0.636,0.02%,0.021,
0.013,0.006,0.046,0.038,0.030,0.023,0.015,0.00¢€,

DIMEXNSICN GEKNCL (10Q)

DATA GENNOD ,10%999./

DIMENSICN SK (2,78}

DATR SK /2.56,500.,3.63,250.,5.74,100,,8.12,50.,9.,43.,
10.,35.1,141.,28.3,12.,23.3,13.,20.,14.,17.,15.,15.,1¢€.,13.1,
17.,11.66,18.,10.41,15.,9.38,20.,8.49,21.,7.73,22.,7.07,23.,6.5,
28, ,6.,25.,%.555,26.,%.165,27.,4.818,28.,4.511,29.,4.233,
30.,3.985,31.,3.761,32.,3.557,33.,3.372,34. ,3.203,35.,3.048,
36.,2.904,37.,2.771,38.,2.647,39.,2.531,40.,2.423,u4%,,2.321,

42, ,2.224 ,43.,2.133,04.,2.086,45.,1.963 46, ,1.884,47.,1.808,
48.,1.735,49.,1.665,50.,1.597,5%1.,1.532,52.,1.468,%3.,1.407,
54.,%.347,55,,1.288,56.,1.231,57.,1.176,58. ,1.121,%6.,1.0¢8,
60.,1.015,61.,.9634,62.,.9125,€3.,.8623,64, ,.8128,¢€5.,.7638,
66.,.7152,6%. ,.6671,68.,.6194 ,€69.,.5719,70.,.5206,71.,.4775,

S & & 8 & &

DATA

O OO O i
NOEMmnULULoO S
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& 72.,-4305,73.,.3835,74.,.3366,75.,.2895,76.,.2422,77.,.1348,
5 78.,.1471,7%.,.099,80.,.0505,81.,.0015,81.03,0.0/

INTEGER LOW,HI,MID

LOGICAL*Y FLAGZ

DATA FLAG? /.FALSE.y/

C EPS IS THE PROBAPILITY(P) THAT THE PHYLLCTAXIS (P} WILL SWITCH(S) DIRECTION

DATA PP5 s0.27%/

CRD =180. /3.141592€54
CRetRE Rk bk d AR RSk Rk dR ks Rk kbR kN A
C LETERMINE THE NUMEER CF NCDES
Crdpbttkktdhhkhe kbbbt dnhhbehbdhkbodkkk ks

c
C CALCULATE A RANLCOM GENETIC EFFECT
c
IF (FLAG2) GC 1IC 5
DO 1 I=1,NIKEES
CT
GENNOD(I) =0.0422890C5 +SQKT {0.002688043) *RNOR {0)
CT GENNOD {I) =0.04228S005
1 CONTINUE
FLAGZ =.TRUE.
C
C FIND AN "OPEN" STCRAGE RCW IN THE NODED AND AZIM ARRAYS
C CHANGF THE INLCEX CN THE LC LOCP AS THE SIZE OF THESE ARRAYS INCREASE
c
5 IF (BAPT(NC) .GT. 0) GC TO 9
cs
DG 6 NANO=1,3000
IF (NCDEL{¥aBC,1) .EC. 999) GO TC 8
6 CCNTINUE
WRITE (6,7)
7 FORMAT {' THF NCDE DISTANCE AND AZIMUTH ARRAYS ARE TCC SMALLYIf11¢
STOP
8 NAPT (NO) =NANO
GO TC 1%
C

C STORE THE "GEANDMCTHEE®™ PCSITICN FCR THE LENGTH CALCULATICH
C
9 NANO =NAPT (NC)
IF {(EAGE{NO) .EC. 2) GC TC 13
IOPT =0ORD(NO) +1
IEND =NNODES (NC,3)
DO 1C I=1,TENL
J =1 +25
10 NODEGT (I,ICPT) =NGLED (NANO,J)

C
C POVE NCTE POSITIONS AND AZIMUTHS 10 TEE TWO YEAR OLD PCSITIONS
C
13 NNODES(NO,2) =NNODES{NC, V)
IEND =NNODES (NC,2)
DO 14 I=1,1ENT
J =1 +25
NOLED (NANOD,J) =NCDEL (NANO,X)
AZIM{NANC,J) =AZIN(NANO,I)
14 CCNTINUE
CE

15 ERROF =0. 1508128 *ENOF (0)
CE 15 ERROR =0.

CccC WRITE(6, 16) XC,LEN(NC, %) ,DURIN NCTREE,GENNOD(NOTHEE), ERROR
cC 16 FOEMAT(®' NC =7,I2/% LEN(NO,1) =%,F5.1/' DURLN =*,FE.2/
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cc & ' NOTREF =Y,I2/' GENNOD (NOTEEEF) =',F10.6/% ERROR =',F10.7)
IF (IEN{NO,1) .GI. 0) GO TO 18
WRITE(6,17) KC
17 FORMAT (" LEN(',I5,',1) IS LESS THAN OR ECUAL TU 0; CAN NOTY,
€ ' PFELICT NNCLES')
CALL CUTIBR (NC)
18 IP (NOYR .NE. 2) GC IC 20

C
C YEAR 2 FERTILIZER EFFECT
C ADD +.5 TG CORRECT FOR RCUNDING TC ALL CALLS TO HFLX
C
NNODES {80, 1) =EFIX (EXE (0.309 -0.440 %ALOG (LEN(NC,1))
& +0.103 #*LURLN +GENNOD (NOTREF) +ERROR) #LEN(NG,1) +.5)
GO TC 22
C
C NC FERTILIZER FFERECT
C
20 NNODES (NO, 1) =HPIX(EXE (0.309 ~C.440 *ALOG(LEN(NO,1))
£§-0.321 +0.103 *DURLN *+GENNCD (NOTREE) +EKROR) *LEN (NO,1) +.5)
22 IF (NNODES(NC,1) .LE. HFIX(LEN{NO,1)} +0.5)) GO TO 25
cc WRITE (6,23) KC,NNODES (NO,1),LEN(KC,1)
CC 23 FOFMAT(' MORE NODES THAN THE BRANCH CAN ACCOMODATE: NO=',IS,
cC € ' NNOLES(NG,1)=',I3," LEN(NC,1)=*,F5.1)
NNODES (NO, 1) =HFIX(LEN{NQ,1) +0.5)
cc WRITE(6,24) KNODES (¥C,1)

cc 24 FOEMAT (' MNEW NUMRER CF NODES({NO,1} =',15)
CEEARRREAARXCTERI AL LR R NS AR e TGk e bk kD

C DETERMINE NCDE PCSITICNS
CHREBRBUERKBRF RSB R ISR LRGSR AR T LKL KR

C CETERMINE THE NCDE CLASS, POLNTER ELEMENT FCR THE MEAN AND COVARIANCE
C ARRAYS, ANL STICKE THE MEANS AND CCVARIANCE MATRIX
C 1IF NNODES =1, STORE THE LENGTB AND LRCP TO THE AZIMUTE SECTION
C
25 IF (NNODES(NC,1) .GI. 1) GO TO 26
NOLED (NANO, 1) =HFIX (LEN(NO,1) +.5)
NPTS =1
GO TQ 258
26 1F (NNODES (NC, 1) .GT. 15) GO TC 27
NCL1 =NNOLES (NC, 1)
NPT =NCL -1
GO TC 30
27 IF (NNGDES(NC,1) .GT. 18} GO TC 28
NCI =17
NPT =15
GO T0 30
28 NCL =21
NPT =16
IF (KNODES (NC,1) .LE. 25) GO TO 30
ol
CC ADD AN INTERECLATCR IF MNNODES(NO,1) .GT. 25
cC
WRITFE(6,29) NNCDES(NC,1),NC
29 FORMAT {¢* IHF PRECICTELD NUMBER CF NCDES IS *,I2,' ON EFANCH *,I5/
& ' NNCLDES WAS RESET 10 257)
NNCDES (NO, 1) =25
3C NPTPT =NPT +1
NCLE1 =NCL ~1
CE
CF IF (-IRUE.) GC TC &1

IBEG =IPOINT (2,NPT)
NPTS =IEOINT (2,NPTE1) -1IBEG
DO 3% I=1,NPTS

RSIGMA (L) =0SIGMA (IFEG)
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IBEG =IBREG +1
35 CONTINUE

WRITE {6, 36) {ESIGHA{I),I=1,NP15)
36 FORMAT(6E12.%)

WRITE(6,37) (FLAG(I},I=1,16)
37 FOEMAT(® *,16L4)

GGNSM CALCULATER THE FROCT OF SIGMA IF WKVEC(1) =0. TO KEEP IT FROM
TAKING A S£COND RCCT, I HAVE SET UP A NCLE CLASS FLAG (NAMED FLAG)
1C INDICATE 1F THIS CCVARIANCE MATRIX HAS BEEN USED. ONCE IT HAS,
MARK (NPT) 1S SET TC .FALSE., BOOT SIGMA IS STORED IN SIGMA, AND
WKVYEC(1) IS SET 1C .NE. O.

IF (FLAG{NET)) GO TG 40
WKVEC (1)=999.
GO TC 45

40 WKVEC(1) =0.0

TEIS SECTION CALCUIATES NCDE POSITION FOR NNODES =2 (UNIVARIATE
KANDOM NUMBER GEINEBATCR)

45 IF (NCL .GT. 2) GO 1IC 46
IF (FLAG(1))] RSIGMA (1) =5QRT(RSIGMA(1))
RVEC {1,1) =RSICMA(1) *ENOR {(0)
GO TC 47

TEIS SECTION CAICULATES NCDE POSITIONS FCE NNODES »2 (MULTIVARIATE
RANDOM LEVIATE GENERATCR FROM THE COVARIANCE MATRIYX)

46 CALL GGNSM (LSEED,NR,NCLM1,RSIGMA,2,RVEC,WKVEC,IER)
47 IF (.NOI. FLAG(NPT)) GC TO 50
FLAG (NPT) =.FALSE.
IBEG =IPOINT {2,NPT)
DO 5C¢ I=1,HP1S
OSIGMA(IFEG) =RSIGMA (I)
IBEG =IBEG +1
S0 CONTINUE

YRITE (6,55)
55  FCRMAT{' v,2%,*NODE 01',4X,'NODE 02°,4%,'NODE 03',4X,°NGDE 047,
4X,*NODE 0S*,4X, NODE 067",4%, *NODE 07°%,4X,*NODE 087,
4%, *NODE 09%,4X,"NGDE 10°,8%,7NODE 11°,4X,*NODE 12!/
* 1, 2XTNODE 137,4X,'NCDE 14¢,4X,*NODE 15',UX,*NODE 16*,
4X,"NOTE 179,4X,*NODE 18¢,4X, NODE 194,4X,*NODE 207,
4%, "NODE 21%,4%,'NODE 22',4X,*NODE 237,4%,'NODE 241,
' 4,2%,*NOLE 25%,4X,'NODE 26%,4X,'NODE 27',4X%,*NODE 287)
WRITE {6,36) (FSIGNA{X) ,I=1,NPTS)
WRITE {6,37) (FLAG(I),I=1,16)
IF (1ER .EC. 129} WRITE(6,60)
€0 FORMMT {' ERROR IN THE WULTIVARIATE CALL IN NODEAZITI!11)
€1 DO 8C I=1,¥R
MBEG =IPCINT (1,NET)
po 70 J=1,NCIH1

e o Mo el o B o]

FMEAN (J) =CMEAN{MBEG) + RVEC (I,d)
RUEAN (J) =CMEAN (HBEG)

WRITE (6,65) I,J,MBEG, RMEAN (J) ,CHEAN {MBEG), RVEC (1,J)
65  FORMAT(" *,I12,3%,12,3%,13,3%,F5.3,3X,F5.3,3X,F5.3)
PBEG =HEEG +1
70 CORTINUE
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cC EMEAN (NNCDES(NC,1)) =1.0000000
RMEAN (NCL) =1.00000C0
cC
cC WhITE{6,75) (RMEAN(J),J=1,NNODES (NO,1))
ccC WRITE (€,75) (RMEAN(J),Jd=1,KNCL)

8C CONTINUE
CC 75 FOEMAT(' ',12F11.7)
NPTS =NBODES (NC, 1)
NNM1 =NET5 -1
IF (NPTS .GTI. 15 .AND. NPTS .NE. 17

& .AND. NPIS .NE. 21) GO TO 200
c
C ThIS SECTION IS FCF BRANCHES SEERE NPIS =NNODES
C
DO 1C0 I=1,NETS
NOLED (NANGC,I) =HFIX (FMEAN(I) *LEN(NC,1) +.5)
100 CGRTINUE
GO 1C 225
C
C THIS SECTION BACK-INTEFECLATES
c
2C0 IF (NPTIS .EQ. 16} NPT =1
IF (NPTS -EQ. 18) NBT =2
IF (NPTIS .EC. 19) NPT =3
IF (NPTS .Eg. 20) NPT =4
IF (KPTS .FQ. 22) NBT =5
IF (NPTIS .EC. 23) NPT =6
IF (NPTS .EC. 24) NBT =7
IF (NPTS .EQ. 25) NPT =8
IBEG =IPT2 (NET)
DO 220 I=1,NNM1
NPT1 =INTPT(IEEG)
NPT2 =NPT1 +1
IF (NPT1 .GTI. 0) GC 10 210
NODED (NANO,I) =HFIX((RMEAN(NPT1) *NPTS *XINT(LBEG))
& *LE¥(NO,1) +0.5)
G0 TC 220
210  NODED (NANO,I) =H¥IX(((RMEAN(NPT2) -RMEAN (NPT1)) *NBTS
1 «XINT (IFEG) ¢EMEAN (NPT1}) #*LEN(NO, 1) +0.5)
220 IBEG =IEEG +1
NODEL (NANC,NETS) =HFIX (LEN (NO,1) +.5)
C
C FCR SOME BRANCEES, NGDE(1) MAY BE =0, AND FOR OTHERS THE LAST TWO
C NGDES MAY FE AT TEE SAMF CISTANCE. THF NEXT FEW LINES AREF DESIGNEL
C 10 CORRECT THESE ECTENTIAL PRCBLENS. IF NODE(1) =0, I ILL ADD 1
C 170 EACH NODE DISTANCE OUNTIL NC NOLES ARE AT THE SAME LISTANCE.
C 1F THE 1AST TWCO NCDES ARE AT THE SAME DISTANCE, I WILL SUBTEACT 1
C FROM THE NEXT~-TC-1AST NCDE ANL THEN CCMPARE ITS DISTANCE TO THE
C CL[ISTANCE OF THE NEXT NCLCE IN. IF THESE ARE AT THE SAME PCSITIOW,
C THE PROCESS WILL EE REPEATED. THERE MAY BE AN EXTREMELY BARE
C SITUATICN WHERE NCDE(1) WILL NOW BE =0. IF THIS IS THE CASE, THE
C FERQGCESS WILL EE REPEATEE.
c

225 IF (NODED(NANG,1) -GTI. 0) GO TC 240
230 DO 235 I=1,NNM1
231 CCNTINUE
cc
cc WRITE (6,25%) WANG,I,NODED (NANC,I)
NODED (NANO,I) =NCDEL (NANGC,I) ¢1
IF (I .G1. 1 .ANC. NCDED(NANC,I-1} .GE. NODED(NANC,I)) GO TO 231
IF (NODEL (NANO,I) .LT. NCDED (NANO,I¢1)) GO TO 280
235 CONTINUE
240 DO 245 I=1,NNH1
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J =NETS -I
IF (NODED(NANO,J) .NE. NCDED (NANG,J +1)) GO TO 250

cC WRITE (6,255) NANO,J,NODED (NANO,J)
NOLED (NANG,J) =NODEL (NANO,J) -1
245 CONTINUE
250 IF (NODED (NANO,1} .EC. 0) GO TO 230

ccC
CC 255 FORMAT(' NCDE PCSITICN RESET: NAET =?,14,' ©NCDENC =7',12Z,
cC & ' CLTC DISTANCE =°%,13}

CHRIFFRR KRR FIRAR KRR AR ARk Rk R b dok kR Kk F Rk b
C CALCULATE AZIMUTIHS
Chakbbhdthdkhkd R ettt bk kb hd dk bk xhks
C

258 IF {CRD{NO) .GI. 0) GC TO 265
CHRxddorddk dhbdkhdd ik

C CETERMINE THF A2IMUTH FOR LEAVES/FRANCHES ATTACHED TO THE LEADER
Lok A& Fk ok Hkok kb dokok Xk

AZIN{(NANO,1) =UNI(0) *360.

IF {NPTS .EC. 1) GO 1IC 400

AZTME =AZIM{NAKC, 1)

C
C TETERMINF IF THE PEYLLCTAXIS SWITCHES DIRECTION
C
PHYLIO =145,.65€16798
RSW =UNI(0)
IF (BSW .LE. EES) EHYIIO =-145.65616798
DO 2€0 I=2,NPIS
AZTMP =AZTME +PHYLILC
IF (A2TMP .GE. 360.) AZTMP =AZTME ~-360.
IF (AZTME .L1. 0.) AZT¥P =AZTMP +360.
CE

AZIM(NANC,T) =AZTIME +43.0357 *RNCE (0)
CF AZIM(NANG,T) =AZINE
IF (AZIM(NANC,I) .LT. 0) AZIM(NANO,I) =AZIM(NANO,I) +360.
IF (AZIM{NANC,I) .GE. 360.) AZIM{(NANO,I) =AZIN(NAKC,I) -360.
Z€0 CONTINUE
GO TC 400
R EEEELE SRS SRR S )
C TETERMINE ERANCH AZIMUTH CN PRIMARY ANLC LIGHER CRDER ERANCHES
CHEbtd ek hkkbkkkdkkkk ik
2€5 AZIME =270.
PRCB =UNI (0)
IF (EBROR .GF. C.5) AZINP =90.
DO 2$5 I=1,NETs
IF (NCDEL{NAKC,I) .G1I. 90) GO TO 300
AZIMP =AZTNP +180.
IF (AZTHP .GE. 360.) AZTEP =AZTINE ~360.

C

C LETERMINE THL ANGULAR CEVIATION

C THIS EQUATICN WAS LCEVELCFED FOR NON-AXIAL DATA. DOUBLE THE ANGULAR DEVIATICN
C TC CHANGE THE BIMOLAL CISTRIBUTION INIC AN UNIMOLAL DISTHRIBUTICHN

C FOR THE VON MISES CEVIATE GENEBATOR

C

CE

EREOR =1.73€470 *RNOR(0)

CE FRRCR =0.
ANGDEV = (22.145950 +0.119937 #NOLED{NANO,I) #+ERRCE) =*2
IF¥ (ANGDEV .LTI. B1.03) GC TO 268
WRITE (6,267) ANGCEV

2¢7 FOFMAT(' ANGULAR DEVIATION RESET; OLD VALUE =" ,FB8.3)

AKHAT =0.0
GO TO 290



268 CCMTINUE
IF (.TRUE.) GC TC 293

CE
CE
C
C CETERMINE THE CCNCENTHRATICN PARAMETER (K) FROM THE ANGULAK DEVIATON (S)
C THE BINARY SEARCH WAS HOCUIFIED FROM HUGHES, PFLEEGER, AND ROSE; ADVANCED
C FECGEAMMING TECHNICUES: A SECCND CCURSE IN PHROGRAMMING USING FORTRAN
C
Low =1
HI =78 +1
270 MIE = (LOWw #HI) /2
IF (ANGDEV .NE. SK({1,MID))} GC TIC 275
AKHAT =SK{2,MIL)
CO0 T0 290
S IF (ANGDEV .LT. SK{(1,MID)) BY =MID
IF (ANGDEV .GI. SK(1,MID)) LCW =¥ID
I¥ (HI .NE. (LOW +1)) GO TQ 270

c
C INTERPCLATE
c
AKHAT = {{SK(2,HI) ~SK{2,1CW)} /(SK(1,H1) -SK(1,L0W))})
3 * (ANGCEV -SK{1,L04)) #SK(2,LCW)
250 CONTINUE
cc WRITF (6,291) AKHAT

cc 29 FORMAT {* AKHAT=',F10.5)
CAIL GGVMS(CSEELC,AKHAT, 1,K)

C
C CCRRECT FOK DOUELING THE ANGULAR DEVIATICN AND CCNVERT ERCM RALLANS
C 1C CEGREES
<
R(1) =(R(1) s2) *CEL
CE

AZIM{NANC,X) =AZTIMP +E(1)
CE 293 AZIM(NANGC,I) =AZTHE
IF (AZIM(NANC,I) .LT. O.) AZIM(NANO,I) =AZIM(NANO,I) +360.
IP (AZIM(NANC,1) .GTI. 360.) AZIM(NANO,I) =AZIM(NANC,T) —-360.
2S9% CONTINUE
GC TC 400

THIS SECTICN DETEREINES AZIMUTH FOR BRANCHES WITH NODE CISTANCE >90 CH

OO0

3€0 DG 3(5 J=I,NETS
IF (J -EC. 1) AZMEAK =UNI(0) #360.
AZTIMP =AZTME +132.8%57
IF (AZTMF .GE. 360.) AZTEP =AZTME ~360.
CE
ERFOR =22.7041 *ENOF (0)
CE ERRCR =0.
AZIM(NANC,J) =AZTME +EERCR
IF (AZIM(NANC,J) .LT. 360.) AZIM (NANO,J) =RZI¥ (NANG,J) +360.
IF (AZIM(NANC,J) .GE. 360.) AZIM(NANO,J) =AZIM (NANC,J) -360Q.
305 CONTINUE
400 CONTINUE

cC
cc WRITE (6,2002)
CC 2002 FOFMAT(' END CF NCLEAZY)
RETUEN
END
(R EEE RIS L ES SR RS R SRR RS2 R R R R R 222 AR R SR ER R R R R TR R0 0
C
C THIS SUBROUTINE KILLS ERANCHES
c

CREF AL LR B FR A n bbb rp rddbdohxndkdk bk kbbb s b dd bk btk bk bRk ke h ok
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SUBRCUTINE KILI
COMMCN TREEIL/ TREE(3000),TA{3000},TN (3000} ,014 (3000),01N (3000},
02A(3000) ,C2N{3000) ,03A(3000),03N{3000) ,04A {3000) ,CUK{3000),
ORD (3000) ,BAGE (3000) ,PANG (3000) ,PAZ {3000) ,GROM (3000},

NODE (3000) , NOLEG {3000) ,AZ (3000) , ANG (3000, 6) , LEN (3000,6) ,
NNOLES (3000,6),COND (3000) ,NAPT (3000),NDAUT(3000,5),
& X{(3€00,7),Y(3000,7),7(3000,7)

INTEGER*2 TREE,TA,TN,01A,C1N,024,C2N,C38,C3N,04A,04N,
3 CRI, FAGE,NOLE,NOLEG, NNGDES,NAPT, NDAOT

REAL LEN

LOGICAL*1 CONC

COMHCN /NODAZM/ NGEED (3000,50) ,AZIN(3000,50)

INTEGER*2 NOLEI

COMMCN /NO/ NYEARS,NTEREES,NOYE

INTEGER*2 NYFAFS,NTREES

COMMCY /NOEE, KCERT,NCERCT,NOTREE

INTEGER®*2 NCERT,NCBRCT,NOTEEE

[aclineBo T /)

C
C Y1MOKT 1S THE PROBABILITY CF A TREE CYING BACK THE FIEST YEAR
C Y2MORT IS THE PROBABYLITY OF A TREE EYING THF SECOND YEAF IF IT DIED
C EACK THF FIKST YEAR
C
DATA YIMORT ,0.174,, 12MORT /0.125/
DIMENSICN GENSUR{10),CSURV (4) ,AGECKD (4}, NNSURV (5,5) ,0COND (5)
INTEGER*2 NNSURV
LOGICAL*1 OCCNT
DATA GENSUEF ,10#999./, GSURV ,/0.894285,1.090303,0.938%9483,0.0/,
& AGEORT ,-0.08941134,-0.200201€,~0.1584490,0.0,
CE
CB SKIP THEF SURVIVAL FFFFCT FOR THE BOLES
CE
CE GO TO 2
IF (NOYEK .NE. 1) GC 1C 2
DO 1 I=1,NTREES
c1
GEKNSUFR{I) =-0.1337232420 +SQRT (0.010154131) #*RNOR (0)
c1 GENSUR (I) =-0.1337232420

1 CONTINUE
2 DO 959 NOZR =1,NOERT
IF (OFD (NCER) .GT. C) GO TO 10
Chek ek dok kb kb kdbhhkkkdok okt kb kokkk
C THIS SFCTION KILLS THE TEUNKS
CH¥xdd ok kbdekobkbkdbbhtbdhhkrkdbkkhkdkkk k¥
€ TEIS SECTICN LOOKS PGR FIKST YEAR PRGFABILITY OF DEATH
C
IF (NCYR .NE. 1) GC 10 5
PSURV1 =UNI ({)
IF (PSURV1 .GI. Y1RECKT) GO TC 999
BAGE (NOBF) =0
LEN(NCBR,1) =0
GO TO 999

C TEIS SECTICN ICCKS FOR SFCOND YEAR PRCBABILITY OF DEATH

5 IF (NOYR .NE. 2 .CR. BAGF(NOER) .GI. 1) GO TO 10
PSURY2 =UNI{0)
IF (BSURV2 .CT. Y2MCRT) GO TC 999
BAGE (NOBE) =0
LEX (NCBR, 1) =0
NNCDES (NCBR, 1) =0
CONC (NOBE) =.FALSE.
GO TC 999
CXx & Btk fook g Bk ok ok ook ok o e oot ook Bk ok ok dokoakok kokodok



C 1hIS SECTION KILIS THE BEANCHES
[ E2EELEL SRS EEERES IR 222 Rt nyd
C
C SKIP DEAT ERANCEES
C
CE SKIP THF SECTION THAT XIL1S BRANCHES FOR THE PRESENT
1¢  IF (.NGT.CONL(NCER)) GG 10 40
CE 10 IF (-TRUE.) GC TC 40
IF {BAGE(NOEF) .LT. 2) GC TO 40

C
C FIND THE POINTES FCR THE GENSUF AREAY
C
NOTREE =1REF (NOBE)
IF (ORD {NGER) .G1. 2) GO TO 25
IOED =ORL (NOER) +1
GO TC 30
25  IOFD =4
30  CONTINUE
IRA =BAGE (NOER)
LO 35 I=2,1RA
J =1 -1
IF (NDAUT{NOBR,J) .LT. 1) GO TC 35
C
C ALL 0.5 7T0 BOUNL CCRRECTLY
C
CF
FREOR =0.2584234 %*ENGR (0)
CE FRRCR =0.
NNSORV (ICRL,J) =NNCDES(NOBR,I) - (HFIX((0.3812708
3 +AGEQRL (IORL) *I +0SURV(IOED) +GENSUR (NOTREE)
3 +ERRCR) *NLAUT (NOEE,J) +0.5))
35  CONTINUE
C
C THIS SECTION KILIS CAUGHIERS
C

4¢ IF (CRD(NOER) -1) 55,60,45
45 IF (ORD(NOER) =3) 70,80,50
=0 IF (ORD(NOER) -5) S0, 100,110
C CEDER 0
55  IP (COND(NCEE)) GC TO 150
GO 10 120
C CELER 1
60 IF (~NOT.CCNL(NGER)) GO 10 125
CE
CE IF (OCGNC (1)) GO 1€ 155
IF (OCONC{1) .ANTC. TIN(NORR) .GF. NNSURV(1,TA(NOBR) ~1})
& GO TC 15%
COND (NCBR) =.FALSE.

GO 10 125
C CKLER 2
7C IF {-NOT.CCNL(NCRR)) GO TO 130
CE
CE IF (OCCNL(2)) GC T0 160

IF (OCOND(2) .ANC. C1N(NOBR) .GE. NNSURV(2,C1A (NOER) -1})
& GO TC 160
COND(NCBF) =.FALSE.

GO 10 130
C CFDER 3
80 IF (.NOT.CONLC (NOER)) GC 1O 135
CE
Ck IF (OCCND {3)) GO IC 165

IF {OCONL(3) .ANL. C2N{NOBR) .GE. NNSURV(3,02A (NOER) -1))
& GO TC 16¢%



COND(NOBER) =.FALSE.

GO 10 135
C CFLER 4
90 IF (.NOT.CONI(NGER)) GO 10 140
CE
CE IF (OCCHNL{4)) GC 1IC 170
IF {(OCONC{4) -ANL. C3N{NOBR} .GF. NNSURV (4,034 {NGER) ~-1))
& GO TC 170
COND(NOBE) =.FALSE.
GO T0 140
C CELER 5
10 IF (.NOT.CGNLC{NGBR)) GO TO 999
CF
CE IF {OCCNT{5)) GO 10 999

IF (OCOND({S) .ANLC. CUN(NCBR) .GE. NNSURV{5,04A (NCER) ~1))
& GO TC 999
COND(NGBE) =.FALSE.
GO 10 999
110 WRITE(6, 115)
115  FOEMAT(* GRFATER THAN 5 PRANCH CEDERS IN THE SUBRCUTINE KILLY)
120 OCCNB{1) =.FALSE.

125  OCCND {2) =.FALSE.
130 OCCND(3) =.FRLSE.
135 CCCND{4) =.FAILSE.
140  OCCND{5) =.FALSE.
GO TC 999
150  OCCND {1} =.TEUE.
155 CCCND(2) =.TEUE.
160  OCCND{3) =.I1FUE.
165  OCOND{4) =.TFUE.
170 OCCND (5) =.TFUE.
$99 CONTINUE
RETUEN
cc LEEUG INIT{GENSUK,EREOR, NNSURV,QCOND)
END
Chblikikkok bbbk kkh bk bbbk bk bk bbb bdbbhdhkb bk bbbk kb bk hhkk kot kkkRgok
¢ ,
C THIS SUBROUTINE PRUNES DEAL BRANCHES
C

Coadttrdk btk hhthkbhbpdb kbbb bhkpkrkhdkk bk hbkbkk dk ek hhbhkbkhbk Xk rhkhkkkbk ket kf

SUBRCUTINE PRUKY :

COMMCN sTREEIL/ TREF(3000),TA[3000),IN(3000) ,0%4 (3000),01N (3000},
022 {3000) ,C2N8 (3000) ,03A(3000) ,038(3600) ,04A {3000) ,C4N(3000),
0RD (3000) ,EAGE (3000) ,PANG (3000) , PAZ {3000) ,GROM{3000),

NODE (3000}, NOCLEG (3000) ,AZ {3000) ,ANG {3000,6) ,LEN (3000,6) ,
NNOTES (3000,6) ,CCND {3000} ,NAPT (3000) ,NDAUT (3000,5),
X {3€00,7) ,Y{3000,7),2{3000,7)

INTEGER*2 TREE,TA,TN,C1A,C1N,0ZA,C2N,03A,03N,044,04N,

3 CRT,PAGE, NOLE, NODEG, NNODES, NAPT, NDAUT
REAL LEN
LOGICAL*1 CCKE
COMMCN /NOEBy NCERT,NCEROT,NOTREF
INTEGER*2 NOBKT,NCERCT,NOTREE
COMMCN #NOLCAZK/ NGLED(3000,50) ,AZIN{3000,50)

INTEGER#2 NOTEL

NOBERCT. =NOERT

NOBR1 =0

DO 2C I=1,%CERCT
IF {COND(I)) GO 1C 1
NOLED (NABT {I),1) =999
GO TO 20

1 NOERT =NCERT +1

TREE (NGEET) =TREE (1)

[ JEnc R Mo B



TA (NOBRT) =TA(I)
TN (NOBRT) =TK(I)
G12(NGBRT) =C1Aa (1)
OTN{NCBET) =C1N (I)
02A(NOBRT) =C2A (1)
02K (NCBRT) =C2N(I)
O3A(NGBRT) =C3A(I)
O3X(NCBET) =C3N({I)
O4A(NCBRT) =CH4A(I)
OUN(NCBRT) =CU4N(I)
ORI (NCBRT) =CRD(I)
PACE (NOBFT) =EAGE (I)
EANG (HOBFT) =BANG (I)
PAZ(NCBET) =FAZ(I)
GRCM (NOBRT) =GECM (I)
NCIE{NOBET) =NOTEF (I)
NCIEG (NOERT) =NOCEG (I)
A7 (NOBRT) =A7(I)
DO 5 J=1,6
ANG (NOBRT,J) =AKG(I,d)
IEN(NGBFT,J) =LEN(1,Jd)
NNODES (NCEFT,J) =NNCDES (L,J)
5  COKTINUE
COXND (NOBET) =CONE (1)
NAET (NOBRT) =NAPT (I)
D0 10 J=1,%
NCAUT (NOERT,J) =NLAUT{I,J)
10 COKNTINUE
DO 15 J=1,7
X (NCBRT,J) =X{I,J)
Y(NOBRI,J) =Y {1,d)
Z{(NCBR1,J) =2(I,J)
15  CONTINUE
20 CONTINUE
RETUFN
END
(o A E LRI RS R RSS2 S E S SRR R SRR R R AR R RS SRR EREES SRS RIS S 2 S K TS
C
C THIS SUBROUTINE CREATES ICENTIFICATICN FCR NEW BRANCHES
C
CHRRFTR AR A AT R AR R R E b FE AR TR PR R ATk SR AR R kAR R Ak hok Rk rd A kbR h ok ko f R Rk ko Rk ko kkk
SUBRCUTINE NEWIL (NC)
INTECER#2 NGO
COMMCN /TREEIL, TREE (3000),TA (3000),IN(3000) ,01A (3000C),014(3000),
024 (3000) ,CZN (3000),03A (3000} ,03N (3000) ,04A (3000) ,C4¥ (3000},
ORD {3000) , FAGE (3000) ,PANG {3000) , EAZ (3000) ,GROM {3000},
NODE (3000), NOLEG {3000} ,AZ (3000) , ANG (3000, €) ,LEN (3000,86)},
NKOTES (3000,6),CONE (3000) ,NAPT {3000),NDAUT (3000,5),
X (3000,7) ,Y(3€00,7),2(3000,7)
INTEGER*2 TREE,TA,IN,01A,C1N,02a,C2N,C3A,03N,044,04N,
& OFL, FAGE,NCLE,NOLEG, NNOCES, NAPT, NDAUT
REAL LEN
LOGICAL*%T CONE
COMMCN /NOER/ NCBRT,ACBROT,NOTREE
INTEGER*2 NCPRRT,NCERCT,NOTEEE
COMMCN sNOs NYFARS,NTREES,NOYR
INTEGER*2 NYEAES,NTIFEES
IF (¥GYF .NE. 1) GC TIC 20

nol

[ocRog ot R ager |

C
C GENERATE IL FOF NEW THEES
C
DO 1% I=1,%C
NOEPT =NCEERT +1
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TREE (SORRT) =NOERT

TEE NEXT SEVERAL STATEMENTS CAILCULATE EANDOM TREE NUMBERS TO CHECK
THE SORT SUBROUTINE. IF THIS CGPTION IS USED, USE THE CAIL TQ SCRT
FCUND AFIER THE *10 CCNTINUE® STATEMENT AND USE THE CALL TO PRINT
FCUND IN MAIN

ALCD +.5 TC COSRY¥CT FOR RCUNDING TO ALEL CALLS T0 HFIX

Z =UNI{0)
TEEE (NCBRT) =HFIX({Z*100 +.5)

FRINT TREE NUMEER TC DETERMINE WHY TWC TKREES HAVE THE SANE IT

WRITE({6,5) TREE(NOERT)
S FORMAT {' RANDCHM TFEE NUMBER =¢,13)
TA(NOBRT} =0
TN (NOEKT) =0
O1A{NCBERT) =¢
O1N (NCBRT) =C
0223 (NOBRT) =C
02K (NOBRT} =0
032 (NGBRT) =C
03N (NCBRT) =C
O4 A (NCBRT) =0
C4 B (NGBRT) =C
ORL (NGBR1) =0
BAGE (NOBRT) =0
PANG {NOBET) =99.
PAZ (NCBRT) =¢99.
GRCM {NOBET) =0.
DO 10 J=1,6
ANG {NOBET,J) =0.
LEN (NOERT,Jd) =0.
10 SNODES (NCBET,d) =0
NOLE (NOBET) =0
NCLEG (NOBRT) =1
AZ (NCBRT) =9%9.
COXKD {NOBET) =.TRUE.
NAET {NOBET) =0
DC 11 J=1,5
1 NDAUT (NOEE1,3) =0

CETERMINE THE CRIGINAL COOFDINATES OF THE SEEDLINGS. I1¥ THE TREES

AFE GRCWING IN A PIANTATICN, TEIS XS THE PLACE IN THE FRCGRAM 10 ADD

COLE 7O CETERMINE THEIF LCCATICH

X (YOBET, 1) =0.
Y (NOBRT, 1) =0.
7 (KOBET, 1) =0.
15 CONTINUE
CALI SCRT
GO TC 1000

GENERATE ID FOR NEW ERANCHES

Z0 NNDAET =NDAUT(¥C,1)
DO 6C I=1,NNCAUT

NOERT =NCERT +1
TREE (NOBRT) =TREE (NC)
TA (NOBRT) =TA(NG)
TN (NOBRT) =1IN({NC}
O1A(NOBRT} =C1A (N0)
O1N{NOBERT} =C1N(NC)
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O2A(NCBRT) =C2A (NC)

CG2N (NCBRT) =C2N (NO)

03A(NOBRT) =C3A(NC)

C3N(NOBHKT) =C3N (NC)

042 (NCBET) =CU4A (NC)

O4N (NCBRT) =CUN(NO)

ORT (NOBRTY =CAD (NO) +1

IF {ORLC (NCERT) -2} 24,25,22
22 IF (ORD(NCER1} ~4) 30,3%5,23
23 IF (ORD(NOEERT) -6} 40,45,45

C CFLER 1
2 TA (NGBRT) =2
GO TO 55
C CEDER 2
25 O13(NOBRI) =2
GO TG S5
C CFDER 3
30  O02A(NOBRIT)} =2
GO TC 55
C CEDER &
35 O3B(NOBRT} =2
GO TO 55
C CECER 5
40  CUA(NCBRT) =2
GO TC 55

45  WRITF (6,50)
€0  FORMAT{' THE TREE HAS MOFE THAN S ERANCH ORDERST!fTsrte
STCP
55  BAGE (NOBRT) =1
PAKG (NOBET) =99.
PAZ(NCRRT) =999.
GRCHM (NOBRT) =0.
NOTE (NOBET) =0
NOLEG (NOBRT) =1
AZ (NOERT) =99S.
DO 56 J=1,¢
ANG (NOEFT,J) =0.
1EN (NOBRT,J) =0.

<6 NNCLES (NCEET,J) =0
Do 57 J=1,°¢
57 NDAUT (NOERT,J) =0

COND (NOBET) =.TRUE.
NAET (NOBET) =0
po 58 J=1,7
% (NOBRT,J) =0.
Y (NCBRT,d) =0.
2 (NGBRT,J) =0.
S8  CONTINUE
€0 CONTINUE
1C0C CONTINUE

cc

cc WRITE (6,2002)

€CC 2002 FOEMAT(' END OF NEWIL')
RETUEN
END

CH¥ PR Ak R R AL R AR R RS L E SRk R AR TR SR AR MR R F RGN AR R AT A S AR R SR bR Ak Rk R h Rk
C
C THIS SUBKOUTINE CETERMINES BRANCH COCRDINATES
C
CHERIRART R AR A F ST IR IR IRE R SRR R R R E R F IR SRR E R B R R IR AR ARG F T L IR RN R PR G GR AT R H T F Fk
SUBRCUTINE CCOFL (NOEEK,NCLAUT, FLAG)
INTEGFR*2 NCER,NODAUT
LOGICAL*1 FLAG
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COMMCN #TREEIL; TREE{3000) ,TA (3000),TIN(3000) ,01A (3000) ,018 (3000},
§ ©2a¢3000),025 (3000} ,C34(3000) ,03N(3000) ,04a {3000) ,CUN(3000),
§ ORD {3000}, EAGE(3000) ,PANG (3000} ,FAZ (3000) ,GROM{3000),

£ NODE(3000),NOCEG(3000) ,AZ (3000) ,ANG (3000,6) ,LEN {3000,6),

& WNOLES (3000,6),CONE{3000) ,NAPT(3000),NDAUT{3000,5),

& %(3000,7),Y(3000,7),2(3000,7)

INTEGEE¥2 IREE,TA,TN,01A,C1§,02A,C2N,03A,G3N,C4a,04N,

I3 OKLC,BAGE,NCDE, NODEG, NNOLES,NART, NDAUT

REAL LEN

LOGICAL*1 CONL

INTEGER*2 BA,BAMI,BAP1

C CIR =CCNVERT FEO¥ L[EGREES TO RADIANS =(2%PI)/360.
C CRL =CONVERT FROM RADIANS TG DEGREES =36C./ (2*FI)

cC
cC

C*

DATA CDR ,0.017453293,7, CRL /57.29577951%,

DATA NERR 0,
BA =EAGE{NCBE)
BAM1 =Ba -1
BAP1 =DBA +1
IF (FLAG) GO IcC 15
(RS R FERESIS SRS RS ERS RS ES 2T S

C 1TEIS SECTICN IS FCE EXISTING EEANCHES

C*

c*
C
C*

Cc#*
C
C*

aonaon

Cc*
<

C»*

(of ]
C
C*
C
C
C

W of B ol ot ok ok kol A ok ok ko ok ok ol ok ok ok e ol b ok kol ko Rk ok ko
IF {CRD (NCBEK} .NE. 0) GO TC 5
hdhk kb bk hk kb rk
TRURK
¥ A% ok hok koo ok ok ko ko ok
X {NGER, EAP1)} =X (NOEK,EA)
Y (NGER,BAP1} =Y (NOES,EA)
Z (NOFR,BAP1} =2 (NOER,PFA) +LEN (NOBE,1)
GO TC 10
[EERITITREISET SR
EFANCHES
IR REC SR EL AR RS RS ]

5 PHI =ANG{NCEE, 1) *CLF

ALL AZIMUTHS WERE MEASUREL WHILIE LOOKING DOWM THE ERANCH FROM ITS
APEX. ALSO, BECAUSE MATHEMATICIANS MEASUGRE ANGLES IN A CCUNTERCLOCKWISE
LIRECTION, THETA WAS CHANGED TC ~THETA.

THET} =-AZ (NCBF) *CLR

X (NOBR, BAP1) =LEN {NOBF,1) *SIN (PHI) #COS (THETA)

£ +X (NOEE,BB)

Y (NGER, BAP1) =LEN (NOBE, 1) #Sil {PHI) *SIN (THETA)

& +Y (NOBE,EA)

Z (NGER, BAP1) =LEN{NOEF,1) *COS {PHI)

& +7 (NOEE,EB)

IF (MBS (X (NOER,BA}} .LE. 0.1E-6) ¥ (NCBR,BA) =0.

IF {ABS (Y (NCBK,BA})} .LE. 0.1E-6) Y {(NCBR,EA) =0.

10 IF (ABS(Z (NOBR,EA}) .LE. O.1E~6) Z{NCBR,EA) =0.

RETUEN
LSS RESES SRS SRS R RSS2 2 R 2 L]
THIS SECTION IS PCF NEW ERANCHES
EERZEE S LRSS EEE SRS SRS S S E SR S 2 8 3 ]

15 PHI =PANG {NCLAUT) *CBR

THETA =—PAZ(NCIAUT) *CLR

IF {CRD(NODAGT) .GI. 1) GO TO 20
(R EETS SRR SRS S ]
CKCER 1
ERERTEL SRR L SRR F S

CETERMINE PCINT #1



X (NOLAUI, 1) =X (NOBG5,BAM1)

Y (NOTCAUTI, 1) =Y {NCBR,BANH1)

NN =NOCE(NCDAUT)

Z (NOTAUT, 1) =Z(NOBELE,EAM1) +FLOAT (NN)

C
C LETERMINE POLNT #2
C
X (NOLAUT, 2) =LEN(NCDAUT, 1) #SIN (PHAL)*COS (THETA)
& +X (NCLAUT, 1)
Y (NOTAUT,2) =LEN(NCDAUT,1) *SIN (PEI)*SIN (THETA)
& +Y(NGCAUT, 1)
Z (NOTAUT,2) =LEN(NCDAUT, 1) *CGS (PHI)
& +Z (NGCRUT, 1)
IF {(ARS(X(NOLAUT,2)) .1E. O.1E~6) X(NODAUT,2) =0.
IF (ABS (Y (NOLAUT,2)) .1E. 0.1E-6) Y(NCDAUT,2) =0.
IF (ABS(Z (NOTAUT,2)) .IF. 0.1E-6) Z{NODAUT,2) =0.
c
C STORE THF ANGLES RELATIVE 70 GRAVITY
¢

AZ(NCDAUT) =FEARZ(NCLAUT)

ANG (NODAUT, i) =PANG(NCLCAUT)

RETUEN
CABERFE RS AT TR L R X%

C CKRLCER 2 AND HIGHEF CRUEF EFANCHES
S EERELE LR TSR E RS,

C
C CETERMINE ECINT #1
C
20 NN =NOLE(NCDAUT)

FKACT = (FLOAT (NN)) /GRCM (NODAUT)

X (NOLAUT, ') ={X{NGER,EA) ~X (NORBR,BAM1)) *FRACT +X (NCE&,BAMT)

Y (NOLAUT, 1) ={Y(NCBR,ER) —~Y(NOBR,BAM1)) *FFACT +Y(NCE®,BANT)

Z (NOLAUT, 1) ={Z{NOER,EA) —Z (NOBR,BAN1)) #FRACT +Z (NCBEF,BANT)

IF (ABS (X (NOCAUT,1}) -IF. 0.1E~6} X{NODAUT,1) =0.

1F (ABS (Y (NOLDAUT,1)) .L1E. 0.1E-6) Y {(NODAUT,1) =0.

IF (BAES(Z (NOLAUT,1)) -1F. 0.1E-6) Z(NGDAUT,1) =0.
cc
ol WEITE{6,21)NCBR,NCDAUT,NN,BA,BAN1, FRACT, X (NOBR,BAM1),Y (NCBR, BANT},
cc & Z (NOBK,PAM1} ,X (NCBK, EA), Y (NOBR,BB) ,Z (NOER, BA)
CC 21 FOFMAT{' ECINT #1'/' NOBE=',I4,' NCDAUT=',I#,% NN=',I5," BA=',
cC & I2,% EAM1=1,12,' FRACT=!,%8.4/' X1=?,F10.5,'Y¥1=',F10.5,
cc g *71=1,F10.5/" X2=¢,F10.5,* ¥2=9,¥810.5,%22=%,F10.5)
cC CALL CUTEE (NCER)
cc CAIL CUTEF (NCDAUT)
cc CALL ERR
C
C CETERMINE ECINT #2
c

XP =LEN(NOTCAUT, 1) #SIN (FHI) *COS (THETA)

YP =1EN(NOCAUT, 1) *SIN (PHI) #SIN (THETA)

ZP =LEN (NGLAUT, 1) *COS (EHI)

IF (ABS(XP) .LE. 0.1F-6)} XP =0.

IF (ABS{YP) .LE. O.1E-6) YE =0.

IF (ABS{2P) .LE. 0.1E~6) ZPp =0.
cC :
cc WRITE (6,40) EHI,THETA,XP,¥P,ZP
CC 40 FOEMAT(' PHI=?,F6.1,' THETA=?!,F8.1,% XP=*,F10.5,* ¥EB=?,F10.5,
cc g * 7E=7,FP10.5)
C
C NCTE: WHEY THF CCOECINATE AXFS ARE ROTATED, THE NEW X-AXIS POIMNS
C DOWKN INSTEAD CF UP. SUBTFACTING 180 DEGREES FROM 18IS NUMBER AND
C CHANGING TEE SIGN OF ANG (NODAUT, 1) CORRECTS THIS.

PHI1 =—ANG{NCBF,2) #*C[E



THETA?1 ={(-AZ (NCBR} *CLR) ~3.141592¢€54

C
C NCTE: AT THIS BCINT X, ¥, AND 2 AR¥ THE CHANGE IN THE CCCEDINAIES
C ALCNG THEIF AXES
c

X (NOTAUT,2) =XE*CCS(PHIV)*COS (THETAT) -YP*SIN(THETA1}

& +ZE*SIN(PHI1) *COS (THETA 1)

Y (NOCAUT,2) =XE*CCS(PHI1)*SIN (THETA1) +YE¥COS (THETA1)

& +ZP*SIN (FHI1) *SIN (THETA1)

7 (NOLAUT,2) ==XP*SIN{FHI1) +ZP*COS(PHI1)
cc
cc WRITE (6,45) EHI1,THETA1,X{(NODAUT,2),Y{NOTUAUT,2),Z (NCDAUT,2)
CC 45 FORMAT({' PHI1=*,F6.1,% THETA1=*,E8.1/
cc g * X{NCLAUT,2)=*,F10.5,¢ Y (NCDAUT,2)=',F10.5,
cC & * Z(NCLAUT,2)=',F10.5)

IF (ABS{X{NOLAUT,2)) .LE. 0.1E-6) X(NODAUT,2} =0.

IF (ABS {Y {NCLCAUT,2)) .LE. 0.1E-6) Y{(NOTDAUT,2) =0.

1IF (BBS{Z {NODAUT,2)) .1F. 0.1E-6) Z(NODAUT,2) =0.

ANG (NODAUT,1) ={ACOS(Z {NODAUT,2} ,LEN(NODAUT,1))) *CRL
cc
cc WRITE (6,50) NCDAUT,ANG (NCDAUT, 1)

CC 50 FORMRTI(® NODAUT=",I4,' ANG{NCDAUT,1)=*,F10.5)
IF (X(NCDAUT,2)) 100,120,80
80 IF (Y{NCDAUT,2)) 160,50,160
90 AZ(NCDAUT) =C. *CKE '

cc
cc WRITE (6,55)
CC 95 FOEMAT{(® STATEMENT S0Y)

GO TC 180
100 IF (Y(NCDAUT,2)) 170,110,170
110 AZ (NCDAUT) =Z.141592€S4 *CRD

cC
cc WRITE (6, 115)
CC 115 FOEMAT(! STATEMENT 11G7)

GG TC 180
120 IF (Y(NGDAUT,2)) 130,150,140
130 AZ (NCDAUT) =~1.5707963 %CRL

cc

cc WRITE (6, 135)

CC 135 FOBMAT (' STATEMENT 1301)
GO TC 180

140 AZ (NCDAUT) =+1.5707963 *CRL

cc

cc WRITE {6, 145)

CC 145 FOEMAT (' STATEMENT 140°7)
GO TC 180

150 AZ (NCDAUT) =3.141592654 %*CRD
A NG (NODAUT,1) =0. *CBKL

cC

cc WRITE (6, 155)

CC 155 FORMAT (' STATEMENT 1507)
c

160 AZ {(NCDAUT) =—-RATAM(Y{NCDAUT,2) /X (NCDAUT,2)) *CRD
IF (AZ (NODRAUT) .LT. 0.) AZ(NODAUT) =AZ (NCDAUT) +360.

cC

cc WRITE (6, 165)

CC 165 FOEMAT (' STATEMENT 1607)
cc CAIL CUTER (NCER)

cc CAIL CUTER (NCDAUT)

cC NEFR =NERR +1

cc IF (NERR .GE. 5) CALI ERR

GO TC 180
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C -PIs2 <= AZ <= PI/2, SO ALL 180 DEGRFE¥S FOR POINTS WHERE LELTA X <0
C

170 AZ (NCDAUT) =~RTAN(Y(NODAUT,2) /X{(NCDAUT,2)) *CRD +180.
cC

cC WRITE (6, 165)

CC 165 FOERMAT (' STATEMENT 170")
cC CA1L CUTER (NCER)

cC CAIL CUTER (NCDAUT)

ccC NEER =NEER +1

cC IF {(NERR .GE. 5) CALL ERF

180 X (NOCAUT;2) =X(NOCAUT,2) +X(NGDAUT,1)
Y (NOLAUT,2) =Y {NODAUT,2) +Y(NODAUT,1)
Z (NOTAUT,2) =Z (NCDAUI,2) +Z(NODAUT,1)
IF (ABS{X(NOLCAUT,2)) .I1E. 0.1E-6) X(NODAUT,2) =0.
IF (ABS (Y (NOLAUT,2)) .1E. O0.1E-6) Y (NODAUT,2) =0.
IF (AB5{Z (NOLAUT,2)) .1E. 0.1E~6) Z{NODAUT,2) =0.

RETUFN
END
CHIIRER AR R R K R SRR BRI E SRR R AR R A E AR AR E RS ARG KR AR AR R R ARG TR KRR AT KA AT S KR FHRE
C
C THIS SUERQUTINE SCETS THE LATA
C

R LRI LR ES IS SRR R s s s RS s s R R RS SS R TR LRSS R 22 2 2 14
SUBRCUTINE SCR1
COMHCY sTREEIL, TREE(3000),TA (3000),TN(3000),014(3000),01N(3000),

0224 (3000) ,C2N (3000} ,C3A(3000) ,034(3000) ,044 {3000) ,C4R (3000},

ORD (3000) ,BAGE (3000) ,PANG (3000) ,PAZ {3000) ,GRON (3000},

NODE (3000) , NOLEG (3000) ,AZ (3000) , ANG {3000, 6) ,LEN (3000,6),

NNOLES (3000,6) ,CONL (3000) ,NAPT (3000) ,NDAUT (3000,5),

%{3C00,7) ,¥{3000,7),2(3000,7)

INTEGER*2 TRE¥F,TA,TN,01A,C1N,02ZA,C2N,03A,C3KN,004,04N,
& CRL,EAGE, NOLF,NOLEG, NNODES, NAPT, NDAUT

REAL LEN

LOGICAL*1 CCKL

COMMCN /NOEEy NCBRT,NCBROT,HOTREE

INTEGER*2 NCERT,NCEECT,NOTFEE

DIMERSICN E(6), F(6), G(7), H{T), C(7), K{102)

INTEGER*2 X

LOGICAL*1 L

EQUIVALENCE (K (13),a), (K(15),B), (K(17) ,C)s (K (21} ,D),

& (K(23) ,E(1)), (K(35),F(1)), (K(59) ,L),
& (K(61) ,G(1)),(K{75),B(1)), (K(89) ,0(1))

INTEGER KORE /1000,

CALL FSCRT(* SORT FIELCS={1,2,3,3,%2,A,5,2,8,7,2,1,9,2,4,11,2,4,13,
£2,4,15,2,4,17,2,8,19,2,4,21,2,A) ,FECRMAT=FI,SIZE=E100 °*,
&' RECORD TYPE=F,LENGTH=(204) Y,'FINEFOUT', KORE)

DO 1C I=1,NOERT

K{1) =TREE{I)
K(2) =Ta(1)
K(3) =TH(I)
K{4) =01A(I)
K(5) =018{I)
K{€) =02A(I)
K(7) =028{7)
K{€) =03A(I)
K{9) =03u({1)
K(10) =04A(I)
K(11) =04N (1)
K {12) =BAGE(I)
A =PANG (I)

B =PAZ(I)
K{(19) =NCDE (1)
K{(20) =NCDEG (1)

[o BB ~c W I



- ’
E(J) =ANG(1,J)
F(J) =1EN{1,J)
S CORTINGE
K(47) =NNODES{I,1)
K{48) =NNCLFS({I,2)
K (49) =NNCLES(I,3)
K{50) =NNOTEE(I,4)
K{<1) =NNODES({I,%)
K{52) =NNCLES({I,6)
K(53) =NCAUT(I,1)
K(54) =NDAUT{I,2)
K({55) =NTAUT(I,3)
K{56) =NLDAUT{I,4)
K{S7) =NLCAUT{I,S)
K{S8} =CHKD{I)
1 =CCHND (Y1)
K {€0) =NAET{I)
po 7 J=1,7
G{J) =%X1{1,J)
E(d) =1{1,d)
c{J) =2{1,J)
7 CONIINUE
CALL FINE(K)
10 CONTINUE
CALL PSCRT
DO 2C I=1,NOERT
CAIL FOUT{(K)
TREE {I}) =K{1)
TA{I}) =K {2)
IN (I} =K {3)
C1A(I) =K (4)
CIK(T) =K({5)
024{I) =K{€)
02K{I) =£{7)
Q3B (1) =K(8)
03K(I) =K{9)
O4A{I) =K (10)
CH4B(I) =K{11)
BAGE {I) =K {1%)
PANG (I} =
PAZ{I) =E
NOLE{I) =K {19)
NOLEG {I) =K{Z0)
GRCM{I) =C
AZ{I) =D
po 15 J=1,6
ANG {I,4d) =E(J)
LEN(I,d) =E{J)
15  CONTINUE
NNCDES(I,1) =K{47)
NNCDES(I,2) =K{48)
NNCDES{I,3) =K{u9)
NNCDES{I,4) =K (50)
NNCDES(I,5) =K(51)
NNCDES (I,6) =K{5%)
NDAUT (T, 1) =K(53)
NDAUT{I,2) =K{54)
NDAUT (I,3) =K (55)
NDAUT {1, 4) =K(56)
NDAUT {I,5) =K{57)



ORT (I) =K (58)
CORD () =L
NAET (I} =K {6C)
po 17 J=1,1
X(I,J) =G (J)
Y(I,J) =EH(J)
2(1,3) =C(J)
17  CONTINUE
2C CONTINUE
cc
cC WRITE(6,2002)
CC 2C02 FOEMAT(' END CF SCRTY)
RETUEN
END

o AR EELE IR RIS R R R R R R E R R S A R R R R S TR R YRS RS T S
C
C THIS SUBRCUTINE OUTEUTS DATA
c
(b2 2 R L RS S RS s 2 RS SRR Rt R R R s R I R LSS S R TR 2SI R LY
SUBRCUTINE CUTEUT (FLAG)
CCMMCN /TREEIC, TREE(3000),TA(3000),1IN(3000),01A (3000),01N (3000),
& 02A(3000),CZN(3000),034(3000),03N(3000) ,04a (3000) ,C4N(3000),
ORD (3000) , EAGE (3000) ,PANG (3000) ,PAZ {3000) ,GRON(3000),

NODE (3000), NOLEG (3000) ,AZ {3000) , ANG (3000, €) ,LEN (30C0,6) ,
NNOLES (3000,6) ,CONE {3000) ,NAPT (3000) ,NDADT (3000,5),
X(3€00,7) ,¥(3000,7),7(3000,7)
INTEGER*2 TREE,TA,TN,01A,C1N,02A, C2N,C3A,C3N,04A,0u8,
? CRL,PAGE, NOLF,NOLEG, NNOCES, NAPT, NDAUT

[z "I Bey]

&

REAL LEN

LGGICAL*1 CCANL

COMMCN /NCER/ NCERT,NCERCT,NOTREE

INTEGER#¥2 NOERT,NCBKCT,NOTEREE

COMMCN /NOy NYEARS,NIREES, NOYR

INTEGEK*2 NYEARS,NTIREES

COMMCN /NOTAZM/ NCDEL(3000,50) ,AZ1B{3000,50)
INTEGER*2 NCLEL

LOGICAL*1 FLAG

WRITE {6,5)

S5 FORKAT {*0 T*,38%,°P%,9%,'G MN GX¥*',60X,'C N¢/*  E',8X,
& 9('C ') ,3X,%A E R 0 0v',13X,'ANGLES',20X, 'LENGTIHS®, 14X,
£ 0 Aty Ev,2(" 1%,
& 2(' 1% ,2(' 2'),2(" 3%),2(' 4%,' R B N A ol DY,
&Y D A Y,SEX,VN P'/' E'.5(* A N'),' D A G Z ne,
& ! E E 2 1 2 3 4 5 &6 1 2 3 4 5t,
5 ¢ 6 D Tv)

WRITF (€,6)
6 FORMAT(*+',126(*_"))
WRITE(6,7)

7 FORMAT (* *,99%,"NNCDES*'/* *,92%,'1 2 3 4 g 6%}
WRITE (6,8)
8 FORMAT (*+%,90X,29('_*))
CE
WERITE (6,9)
9 FORMAT (* *,100%,*NCAUT'/* *,97%,%2 3 4 5 €1)
WRITE (€,8)
cc
cC WRITE {6, 11)
€C 11 FOEMAT{® *,97%,'COOFDINATES (X,Y,Z)'/' *,87X,'1 : 3 gv,
cC g ' 13 6 7%)
cc WRITE {6, 12)

cC 12 FOBRMAT('+',84X,35{(*_"))
DO 1€ I=1,NCERT
WRITE(6,13) TREF(I),TA(I),TN(I),01A(I),01N(1) ,C2A(I),CZN(I),03A (1),



CcC

cC

cC

ot EERE SIS RIS SRR SRS SR RS SR SRR E R s S R R R R Rl R s kel s R 2] L)

C
C
C

Chtkdorkk bbb dte ol e dhhkd bk b bbbk bk S5 6k F k& hok ok SRk k& KAk R ok b kR kok ok & Rokk

A-37

§ 03N (I),08A{I),CuN{I),0RD(I),BAGE (1),PANG{I},PAZ(I),GEON (1),
& NOLDE(I),NCDEG{I),8Z (1), (ANG(I,d),d=1,6), (LEN(I,J),d=1,6),
& CONC{I},NAPT(I), (NNOLFS (1,J),d=1,€)

13 FORMAT{®* %,13{12,1X) ,F3.0,2(F5.0),2({14},F5.0,6{F4.0),€(F5.0),
5 1%,11,15/% *,E88BX,6 (I5))

IF (EAGE(I) .6T. 1) WRITE(6,14) ({NDAUT({I,d},J=1,5)
14 FORMMAT (' *,93X,5(I5))

WRITE (6,15) (X {1,3),321,7) (Y (103} o T=1,7) 4 (% (T49) 0 d=1,7)
15 FORMAT(3(' *,84X,7(F5.0)/))
18 CCNTINUE
IF (FLAG) GO TC 45
SKIP THE OUTPUT OF THE NCDE ECSITIONS FOR THF PRESENT
IF (-NOT.FLAG) GO 10 45
WRITE (6,20)

20 FORMAT (*QCURRENT GROWTH®/' NAPTI*/' NODE'/' AZIMUTH' /! 1 24,
& 3 4 5 € 7 8 9 10 11 12 13 e,
[ 15 1€ 17 18 19 20 21 22 23 2h 25%,

& ¢ PKEVIOUS GRCWTH*/' NODE'/' AZINUTH'/? 26 27 28 29,
& ¢ 30 31 3z 33 34 35 3¢ 37 38 39 40 41+,
& ! Q2 43 4qi 45 46 47 48 49 50)

WRITE(6,21)
21 FORMAT (*+7,125('_"))
DO 4% I=1,NOERT

IF (.NOT.CCNL(I)) GC TO 45

NPIS =NNGLES (I, 1)

II =NAPT (I)

WRITE(6,23) 11
23 FOBMAT(® ',I%)

WRITE (6,24)
24 FORMAT (*+_____ ")
WEITE (6,25) {(KODEL(II,J),J=1,NPTS)
25  TOEMAT(' *,25I5)
WRITE (6,30) (AZIM{II,J),J=1,NPTS)
30  FOBFMAT(® *',25FS.0)
NPTS =NWOLES(I,2) 25
IF (NCDED(IL,26) .GE. 999) GC TIC 45
WRITE{6,35) (NODED{II,J),J=26,NE1S)
35 FORMAT(® *,25I5)
WRITE (6,40} (AZIM{II,J},J=26,NPTS)
40  FOEMAT(' ¢,25FS5.0)
45 CONTINUE
RETUFN
END

THIS SUBRCUTIXNE CUTPUTS DATA FOR CNF BRANCH AND IS USED FOR DEBUGGING

SUBRCUTINE CUTEE({I)
INTEGER*2Z I

COMACN /TREEID/ TREE {3000),TA({3000),IN(3000) ,01A({3060),01N{3000),

024 (3000) ,C2N (3000) ,C 3a (3000) ,03N (3000) ,04a {3000) ,C4N(3000),
CRD (3000) , FAGE (3000) , EANG (3000) , PAZ {3000) ,GROXM{3000),
NODE(3000) , NOLES (3000),2Z ({3000) , ANG {3000, 6) ,LEN {3000,6) ,
NNOLES (3000,6) ,CONE (3000) ,NAPT (3000}, NDAUT (3000,5),
1(3000,7) ,Y (3000,7),2(300C,7)

INTEGER*2 TREE,TA,IN,C1A,C1N,02A,C2N,C34,030,00A,0048,

& OKD, EAGE,WCLE,NODEG, NNQLES ,NAPT, NDAUT

REAL LEN

MMM,
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LOGICAL*1 COMND
¥WRITE(6,13) TREE (I) ,TA{I),TH(I),01A(I),CIN(I),02A{I),C2N(1),03a (1),
& O3N{I),04A({I),CuN(I),0kD (1), BAGE (I) ,PANG(I),PAZ (I),GROH (1),
& NCDE(I),NCDEG(I) ,AZ{1), (ANG(L,J),d=1,6), (LEN{I,J),J=1,6),
& CONL{1),NAPT (1), (NNOLES(I,J),J=1,6)
13 FORMAT (' *,13(12,1%),F3.0,2(F5.0),2(14%) ,F5.0,6(F4.0),€(F5.0),
& 1X,L1,15/% *,88%,6(I5))
IF (EAGE(I) -.GT. 1) WEITE(6,14) (NLAUT{I,J),J=1,5)
14 FORMAT{* *,93X,5(1%))

cc
cc WRITE(6,15) (X(1,d),3=1,7), (Y(1,3) ,9=1,7), (Z(1,d),d=1,7)
CC 15 FORMAT(3(' ',84%,7 (F5.0)/))
RETUEN
END
R 2L ESEELE RIS S RS SRS 22 2R R AR R AR R RER TR 2R 20 2
C
C THIS SURROUTIKE OUTPUTS DATA FOR ELCTS
C
(R LRSS SIS SRS RSS2 s Rt i st AR s Nl i s SRR 2 L SR

SUBRCUTINE COTELT
COMMCN /TREFIC, TREE(3000),TA (3000),TIN(3000) ,01A(3000),01X (3000),
& 02A(3000) ,C2N(3000),03A(3000),03N(3000) ,04A (3000) ,C4H (3000} ,
& ORD(3000) ,BAGE{3000),PANG (3000) ,PAZ (3000) ,GROM(300C),
& NODE(3000),NOTEG (3000),AZ (3000),ANG (3000,6) ,LEN (3000,6),
& NNOLES (3000,6),COND(3000) ,NAPT({3000),NDAUT (3000,5),
& X{3C00,7),Y{3000,7),7(3000,7)
INTEGER#2 IREF,TA,TN,C1A,C1N,02A,C2N,03A,C3N,00R,04K,
& OKL,FAGE,NOLF,NOLEG, NNODES, NAPT, NDAUT
REAL LEN
LCGICAL*1 CONLC
COMHCN /NOER; KGBRT,NOERCT,NOTREE
INTEGER*2 NOEET,NCERCT,NOTEEE
DO 2C I=1,NCDRT
WRITE (8, 10) TREE (I),BAGE (X), (X(I,d),J=1,7),(1(I,3),3=1,7),
& (z2(1,3),3=1,7)
10 FOEMAT (212,3(/7F8.3))
20 CONTINUE
RETUEN
END
CHEF TR RFXXFFEXFTEXRDEFAELBERERBERRREREFARX ARG EL T X FK FH AR R EBERREFRERGR ARG ERERRE
C
c THIS SUBROUTINE SAMELES BRANCHES TC VALYDATE THE MOTUEL
C
2L R L EL SRS 22 SRS S SRR SR S Rt s A2 R EEIEEES ISR LR 2 L R Rkt
SUBRCUTINE VALIC
COMMCN /TREEIC, TREE {3000} ,TA (3000),T¥{3000) ,01A(3000),01N(3000),
& 02A(3000),C2N (3000),C3A(3000),03N (3000) ,04A (3000) ,CHH8{3000}),
& QORD (3000) ,BAGE(3000) ,PANG (3000) ,PAZ (3000) ,GROA (3000),
& NODE(3000),NOLEG (3000),AZ (3000) ,ANG (3000,6) ,LEN (3000,6),
& NNOLES (3000,6),CCHD{3000),NAPT {3000),NDAUT(3000,5),
& %(3€00,7),Y(3€00,7),2(3000,7)
INTEGER*2 IREF,TA,TN,01A,CIN,0%4,C2N,034,C3N,06A,00N,
5 ORL,BAGE,NCDE,NOLEG, NNODES,NAPT, NDAUT
REAL LEN
LOGICAL*1 CONC
COMHCN /NOE&y NCERT,NCPROT,NOTREE
INTEGER®2 NCERT,NORECT,NOTKEE
INTEGER#2 NCER,IBET1,1EPT2
CIR =CONVERT FROM CEGREES TO RADIANS = (2%PI)/360.
CFL =CONVERT FRON EADIANS 10 DEGREFS =360./ (2%PI)
DATA CDR ,0.017453293,, CED /57.29577951/
RCTANG IS THE ANGLE (75 CEGREES) THE TREE IS ROTATED IN 3 CLOCKWISE
CIRECTICN TO GET TEE VALIGATION DATA

lsReNaNake]
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DATA ROTCO0S/0.258819045/,ROTSIN/~0.965925826/,ROTANG/-1.308996939/
DATA SICE /62.9960525,, HSIDE /31.4980263,

DIMENSICN XR{7), YE({7)

LOGICAL*1 FLAG

CE

CE DIMENSION 12({7)
ZMAX =0.
RMAX =0.
NOBRR =0

WRITE(8,1)
1 FORMAT{* 9999999999999899999993959999999999999999999999999599929°*)
CREARERER R IR EAER RS R ARG K ERERFRRERRRRREER
C CETERMINE MAXINOUN HEIGHT ANL RADIUS
o R L R R e P L R Y
10 NOBR =NCBR +1
IF ({CKD(NOEE} .GT. 0) GO TC 30

CE

CE TEIS NEXT SECTICN CUTEUTS DATA FOE THF BOLE FOR VALIDATICN
CE

CE DO 12 J=1,7

CEB 12(J) =IFIX(Z(NCBE,J) +0.5)

CE 12 CONTINUE

CB WRITE {8, 15) TREE (NOBR) , (1Z{J),J=1,7)

CE 15 FOBRMAT(I2,7{1X,13})
CE ¥ND OF SECTION FCOFK VALIDATION
20 IF (NOBR .GE. NCBRT) FETURN
CHredpdrtrtkahrhkdkis
C CETERMINE THE TEST PCINTS ALONG THE Z~-AXIiS
CRASKARRU S SR RS RERE K%
IBAPT =BAGE{NCER) +1
ZMAX =2 (NOEEF,XEAE1)
250 =2MaX 2.
Z50T =250 +4S5S1DE
275 =ZMAX *3. /4.
Z75T =275 +SIDE
GO TC 10
3C IBPT1 =NOBE
CHESF SRR DA R H kA * K
C LCETERMINE THE TEST POINTS IN THE X~Y FIANE
Chddtde xRk bRtk K Fkkk
40 ISAP1 =BAGE (NCEE) +1
DO 50 J=1,1IRAP1
DIST =SQRT{(X{(NGER,J)*%*2) + (¥ (NOER,J)*%2)}
IF {DIST -.GT. RMAX) EMAX =DIST
£C CONTINUE
IBPTZz =NOB¥
IF (NOBER .IL7T. KCBRI) GO TO 60
FLAG =.FALSE.
GO TC 70
€0 NOBR =NOBER #+1
IP {CRD(NOER) .GI. 0) GC TC 40
FLAG =.TRUE.
7¢ R50 =RHMAX /2.

C =CUBE
r,C,P,T =MINUS, CENTER, PLUS, TOP
F1,B2 =pPCINTIS 1 ANT 2

sEeRsNs kel

CHPY =-§50 ~ESILE
CMP2 =-E50 +HSILCE
CCP1 =-HSITE
CCP2 =HSIDE
CPF1 =FK50 -HSILE
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CPP2 =RES0 +HSILE
TP1 =-SIDE
CTP2 =0.
CHRESPH AR Rk A RE Rk SRt hR BT kR SRk kR R R Kk
C RKCTATE THE ERANCHES SO THAT THE SAMPLE BCXES LIE ALONG THE X AND Y AXES
CHEAEBE AR R AR EIER AR IRIRR AR SR A SR RABREE XL 4
DO 520 IT=IBEI1,IBETZ
IEA =EAGE(11)
IBAPY =DBRGE (1I) +¢1

c
C CKCER 1
C
IF (GRD(II} .GI. 1) GO TC 90
I01AGE =EAGE (1)
XR (1) =X(I1,1)
YR(1) =Y{I1, 1)
DO 80 J=2,IEAF1
¥R {J) =X(I1,J) *RCTICCS +Y(IL,J) *ROTSIN
IR (J) =-X(II,J) *RCISIN +¥(II,J) *ROTCCS
80  CONTINUE
GO TG 220
c
C CECER 2+ BEANCHES
c
$C DO 210 J3=1,IEAPI
iF (x(II,J)) 120,140,100
100 IF (Y(11,J)) 180,110,180
110 THETA =0.
cc
cc WEITE (6, 115)
cc 115 FORMAT (' STATENMENT 1107)
G0 1o 200
120 IF (¥(1I.d)) 19C¢, 130,190
130 THETA =3.141592654
cC
cc WELTE (6, 135)
cc 135 FORMAT (* STATEMENT 1304)
GO TC 200
140 IF {Y(11,3)) 150,170,1£0
150 THETA =~1.5707963
cc
cc WRITE (6, 155)
cc 155 FORMAT (' STATEMENT 150')
Go To 200
160 THETA =+1.5707963
cc
cc WRITE (6, 165)
cc 165 FORMAT (' STATEMERT 160')
60 T0 20C
170 THETA =3. 141592654
cC
cC WELTE (6, 175)
cc 175 FORMAT (' STATEMENT 170%)
C
180 THETA =—ATAN(Y(II,d) /X(I1I,J))
IF (THETA .IT. O.) THETA =THETA +6.283185308
cc
cc WRLTE (6, 185)
cc 185 FORMAT (' STATEMENT 1807)
GO 16 200
c

C -PI1/2 <= AZ <= PIys2, SC ACC 180 DEGREES FCR POINTS WHEREF TELTIA X <0
C
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150 THETA =-BTAN{Y(IX1,Jd) /X(II,J)) +3.141592654
ccC
cC WERITE (6, 185)
cc 185 FCRMAT (* STATEMENT 1907¢)
2¢0 THETA =THETA +ROTANG
RHO =SCRT (X{II,J)**2 +Y(I1,J)**2)
LR (I} =RHC %*CCS (1RETA)
YR {J) =RHO *SIN {THETA)
Z1C  COXTINUE

CHEPS e kb h ke bk Ak h bl ek r Rk rkkk ek kt
C SAMPLE THE ERANCHES
ChRdkpdkrkhhhe kbt bbb khkhkdp ek kit ks
C NCTE: THIS SECTICN HAS BEEN WRITTEN 10 ACCOUNT FOR THE
c WHERF A ERANCH IS IN ALL FIVE CUBES.
220 DO 550 J=1,IEA
K =J #1

YHWCRST CASE®

¥ =MINUS

sReReNe!

JCUEE

GO
IF
IF
IF
1F
1¥
IF

230

C

{Z2{11,3)
{2 (11,3}

(XR (J)
{XR (3}
(YR (J)
(YR {J)

SAMPLE CUBE 1
(NEGATIVE);

=CCE1
=CCE?2
=CTE1
=CTE2
=275
=27€T
=1
10 27¢

(Z (11,3)
(2{11,3)

(XR (J)
(XR {J)
(¥R {J)
(YR {J)

C SAMPLE CUBE 4

C
XM
P
M
b 23
7L
70

JCUERE

GO
Ir
IF
IF
1F

240

[sX2Ks)

M
P
p:!
irp
5

=CME1
=CHE2
=CCE1
=CCE2
=250
=250T
=4
T0 270
{XR {J)
{XR (J)
{¥R (J)
(YR (J)

SAMPLE CUBE 3

=CCEP1
=CCE?2
=CNP 1
=CME2
=250

-LE.
-GE.
~LE.
.GE.

<1E.
«GEa
LLE.
«GE.

-LE.
+GE.
-LE.
«GE.

-1lE.
-GF.

P

«LE.
«GEa

ccepl
CCE2
c1P1
CIE2

=PLUS (POSITIVE);

cMEd
CHEZ
CCE1

z75
Z7ET

250
20T

- AND.
-AND.

«AND.
- AND.
-AND.

«AND.

- AND.
.AND.

- AND.
-« AND.
«AND.

CCP2 .AND.

CCP1 .AND.

CcCP2
CHET
CME2

-AND.
-« AND,
- AND.

Z(11,K)
7{I1,Rk)

¥R (K)
XR (K)
YR (K)
TR (K)

Z(11, %)
Z{1I,K)

LR (K)
XR ()
¥R (K)
YR (X)

¥R (K)
XR {K)
YR (K}
YR (K)

~LE.
«GE.
~LE.
-GE.

L =LCREE;

.LE.
-GE.
«LE.
+GE.

«LE.
.GE.
~LE.

~uf.

~LE.
«GE.

< LE.
«GE.

cecel)
cCcp?)
CTIP1)
cTPp2)

cKp 1)
CHP2)
ccei)
CCP2)

cce )
cep2)
cup 1)
cHp2)

GO 1IC
GO 1IC
GO 1T
GO 1C

GC

275) GO 1C 230
7757)

T0 550
230
230
230
230

U =UPPER

GO
GO
GO
GQ

GO
GO
GO
GO

250y GC TC 550
Z50T) GC TO 550

550
4qQ
240
240

50
260
50
250



aan

[eNsNel

Oonn

220

W

=250T

ICUEE =3

GO
IF
IF

10 270

(YR (J) -LE.
{YR {(J) .GE.

SAMPLE CUBE 5

M
Xp

=CCE1
=CCP2
=CPP1
=CPE?2
=750

=750T

ICUEE =5

GO
Ir
IF
IF
1F

T0 270

(XB (J) -LE.
(XR (J) -GE.
{fR (J) .LE.
(YR (J) -GE.

SAMPLE CUBE 2

XM
Xp
m
ip
ZL
2u

=CPF1
=CPE?
=CCE1
=CCE?2
=Z50

=Z50T

ICUBE =2

"CHOP® THE

270

2EC
3€0

370

ze¢

CPE1

CPP1

CCE1
CCE2

ERANCH SECTIONS

=X 2 (J)
=XR (K)
=YR (J)
=YR (K)
=z (11,J)
=7 (I1I.K)
(X1 .LT.
(X2 .IT.
10 300
=XH

170 300
=Xy

(X1 .61.
(X2 .G1.
10 330
=XP

10 330
=XP

(Y1 .11.
(Y2 .LT.
T0 360
=YH

10 360
=YM

(Y1 .G1.-
(Y2 .G1T.
10 390
=Yp

10 39¢C
=Yp

XM)
M

iE)
AF)

YH)
1)

YF)
Yp)

GC

GC
GC

GC
GC

GO
GC

- AND.
CPF2 .AND.

- AND.
CPP2 .AND.
- AND.
- AND.

50

TO

T0
10

10
IC

T0
10

THAT ONLY THE PART IN THE CUEE IS SAMPLED

280
290

310
320

340
350

370
380

A-42

YR (K)
YR (K)

%R (K)
X7 (K)
YR (K)
YR (K)

- LE.
«GE.

-LE.
-GE.
-LE.
-GE.

cPP1i) GO
cPP2) GO

CEP1)} GO

CPP2) GO

ccrpi) Ga
ccp2) GO

ic
TC

260
50
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390 IF (21 .1T. ZL) GC TO 400
IF (22 .1T. 2L} GG TC 410
GO 10 42¢

400 71 =21
GO TO 426

410 72 =71

4370 IF (21 .6T. ZU) GO TO 430
IF {22 .GT. 2Z9) GC T0 440
GO 10 45¢

430 21 =20
60 TO 450

440 722 =70

40 1034 =CT1A{1I)

102a =C2A({II)
103A =C3A{11)
1044 =Cc4a (1))
1F (ORC(I1) ~2) 45C,500,460

460 IF (ORC(II} -4) 510,520,470
470 KEIIE (6,480)
480 FORMAT (* TFYING TC SAMELE A FIFTH ORDFR ERANCH IN "VALID®Y)
G0 TO S50
4se I01A =IBR #1 -2
G0 To 53¢
£00 102A =1EA +1 =3
6o 10 530
€10 1032 =1BA 41 ~J
GO0 TO 53¢
52¢ 1044 =IER +1 ~J
£139 IENG =IFIX(SQRT {(X2-X1)#%2 « (Y2-Y1)*%2 + (Z2-Z1) **2) +0.5)

C SINCE THE MEASUREMENTS IN THE VALICATICN DATA SET ARE RECCRDE¥D TC THE
C.NEAREST CM, FIX THE VALUES OF THE AZIMUTH ANC INCLINATICN SO THAT
C THE FORMATS OF THE TWO CATA SETS MATCH.

IAZ =IFIX{AZ{II) +0.5)

IANG =IFIX{ANG (1I,J) +0.5)

cc
cc WRITE {6,531} %1,%2,Y1,Y2,71,232, LENG
cc 531 FORMAT {' X1=¢,F6.2,? X2=1,F6.2,¢ Y1=*,F6.2," 12=',F6.2,
ce 3 ' Z1=1,F€.2,% 22=°,F6.2,% LENG=?,16)
WRITE (8,540} TREE(I1),ICUBE, 1C1AGE,IC14,T02A,XC3A,TI044,
& LENG,IAZ,IANG
€40 FORMAT (12,11,2%,51%,13,14,13)

GO TO (230,550,250,280,260), ICUER
££C CONTINUE
I¥ (FLAG) GO 1IC 20

RETUEN
cc
cC DEEUG INIT({Z%0,2501,%275,275T,CHP1,CHP2,CCP1,CCP2,CEBE1,CPR2,
cc & C1E1,CTPZ,ZMAX,RNAY, TEFTA,RHO XK, ¥R,
cc 3 LM, XE,YM,¥P,21,20,11,ICUBE)
END

CASIRKE LA RAKKERREDRb bk kR b h kb dkR bk kx AR b kR bk S X d kR pA R b hh bRk AR AT TR kR R R bk
C
c THIS SUBROUYINE STCPS TIHE PROGRAMN
C
CRERRFKRERFEREERE R IR IR A AR KRR R Thk k PR Pk S h hek b bk ke kb b d bk Fh ek hd bk ik kkkE
SUBRCUTIINE ERE
STOP
END
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This appendix lists the data used to run the model. The first
two lines give the length of the run and the number of trees. The
third line gives the soil field capacity, and the -3 bar and -15 bar
soil moisture tension values. Line four gives the dates of the
first and last days of the growing season, and plot latitude. The
next four lines give monthly values for mean temperatures and their
standard deviations, and for total precipitations and their standard
deviations. The rest of this data set gives information needed to
predict node position for each node class. The first number in each
block of data gives the number of nodes associated with that node
class, minus one. (The minus one is used because all node positions
are relative node positions, and the last of these positions is
always 1.0). The next line(s) gives (give) mean relative node
distances. The last set of lines in each data block gives the lower

diagonal of the variance-covariance matrix for each node class.
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3
Cl.6177T 2045453 10.9754
165.0 288.0 37.00
38092 4013 47.58 5€.98
S.M7 4,184 3,772 2.381
3453 3.1408 3.700 3.095
1.544 1,172 12253 1.120

1

J. 4325758
9.71513r-02
2

Je 182232306.4%25330

3.518387-03
3.15554F~-03
3

0.06734 260,255

1.138142-903
1.28513:-03

1.41540E-02

5.29218E-03

B-4

€611
2.113
3.087
1.592

74.06
1.517
3.708
1.364

23390.6113504

7.803337-04 4.55551F~03 7.06494F-02

4

0.06291150.17551800.41178100.7098648

5.5515€F- 04
7.32136E- QU

3.72398E-03

T.63401E~-04 4. 17393E-02 6.5€6423%-03
6.18995r-04 34196 17E-03 5.03847F~03 5.33823E-03

5

77.84
1.435
4.965
2.042

70.75 71.1%
1.553 2.158
4.836 3.922
2.262 2.218

0.04813790.13948510.32871540.55731380.8001740

3.7665 9L~ 04
b.90220F- 04
C.1291€E- 04
G.52319E- 04
5.88451E~ 04
6

2.51565%-03
4,200933E-03

7-.42013E-03

3.69190E-03 €.78373E~03 7.703642~-03
4.27738E-03 4.94568E~03 4.10466FE-03

2.3140F-03

0.04169520.12368880.27556700.46219320.65866030.8482707

4289402~ 04
9.32673F- 04
1.23075F-03
1.26592E-03
1.06790E-03
5.0793 0F-04
7

3.25399F-03
4.38897E~-03
4.30496E-03
3.50897E-03
1.74345E-03

6.957447-03

6.88812E-03 7.608193~03
5.63U24E-03 6.38688F~-03 6.03843E~-03
2.85881E-03 3.34020E-03 3.307271E-03 2.445318-03

£0.32 S0.58 41.53
2.540 2.515 3.343
3.145 2.947 3.091
1.806 1.564 1.322

0.03643850.10888200. 24864740.41164710.53292440,75024270.8951777

4.12232F-04
8.5694 12~ 04
1.08%307F-03
1. 1889 4E- 03
1.1027 21— 03
7.5214 38~ 04
3.48518F-04
1.40976%-05
8

2.69829E-03
3.61649E-03
3.99970E-03
3.52498E-03
2.35169%8-03
1.04631E-03

5.75339E-03
€.46238%~03
5.82000E-03
4.04167E-03
1.79343E-03

8.18744E~03
7.37697%-03 7.51388E-03

5.31076E-03 5.6€667T5E-03

4.96365E-03

2.35533€8-03 2.52359F-03 2.29954E-G3

U.027033860.08230790.19271200.33051540.48301360.63842430.77967550.9033330
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