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ABSTRACT 

SCHUJT, J .  R., H. H .  SHUGART, and J .  W .  R A N N E Y .  1985. Crown 
geometry o f  p l a n t a t  ion-grown American sycamore and i t s  
simulation. OKNL/TM-9721. Oak Ridge National 
Lamrdtory, Oak Ridge, Tennessee. 290 pp .  

Branching variables were measured on plantation-grown American 

sycamore (Platanus occidental is  L . )  as p a r t  of a study t o  describe and 

model branch-level crown geometry. The analyses were assumed t o  define 

a complete description of sycamore crown geometry. 

Results show t h a t  sycamore produces two types of primary prolept ic  

branches: those t h a t  develop e i t h e r  the current year (Type I )  o r  the 

subsequent year (Type 11) .  Several subsequent analyses t rea ted  these 

branch types separately.  Type I Dranching potential  varied with t r e e  

and t h r o u g h  time, and the number formed was associated w i t h  extension 

growth .  Type I branches form on the lower t r u n k  annual growth 

increment ( A G I ) ,  form a t  a s l i gh t ly  more acute angle t h a n  Type I1 

branches, and ,  a f t e r  the f i r s t  year, do not d i f f e r  i n  extension growth  

from Type I 1  branches. 

Environmental and genetic f ac to r s  affected extension growth .  

Leader g rowth  was predicted from e i t h e r  calculated s o i l  moisture values 

o r  one of three d r o u g h t  indices,  and from c l a s s  variables which were 

assumed t o  represent fertilizationlcultivation and t r e e  genetics.  

Variables re la ted t o  crown geometry and crown growth history were used 

t o  analyze r e l a t ive  branch g r o w t h  (branch AGI/leader A G I ) .  

density was examined. 

growth: increasing, almost constant,  and declining internode 

Node 

Node posit ion a n a l y s i s  revealed three phases of 

distance.  One o r  more phases were absent on  many branches. 



x i  i 

P h y l l o t a x i s  was s tud ied .  F o r  leaves o r  p r i m a r y  branches, t h e  mean 

angle o f  d ivergence was 145.7 degrees. 

reve rsed  on 27.5% o f  t h e  t r e e  AGIs; a phenomenon independent o f  t r e e  

and t ime. 

90 and 270 degrees. 

a c r o p e t a l l y  t o  13 nodes, o r  90 cm, a t  which p o i n t  t h e  p h y l l o t d x i s  

appeared s p i r a l .  

o f  d ivergence f rom t h e  mother sec t i on ,  and t h e i r  subsequent 

i n c l i n a t i o n s  were p r e d i c t e d  from v a r i a b l e s  r e l a t e d  t o  branch geometry, 

crown p o s i t i o n ,  and t r e e  gene t i cs .  

The d i r e c t i o n  o f  t h e  s p - i r a l  

Second- and h ighe r -o rde r  branches formed a t  mean angles o f  

On t hese  AGIs, the c i r c u l a r  va r iance  inc reased  

The number o f  daughter  branches formed, t h e i r  ang le  

R e s u l t s  o f  t he  b ranch ing  a n a l y s i s  were used t o  develop a FOIZTKAN 

computer model which s imu la tes  t h e  three-d imensional  developinent o f  

sycamore crowns. The model was v a l i d a t e d  by comparing o u t p u t  f o r  

l eader  growth and b ranch ing  c h a r a c t e r i s t i c s  w i t h  f i e l d  obse rva t i ons .  

F u t u r e  model uses a re  discussed. 
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CHAPTER 1 

INTRODUCTION 

The growth o f  a p a r t i c u l a r  p l a n t  i n  t h e  f o r e s t  depends 
upon i t s  c a p a c i t y  t o  express i t s  g e n e t i c  p o t e n t i a l  t h rough  
p h y s i o l o g i c a l  f u n c t i o n i n g  w i t h i n  t h e  environment t o  which 
i t  i s  exposed. --- D a n i e l  e t  a l .  1979 

The s tudy  of p l a n t  geometry and growth has a n c i e n t  

f ounda t ions .  I n  h i s  e x c e l l e n t  review, S t u d h a l t e r  (1955) reco rded  

e a r l y  concepts o f  p l a n t  growth and subsequent developments i n  t h i s  

f i e l d .  The e a r l i e s t  c i t a t i o n  t o  a b o t a n i c a l  work t h a t  he found was 

a f ragmentary r e f e r e n c e  t o  w r i t i n g s  by t h e  Greek au tho r  Empedoclese 

o f  Agr iyentum (ca. 450 B C )  con ta ined  i n  A r i s t o t l e ' s  works. The 

e a r l i e s t  w r i t t e n  o b s e r v a t i o n  on t r e e  growth was p a r t  o f  a 

H i p p o c r a t i c  c o l l e c t i o n  d iscussed i n  Cohen and DraDkin (1948). l h i s  

i n t e r e s t i n g  passage d iscusses t h e  g r a f t i n g  of a bud f rom one t y p e  of 

t r e e  o n t o  another  and t h e  o b s e r v a t i o n  t h a t  f r u i t  l a t e r  produced f r o m  

t h a t  un ion  i s  u n l i k e  t h e  t r e e  on which i t  was g r a f t e d .  T h i s  was 

though t  t o  occur  i n  t h e  f o l l o w i n g  manner: 

F i r s t  t h e  bud sprouts ,  f o r  i t  has nour ishment o r i g i n a l l y  
f r o m  t h e  t r e e  f r o m  which i t  was taken  and t h e n  i n  t h a t  
upon which i t  was g r a f t e d .  When i t  has sprouted i n  t h i s  
way i t  Sends o u t  t e n d e r  r o o t s  t o  t h e  t r e e  and a t  f i r s t  
d e r i v e s  nour ishment f r o m  t h e  m o i s t u r e  of t h e  t r e e  upon 
which i t  has been y r a f t e d .  Then a f t e r  a t i m e  i t  sends 
r o o t s  i n t o  t h e  ground through t h e  t r e e  upon which i t  has 
been g r a f t e d  and d e r i v e s  nour ishment f rom t h e  s o i l ,  
drawing up mo is tu re .  It i s  f rom t h i s  source t h a t  i t  
has been fed .  
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The s imi l a r i t y  between t h i s  explanation o f  the process o f  

bud-grafting and the current  analogy o f  t i l e  "pipe-mudel'! 

e t  a l .  1954) i s  s t r i k i n g .  

S h i  nozak 

I n  the modern l i t e r a t u r e ,  tree geometry and growth s tudies  

take one of two approaches. I n  the  f i r s t ,  the  crown i s  examined a t  

a f ixed point i n  time or over a season t o  ident i fy  within-tree 

co r re l a t  ons and t rends o f  growth. 

approach i s  t h e  work o f  Friesner (1943-44) on red pine (Pinus .--__. 

resinosa I- Hit . )  ana Eastern white pine (Pinus strobus .- L . ) .  

1942, he marked the terminal bud  of 30 1a.teral branches on one 

Eastern white pine and 130 branches on two red pine t r ees .  The 

elongation growth o f  these branches was measured through t he  growing 

season. Friesner discovered several f a c t s ,  First, whereas most 

s tud ies  pr ior  t o  h i s  had shown elongation t o  follow a "grand period" 

sigmodal curve, he found three distinct: waves of grrswth. Secondly, 

he founa current growth  to decrease from tree t o p  downward; the 

leader grew more than l-year-old primaries, which grew more than 

2-year-old primaries, and so on down the stem. He also found older 

second-order oranches t o  elongate l e s s  than younger ones, even 

though they may be found on older primaries. 

primarily due to differences i n  r a t e s  o f  growth, ra ther  than in the  

duration of elongation. 

An ea r ly  example of  t h i s  

I n  March 

These differences were 

Anotner example o f  t h i s  approach i s  Duff and Nolan's (1953) 

work in which they examined radial  and apical growth o f  the bole i n  

red pine. 

measurements were mdde on each experimental u n i t  producing a 

T h i s  example d i f f e r s  from the f i r s t  i n  tha t  single 
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"snapshot" v iew o f  stern growth. 

t r e n d s .  

increments formed i n  a g i v e n  year .  

g rowth  r i n g s  f rom t r e e  apex t o  base, t h e y  observed t h a t  t h e  mean 

growth increment increased t o  a riiaximum and then  d e c l i n e d  f rom t h a t  

p o i n t  t o  t h e  t r e e  base. They found t h i s  same p a t t e r n  as t h e y  

examined r a d i a l  growth f r o m  p i t h  t o  c u r r e n t  growth a t  a f i x e d  

i n t e r n o d e  (Type 2 ) .  

f r o m  t h e  p i t h  f r o m  t r e e  apex t o  base. 

v a r i a t i o n  o f  t h e  mean a long  t h i s  g r a d i e n t .  

organ s i r e  f r o m  t r e e  t i p  t o  base has a l s o  been observed f o r  bud s i z e  

(Kozlowski  e t  a l .  1973, Owston 1969), branch e l o n g a t i o n  (Cannel1 

1974, F rase r  1962, F r i e s n e r  1943-44, Forward and Nolan 1964, Jensen 

and Long 1983, Norman and J a r v i s  1974, and Powel l  1977), and branch 

we igh t  (Kohyama 1980). I t  i s  t o  be noted t h a t  a l l  these s t u d i e s  

have been on c o n i f e r s .  

sequences w i l l  be mentioned i n  Chapter 5. 

They found t h r e e  obse rvab le  

T h e i r  f i r s t  (Type 1)  t r e n d  examined a l l  stem r a d i a l  growth 

As t h e y  examined t h e  annual 

T h e i r  Type 3 sequence examined t h e  nth r i n g  

No p a t t e r n  was found i n  t h e  

A Type 1 d e c l i n e  i n  

F u r t h e r  examples o f  Type 2 and Type 3 

Ward's (1964) work i s  another  example o f  t h e  snapshot 

approach. 

10-year-o ld  r e d  oak (Quercus r u b r a  L.) t r e e s .  From these data,  he 

demonstrated t h a t  bo th  t h e  nuinber of buds formed and t h e  number of 

branches formed were a f u n c t i o n  o f  t h e  l e n g t h  o f  t h e  "mother" shoot.  

I n  many s t u d i e s  o f  t r e e  crown geometry, the number of v a r i a b l e s  

He measured approx ima te l y  150 shoots on t h i r t y  

measured i s  l i m i t e d ;  v e r y  few s t u d i e s  measure more than  one, One 

reason f o r  t h i s  f a c t  i s  t h a t  s t u d i e s  of t h i s  t y p e  a r e  v e r y  l a b o r  

i n t e n s i v e .  Jensen and Long (1983) no ted  t h i s  f a c t ,  and t h e i r  s tudy  
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orr Douglas f i r  (Pseudotseuga m e n z i e s i i  (M i rb . )  Franco) was c o n f i n e d  

t o  measuring most o f  t h e  branches f ro i i i  w i t h i n  a 90 degree quadrant 

(285 -015 degrees azimuth).  Hutchinson e t  a l .  ( submi t ted )  a l s o  

noted the amount o f  l a b o r  needed t o  measure t h e  geornetry o f  woody 

elements i n  a f o r e s t  canopy. 

The second method used t o  s tudy t r e e  geometry and growth 

i n v o l v e s  an examinat ion o f  t h e  processes which produce a g i v e n  t r e e  

yeornetry. T h i s  t y p e  o f  s tudy  may Pol lnw d i r e c t l y  f r o m  t h e  approach 

mentioned above. 

been pub l i shed  (e.g., Brown 1971a, Jankiewicz and S t e c k i  1976, 

kramer and Kozlowski  1979, Wareing 1970, and Wi lson 1970). Aging, 

one such process, was desc r ibed  and examined by Moorby and Wareing 

Many e x c e l l e n t  rev iews o f  these processes have 

(1963) .  

t r e e  age: 

markedly w i t h  age ( t h i s  i s  s i m i l a r  t o  a D u f f  and Nolan ‘Type 2 

sequence f o r  branches), ( 2 )  a p i c a l  dominance ( “ c o n t r o l  sensu Brown 

e t  a l .  1967) i s  l o s t  so t h a t  a l eader  can n o t  be c l e a r l y  i d e n t i f i e d ,  

and ( 3 )  o l d e r  shoot systems show a weak, i f  any, response t o  

They observed t h r e e  p r e d i c t a b l e  changes w i t h  i n c r e a s i n g  

( 1 )  t h e  branch annual growth increment (AGI) decreases 

g r a v i t y .  A l l  o f  these processes a re  r e v e r s i b l e .  T h e i r  work 

examined these changes i n  Scots p i n e  (Pinus s y l v e s t r i s  L.) and 

Japanese l a r c h  ( L a r i x  l e p t o l e p s i s  (Sieb. &! Zucc.) Gord,) and 

exp lo red  t h e  mechanisms govern ing these changes. 

A p i c a l  c o n t r o l  i s  another  process govern ing t h e  growth o f  

t r e e s .  F o r e s t e r s  and b o t a n i s t s  assumed f o r  a l o n g  t i m e  t h a t  t h e  

presence of a s i n g l e  l eader  i n  e x c u r r e n t  t r e e s  was t h e  r e s u l t  o f  

s t r o n g  a p i c a l  dominance and t h a t  t h e  m u l t i - l e a d e r  c o n d i t i o n  o f  



decurrent t r ees  was the r e su l t  o f  weak apical dominance. Upon 

c loser  examination, Brown e t  a l .  (1967)  noticed t h a t  the uppermost 

buds on excurrent t r ees  d o  grow the year they are  formed, whereas 

the  buds i n  decurrent t r ees  are usually (see Chapter 4 )  completely 

inhibited.  During the second year, the t o p  buds o f  decurrent 

species are released, and may grow t o  compete with the leader, 

whereas in excurrent t r ees ,  the apex maintains control over the 

amount o f  extension g r o w t h .  

cal led apical control.  Brown (1971)  speculated t h a t  the 

misunderstanding of t h i s  s i tua t ion  probably resulted froin dn attempt 

t o  t ransfer  r e su l t s  form the work on apical dominance by Thimann and 

Skaog (1933, 1934) on the herbaceous -- Vicia f a b a  L.  d i r ec t ly  t o  woody 

plants .  

This newly described phenomenon was 

In many of these s tudies  of t r e e  geometry and i t s  development, 

r e su l t s  have been presented a s  word models (e.g. ,  Jankiewicz 1972), 

graphs ( e . g . ,  Figure 13.2 in Fisher 1978, Friesner 1943-44),  o r  as 

means (e.g., Table 1 in Baxter and Cannel1 1975, Table 1 i n  P. White 

1984). Few mathematical models have been f i t  t o  any o f  the observed 

trends. One c lear  exception i s  the paper by Cochrane and F o r d  

(1978). In t h i s  s tudy  several branching variables were measured on 

f i v e  S i t k a  spruce (Picea s i tchens is  (Bong.) Carr.) t r e e s ,  and other 

variables were l a t e r  measured on an additional 10 t r ees .  

S t a t i s t i c a l  models were f i t  f o r  the leader and branch arinudl g r o w t h  

increment, number o f  branches formed, branch a z i m u t h ,  branch 

incl inat ion,  proportion o f  interwhorl buds, and mean r e l a t ive  length 

of interwhorl oranches. This paper contains the most complete 
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s t a t i s t i c a l  d e s c r i p t i o n  o f  branch geometry known t o  t h e  author .  The 

f a c t  t h a t  t h e  p r imary  au tho r  o f  t h i s  paper i s  a member of a 

depart inent o f  a c t u a r i a l  mathematics and s t d t i  s t i c s  demonstrates t h e  

c o m p l e x i t y  o f  these analyses. 

P l a n t  crown processestl  such as photosynthes is ,  r e s p i r a t i o n ,  

t r a n s p i r a t i o n ,  and gas exchange, depend upon t r e e  a t t r i b u t e s  (crown 

s t r u c t u r e  and p h y s i o l o g i c a l  s t a t u s )  as we1 1 as on env i ronmenta l  

. factors .  Fo r  t h i s  reason, t h e  accu ra te  d e s c r i p t i o n  o f  t r e e  geometry 

i s  impor tan t .  I n  h i s  1976 paper, Helms reviewed p l a n t  and 

environiner i ta l  f a c t o r s  i n f l u e n c i n g  t r e e  n e t  pho tosyn thes i s .  He 

asse r ted  t h a t  f o l i a g e  p o s i t i o n  i s  o f  g r e a t  importance t o  p l a n t  

p r o d u c t i v i t y .  Many o t h e r  papers, bo th  t h e o r e t i c a l  and e m p i r i c a l ,  

have examined t h e  geometry o f  b o t h  t r e e s  and s tands and eva lua ted  

t h e  importance o f  crown geometry t o  p r o d u c t i v i t y  (e.g., K i r a  e t  a l .  

1969, Monsi e t  a l .  1973, Mon te i t t i  1965, deWit 1965). 

L i g h t  i n t e r c e p t i o n  i s  another  process i n f l u e n c e d  by t r e e  and 

s tand  geometry. Lemur and Klad (1974) reviewed model ing approaches 

used t o  es t ima te  p l a n t  canopy r a d i a t i o n  i n t e r c e p t i o n .  They found 

two c lasses  o f  models: geometr ica l  and s t a t i s t i c a l .  Geometr ical  

models assurrie t h a t  t h e  Stand i s  composed o f  r e g u l a r l y  arranged 

shapes of o b j e c t s  w i t h  c h a r a c t e r i s t i c  dimensions. These models 

u s u a l l y  dea l  w i t h  i n d i v i d u a l  p l a n t  t ypes  which a r e  s imulated a s  

cones, spheres, c y l i n d e r s ,  etc. ,  and a re  used t o  p r e d i c t  l i g h t  

i n t e r c e p t i o n  on a d a i l y ,  seasonal, o r  y e a r l y  bas i s .  Geometr ical  

inodels may be f u r t h e r  subdiv ided i n t o  models t h a t  cons ide r  

i n d i v i d u a l  p l a n t  shapes and those t h a t  c o n s i d e r  arrangements o f  
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shapes. 

Ke l lomak i  (1982). S t a t i s t i c a l  models, on t h e  o t h e r  hand, do n o t  

e x p l i c i t l y  cons ide r  t h e  p o s i t i o n  o f  canopy elements, b u t  assuine t h a t  

t h e  canopy d i s p l a y  can be descr ibed as a s t a t i s t i c a l  d i s t r i b u t i o n .  

They a r e  o f t e n  used t o  s tudy  l i g h t  p e n e t r a t i o n  th rough a canopy. 

The p r o b a b i l i t y  o f  l i g h t  i n t e r c e p t i o n  by any canopy l a y e r  i s  a 

f u n c t i o n  o f  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  ass igned t o  t h e  canopy and 

i n c l u d e s  such elements as t h e  number o f  l e a f  l a y e r s  and t h e  

d i s t r i b u t i o n  o f  t h e i r  i n c l i n a t i o n  (e.y., Duncan e t  a l .  1967) .  

A c u r r e n t  s tudy  t h a t  uses t h i s  approach i s  Oker-Blom and 

Each of these model ing approaches has i t s  l i m i t a t i o n s .  

Geometr ica l  models assume t h a t  t h e  crowns a re  a monolayer, i g n o r i n g  

t h e  t h e o r y  developed by  Horn (1971) .  U e s c r i p t i v e  geomet r ica l  models 

which i n c l u d e  Horn 's  t h e o r y  a re  g i v e n  i n  B r u n i g  (1976). S t a t i s t i c a l  

models s imu la te  p l a n t  canopies, b u t  i g n o r e  i n d i v i d u a l  p l a n t s .  For  

these reasons, n e i t h e r  model t y p e  can be used t o  understand l i g h t  

i n t e r c e p t i o n  by  i n d i v i d u a l  t r e e s .  Another approach (Gates 1980) 

develops a n a l y t i c a l  models t o  examine f a c t o r s  a f f e c t i n g  t h e  energy 

budgets o f  leaves and p l a n t s  and pho tosyn thes i s  o f  leaves. This 

approach i s  a l s o  l i m i t e d  i n  t h a t  i t  igno res  crown s t r u c t u r e .  

A new class o f  models i s  now be ing  developed which may be 

These models cons idered as another  t ype  o f  geomet r i ca l  model. 

s i m u l a t e  t h e  growth of t h e  branch ing  system and, as such, 

demonstrate a tremendous p o t e n t i a l  f o r  use i n  unders tand ing  the 

r e l a t i o n s h i p  between crown geometry and crown processes. 

model o f  t h i s  t y p e  (Honda 1971) examined t h e  inininlurrl number of  

v a r i a b l e s  needed t o  s imu la te  t r e e - l i k e  o b j e c t s .  I n  a l a t e r  paper, 

The f i r s t  
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Fisher- and Honda (1977) used t h i s  model ing approach t o  s i m u l a t e  

branching i n  T e r m i n a l i a  catappa L. f rom d a t a  p r e v i o u s l y  c o l l e c t e d  by 

F i s h e r  (1978). T h i s  model was l a t e r  used t o  examine t h e  e q u i t a b l e  

d i s t r i b u t i o n  o f  l e a f  c l u s t e r s  on a branch system (Honda and Fisher- 

1979) and t h e  brdnch angle which rnaximizea l i g h t  i n t e r c e p t i o n  (Honda 

and F i s h e r  1978, F i s h e r  and Honda 1979a). 'dork on t h i s  model 

con t inues  ( F i s h e r  and Honda 1979b, Honda e t  a l .  1981, Honda 1982). 

T e r m i n a l i a  branching i s  f a i r l y  easy t o  s i i nu la te  because i t s  

b ranch ing  f o l l o w s  seve ra l  w e l l  d e f i n e d  r u l e s .  Branches a re  produced 

i n  whor l s  w i t h  t h e  whor l s  i n  a p lane.  Branching i s  dichotomous, 

w i t h  a cons tan t  mother/daughter l e n g t h  r a t i o  and angles.  

spec ies a l s o  produces leaves i n  whor l s  a t  t n e  end of each branch. 

I n  most o f  t h e  work w i t h  the model o f  t h i s  species,  c o m p e t i t i o n  

occurs o n l y  among branches i n  t h e  same t i e r ,  a l t hough  i n  one paper 

(Honaa e t  a l .  1981) i n t e r - t i e r  c o m p e t i t i o n  was considered.  

T h i s  

Hofmann (1981) s t u d i e d  t h e  three-d imensional  branching o f  

rubber  t r e e s  (Hevea b r a s i l i e n s i s  ( W i l l d .  ex A. Juss) Mul l -Arg. )  w i t h  

t h e  purpose of i d e n t i f y i n g  s e l e c t i o n  c h a r a c t e r i s t i c s  f o r  r e s i s t a n c e  

t o  wind damage. As p a r t  o f  t h i s  work, he a l s o  developed a 

three-d imensional  branching model f o r  t h i s  species.  

Since canopy processes a r e  determined by  crown geometry as 

w e l l  as crown phys io logy  and env i ronmenta l  c o n d i t i o n s ,  a d e t a i l e d  

d e s c r i p t i o n  o f  crown geometry i s  needed. l h i s  d e s c r i p t i o n  c o u l d  

t h e n  be reduced t o  a model d e s c r i b i n g  branch development, and t h i s  

model, i n  t u r n ,  c o u l d  then  be used t o  examine crown processes (e.g., 

l i g h t  i n t e r c e p t i o n ,  branch m o r t a l i t y ,  etc.,) as w e l l  as crown branch 
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dynamics. 

s t u d i e d  f i r s t ,  and t h i s  should be f o l l o w e d  by  an examinat ion o f  t h e  

Fo r  t h i s  work, t h e  b ranch ing  of open-grown t r e e s  should be 

e f f e c t s  o f  c o m p e t i t i o n  on crown branching.  

The p resen t  research  was undertaken t o  accompl ish t h e  

f o l l o w i n g  goals :  

1. To q u a n t i f y  t h e  geometry o f  p l a n t a t i o n - g r o w n  sycamore 

(P la tanus  o c c i d e n t a l i s  L.). 

2. To develop s t a t i s t i c a l  models which i n t e g r a t e  known 

mechanisms o f  b ranch ing  and which d e s c r i b e  t h e  processes 

i n v o l v e d  i n  sycamore growth. 

3. To i n t e g r a t e  t h e  b ranch ing  v a r i a b l e s  analyzed under goa l  2 

i n t o  a F O K T U N  model which s i m u l a t e s  crown development i n  

sycamore. 

The " i d e a l "  method t o  s tudy  crown geometry would beg in  by  

examining open-grown t r e e s .  Here, t h e  a r c h i t e c t u r a l  model ( H a l l e  

e t  a l .  1978) o f  t h e  t r e e  develops w i t h  o n l y  i n t r a c r o w n  compe t i t i on .  

The e f f e c t s  o f  i n t r a -  and i n t e r s p e c i f i c  co rnpe t i t i on  on crown 

geometry would be examined n e x t  and added t o  t h e  model. 

c u r r e n t  study, c o m p e t i t i v e  e f f e c t s  were min imized by examining 

young, p lan ta t i on -g rown  t r e e s .  

I n  t h e  

Sycamore was chosen f o r  s tudy  f o r  a v a r i e t y  o f  reasons, Fo r  

one, i t  i s  an economica l l y  impor tan t  spec ies and has been s t u d i e d  

i n t e n s i v e l y  as a source o f  f i b e r  u s i n g  t h e  " s i l a g e "  (iylcA1pine e t  a l .  

1966) s i l v i c u l t u r a l  system (e.g., B e l l a n g e r  and Pepper 1978, 

C randa l l  and Luxmoore 1982, Geyer 1981, Saucier  e t  a l .  1972, 

Ste inbeck 1971, and Wood e t  a l .  1976). Because o f  t h i s  f a c t ,  a 
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f a i r l y  well developed l i t e r a t u r e  has developed which exarnines the 

el'fects o f  f e r t i l i z a t i o n ,  spacing, rotat ion length, genetics,  s o i l s ,  

e t c . ,  on t he  growth (usual ly  height and diameter) and ca.rbon 

a l loca t ion  ( to roots ,  bole, o r  branches) of t h i s  species.  From a 

prac t ica l  standpoint,  t h i s  means t h a t  plantat ions of several ages 

and cu l tura l  treatments already e x i s t .  

t r e e  crown geonieLry have been done on t r e e s  with low branching 

c l e n s i t i e s  (e.g., Aralia spinosa L., P. White 1984) o r  on t r e e s  w i t h  

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

1978). T h e  branching o f  sycatnore i s  intermediate i n  branch density 

and complexity between t r e e s  such as 1_ Aralia r and, for  example, t h a t  

of  Ketula nigra L .  Sycamore i s  a lso a long-lived, 

early-successional t r e e  and wil l  experience a var ie ty  of  

environmental conditions throughout i t s  l i fespan.  Trees i n  t h i s  

category may b e  t he  niost p l a s t i c  i n  t h e i r  developmental geometry 

and, therefore ,  the most in te res t ing  t o  study (P .  Ahite, pers. 

cornm. ) . 

Also, many o f  the s tudies  o f  
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CHAPTER 2 

PIATERIALS AND IVIETHODS 

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). 

and hardwood plantation management techniques i s  given in Malac and 

Heeren (1979). The soil at the site used in this study i s  i n  the 

Riverview series. This is a well drained f i n e  loam that forms along 

floodplains of rivers located is?, or originating in, the Piedmont. 

The typical pedon consists of a silt loam surface layer overlying a 

thick (84 cm), loamy B horizon. This so i l  i s  well drained and is 

flooded during the spring of most years. 

level to gently rolling. 

A n  overview of Union Camp's site selection criteria 

The topography is nearly 

Since this site had not previously been unaer agricultural use, 

it was prepared for planting by clearcutting. 

shearing any material remaining and piling it into windrows. 

This was followed by 

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 kin radius o f  the site). 

better than average trees were selected by criteria which was later 

used t o  select mother-trees to establish a seed orchard. 

for selection a tree must have been producing seed and had a good 

form (i.e., straight bole and good crown), Since sycamore 

self-pollinates to produce sterile seeds, seed was collected from 

only one tree in a given stand (although other trees had t o  be 

At each location, 

To qualify 
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L-DWG 85-1 436 

Figure 2.1. Map o f  t h e  study area showing the 1ocat. ion o f  t h e  
sycamore p l  antat-ion. 
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v i s i b l e )  and f r o m  o n l y  one t r e e  i n  a g i v e n  d ra inage  system 

(R.  Heeren, pers.  conitn.). These seeds were then  grown f o r  one 

year  i n  Union Camp's nursery.  Hea l thy  s e e d l i n g s  (minimum r o o t  

c o l l a r  d iameter  o f  0.95 crn and a h e i g h t  of 60.96 cm) were s e l e c t e d  

and p l a n t e d  a t  t h e  s t u d y  s i t e  i n  t h e  w i n t e r  o f  1976/77. The t r e e s  

were p l d n t e d  a t  a spacing of 3.05 m i n  rows t h a t  were 3.66 rn a p a r t .  

The gross area p l a n t e d  i n  sycamore t h i s  y e a r  a t  t h i s  s i t e  was 

36 ha. 

o f f s e t  c u l t i v a t o r  d i sks .  

mound of s o i l  a long  t h e  row t o  cover  emerging weeds n o t  reached by  

the d i s k s .  The s tudy  s i t e  was c u l t i v a t e d  i n  May and June of 1977 

and t w i c e  i n  1978. Union Camp's s i t e  f e r t i l i z a t i o n  depends on 

s o i l  a n a l y s i s  and t h e  expected response o f  weeds t o  f e r t i l i z e r  

a p p l i c a t i o n .  A t  t h e  s tudy  s i t e ,  a banded a p p l i c a t i o n  o f  diammoniuni 

phosphdte was added i n  June 1977 a t  a r a t e  o f  280.23 kg/ha 

(250  l b s / a ) .  A m i d - r o t a t i o n  f e r t i l i z a t i o n  of 280.23 ky/ha o f  

aiinionium n i t r a t e  was made by  h e l i c o p t e r .  The t r e e s  w i l l  be 

ha rves ted  between ages 12 and 15 and w i l l  be a l l owed  t o  coppice 

f o r  two r o t a t i o n s .  

Vege ta t i ve  c o m p e t i t i o n  was reduced b y  c u l t i v a t i n g  w i t h  

T h i s  machinery was designed t o  throw a 

The s tudy  s i t e  was n a t u r a l l y  d i v i d e d  i n t o  b l o c k s  by t h e  

presence o f  b o t h  an access road  and windrows. Each b l o c k  con ta ined  

approx ima te l y  10 rows of t r e e s .  To e s t i m a t e  t h e  number o f  t r e e s  i n  

each b lock ,  t h e  number o f  t r e e  p o s i t i o n s  was counted f o r  one row. 

The te rm p o s i t i o n  i s  used here i n s t e a d  of t r e e  because i t  was easy 

t o  determine where each t r e e  had been p lan ted ,  even though i t  may 

have subsequent ly  d ied.  Tree s e l e c t i o n  began by ass ign ing  t r e e  
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numbers t o  each block of t r ee s ,  

end o f  the rows, the f i r s t  and l a s t  10 t r ees  in each row were not  

included. 

numbers, the length of which was equal t o  the number of posit ions in 

t h a t  block; t h i s  was done t o  ensure tha t  each posit ion had an equal 

probabili ty of being selected.  A three d i g i t  random number was then 

chosen t o  se lec t  a t r e e  position. T h e  row number was selected next. 

This was done by f i r s t  excluding the two rows neighboring the windrows 

. to minimize any edge e f f ec t s  and then randomly choosing a row numher. 

A position was selected fo r  study i f  i t  met t,he following c r i t e r i a :  

To minimize edge e f f ec t s  along t h e  

Each block was then assigned a three d i g i t  range o f  

1 .  a t r e e  was present a t  the study p o s i t i o n ;  

2 .  the t r u n k  was unforked with only one stem; 

3. the 'tree was surrounded by two l iving t r e e s  in a l l  

a i rec t ions  ( i .e . ,  the t r e e  was i n  the center o f  a group of 

25 l iving t r ees  formed by f ive  t r ees  i n  each o f  f ive  rows). 

I f  the t r ee  at; the s tudy  position ( n )  d i d  no t  meet these c r i t e r i a ,  

the next 10 t r ees  ( n  -+ 10) in t h a t  row were examined, searching f o r  

the f i r s t  t r ee  t h a t  met a l l  the c r i t e r i a .  I f  one was n o t  f o u n d ,  the 

search continued i n  the opposite direct ion f o r  up t o  10 t r e e s  

( n  -10) .  

process was repeated; another block and row were randomly selected 

unt i l  a study t ree  was f o u n d .  

If t h i s  procedure f a i l ed  t o  ident i fy  a sui table  t r e e ,  .the 

After the f i r s t  three t r ees  had been measured and the f o u r t h  

one had been selected,  i t  appeared t h a t  the study s i t e  was not  

homogeneous; t rees  i n  d i f fe ren t  areas of the p l a n t a t i o n  seemed t o  

d i f f e r  i n  height and survival.  A t  t h i s  p o i n t  one o f  the blacks was 
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randomly chosen, and a l l  subsequent s tudy  t r e e s  were measured i n  

t h i s  b lock .  

n o t  f rom t h i s  b lock,  t h e y  were n o t  i n c l u d e d  i n  t h e  a n a l y s i s .  

S ince two of t h e  t h r e e  p r e v i o u s l y  measured t r e e s  were 

Data were c o l l e c t e d  i n  two phases: l e a f  d a t a  were c o l l e c t e d  

i n  t h e  l a t e  summer o f  1982 and branch d a t a  were c o l l e c t e d  i n  t h e  

w i n t e r  o f  1982. Leaf  measurements were made a f t e r  branch e l o n g a t i o n  

was almost complete. Each branch was i d e n t i f i e d  t e m p o r a r i l y  by  

a s s i g n i n g  it a number c o u n t i n g  f rom t r e e  base t o  t i p  and eve ry  f i f t h  

p r i m a r y  branch was marked w i t h  f l a g g i n g  tape  f o r  easy l o c a t i o n .  

S ince a p r e v i o u s  s tudy  (Schu t t ,  unpub. man.) had i n d i c a t e d  t h a t  

branch c o i n p e t i t i o n  may be g r e a t e s t  i n  t h e  row d i r e c t i o n ,  t h e  

azimuths were d i v i d e d  i n t o  f o u r  quadrants w i t h  quadrants  1 and 3 

b e i n g  cen te red  on t h e  row azimuth (75/255 degrees) .  

each l i v e  p r i m a r y  branch was recorded and i t s  quadrant  nurriber was 

determined. 

branches were randomly chosen f o r  s tudy  f rom each quadrant.  

measurements were then  made on t h e  c u r r e n t  l e a d e r  and or1 these  

randomly s e l e c t e d  p r i m a r y  branches. I f  t h e  p r i m a r y  branch had 

second-order branches a t tached  t o  it, a second-order branch f r o m  

each p r i m a r y  branch AGI was randomly chosen f o r  measurement. 

t echn ique  was f o l l o w e d  f o r  a l l  h ighe r -o rde r  branches. On some t r e e s  

i t  was d i f f i c u l t  t o  d i s t i n g u i s h  between t h e  two lower  stem A G I  s 

because r a d i a l  growth had o b l i t e r a t e d  t h e  pseudo- terminal  bud s c a l e  

sca rs  and because sycamore (P la tanus  o c c i d e n t a l i s  L . )  forms Type I 

p r o l e p t i c  branches (Chapter 4) .  

l o c a t e d  and was v e r i f i e d  l a t e r  (p.  28). 

The azimuth of 

On each stem annual growth increment  (AGI) f o u r  

Leaf 

h i s  

T h i s  p o s i t i o n  was t e n t a t i v e l y  



A method was needed t o  ass ign an i d e n t i f i c a t i o n  (ID) t o  each 

branch. An example of t h e  numbering system used i s  g i ven  i n  

F i g u r e  2.2. A two d i g i t  code was used t o  r e c o r d  t h e  node number o f  

t h e  branch froin t h e  AGI base, and a one d i g i t  code was used t o  

r e c o r d  t h e  age o f  t h e  branch s e c t i o n  be ing  measured. 

was a second- o r  h i y h e r - o r d e r  branch, t h e  I D  o f  a l l  ancestor  

branches was a l s o  i n c l u d e d  i n  t h e  ID f o r  that .  branch. 

A f t e r  a s tudy  branch was chosen and g i v e n  an I D ,  t h e  d i s t a n c e  t o  

If t h e  branch 

each node was recorded t o  t h e  neares t  cm. If  d branch had two nodes 

w i t h i n  t h e  f i r s t  cm, t h e y  were counted as o n l y  one nade. 

l e a f  on t h e  branch sec t i on ,  t h e  f o l l o w i n g  measurements were made: 

Fo r  each 

1. The angle between t h e  branch and t h e  p e t i o l e .  

c a l l e d  t h e  p a r e n t  angle (PANG), was measured w i t h  a 

p r o t r a c t o r  t o  t h e  nearest  degree. 

The angle formed between t h e  p e t i o l e  and a p lane  c o n t a i n i n g  

b o t h  t h e  branch s e c t i o n  and t h e  l i n e  of g r a v i t y .  T h i s  i s  

c a l l e d  t h e  p a r e n t  "azimuth" (PAZ) because o f  t h e  

correspondence between t h i s  angle and t h e  b i r d ' s - e y e  view 

o f  t h e  p r imary  branches measured r e l a t i v e  t o  n o r t h .  T h i s  

angle was measured t o  t h e  neares t  5 degrees w i t h  a 

p r o t r a c t o r  which haa a l i n e  l e v e l  a t tached  t o  i t . 

This  angle, 

2 .  

3. Lamina i n c l i n a t i o n  (ANG) r e l a t i v e  t o  g r a v i t y .  T h i s  angle 

was measured t o  t h e  neares t  degree w i t h  a p r o t r a c t o r  which 

had a weighted s t r i n g  at tached t o  i t s  focus.  
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F i g u r e  2.2. Diagram showing p o t e n t i a l  branch p o s i t i o n s  and g i v i n g  
examples o f  branch i d e n t i f i c a t i o n  (IO). 01B i s  t h e  
number o f  t h e  s tudy  branch f r o m  t r e e  base. I n  t h e  
o t h e r  ID v a r i a b l e s ,  t h e  "0" s tands f o r  branch "o rde r "  
and t h e  number f o l l o w i n g  t h e  "0" g i v e s  t h e  o r d e r  o f  t h e  
s t u d y  branch. I n  t h e  l a s t  l e t t e r ,  "N" r e p r e s e n t s  t h e  
"node number" o f  t h e  p a r e n t  t o  which t h a t  branch i s  
a t tached  and t h e  "A" rep resen ts  t h e  "age" of t h e  annual 
growth increment.  
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Lamina azimuth ( A Z )  r e l a t ive  t o  gravity.  

measured t o  the nearest 5 degrees with a compass numbered 

counterclockwise from north so tha t  the face d i d  n o t  have 

t o  be rotated fo r  each measurement. 

Pet iole  length was measured t o  the nearest  cm. 

Lamina length was measured t o  the nearest cm. 

Lamina w i d t h  was measured t o  the nearest  cm. 

T h i s  was 

Figure 2.3 gives a diagram showing how several o f  these 

variables (which have corresponding measurements f o r  the branches) 

were measured. 

After a l l  leaves had been measured on the selected branches of 

a l l  orders on the f i r s t  t r ee ,  i t  became apparent t ha t  the amount o f  

information gained from measuring the innermost leaves on the lowest 

branches was small i n  re la t ion  t o  the time taken t o  measure them as 

each of these branches typ ica l ly  held o n l y  one o r  two very small 

leaves. To a l loca te  time optimally, subsequent measurements were 

made o n l y  on leaves attached t o  the three most recent years o f  

branch g rowth .  A t  the end of the measuring period, leaves were 

col lected from variaus quadrants, branch ayes, and branch orders t o  

develop a regression equation predicting branch area from lamina 

lenyth and width. Leaves were dried in a plant press and t h e i r  

areas were measured t o  the nearest 0.1 cm using a LI -COR 

Incorporated model LI-3100 area meter. While the present study does 

not  include an analysis of leaf variables,  a description o f  the 

methods used t o  co l l ec t  the data have been given because these 

branches are included i n  the branch d a t a  s e t .  

2 
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F i g u r e  2.3. Diagrams showing methods used t o  o b t a i n  seve ra l  o f  t h e  
v a r i a b l e s .  ( a )  Parent angle (PANG)  between t h e  p e t i o l e  
( a r  daughter branch) was measured w i t h  a p r o t r a c t o r .  
F o r  curved branches, t h i s  angle was t h e  angle formed 
between a tangen t  t o  t h e  mother a t  t h e  p o i n t  u f  
daughter i n s e r t i o n  and a l i n e  connec t ing  daughter base 
t o  t i p ,  
h o l d i n g  a p r o t r a c t o r  a t  90 degrees t o  t h e  a x i s  formed 
by t h e  mother branch. 
p r o t r a c t o r  l i e s  i n  a p lane  formed by t h e  i n t e r s e c t i o n  
o f  t h e  l i n e  formed by t h e  mother branch and a l i n e  o f  
g r a v i t y .  ( c )  I n c l i n a t i o n  r e l a t i v e  t o  g r a v i t y  (ANG) f o r  
leaves and branches was measured w i t h  a p r o t r a c t o r  w i t h  
a weighted s t r i n g  at tached t o  i t s  focus .  Leaf 
i n c l i n a t i o n s  a re  measured f rom t h e  h o r i z o n t a l  and 
branch i n c l i n a t i o n s  a re  measured f r o m  t h e  v e r t i c a l .  
( d )  Azimuth r e l a t i v e  t o  g r a v i t y  ( A Z )  was measured w i t h  
a compass t h a t  had t h e  f a c e  numbered counterc lockwise.  
(Leaf azimuth i s  t h e  azimuth o f  t h e  normal o f  t h e  
lamina. 

( b )  Parent  azimuth ( P A Z )  was measured by  

The 0 degrees mark on t h e  

( e )  P e t i o l e  l e n y t h  and lamina l e n g t h  and w id th .  
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Figure 2.3 (continued) 
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Branch d a t a  were collected in t h e  l a t e  f a l l / e a r l y  winter- of 

1982. O n  each trunk AGI, the distance t o  each node was measured t o  

the nearest cm. A t  t h i s  tiiiie the temporary branch  nuinbers were 

replaced w i t h  ac tua l  node numbers. Because r a d i a l  growth had 

obl i terated b o t h  leaf and s t i pu le  scars a t  the base o f  some t r e e s ,  

the  original node numbers could not  be de-termined f o r  the lowest 

branches and the i r  temporary numbers were retained. (Note :  these 

branches were no t  included i n  any analysis requiring node number). 

Measurements iiiade on the primary branches are  s imilar  t o  those niade 

for  the leaves ( F i g u r e  2.31, They include: 
- 1 .  Ihe i n c l i n a t i a n  0-f t i l e  basal branch segment r e l a t ive  t o  i t s  

mother (PANG) was measured t o  the nearest degree. Far  

pr-imary branches, the bole was assumed t o  be ver t i ca l ;  

there-fore t h e  angle was the same as the angle r e l a t ive  t o  

gravity . 
Branch section inclination r e l a t ive  t o  g r a v i t y  (ANG) was 

measured fo r  each A G I  t o  the nearest degree. 

2 .  

3. Compass azirnuth (AZ) was measured t o  the nearest f i ve  

degrees. 

branch assuming t h a t  the az imuth  did not; change. 

t3ranch section length of each /\GI was measured t o  t h e  

nearest cm. 

Only one reading was made f o r  f o r  each primary 

4. 

Similar measurements were made f o r  each A G I  on a l l  higher-order 

branches. 

branches i s  the az imuth ,  which i s  now measured relative t o  the plane 

formed w i t h  the branch segment a n d  t h e  l ine  o f  g r a v i t y .  

The one measurement t h a t  d i f f e r s  f o r  higher-order 

This 
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measurement was c a l l e d  p a r e n t  az imuth ( P A Z )  i n  t h e  l e a f  d a t a  s e t .  

Measurements were made on a l l  branches which h e l d  ledves t h a t  were 

measured f o r  t h e  l e a f  d a t a  se t .  I n  a d d i t i o n ,  branches were a l s o  

sampled f rom branch AGI’s o l d e r  than t h r e e  years .  

f o r  bo th  t h e  l e a f  and t h e  branch d a t a  se ts ,  m i s s i n g  va lues  were 

coded w i t h  e i t h e r  a 0 ,  99, o r  999. 

Another d a t a  s e t  was needed t o  p r e d i c t  t h e  summer branch 

i n c l i n a t i o n s  f rom t h e  w i n t e r  i n c l i n a t i o n s .  The assumption was 

ma& t h a t  changes i n  branch o r i e n t a t i o n  were due t o  changes i n  

t h e  p r imary  branch i n c l i n a t i o n  and t h a t  t h e  r e l a t i o n s h i p  of t h e  

h ighe r -o rde r  branches t o  t h e i r  mother branch d i d  n o t  change. 

T h i s  assumption may be v i o l a t e d  i n  t h e  case o f  long  second- o r  

h ighe r -o rde r  branches, b u t  i t  i s  p robab ly  accu ra te  f o r  s h o r t  

branches. I n  t h e  late-summer o f  1983, 10 t r e e s  were randomly 

s e l e c t e d  i n  t h e  s tudy  b l o c k  accord ing  t o  t h e  c r i t e r i a  desc r ibed  

above. On each t r e e ,  one p r imary  branch f rom each stem AGI  was 

se lec ted ,  and t h e  i n c l i n a t i o n  o f  each p r i m a r y  branch A G I  was 

tireasured. These branches were remeasured i n  autumn 1933 a f t e r  

l e a f  -f a1 1 . 
A l l  d a t a  were punched on to  cards  f o r  s t a t i s t i c a l  ana lys i s .  

Whi le  t h e  branch da ta  were be ing  c o l l e c t e d ,  seve ra l  e r r o r s  were 

found i n  t h e  branch IU. 

node number (e.g., t h e  branch was a t  node 5, n o t  a t  node 4) .  

c o r r e c t i o n s  were made. Two d a t a  s e t s  were then  c rea ted :  one 

(PAKENT) con ta ined  t h e  master  d a t a  s e t  w i t h  a l l  branches l i s t e d  

r e l a t i v e  t o  t h e i r  mother branch and t h e  second (DAUGHTER) conta ined 

These were u s u a l l y  due t o  m iscoun t ing  t h e  

These 
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a separate d a t a  l i n e  f o r  each branch. Several  s t a t i s t i c a l  programs 

were w r i t t e n  u s i n g  t h e  S t a t i s t i c a l  A n a l y s i s  System (SAS 1 n s t i t . u k  

Inc ,  1982) t o  check f o r  e r r o r s  i n  t h e  data.  One such program 

determined if t h e  numbers f o r  t h e  obse rva t i ons  on each v a r i a b l e  i n  

t h e  PARENT d a t a  s e t  were equal .  

found i n  p a i r s  and were caused by w r i t i n g  a d a t a  p o i n t  on t h e  wrong 

l i n e .  These e r r o r s  were easy t o  c o r r e c t .  I n  t h e  o r i g i n a l  d a t a  set ,  

broken branches were marked and t h e  i n c l i n a t i o n s  o f  t h e  broken 

segments were measured. 

t hese  va lues and s e t  them t o  m iss ing  ( =  999).  

w r i t t e n  t o  check f o r  m i s s i n g  va lues i n  t h e  DAUGlYTER d a t a  s e t .  

E r r o r s  o f  t h i s  t y p e  were o f t e n  caused by r e c o r d i n g  a da ta  va lue i n  

t h e  wrong column (e .g . ,  a t  node 9 i n s t e a d  o f  a t  node 10).  

were a1 so co r rec ted .  

E r r o r s  of t h i s  Lype were u s u a l l y  

A second prograni was w r i t t e n  t o  l o c a t e  

A t h i r d  progratii was 

These 

As nieritioned above, on some t r e e s  i t  was n o t  p o s s i b l e  i n  t h e  

f i e l d  t o  d i s t i n g u i s h  between yea r  1 and yea r  2 t r u n k  growth. F o r  

most temperate t r e e  species,  t h i s  p o s i t i o n  can be es t ima ted  by 

examining branch ages. ‘ h i s  i s  n o t  p o s s i b l e  f o r  sycamore because i t  

forms Type I p r o l e p t i c  brariches so t h a t  branches o f  two ages a re  

found i n t e r m i x e d  on one A G I .  To s o l v e  t h i s  problem, p l o t s  were 

drawn which show t r u n k  annual h e i g h t  growth, branch annual growth, 

and branch age ( F i g u r e  2.4). 

problem and a s o l u t i o n  was g i ven  i n  S c h u t t  (unpub. man.) and i n  t h e  

b r i e f  summary which follows: 

A more d e t d i l e d  d e s c r i p t i o n  of t h e  

1. W i t h i n  an A G I ,  branch l e n g t h  increases w i t h  i n c r e a s i n g  

d i s t a n c e  f rom t h e  A G I  base. 
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Figure 2.4 Side p r o f i l e s  o f  the study t r e e s .  Lines t o  the l e f t  o f  
the y-axis show t r e e  height a t  various tree ages. 
t o  the  r i g h t  of the  y-axis show branch annual growth 
increments ( A G I )  and age f o r  a l l  primary branches. 
W i t h i n  an A G I ,  Type I prolept ic  branches are ident i f ied 
by their  older age. 

Lines 
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2. I n  subsequent years,  the lower, smaller branches d ie ,  

leaving a section of the bole which i s  f r e e  o f  branches. 

3. When Type I prolept ic  branches occur, they occur on the 

lower section o f  a stem AGI. 

F i r s t  year growth of Type I prolept ic  branches i s  usually 

shorter  than growth  of subsequerit years ( see  pages 93-95). 

4. 

With these observations (which can d o  be made on Figure 2.4), 

i t  was possible t o  iaen t i fy  the l a s t  year 1 branch formed. Other 

d a t a  s e t s  were then used t o  determine the mean distance from the 

l a s t  branch formed t o  the end of t ha t  season's growth. 

was 2.55 cm ( N  = 4 4 ) .  

year 2 growth was then se t  a t  3 cm ( the  mean value rounded t o  the 

nearest  crri) above the l a s t  year 1 branch. 

of  t h i s  location, increment cores were taken a t  var ious heights from 

any t r e e  where there  was a question about  the year 1 and year 2 

divis ion mark t o  determine t r e e  age a t  t h a t  height. These d a t a  

ver i f ied t h i s  procedure. 

years 1 and 2 were then determined and added t o  the d a t a  s e t .  

This value 

The division mark between year 1 and  

To verify the assignment 

The r e l a t i v e  node numbers f o r  the AGI f o r  
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CHAPTER 3 

HEIGHT GROWTH 

I n t r o d u c t i o n  

P a t t e r n s  and phenology o f  ex tens ion  growth w i l l  be d iscussed i n  

Chapter 5. T h i s  chap te r  w i l l  address t h e  t o p i c  o f  env i ronmenta l  

e f f e c t s  on t h e  t o t a l  amount o f  seasonal e x t e n s i o n  growth. 

P l a n t  ex tens ion  growth i s  t h e  r e s u l t  o f  t h e  coinplex i n t e r a c t i o n  

between a p l a n t ' s  g e n e t i c  p o t e n t i a l  and a h o s t  o f  env i ronmenta l  

resource  l e v e l s  and r e g u l a t o r s .  Kramer and Kozlowski  (1979) l i s t e d  

t h e  p r i n c i p a l  resources needed f o r  p l a n t  growth as l i g h t ,  water,  

oxygen, carbon d i o x i d e ,  and m i n e r a l  n u t r i e n t s .  P h y s i c a l  space 

should be added t o  t h i s  l i s t .  Environmental  r e g u l a t o r s  i n c l u d e  

temperature,  wind, g r a v i t y ,  pH, water, and biochemicals .  A n a l y s i s  

o f  p l a n t  growth i s  f u r t h e r  compl icated by i n t e r a c t i o n s  among t h e  

env i ronmenta l  resources, t h e  env i ronmenta l  r e g u l a t o r s ,  and t h e  

growing p l a n t .  Indeed, p l a n t  growth i s  u s u a l l y  not l i m i t e d  b y  a 

s i n g l e ,  s imple f a c t o r  a5 was proposed by L i e b i g  (1843) and l a t e r  

mod i f i ed  by Ulackman (1905). Therefore,  any at tempt  t o  model p l a n t  

growth f rom a s i n g l e  env i ronmenta l  f a c t o r  should be undertaken w i t h  

a h e a l t h y  dose o f  optimism. Even so, a s i g n i f i c a n t  amount of t h e  

v a r i a t i o n  in p l a n t  growth can be exp la ined  f rom an a n a l y s i s  of 

env i ronmenta l  f a c t o r s .  For  example, i n  h i s  review, Brown (1971a) 

summarized our  c u r r e n t  understanding o f  t h e  e f f e c t s  af mechanical 

f o r c e s p  l i g h t ,  water  s t r e s s ,  and temperature on p l a n t  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 inhibitea 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 I_ pensylvanicuni L.) as well as the fate of bud 

primoraia. Uiro et al. (1980),  J a f f e  (1973), Nee1 and Harris 

(1971), and Turgeon and Webb (1971) all found touch to iiiihioit 

terminal elongation i n  the species they studied. 

(1980) found an interaction between temperature and wind (one type 

of touch) while explaining the amount o f  elongation growth i n  

Phaseolus vulgaris L. 

Hunt and Jaffe 

Perhaps the area o f  environmental physiology most thoroughly 

studied i s  the effect o f  water supply on plant growth. 

few papers have examineu the effects of moisture surplus on plant 

physiological processes. In one review of this topic, Kozlowski 

(198L) discussed the effects o f  flooding on tree growth and 

concluded that trees vary both in their flood tolerance and in the 

niethods used t o  survive a flood. A topic studied more thoroughly 

than water surplus is the effects of water deficits on plant 

growth. 

important factor limiting tree growth and distribution. Kramer and 

Kozlowski (1979) also concluded that water supply is the primary 

environmental resource controlling the occurrence o f  trees in places 

where temperature will allow their existence. 

Relatively 

Brown (1971a) concluded that water i s  the single most 



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 exarniried the progress of more than one physiological or 

metabolic process in plants undergoing increasing, gradual water 

stress. Because of this fact, i t  is hard t o  place the various 

processes i n  a sequence of increasing sensitivity to stress. With  

the limited data available to him, he tentatively concluded that 

cell growth is the mast sensite process. 

variety of sources. 

H i s  evidence came from a 

One was the fact that turgor pressure has long 

been 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 t h e  period o f  

stress. 

is resisted by s o i l  water potential and soil mechanical resistance. 

A last line of evidence came from the fact that root growth 

An increase in soil water potential or mechanical resistance should 

reduce root pressure potential and, subsequently, root growth. This 

has been found t o  be the case (Greacen and Oh 1972). 

Lahner (1968) reviewed t h e  effects of water deficits on tree 

extension, diameter, root, and reproductive growth. He concluded 

that: 

tlotanists, foresters, and horticulturalists in every decade 
since the m i d d l e  o f  the eighteenth century (reviewed by 
Studhalter et al. 1963) have reported increasingly 
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convincing evidence t h a t  t r e e  g r o w t h  responds more t o  
natural changes i n  sap flow, and therefore environmental 
water s t r e s s  t h a n  t o  any other normal, perennial f a c t o r  
in  a fo re s t  or an orchard (emphasis added). 

This statement can be coupled with Hsiso’s asser t ion about the 

importance of c e l l  t u r g o r  pressure t o  growth t o  conclude t h a t  

there is  a correlat ion between c e l l  water potent ia l  and s o i l  

water potent ia l ,  although the two are n o t  equivalent.  Zahner 

continued by s t a t ing  t h a t  d i f ferences e x i s t  even within the s o i l  

and t h a t  the average soil moisture s t r e s s  of a volume of s a i l  

d i f f e r s  from the moisture s t r e s s  a t  the  root / so i l  interface,  the 

l a t e r  being much greater .  

inrater potential  difference increases with height above the water 

table .  Spatial  and temporal var ia t ions i n  water potent ia l  in 

the soil-plant-atmosphere continuum have been described by 

Minckley e t  a l a  (1978) .  They reviewed s tudies  o f  field-grown 

fo res t  t r ee s  and included the following topics:  the 

environmental control of stomatal ac t iv i ty ,  t ranspi ra t ion  and  

water movement i n  t r e e  steins, t i s sue  capacitance, i n t e r spec i f i c  

var ia t ions,  and ecological considerations. 

The magnitude of t h i s  so i l / p l an t  

The amount of extension growth a l s o  varies with s i t e ,  year ,  

a n d  t r e e  species. 

papers have been published which demonstrate t h a t  height growth 

i s  l e s s  on dry  s i t e s  t h a n  on moist si tes.  

conclusions t h a t  s a i l  water i s  the key t o  fo re s t  s i t e  

productivity and tha t  so i l  cha rac t e r i s t i c s  which determine the 

amount of water available t o  a t r e e  account f o r  most of the  

Zahner (13613) reported t h a t  hundreds o f  

He formed the general 
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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. 

varies between years. 

growth with rainfall (Zahner 1968) resulting in the general 

conclusion that, for trees on upland sites, growth is greatest 

in wetter years. 

varies with species at any given site. 

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

taeda L.), which grow throughout the season, extension growth i s  

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 a1 ternat i ve 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 t o  -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. 

The amount of extension growth at a given site also 

Many authors have correlated extension 

The effect o f  climate on extension growth also 

In trees such as tulip 

Bassett's (1964) work i s  an early study attempting to 

quantify soil moisture availability and i t . s  effect on tree 

growth. He used a previously developed method t o  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. 

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 

( P E )  were comDined as: 

This technique was used for the 0 to 

Growth-day unit = 1.0 -(P x T )  

where P i s  the daily value o f  PE in inches o f  water and T is the 

mean moisture tension of the surface 30.48 (foot) of s o i l  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 (ft ) and cuDic-foot growth of a second 

growth forest composed of loblolly and shortleaf (Pinus echinata 

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

2 

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

(p 50.01) and explained 95 to 97% of the variation in the data. 

Zahner and Stage (1966) have also developed a tool to predict 

tree growth from daily moisture stress. 

Thornthwaite's technique o f  determining the difference between 

Their technique is based on 



potent ia l  evapotranspiration and prec ip i ta t ion  and, in the case of a 

d e f i c i t ,  calculat ing so i l  moisture depletion. In one  analysis ,  they 

explained 72% o f  the  var-ia%ion in red pine ( P i n u s  .....-.._.l. resiriosa ~ A i t . )  

shoot growth f r o m  water d e f i c i t s  o f  the  current  year shoot elongation 

period, d e f i c i t  sums f o r  t h e  previous yea r ' s  needle-elonga.tion plus 

fooa-storage periods, and the square of sum of d e f i c i t s  f o r  the  

preceecling year. 

var ia t ion given by a regression on t o t a l  p rec ip i ta t ion  and average 

temperature f o r  the  same growing periods. 

describe 78% o f  the variance in the deviation from normal basal area 

growth 111 western white p i n e  (Pinus ~- moriticola D. Don) by an 

orthogonal polynomial regression using mean da i ly  temperature, da i ly  

prec ip i ta t ion ,  and s i x  coe f f i c i en t s  describing iiioisture stress. 

This was an improvement on the 52% of  the same 

They a l so  were able t o  

IYany equations have been developed t o  predict  evapotranspiration 

on time sca les  varying from one day t o  one manth (Veihmeyer 1964) .  

The most  widely used technique f o r  calculat ing water balance i s  t h a t  

developea by Thornthwaite and Iblather (1955, 1957). I n p u t  to  t h i s  

model includes: 

1 .  mean monthly (o r  da i ly )  a i r  temperature, 

2. mean monthly ( o r  da i ly)  prec ip i ta t ion ,  

3. information about  the water holding capacity o f  the  s o i l ,  

and 

4. p lo t  l a t i tude .  
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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 =,gI(Ti/5) 

Next, potential evapotranspirat 

U = l  

where : 

on ( U )  is calculated as: 

6 ( 1 OT i /TE ) a 

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 

sail until it is at field capacity, at which point runoff occurs. 

If the value is negative, moisture is withdrawn from the soil. 

S o i l  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. 

curve differs from the soil depletion curve. This phenomenon i s  an 

example o f  a hysteresis. In Thornthwaite and Mather's 1957 paper, 

soil moisture values were found i n  tables for different soil 

available water holding capacity and from values for accumulated 

Soil wetting occurs by a different process, and this 
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p o t e n t i a l  wa le r  l o s s  (ACCPWL). Pas to r  and Post (1984) observed i n  

Gunne and Leopald (1978, F i g u r e  8-3, p .  241) t h a t  s o i l  mo is tu re  i s  

r e l a t e d  t o  MCCPNL by  a n e g a t i v e  exponen t ia l  and t h a t  t h e  s l o p e  of 

t h i s  f u n c t i o n  i s  determined by f i e l d  c a p a c i t y  (FC i n  mm). They then 

s e l e c t e d  random values f r o m  Thornthwai te  and Mather 's  t a b l e s  as d a t a  

which was used t o  develop t h e  f o l l o w i n g  summary equat ion:  

They ob ta ined  an R 2  o f  0.9593. 

Several  i n d i c e s  have been developed t o  quan t ' i f y  t h e  s e v e r i t y  of 

s o i l  m o i s t u r e  s t r e s s  on p l a n t  growth. Palmer (1965) used 

Thorn thwa i te  and Ma the r ' s  approach t o  develop t h e  Palmer Drought 

Sever i  t y  Index (PDSI) whicn averages t h e  c u r r e n t  weather c o n d i t i o n s  

w i t h  c o n d i t i o n s  f o r  p a r t  o f  t h e  p rev ious  month. A map showing P D S I  

va lues f o r  t h e  48 c o n t i n e n t a l  s t a t e s  can be seen i n  t h e  Weekly 

Weather and Crop B u l l e t i n .  Th i s  index has been used s u c c e s s f u l l y  t o  

account f o r  much o f  t h e  v a r i a t i o n  i n  t r e e - r i n g  ch rono log ies  and t o  

r e c o n s t r u c t  droughts (Cook and JacOby 1971). 

Mann and P o s t  (1980) developed another  index f o r  s o i l  m o i s t u r e  

s t r e s s ,  and a d e s c r i p t i o n  o f  t h e i r  method can be found i n  Solomon 

e t  a1 . (1984), and Pas to r  and Post  ( i n  p r e s s ) .  S o i  1 m o i s t u r e  va lues 

were c a l c u l a t e d  by t h e  Thornthwai te  and Mather approach. T h e i r  

drought  index (D) i s  t h e  number o f  days i n  the growing season t h a t  

s o i l  mo is tu re  f a l l s  below t h e  -15 ba r  t e n s i o n  l e v e l .  Tree d iameter  

growth i s  reduced by  a f a c t o r  ( 1  - D/Ui)  where D .  i s  t h e  "maximum 

drought  days" t h a t  spec ies i can t o l e r a t e  d u r i n g  t h e  growing season. 
1 



45 

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 t o  a 

"drought day" climatic index i s  linear. 

The purposes of this chapter are: to parameterize a soil 

moisture model for the study area based on Thornthwaite's 

methodology, to develop several indices which describe soil moisture 

deficits, and to develop an equation to predict sycamore bole 

extension growth from these s o i l  moisture indices and from 

calculated s o i l  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 o f  days between the mean last spring frost 

and the mean first autumn frost. These values were obtained from 

the Climatic Atlas o f  the United States (1968). S o i l  moisture 

values were estimated by the following procedure. Union Camp, Inc. 

had previously classified and mapped the so i l s  at the study site 

(Chapter 2). 

of the Kiverview soil were taken from the "typical pedon" 

description given on the Soil Series sheet by the U.S. Department of 

Agriculture, Soi 1 Conservation Series. Field capacity (FC) for each 

texture was obtained by multiplying so i l  moisture values by weight 

Values for the depth and texture of each s o i l  horizon 
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found i n  Table 1 o f  Broadfoote and Burke (1958) by  b u l k  d e n s i t y  

es t ima tes  found i n  t h e i r  Table 7. Soil i i i o i s tu re  va lues  f o r  -15  ba r  

t e n s i o n s  (DRY15) were read  d i r e c t l y  f r o m  F i g u r e  6 of the. same 

p u b l i c a t i o n .  The va lues f o r  b o t h  f i e l d  c a p a c i t y  and -15 ba r  t e n s i o n  

f o r  each s o i l  l a y e r  were t h e n  m u l t i p l i e d  by t h e  depth o f  t h a t  l a y e r  

t o  es t ima te  t h e  a v a i l a b l e  water h o l d i n g  c a p a c i t y  o f  t h e  s o i l .  Mean 

month ly  temperatures and t o t a l  month ly  p r e c i p i t a t i o n  data f o r  t.he 53 

most r e c e n t  yea rs  were ob ta ined  f o r  t h e  t i d e w a t e r  c l i m a t i c  d i v i s i o n  

of V i r g i n i a  from t h e  p u b l i c a t i o n  C l i m a t o l o g i c a l  Data. A weather 

s t a t i o n  e x i s t s  i n  Stony Creek, V i r g i n i a  ( w h i c h  i s  near  t h e  s tudy  

s i t e ) ,  b u t  d a t a  f ro in  t h i s  s t x t i o n  was n o t  used a lone because B l a s i n g  

e t  a l .  (1981) have shown  t h a t  c l i m a t i c  d i v i s i o n  d a t a  i s  p r e f e r r e d  

over  s i n g l e  s t a t i o n  obse rva t i ons  f o r  p r e d i c t i n g  t r e e  d iameter  

response t o  c l i m a t e .  

ove r  seve ra l  s t a t i o n s  r e f l e c t s  t h e  r e g i o n a l  c l i m a t e  b e t t e r  t han  t h a t  

o f  a s i n g l e  s t a t i o n  due t o  dampening o f  l o c a l ,  anoinalous 

f l u c t u a t i o n s .  

T h i s  i s  due t o  t h e  f a c t  t h a t  d a t a  averaged 

Three i n d i c e s  were c r e a t e d  t o  desc r ibe  drought  s e v e r i t y  f o r  

each y e a r  ( F i g u r e  3.1). The f i r s t  expressed t h e  growing season d a t e  

( G S D )  t h a t  t h e  s o i l  m o i s t u r e  p o t e n t i a l  reached t h e  -15 bar  level and 

was expressed as a f r a c t i o n  o f  t h e  growing season leng th .  The 

second was c a l c u l a t e d  by s u b t r a c t i n g  t h e  d u r a t i o n  (DUR) of t h e  

drought  ( a l s o  expressed as a f r a c t i o n  o f  t h e  growing season) f ro in  

1.0. This index i s  t h e  same as t h a t  c a l c u l a t e d  by Mann and Post 

(1980), sca led  by t h e  l e n g t h  o f  t h e  growing season. The t i i i r a  i ndex  

rep resen ted  t h e  - f r a c t i o n  of t h e  p o t e n t i a l  water a v a i l a b l e  f o r  p l a n t  
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Figure 3.1. Rainfall, evapotranspiration, so i l  moisture, and three 
climate indices for 1980. 650 i s  the growing Season 
- date that the soil moisture curve drops below the 3-bar 
tension level expressed as a fraction o f  the growing 
season length. 
expressed as a fraction of the growing season length. 
FPOT i s  the fraction of the I_ potential s o i l  water 
available f o r  extensive growth calculated as (field 
capacity - 3-bar tension) x length of the growing 
season. 

DUK is the I_ duration of the drought 
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growth (FPOT). This potential is the product of the number of days 

in the growing season and the available water holding capacity (AWHC 

= FC - OKYl5). 
total drought) and 1.0 (representing no s o i l  water deficit). 

All input data were added to the model which was run to 

calculate monthly soil moisture values and the UUR 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. 

These indices all ranged between 0.0 (representing 

The fact that cell growth is one o f  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 

i n  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 stern elongation with a reduction of 

leaf water potential from -6 t o  -7 bars. Bassett (1964) cited Kramer 

and Kozlowski (1960) who stated that, theoretically, s o i  1 water 

potentidls greater than -1 or -2 bars reduce growth, and Bassett 

used a DRY value o f  -4 bars i n  his work. These examples have been 

given to demonstrate that cell expansion i s  sensitive to so i l  water 

potentidls 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  a t  -3 bars .  Values For t h i s  s o i l  nioisture potential  were 

given in Holtan e t  a l .  (1968) and was calculated f o r  the current 

study by the following procedure. F i r s t ,  the seven study s i t e s  

c loses t  t o  Stony Creek, Virginia were located. These were: College 

Park, Maryland; Moorfield, West Virginia; Blacksburg, Virginia; 

Americus, Georgia; Watkinsville, Georgia; Beemerville, New Jersey; 

and Clarlbaro, New Jersey. Soil water tension values were obtained 

f o r  each layer of the Riverview se r i e s  from s i l t  loam s o i l s  a t  these 

s i t e s .  

surface horizon, values f o r  the subsurface horizons were obtained 

from s o i l s  a t  the same s i t e s  b u t  with other surface horizons. Data 

f o r  the loamy f i n e  sand subsurface layer- were s t i l l  t o o  few, so 

values were obtained from the description of other eastern United 

S ta tes  so i l s .  From these d a t a  the mean -3 bar moisture values was 

calculated for  each layer,  and these values were then multiplied by 

t h e  depth of t h a t  layer in the Riverview se r i e s  t o  get the so i l  -3 

b a r  moisture value. 

Since an adequate sample s ize  was obtained o n l y  f o r  the 

Preliminary data analysis indicated t h a t  an additional t r ee  

height measurement was necessary. The or iginal  study t rees  could 

not  be  remeasured because the tops of several of these t r ees  had t o  

be removed t o  measure them. I n  the auti-rmn of 1983, f i f t e e n  t r ees  

were randomly selected f r o m  throughout the plantation described in 

Chapter 2. 

g rowth ,  and in a d d i t i o n ,  two increment cores were extrac-ted a t  

random azimuths from the base of each t r ee .  To determine i f  these 

t r e e s  differed i n  mean annual height from the 10 study t r ees ,  they  

Tree height was measured f o r  each of the seven years o f  
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were compared by t - t e s t s .  

hypotheses ( p  >0.05) and confirmed t h a t  the  ten study t r ees  a re  a 

random sample of the  larger  population. 

height and diameter growth f o r  the 7 years o f  stand growth, as  well 

as s o i l  moisture and Palmer Drought Severity Index values f o r  the 

same time period. 

These analyses f a i l e d  t o  reject, the  nul l  

Figure 3.2 shows the mean 

The growth curve of many species i s  not  l i nea r  over time b u t  

sigmoidal (Leopold and Kriedmann 1975). Because the  shape of t h i s  

curve a f f ec t s  the  form of the regression equation, t r e e  height was 

plot ted against  time f o r  the t r e e s  a t  t h i s  study s i t e ,  f o r  t r e e s  a t  

other  s i t e s  planted by Union Camp, Inc., and f o r  values published in 

8elanger and Pepper (1978) f o r  two stands with dens i t i e s  s imilar  t o  

those i n  the  present s t u d y .  

over the age o f  the  study. 

observed l i nea r  extension growth  in young plantat ions.  

These curves (Figure 3 .3 )  are  l inear  

Others (Cochrane and Ford 1978) have 

Several other  f ac to r s  had t o  be  considered during model 

development. 

Only d function o f  t r e e  genetic po ten t ia l ,  environmental conditions,  

and cu l tura l  management techniques, b u t  i s  a l so  a function of 

seedling s i z e  and the depth t o  which i t  i s  planted. Because o f  

t h i s ,  the  f i r s t  yea r ' s  growth was n o t  included i n  t he  analysis.  

Second, as r1lentiQned in Chapter 2, the  t r e e s  were f e r t i l i z e d  during 

t h e  f i r s t  year of g r o w t h  and cu l t iva ted  twice during each of the 

f i r s t  two years.  The t r e e s  were a l s o  f e r t i l i z e d  a t  mid-rotation 

(age 7 ) "  

pers.  comm.) with 2/3 of t h i s  e f f e c t  occurring i n  the  f i r s t  year.  

F i r s t ,  the  f i r s t  year of t r e e  height growth i s  n o t  

Early-rotation f e r t i l i z e r  e f f e c t s  l a s t  two years (J .  Jones, 
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Figure 3 . 3 .  Mean t r e e  height a t  various ages. Curves 1 and 2 are 
f r o m  d a t a  i n  t3ellanger and Pepper (19781, curves 3 and 
6 are from d a t a  collected by the au thor  i n  other Union 
Camp plantat ions,  curve 4 i s  f o r  the t r ees  a t  the study 
s i t e ,  and curve 5 i s  from data i n  Saucier e t  a l .  ( 1 9 7 2 ) .  
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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. H last complication i s  that repeated 

observations were made on the same tree, violating the regressian 

assumption of independence. One technique used tu avoid the 

potential correlation among observations is the growth curve 

analysis procedure developed by Grizzle and Allen (1959). 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 i.f 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. 

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 

lognormally distributed, 

then be treated as a random effect due  to "tree." 

procedure, any tree whose gr0wt.h i s  above khe 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. 

growth periods or for different genotypes or silvicultural 

A conservative 

Any dependencies present in t h e  data can 

By this 

However, for. analyses covering longer 
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treatments, the  shape of the growth curve may change (Daniel e t  a l .  

1979) and another model may be needed. 

random e f f e c t  i n  the  analysis because the study t r e e s  are a random 

sample o f  the  larger  population. The equation t o  be analyzed was: 

T h i s  term i s  considered as  a 

b l  HT = ebo (SOIL FIOISTUKE I N D E X )  ,FERTILIZER ,TREE. 

After taking logs t h i s  became: 

ln(HT) = bo +bl  ln(S0IL MOISTURE INDEX) + FERTILIZER + TKEE.  

Separate analyses were r u n  f o r  a l l  three s o i l  moisture indices 

as well as f o r  monthly s o i l  moisture values. Since the April s o i l  

moisture value was the same f o r  a l l  years, i t  was deleted. I t  was 

a l so  necessary t o  combine the s o i l  moisture values f o r  the  months of  

May and June, July and A u g u s t ,  and September and October because of 

the small number o f  years in the data  set. 

Results and Discussion 

Results from the regression analyses (Table 3.1) show t h a t  a l l  

regressions a re  s ign i f icant  ( p  0 . 0 5 ) .  

and June s o i l  moisture (lnWAT5/6), the significance level i s  l e s s  

than in other regressions,  and i n  t h i s  model the  s o i l  moisture term 

i s  not s ign i f icant  ( p  >O.O5). Above, i t  was mentioned t h a t  the 

April s o i l  water value was the  same f o r  a l l  years.  

t h a t  the s o i l  i s  recharged t o  f i e l d  capacity each year and is  s t i l l  

a t  f i e l d  capacity e a r l y  i n  the  growing season. As such, i t  i s  not 

surpr is ing t h a t  unless a very hard d r o u g h t  develops e a r l y  i n  a 

I n  the  regression w i t h  Flay 

Figure 3 . 3  shows 



Table 3 . l .  Parameter estimates, F-vaities, and coeff ic ients  of determination f o r  t h e  
multivariable regressions predicting I n  (OHT) from cl-irnate, f e r t i l i z e r ,  and 
t r e e  variables.  
from the type 111 F- tes t s ,  

The significance levels given over the paranieter estimates are 

F e r t i l i z e r  c lass  
Tree 

Intercept C 1  imate 0 2 3 I /  $,ariance . . F R 2  

-72.446 2.243 l n  WAT 5 /6ns  -0.009" 0.380 0 .GOO 0.01 1 gns  2.13" 0.331 

-4 .627 1 . 2 7 2  I n  WAI 7/8*** -0.327""" 0.042 0.000 0.0217" 5.04""" 0.543 

-0.038 d.675 I n  MAT 9/10""* -0.308*** 0.209 0.000 0.0214" 4.94*** 0.539 

4.813 0.765 I n  GSD*X* -0.355*'* 3.080 0.000 0.0221* 5.21*** 0.552 
u1 
tr'l 

4.8ij9 0.761 ln LJgR*** -0.358"** 0.083 3.000 0.0219' 5.15*** 0.549 

4.928 0.677 In FPOT*** -0.259*** 0.221 0.000 0.0203" 4.47*** 0.514 

"Sho~ ;  signif l can t .  

*Significant a t  0.05 leve l .  

**Significant a t  0.01 level .  

***Significant a t  0.00'1 level .  
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season, this early-season water value would add little to the 

regression. After June, the s o i l  moisture values are highly 

significant, indicating that this is the time of year when tree 

growth i s  most sensitive to s o i l  moisture stress. It should also be 

noted that the three climatic indices are highly significant and 

that the magnitudes o f  the parameters are similar. They all do a 

good j o b  o f  measuring soil moisture stress. 

as all three are highly correlated ( p  <0.0001, n = 53). 

This in not surprising 

The fertilizer effect i s  also highly significant. The value o f  

O n O  for the mid-rotation (FERTilizer = 3 )  class level i s  a result o f  

the algorithm that SAS uses to solve the normal equations, and other 

FERTilizer class level values should be compared to this value. The 

model was able t o  detect that both the early fertilizationlcultivation 

treatment and the mid-rotation treatment increased sycamore height 

growth. The combination of early fertilization and cultivation 

(FEKT = 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 i s  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. 

lognormally distributed with a mean of 0.0 and the calculated 

This term was assumed to be 
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va r iance  g i v e n  i n  Table 3.1. Once again, t h e r e  i s  a s t r i k i n g  

s i m i l a r i t y  i n  t h e  magnitude o f  t h i s  term among reg ress ions .  

T h i s  T R E E  e f f e c t  c o u l d  rep resen t  one o f  two f a c t o r s :  m i c r o s i t e  

o r  gene t i cs .  A m i c r o s i t e  e f f e c t  would rep resen t  v a r i a b l e s  r e l a t e d  

t o  t h e  environment (e.g., sma l l - sca le  changes i n  s o i l  f e r t i l i t y ,  

s o i l  t e x t u r e ,  o r  s o i l  depth)  o r  b i o t i c  e f f e c t s  on t r e e  growth ( p e g . ,  

i n s e c t  a t t a c k ) .  These env i ronmenta l  v a r i a b l e s  would i n f l u e n c e  

g r o w t h  t.hroughout t h e  t r e e ' s  l i f e  and wsuld p robab ly  a f f e c t  t h e  

growth o f  seve ra l  t r e e s  i n  an area. B i o t i c  e f f e c t s  would p r o b a b l y  

be impor tan t  o n l y  f o r  e a r l y  t r e e  growth ( a f f e c t i n g  subsequent 

y e a r s ) ,  a l t hough  an acute, late-season a t t a c k  may a f f e c t  t h e  

parameters f o r  t h i s  v a r i a b l e ,  A second p o s s i b i l i t y  i s  t h a t  these 

TREE d i f f e r e n c e s  a rc  r e l a t e d  t o  g e n e t i c s  and . t ha t  t r e e s  d i f f e r  i n  

t h e i r  growth p o t e n t i a l .  aecause t h e  s tudy  area was over  a sinal l ,  

a p p a r e n t l y  homogeneous area o f  t h e  sycamore p l a n t a t i o n ,  and because 

t h e  mean t r e e  h e i g h t  f o r  these 10 study t r e e s  d i d  n o t  d i f f e r  f rom 

t h e  h e i g h t  o f  t h e  r e s t  o f  t h e  p l a n t a t i o n ,  t i l e  TREE e f f e c t  i s  

p robab ly  n o t  due t o  m i c r o s i t e  e f f e c t s .  

paper., t h e  TREE e f f e c t s  w i l l  be assumed t o  be due Lo g e n e t i c s .  

Indeed, t r e e s  do d i f f e r  i n  t h e i r  height. growth p o t e n t i a l .  

For  t h e  remainder o f  t h i s  

Because t h e  r e s u l t s  f rom seve ra l  o f  t h e  Inodels were so s i m i l a r ,  

any one o f  t h e  reg ress ions  c o u l d  have been used i n  t h e  s i m u l a t i o n  

model t o  p r e d i c t  height; g r o w t h .  The r e g r e s s i o n  w i t h  t h e  DUK 

v a r i a b l e  was chosen because o f  i t s  s i m i l a r i t y  w i t h  p rev ious  work by 

o t h e r s .  
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CHAPTER 4 

OPPORTUNISTIC BRANCHING 

I n t r o d u c t i o n  

To temperate f o r e s t e r s  and b o t a n i s t s ,  i t  has l o n g  been cons idered 

"normal"  f o r  t r e e s ,  shrubs, and herbs t o  make t h e i r  t o t a l  annual 

ex tens io i i  growth i n  a s i n g l e  f l u s h  which f o l l o w s  a s igmoid "grand 

p e r i o d  o f  growth"  shape cu rve  ( S t u d h a l t e r  1955). 

t h i s  p a t t e r n  were cons idered t h e  except ion ,  n o t  t h e  r u l e .  T h i s  

c h a p t e r  w i l l  examine sorrie of these so c a l l e d  "except ions"  and t h e i r  

s i g n i f i c a n c e  f o r  sycamore (P la tanus  o c c i d e n t a l i s  L.).  

M o d i f i c a t i o n s  o f  

Be l  1 e t  a l .  (1979) developed a model t o  s i m u l a t e  two-dimensional 

b ranch ing  p a t t e r n s  o f  p l a n t s .  I n  t h i s  model, t h e  developmental 

geometry o f  a p l a n t  was s imu la ted  f rom parameters model ing mer is tem 

f a t e  ( t i m e  of b i r t h  and death) ,  p o t e n t i a l  ( o r  t y p e ) ,  and p o s i t i o n  

( l o c a t i o n  and o r i e n t a t i o n ) .  

f a t e s :  t h e y  may grow i n t o  a shoot, abor t ,  o r  become dormant ( o f t e n  

as a bud which may develop l a t e r ) .  

may l a t e r  be damaged and d ie ,  o r  may d i e  n a t u r a l l y .  

b o t a n i c a l  l i t e r a t u r e  has developed t o  name and d e s c r i b e  these 

mer is tem f a t e s .  Fo r  example, Studhal  t e r  (1  955) 1 i s t e d  over  t w e n t y  

terms t h a t  desc r ibe  la te -season growth f l ushes ;  t h e  two most common 

a r e  t h e  German " J o h a n n i s t r i e b "  and t h e  E n g l i s h  ' ' l a m a s "  (Brown 

1971b, H a l l e  e t  a l .  1978, Rudolph 1964). Another  b ranch ing  

phenomenon i s  p r o l e p s i s .  

Meristems have one o f  t h r e e  i n i t i a l  

Growing and dormant ineristeins 

A cons ide rab le  
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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 - riiustly 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 
o f  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 o f  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 ..I_.X____ normal shoots develop (emphasis added)." I-le 

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

young -__^ P inus  sylvestris trees formed frequently from newly formed, 

scaleless buds that had not passed through a period of rest 

(emphasis added) . ' I  

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 o f  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 o f  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 froin opening of recently formed 

buds which are not expected to open until the following year 

(emphasis added) .'I 

Halle et al. (1978) have also reviewed the historical usages o f  

the terms syllepsis and prolepsis. 

definition of syllepsis but adopted Tomlinson and Gill's (1973) 

They retained Spath's original 

modification to his definition o f  prolepsis. Their definition 

reads, "Prolepsis i s  the discontinuous development of a lateral 

from a terminal meristem to establish a branch, with some 

intervening period o f  rest o f  the lateral meristem." Their 

contentions with Spath's definition are two. The first i s  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.n Spath 
thus clearly means "precocious" breaking o f  a bud which 
would "normally" be expected to overwinter, a sense in 
which i t  i s  still commonly used, especially with reference 
to specialized shoot systems like that of Pinus, e.g., 
Rudolph ( 1964). 
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T h e i r  second disagreement i s  w i t h  t h e  f a c t  t h a t  many 

d e f i n i t i o n s  s t a t e  t h a t  t h i s  i s  an unusual phenomenon ( n o t e  t h e  

emphases added t o  t h e  above q u o t a t i o n s ) .  Again, i n  t h e i r  words: 

Now t h a t  we have a more cosmopol i tan understanding of t r e e  
growth and e s p e c i a l l y  now t h a t  we can a p p r e c i a t e  t h a t  
s y n c h r o n i z a t i o n  o f  shoot ex tens ion  i s  n e i t h e r  a necessary, 
no r  the  most common c o n d i t i o n  f o r  t r e e  growth, as t r o p i c a l  
o b s e r v a t i o n  demonstrates, we can app ly  Spath's t e rm ino logy  
s t r i c t l y  t o  brarich express ion i n  t h e  way we have 
e s t a b l i s h e d  ... w i t h o u t  t r e a t i n g  i t  as a s p e c i a l  case. 
T h i s  leaves t h e  f i e l d  c l e a r  f o r  "lammas and i t s  
e q u i v a l e n t s  t o  desc r ibe  a normal b u t  o n l y  i n f r e q u e n t l y  
expressed phenomenon. We thus  i n v e r t  t h e  whole of t h e  
ph i l osophy  behind t h e  f o r e s t e r ' s  t h i n k i n g ,  by saying 
" temperate t r e e s  a re  anomalous, lammas shoots of v a r i o u s  
k i n d s  a re  normal phenomena o f  growth."  

They suggested t h a t  t h i s  normat ive v i e w p o i n t  developed because most 

s t u d i e s  have been made on temperate t r e e s  and e m p h a t i c a l l y  s t a t e d  

t h a t  t h i s  v iewpo in t  "has t o  be changed." 

I n  t h e  l i t e r a t u r e ,  t h e  terms p r o l e p s i s  and lammas have 

sometinies been used in terchangeably .  Rudolph1 s (1964) d e f i n i t i o n  o f  

lammas growth was r e s t r i c t e d  t o  t e r m i n a l  shoot  growth and h i s  

d e f i n i t i o n  o f  p r o l e p s i s  was f o r  l a t e r a l  bud growth.  Kozlowski 

(1964) and Kramer and Kozlowski  (1979) agree w i t h  t h i s  te rm ino logy .  

Carve11 (1956)  desc r ibed  lamias growth on r e d  p i n e  as shoots which 

o r i g i n a t e d  from l a t e r a l  buds surrounding t h e  leader .  Us such, h i s  

larnnas growth i s  e q u i v a l e n t  t o  Rudolphi s p r o l e p t i c  growth. H a l l e  

e t  a l .  (1978) a l s o  use t h e  te rm Iarnnids t o  r e f e r  t o  shoot growth. 

P lo rpho log ica l l y ,  s y l l e p t i c  branches can be i d e n t i f i e d  by t h e  

presence o f  an extended in te rnode  (hypodium) below t h e  f i r s t  leaf o r  
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pai r  o f  leaves (Halle e t  a l .  1978, Tomlinson 1983). Prolept ic  

branches can be recognized by the presence of basal bud-scales and a 

gradual t r a n s i t i o n  (of s i z e  and shape) towards adult  fol iage.  Many 

f a c t o r s  have been p u t  f o r t h  t o  explain the frequency o f  late-season 

growth flushes.  In h i s  review, Rudolph (1964) found t h a t  soil, 

weather, l i g h t ,  heredity, and auxin relat ionships  have been 

postulated as primary f a c t o r s  influencing the formation of these  

shoots. Because his own work had shown t h a t  j a c k  pine (Pinus 

banksiana Lamb.) from the more southern Lake Sta tes  had a higher 

frequency of late-season shoots than more northerly seed sources, he 

a t t r ibu ted  the difference t o  genetics. 

late-season r a i n f a l l  as the primary cause f o r  lamnias shoots. 

Borchert and Slade (1981) observed them more frequently on "vigorous 

saplings." Carve11 (1956) a lso found t h a t  lammas shoots were found 

Brown (1971b)  gave excess 

"almost ent i re ly . .  .[on] the  largest  and most vigorous [red] pines""  

Rudolph (1964) mentioned another type o f  branch growth which he 

cal led "'long buds"  i n  which terminal b u d s  elongate b u t  d o  not 

break. These d i f f e r  from lammas shoots of p i n e  in t h a t  lammas 

shoots have needles along t h e i r  length, whereas long buds do not. 

Syl lepsis ,  prolepsis,  and lammas growth are  examples of b u d s  

which grow e i t h e r  immediately a f t e r  formation o r  shor t ly  

thereaf te r .  Buds may also remain suppressed f o r  much longer periods 

o f  time. T h e  tertninology nsuppressedn adopted here is  t h a t  of Brown 

(1971b) who prefers  i t s  use t o  "dormant" because t h e  b u d s  a re  

continually producing new leaf and sca le  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 i s  

proportional to residual basal area, Stump sprouts are another 

example of the release of suppressed buds on lower tree stems 

(Kramer ana Kozlowski 1979). 

In addition to buds that form i n  leaf axils, buds may develop 

which have no connection with apical meristems. These are called 

adventitious buds (Kramer and Konlowski 1979). A11 buds on roo t s  

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 stern meristematic 

tissue on stumps, and these 'Istool 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 t o  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). 

developed to separate the first two of these situations. 

formed from buds that form, rest, and break during the same growing 

season were called "proleptic" by Spath. 

that he meant "precocious." Elsewhere (p. 45), Halle et a l .  (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." 

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 I proleptic branches or 

Type I branches, and those that form from overwintering buds will be 

called Type I1  proleptic branches or Type I 1  branches. 

terminology i s  easy to remember for temperate trees i n  that Type I 

proleptic branches form on I-year-old branch sections and Type I 1  

branches form on 2-year-old branch sections. 

The presence of epicorrric branching in sycamore has already 

The purpose of this chapter i s  to examine other 

No terminology has 

Branches 

Halle et al. wrote ( p .  45)  

A term to describe the 

The 

aeen mentioned. 

branching strategies exhibited by in American sycamore. 

Materials and Methods 

A description of the sampling techniques has been g i v e n  i n  

Chapter 2. In addition to the main data set, data were collected on 
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p l a n t a t i o n s  e s t a b l i s h e d  i n  1974, 1977, 1978, 1981, 1982, and 1983. 

I n  each o f  these, 15 t r e e s  were randomly chosen. On these t r e e s ,  

t h e  amount o f  h e i g h t  growth was measured and t h e  number of Type I 

and Type I 1  branches formed each year  were counted. Two d iameter  

measurements were also recorded. Fo r  t h e  o l d e r  p l a n t a t i o n s ,  two 

increment co res  were e x t r a c t e d  near t h e  base o f  each t r e e .  I n  the 

p l a n t a t i o n  e s t a b l i s h e d  1974, ex tens ion  growth was measured f o r  as  

inany yea rs  as p o s s i b l e .  

R e s u l t s  

U n  seve ra l  t r e e s  t h e  branches appeared t o  stop and then  

c o n t i n u e  growing w i t h i n  t h e  same year.  

presence o f  pseude- terminal  bud s c a l e  scars and, i n  some cases, by  

t h e  presence o f  t h e  bud scales.  

t r a i t  was observed on one branch o f  one t r e e ,  a t  11 placer; i n  

another,  and 15 t imes on a t h i r d  t r e e .  Only  two examples were 

observed on 1961 t r e e  growth. The mean number o f  nodes produced 

b e f o r e  bud set  ( f o r  t h e  1982 da ta )  s 3.55, and t h e  mean number 

a f t e r  bud s e t  i s  1.37 nodes. The h gh f requency o f  occurrence on 

o n l y  a f w  t r e e s  suggests t h a t  t h i s  t r a i t  i s  g e n e t i c a l l y  

deterni ined. One o f  these t r e e s  was t h e  s m a l l e s t  one measured, and 

t h e  o t h e r  was o f  average h e i g h t .  

Th is  was e v i d e n t  f rom t h e  

I n  t h e  1982 growing season t h i s  

On t h e  s tudy  t rees ,  t w o  instances were observed where 

p r i m a r y  branches were at tached t o  t h e  s m e  node. The popu 

t w o  

a t  i on 
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f requency  o f  t h i s  event, and t h e  mechanisms caus ing  i t  a re  unknown. 

Red oak (Quercus r u b r a  L.) i s  another  species w i t h  t h i s  t r a i t  

(Ward 1964). 

I n  many instances, one o r  more new branches had formed on an 

o l d e r  s e c t i o n  o f  a p r i m a r y  branch. It i s  unknown whether these 

b r a n c h l e t s  were newly formed a f t e r  branch damage o r  whether t h i s  i s  

an example o f  t h e  process mentioned above where suppressed buds 

which formed i n  t h e  a x i l s  o f  basal  bud sca les  may l a t e r  be re leased  

(Brown 1971b). 

Sycamore a l s o  forms Type I pr imary  branches, and t h e  number 

formed on each annual growth increment  (AGI) of each s tudy  t r e e  i s  

shown i n  Table 4.1. They can also be i d e n t i f i e d  i n  F i g u r e  2.4 (see 

pages 29-34). 

The ' I X "  under TA6 f a r  t r e e s  2 and 7 i n d i c a t e s  t h a t  these t r e e s  

appeared t o  be o n l y  f i v e  yea rs  o ld ,  presumably due t o  d ieback wh c h  

p r o b a b l y  occur red  t h e i r  f i r s t  yea r  of growth. 

proposed t o  e x p l a i n  t h e  presence of Type I branches on these t r e e s .  

Among these are:  genet ics ,  t r e e  age, c l ima te ,  spac ing ( c o m p e t i t i o n ) ,  

s i t e  f e r t i l i t y  ( n a t u r a l  and added), and i n t e r a c t i o n s  between these 

f a c t o r s .  To determine t h e  e f f e c t  of t r e e  age on Type I branching, 

a l l  obse rva t i ons  f o r  t r e e s  2 and 7 were s h i f t e d  l e f t  one column i n  

t h e  t a b l e  so t h a t  TA6 represented  year  1 growth f o r  a l l  t r ees ,  TA5 

represented  yea r  2 growth, and so f o r t h .  A t  t h i s  p o i n t  i t  should be 

no ted  t h a t  t h i s  t e s t -  i s  n o t  s imp ly  a t e s t  f o r  age dependency. 

Cl imate,  f e r t i l i z a t i o n ,  and c u l t i v a t i o n  may have a confounded e f f e c t  

No second- o r  h ighe r -o rde r  branches were observed 

Many f a c t o r s  may be 
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Table 4.1.  The number o f  Type I proleptic branches on each annual  
growth increinent ( A G I )  f o r  the ten study t rees .  The " X "  
under T r u n k  Age 6 f o r  t r e e s  2 ana 7 indicates t h a t  these 
t r e e s  had shown dieback. 

T r u n k  Aae 

Tree 1 2 3 4 5 6 
Tot a 1 

2 

4 

5 

6 

7 

8 

9 

10 

1 1  

1 2  

2 

1 

3 

1 

4 

9 

4 

4 

9 

4 

3 

10 

X 1 

7 1 1  

4 13 

1 5 

X 6 

1 10 

4 

4 

3 

7 1 7  

'Total 6 5 43 20 74 
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w i t h  age. 

null  hypathesis of independence between age and t r e e  e f f e c t s .  Tne 

G value of 104.802 is  much greater  than the  x 
of 61.582, so the null  hypothesis o f  independence i s  re jected.  I t  

i s  c l e a r  from Table 4.1 t h a t  some t r e e s  formed more Type I branches 

a t  a given age than others.  

praduced more Type I branches ear ly  i n  t h e i r  l i f e .  

occurred through a var ie ty  of mechanisms. 

age does a f f e c t  Type I branch formation. 

favorable f o r  Type I branching during ear ly  t r e e  growth and l e s s  

favorable in l a t e r  years.  These stands were a l so  f e r t i l i z e d  and 

cul t ivated d u r i n g  these f i r s t  two years. I t  has been shown t h a t  

these f a c t o r s  affected t r e e  height growth (Chapter 3 ) ,  and i t  wi l l  

l a t e r  be shown t h a t  they also increased node density (Chapter 5 )  

and, therefore ,  increased the number of potent ia l  daughter branches 

formed. Unfortunately, data a re  not avai lable  t o  dis t inguish among 

these fac tors .  Union Camp, Inc. does have plantat ions of various 

ages, b u t  these plantat ions could not be used t o  sort o u t  the 

climate, f e r t i l i z e r ,  and cu l t iva t ion  e f f e c t s  because they were 

planted on d i f fe ren t  s i t e s .  

A G-test (Sokal and Kohlf 1969) was performed t o  t e s t  t h e  

2 ( p  = 0.05) value 

The column t o t a l s  indicate t h a t  they 

This may have 

One i s  t h a t  physiological 

Climate may a l so  have been 

The s igni f icant  interact ion between the age/climate/ 

fertilization/cultivation e f f e c t  and the t r e e  e f f e c t  indicates  t h a t  

Type I branching i s  genet ical ly  inherited.  This hypothesis was 

tes ted on the  other data s e t s  described in the  Materials and Methods 

section of t h i s  chapter. To average out any climate e f f e c t  i n  these 
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data, sets,  t h e y  were d i v i d e d  i n t o  two c lasses :  w e n  and odd years.  

I t  was mentioned above t h a t  two of t h e  t r e e s  showed evidence o f  

d ieback t h e  f i r s t  year .  

age i n  t h e  o l d e s t  p l a n t a t i o n  by c o u n t i n g  pseudo-terminal  bud s c a l e  

scars, these t r e e s  were assumed t o  be t h e  same age, 

a n a l y s i s  a r e  shown i n  F i g u r e  4.1. Accord ing t o  no tes  i n  t h e  SAS 

(1982a) ou tpu t ,  these t e s t s  rnay be i n v a l i d  due t o  smal l  sample s i z e  

i n  some o f  t h e  b locks .  

f r e q u e n t l y  recommended f o r  smal l  sample s i z e s  (Sokal  and Rohlf  

1969), b u t  t h i s  r e s u l t s  i n  an unduly  c o n s e r v a t i v e  t e s t .  S ince t h i s  

i s  t h e  case, t h e  ch i - square  r e s u l t s  were accepted as c a l c u l a t e d .  I n  

a l l  t h r e e  p l a n t a t i o n s ,  t r e e s  w i t h  Type I branches i n  even yea rs  show 

a f requency o f  Type 1 branch f o r m a t i o n  i n  odd yea rs  t h a t  i s  h i g h e r  

t h a n  expected. The same i s  t r u e  f o r  t r e e s  w i t h  no Type 1. branches. 

These d i f f e r e n c e s  a re  s i g n i f i c a n t  f o r  t h e  p l a n t a t i o n s  e s t a b l i s h e d  

1974 and 1977 and almost so f o r  t h e  one e s t a b l i s h e d  1978. To o b t a i n  

a l a r g e r  sample s i ze ,  d a t a  from these t h r e e  s i t e s  were pooled, and 

t h e  t e s t  was re run .  The X va lue o f  13.792 i s  h i g h l y  s i g n i f i c a n t  

( p  = 0.0002). T h i s  i n d i c a t e s  t h a t  t h e  s i g n i f i c a n c e  l e v e l  f o r  t h e  

i n d i v i d u a l  s i t e s  would p robab ly  have been h i g h e r  w i t h  l a r g e r  sample 

s i zes .  For  b o t h  t h e  p l a n t a t i o n  e s t a b l i s h e d  1977 and the one 

e s t d b l i s h e d  1978, one t r e e  had exper ienced d ieback d u r i n g  one year .  

When these t r e e s  were deleted,  t h e  X 

these cases. 

branching. 

Since i t  war; n o t  p o s s i b l e  t o  determine t r e e  

R e s u l t s  of t h i s  

Yates'  c o r r e c t i o n  f o r  c o n t i n u i t y  has been 

2 

2 va lue  i nc reased  f o r  b o t h  o f  

These analyses demonstrate a g e n e t i c  b a s i s  f o r  Type I 
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P l a n t a t i o c  es tab l i shed  1974 

Ubserved 11 
exp c t e d  9.6 

X 'i 0.2 

1 
2.4 
0.8 

Absent 

1 12 
2.4 
0.8 

2 3 
0,6 
3.3 

Odd 
years 

Present 

To ta l  

Absent 

Observed 6 
exp L ted  3.6 

X ?'. 1.6 

0 
2.4 
2.4 

6 

T o t a l  Pres en t ____ 

3 9 
5.4 
1.1 

6 6 
3.6 
1.6 

9 15 

X 2  = 6.67 p = 0.0098 

P l a n t a t i o n  es tab l i shed  1977 

Odd 
years 

Absent 

Present 

T o t a l  

X 2  = 5.10 p = 0.0233 

P l a n t a t i o n  es tab l i shed  1978 

Even yea rs  

Absent 

Present 

Absent 
I 

Ubserved 5 
exp c t e d  3.7 

X 'i 0.5 
__I_ 

0 
1.3 
1.3 

5 

._ Present To ta l  

6 11 
7.3 
0.P 

4 4 
2.7 
0.7 

10 15 

X2 = 2.73 p = 0.0986 

Figure 4.1. Chi-square t e s t  f o r  independence 
i n  Type I p r o l e p t i c  brarich 
f o r m a t i o n  in even and odd y e a r s  
f a r  t h r e e  sycamore p l a n t a t i o n s .  
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i w x t ,  the hypothcsis was made t h a t  the number o f  Type I 

ordnches formed was related t o  the amount o f  t r e e  leader extension 

g rowth .  Data for  t h i s  dnalysis were taKen from measurements 

on plantdtions established in 1374, 1977, 1978, 1981, and 1982. 

This potential  data s e t  was subset t o  include only those t r e e s  which 

are  genetically Type I branch forming t r e e s ,  defined as t h o s  

formed Type I branches i n  a t  l eas t  one year. The mean annua 

extension growth  f o r  t h i s  g r o u p  was 96.6 cm. T r u n k  sections 

aivided i n t o  two c lasses:  those greater than o r  equal t o  t h  

which 

leader 

were 

s mean 

a n d  those shorter  than th i s  mean. The association between branch 

length arid presence/absence of Type I branches was then tes ted.  A 

chi-square t e s t  f o r  independence strongly rejected tne  hypotheses of 

no association ( X 2  = 7.214, p = 0.0072, N = 151) .  

were higher than expected f o r  the long shaot/Type I branches present 

and the short  shoot /  no Type I branches present c lasses .  This 

r e s u l t  provides evidence f o r  the case t h a t  conditions which r e s u l t  

in increased leader elongation (e.g., adequate s o i l  moisture, 

f e r t i l i z e r  iipplication, o r  cu l t iva t ion)  a l s o  increase the frequency 

of Type T branches. In  Chapter 3 i t  was assumed t h a t  t r e e  growth 

was r e l a t i v e l y  constant across years ( i . e . ,  no age e f f e c t )  aver the 

course of t h i s  study. Uifferences in extension growth across years 

were predicteu from ferLilizationlcultivation and climate e f f e c t s .  

I t  appears t h a t  these same e f f e c t s  can be invoked to explain the 

number o f  Type I branches formed through t h e i r  combined e f f e c t  on 

the amount of leader g r o w t h .  

Frequencies 
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Since Type I prolept ic  branch formation i s  re la ted t o  extension 

growth, a regression analysis was performed t o  predict  the number of 

Type I branches formed from the driiounc of leader length. Because 

the  data  cons is t  of counts, some of  which are  zero, they were 

transformed by adding 0.5 t o  each ooservation and then taking the  

square root (Sokal and Rohlf 1969) .  The ANOVA t ab l e  i s  given in 

Table 4.2. While the significance level i s  very h i g n ,  the  

prediction power of the model i s  low. T h i s  shows t h a t  the number of 

Type I branches formed i s  greater  on longer mother sect ions,  b u t  i t  

i s  a lso  determined by other ,  as o f  yet  u n k n o w n ,  f ac to r s .  

Next, Type I prolept ic  branches were compared t o  branches 

attached t o  the same A G I  and a l so  t o  branches o f  the same age. In 

sycamore, prirndry branch l e n g t h  i s  a function of the distdnce from 

the  base of the  annual growth  increment t o  the branch (Schutt ,  

u n p u b .  man.). As such, the f i r s t  s tep i n  t h i s  analysis  was t o  t e s t  

t o r  differences in posit ion of attachment. The dis tance from the 

H G I  base t o  the branch could be used t o  compare branches attached t o  

the same mother t r u n k  section, b u t  t h i s  measure could not be used t o  

compare branches of the same age due t o  a i f ferences in amount of 

extension growth .  To make t h i s  second comparison, the relat-ive 

posit ion (RELPOS = n o d e  a is tance / A G I  length) was used. As i n  the  

regression analysis o f  Chapter 3 ,  a random c la s s  variable ( T R E E )  was 

added t o  account f o r  differences among t r e e s ,  assuming tha t  t h i s  

accounted f o r  any dependencies i n  the data .  

Results are  shown i n  Taoles 4.3 and 4.4. I n  f i v e  of the s ix  

AluUVAs, the F - v d l u e  i s  highly s igni f icant .  The T K E E  term i s  highly 
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T a b l e  4.2. ANOVA f o r  Lhe r e g r e s s i o n  p r e d i c t i n g  t h e  number o f  Type I 
p ro l ep t i c  branches .formed f r o m  inother. hranch l eng th .  

Source of 
V a r i a b l e  d f  ss PI s F 

Length  ( a n )  1 4.080 4.080 18.56*** 

Error 147  32.32s 0.220 R *  = 0.112 

1 o t a l  148  36.407 

* * * S i g n i f i c a n t  a t  0.001 l eve l .  
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Table 4.3. Results from the ANOVA analysis examining for differences in 
position o f  dttachment between Type I and Type I 1  proleptic 
oranches attached to the sarne trunk sectiorr. 

Mean node distance Type I11 F-value Ful 1 iiiodel 

Pro1 ept i c 
Trunk aye Type I Type I 1  class Tree F K 2  

2 47.67 cm 66.27 cm 7.92** 6.05*** 5.72*** 0.336 

4 28.40 60.81 32.53*** 5.61*** 6.90*** 0.479 

5 70.64 114.07 99.21*** 14.74*** 18.69*** 0.656 

6 36.33 68.93 31.2U*** 7.47*** 11.71*** 0.672 
.- I 

nsNot significant. 

*Significant at 0.05 level. 

**Significant at 0.01 level. 

***Significant at 0.001 level. 

Table 4.4. Kesults from the ANOVA analysis examining f o r  differences i n  
position of attachment between Type I and Type I 1  proleptic 
branches of the same age. 

Mean relative node 
posit ion Type I11 F-value Full model 

Proleptic 
Branch age Type I Type I 1  class Tree F K% 

- 
2 0.401% 0.678% 9.46** 0.590s 1 . 5 ~  0.183 

5 0.418 0.774 58.47*** 1.02ns 8.60*** 0.522 

"Not significant. 

*Significant at 0.05 level. 

**Significant a t  0.01 level. 

***Significant at 0.001 level. 
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s igni f icant  f o r  the comparisons of the  branches o n  the same mother 

sect ion,  b u t  i s  not s ign i f icant  f o r  the comparison o f  branches of 

the  same age. I n  a l l  analyses, Type I branches form much lower 

along the t r u n k  than Type I1 branches. 

Type I1 branches were a l so  compared. I n  Chapter 5 a model wil l  

be developed t o  predict  t h e  annual growth o f  branches 0.f a l l  

orders.  T I N S  mooel was rerun w i t h  the addition of a term t o  examine 

f o r  differences between Type I and Type I1 branches. Before 

in te rpre t iny  the  r e s u l t s  of th i s  analysis ,  two fu r the r  

considerations are necessary. First, the model was d e s i g n e d  t o  

oescribe the exponential decay in branch annual growth w i t h  

increasing age. Beciliise the f i r s t  year growth of Type I branches i s  

shorLer than the following yea r ' s  growth, i t  war, not included i n  t he  

analysis .  Second, the f u l l  model incluaed branches o f  a l l  orders,  

whereas i t  was s ta ted  e a r l i e r  in t h i s  chapter t h a t  only primary 

( f i r s t - o r d e r )  Type I prolept ic  branches are formed. The analysis  

showed t h a t  the P W L E P  term was not s ign i f icant  ( p  = 0.05) .  

Therefore, a f t e r  the f i r s t  year o f  growth, the  growth increment of a 

Type I branch does not d i f f e r  s ign i f icant ly  froin t h a t  of a Type TI 

branch formed a t  the same node distance.  

The lengths o f  Type I and 

A n  attempt was made t o  run an ANOVA t o  compare the  length o f  

each yea r ' s  growth between Type I and Type I1 branches w i t h  node 

posit ion (o r  r e l a t i v e  posi t ion)  as  a covariable.  The r e s u l t s  were 

ambiguous, and no c lear  pattern emerged. Some analyses showed an 

in te rac t ion  between the slopes of the two branch c lasses .  In some, 

one o r  more yea r ' s  growth differed among the c lasses  b u t  i n  o thers  
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i t  d i d  no t .  

o r  t o  a confounding o f  t r e e  and p r o l e p t i c  c l a s s  v a r i a b l e s .  

o f  these d i f f i c u l t i e s ,  these r e s u l t s  w i l l  n o t  be presented. 

Some o f  t h i s  con fus ion  may be due t o  smal l  sample s i z e  

Because 

The angle o f  d ivergence between a branch o f  one o rde r  and t h e  

n e x t  ( P A N G )  were a l s o  compared f o r  these two branch c lasses .  

w i t h  t h e  a n a l y s i s  f o r  leng th ,  t h e  model w i l l  be g iven i n  Chapter 5. 

Th is  a n a l y s i s  showed t h a t  Type I branches f o r m  a t  an angle 1.0 

degrees more acute than  Type I 1  branches. 

As 

D iscuss ion  

i"lny a t tempts  have been made t o  r e l a t e  t h e  s i z e  and shape o f  

organisms t o  t h e i r  s t r u c t u r e .  

a game, then  t h e  organism's " s t r a t e g y "  i s  t o  s u r v i v e  by p e r f o r m i n g  

v a r i o u s  b i o l o g i c a l  t asks  w i t h  minimum energy expend i tu re  w i t h i n  a 

g i ven  environment. Leopold (1971), drawing upon h i s  e a r l i e r  work 

w i t h  stream dra inage systems, made t h e  analogy t h a t  t r e e  branch ing  

s t r u c t u r e s  are  governed by  t h e  o p p o s i t e  tendencies o f  p r o v i d i n g  

e f f i c i e n t  s u n l i g h t  i n t e r c e p t i o n  w h i l e  m i n i m i z i n g  energy expend i tu res  

on branch and stem lengths .  

o f  op t ima l  des ign  as: 

If t h e  process o f  s u r v i v a l  i s  seen as 

Rashevsky (1961) s t a t e d  t h e  p r i n c i p l e  

F a r  a s e t  o f  p r e s c r i b e d  b i o l o g i c a l  f u n c t i o n s  o f  p resc r ibed  
i n t e n s i t i e s ,  an organism has t h e  o p t i m a l  p o s s i b l e  des ign  w i t h  
respec t  t o  economy o f  m a t e r i a l s  used and energy expend i tu res  
needed f o r  t h e  performance o f  t h e  p r e s c r i b e d  f u n c t i o n s .  

He then  de f i ned  t h e  p r i n c i p l e  o f  adequate des ign  as above, 

s u b s t i t u t i n g  t h e  word "adequate" f o r  "op t ima l  . I '  Organisms may n o t  

have op t ima l  design, b u t  they  must have adequate design. 
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Attempts have a l s o  been made t o  develop t h e o r i e s  which e x p l a i n  

t h e  f u n c t i o n s  performed by organisms, and then t o  eva lua te  these 

t h e o r i e s  ~y a comparison w i t h  data.  Kashevsky (1943a, b ,  1944) 

one of t h e  f i r s t  i n v e s t i y d t u r s  i n  t h i s  f i e l d .  

Th is  process has been a p p l i e d  t o  t o e  des ign  o f  t r e e  crams 

f o r e s t  canopies. P a l t r i d g e  (1913) developed an a n a l y t i c a l  inode 

was 

and 

t o  

examine t h e  e f f e c t s  of l e a f  water p o t e n t i a l  ( t h r o u g h  i t s  e f f e c t  on 

p h o t o s y n t h e t i c  r a t e )  on t r e e  geometry. H i s  model was l a t e r  a p p l i e d  

t o  f o r e s t  canopies a f t e r  i t  was expanded t o  i n c l u d e  ' l i g h t  

i n t e r c e p t i o n .  He examined the  e f f e c t s  o f  t r e e  he igh t ,  s o i l  

water a v a i l a b i l i t y ,  and t r e e  shape on t h e  p h o t o s y n t h e t i c  r a t e  o f  

f o r e s t  t r e e s .  

Horn (1971)  developed a t h e o r e t i c a l  model t o  e x p l a i n  s t r a t e g i e s  

of l e a f  a i s t r i b u t i o n  by i n d i v i d u a l  t r e e s .  His t h e o r y  corls' isted o f  

two t r e e  crown types:  t h e  monolayer, i n  which a l l  leaves a re  h e l d  

i n  one l a y e r  a t  t n e  p e r i p h e r y  o f  t h e  crown, and t h e  m u l t i l a y e r ,  i n  

which leaves are h e l d  throughout  t h e  crown w i t h  "gaps"  between 

i n d i v i d u a l  leaves. He then  p r e d i c t e d  t h a t  r n u l t i l a y e r  t r e e s  would be 

found i n  e a r l y  success ional  stages and a l s o  i n  l a t e  success ional  

stages on x e r i c  s i t e s ,  and t h a t  monolayer t r e e s  would be found i n  

l a t e  success ional  stages and a l s o  i n  t h e  unders to ry .  He a l s o  

p r e d i c t e d  t h a t  e a r l y  success ional ,  r n u l t i l a y e r  t r e e s  would have smal l  

o r  lobed leaves, be t a l l  and t h i n  as a s a p l i n g ,  have s o f t  wood, and 

a c o n i c a l  shape i n  t h e  open. L a t e  success ional ,  monolayer t rees  

would be f l a t  and spreading as s a p l i n g s  and would be t a l l  and 

e l l i p s o i d  t o  c y l i n a r i c a l  i n  t h e  open. 
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The shape o f  i n d i v i d u a l  p l a n t  p a r t s  has a l s o  been analyzed b y  

t h i s  process. 

s i z e  by assuming t h a t  

water-use e f f i c i e n c y .  

l a r g e - s c a l e  t rends .  

l e a f  s i z e  b y  comparing ga ins  due t o  enhanced gas exchange w i t h  

l osses  of water  and p r e d i c t e d  l e a f  shape f rom mechanical e f f i c i e n c y  

and proper  o r i e n t a t i o n  t o  l i g h t .  

Pa rkhu rs t  and Louck 's  (1972) model p r e d i c t e d  l e a f  

eaves a re  designed t o  produce maximum 

T h e i r  r e s u l t s  agree w e l l  w i t h  observed 

G v n i s h  and Verme i j ' s  (1976) model p r e d i c t e d  

Of course, t r e e  canopy shape i s  a l s o  l i m i t e d  by p h y s i c a l  laws. 

G r e e n h i l l  (1881), one o f  t h e  f i r s t  t o  examine these  " l i m i t i n g  

r u l e s , "  p r e d i c t e d  t h e  g r e a t e s t  h e i g h t  t o  which a t r e e  o f  a g i v e n  

d iameter  c o u l d  grow w i t h o u t  buck l i ng .  

another  e x p l o r e r  i n  t h i s  f i e l d  and i n v e s t i g a t e d  t h e  growth and fo rm 

of a v a r i e t y  of organisms. Other  e a r l y  i n v e s t i g a t o r s  i n  t h i s  f i e l d  

were Opatowski (1944a, 1944b, 1945) and Esser (1946a,b). Work along 

t h i s  l i n e  con t inues  t o  t h e  present  (Cobble 1971, McMahon 1973, 

McMahon and Kronauer 1976). 

D '  Arcy Thompson (1952) was 

Var ious  au thors  have examined t h e  methods used by  t r e e s  t o  

achieve a canopy shape. H a l l e  e t  a l .  (1978) have developed a s e r i e s  

of  a r c h i t e c t u r a l  models which desc r ibe  t h e  g e n e t i c  p a t t e r n  of 

branching.  T h e i r  models use a t t r i b u t e s  such as t h e  amount of stem 

b ranch ing  (branches o r  unbranched) and p a t t e r n  o f  shoot e l o n g a t i o n  

( con t inuous  o r  r h y t h m i c )  t o  c l a s s i f y  t r e e s .  More r e c e n t l y ,  F i s h e r  

and Hibbs (1982) have demonstrated t h a t  these models can n o t  be t i e d  

w i t h  any success iona l  s tage because t h e  same a r c h i t e c t u r a l  model may 

g i v e  r i s e  t o  d i f f e r e n t  canopy geometries and d i f f e r e n t  a r c h i t e c t u r a l  
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models may give rise to the same geometry. 

adaptive geometry of a tree and its architectural model are not 

synonymous, nor even comparable. brunig (1976) has also developed a 

series of tree "1deOtypeS" based on the aerodynamic properties of 

leaves and the exposure o f  mature leaves t o  wina 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 a1 low 

for large amounts of extension growth and allow growth to continue 

through the growing season. Late successional species produced 

small amounts o f  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 dJanieter, more leaves per twig, 

and ldrger total area per twig. lhey also have longer extension 

growth per year and either compound leaves or high bifurcation 

ratios. Trade-offs among leaf s i ze ,  leaf number per shoot, and 

branching density exist, so that overall tree form i s  better 

correlated with successional status than single canopy attrioutes. 

Recent work by John Sperry (Tomlinson 1983) has shown that 

conductivity values of the vascular system of proleptic and 

sylleptic branches are lower i n  young proleptic branches than in 

They concluded that the 

- 



81 

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 o f  

a tree species is a result o f  a series of trade-offs among several 

developmental patterns and in some environments, species which are 

genetically diverse have a survival advantage. 

Sycamore i s  usually classified as intolerant to intermediate in 

tolerance and competitive ability (Fowells 1965). 

have direct light t o  survive. When they d o ,  they can grow 91.4 to 

121.9 cm in height the first year and continue this fast growth 

throughout their l i f e .  Apical growth i s  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. 

as early-successional. Sycamore has many developmental attributes 

which allow it t o  be successful in this role, and these traits were 

observed ana discussed in this chapter. I t  may form more than one 

branch at a node, may form new branches when o l d  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 specles. 

As will be discussed i n  Chapter 5, branching i s  by acrotony: within 

Seedlings must 

These facts confirm the status of this species 
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a g i v e n  t r u n k  HGI, l onger  branches form towards t h e  branch apex. 

Th is  phenoiiiena i s  advantdyeous f o r  i t  produces l e a f  area th rough  the  

l e n g t h  o f  t h e  t r u n k ,  w h i l e  c o n c e n t r a t i n g  t h a t  l e a f  area near  t h e  t o p  

o f  t h e  bole.  For  an ea r l y -success iona l  species,  h e i g h t  growth i s  

tantai i iount t u  s u r v i v a l .  The same argument i s  t r u e  o f  Type I 

p r o l e p t i c  branching. A spec ies which can develop i t s  l e a f  area 

a long t h e  c u r r e n t  y e a r ' s  l eader  growth has an advantage f o r  l i g h t  

i n t e r c e p t i o n .  

develop i t s  canopy throughout  t h e  growing season, t o  develop leaf  

area i n  t h e  same year  as ex tens ion  growth, and t o  r e p a i r  damage 

gives t h i s  species an advantage over  o t h e r  t r e e s  and a l l ows  f o r  

i t s  s u r v i v a l  e 

The combinat ion of t r a i t s  which a l l o w  sycamore t o  

From a manageirient p o i n t  o f  view, i f  p r o l e p s i s  i s  g e n e t i c a l l y  

determined and found on l onger  stems, then  s e l e c t i o n  f o r  t h i s  t r a i t  

may be usefu l  i n  g i v i n g  these t r e e s  an advantage when t h e y  a re  grown 

i n  p l a n t a t i o n s  w i t h  c o m p e t i t i o n  w i t h  h e r b s .  

The presence of a l l  these f e a t u r e s  p e r m i t s  sycamore t o  su rv i ve ,  

and t n r i v e ,  as an e a r l y  success ional  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 "coinplete 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. 

trunk and branches includes the following variables: 

A description o f  first year growth of both 

1 .  the amount o f  extension growth at all crown positions, 

2. the number o f  nodes formed, 

3 .  the distance to each node, and 

4. the azimuth of each node. 

If the crown description is t o  include leaf display as we11 as 

branching, the following variables are also needed: 

1. petiole length, 

2. the angle o f  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 leaf lamina must also be measured if leaf weight 

and petiole flexibility cause it to differ from the node azimuth. 
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And, i f  l e a f  i n c l i n a t i o n  and azimuth a re  measured r e l a t i v e  t o  t h e  

mother branch r a t h e r  than  r e l a t i v e  t o  g r a v i t y ,  a measurement o f  t h e  

t o r q u e  o f  t h e  p e t i o l e  and lamina must a l s o  be made. 

y e a r  of branch f o r m a t i o n  t h e  f o l l o w i n g  v a r i a b l e s  a re  needed: 

I n  t h e  second 

1. t h e  number o f  daughter branches produced, 

2. t h e  node number o f  each daughter, and 

3. t h e  angle o f  d ivergence between t h e  mother and daughter  

branch. 

I f ,  as i s  u s u a l l y  t h e  case, t h e  branches a re  n o t  s t r a i g h t ,  t hen  t h e  

azimuth r e l a t i v e  t o  t h e  mother should be remeasured as i t  w i l l  d i f f e r  

f rom t h e  node azimuth. A11 v a r i a b l e s  d e s c r i b i n g  y e a r  one growth must 

a l s o  be measured f o r  each daughter. l h e s e  second yea r  b ranch iny  

v a r i a b l e s  must a l s o  be measured on any Type I p r o l e p t i c  branches 

formed d u r i n g  t h e  f i r s t  year .  Cochrane and Ford (1978) have 

c a t e g o r i z e d  these v a r i a o l e s  i n t o  t h r e e  phases o f  branch growth: 

( 1 )  p roduc t i on ,  which i n c l u d e s  t h e  number o f  branches produced; 

( 2 )  d i spe rs ion ,  which i n c l u d e s  branch azimuth and i n c l i n a t i o n ;  

and ( 3 )  extens ion,  which p r e d i c t s  t h e  l e n g t h  o f  each branch. 

What follows i s  a b r i e f  rev iew  of t h e  processes govern ing these 

aspects o f  crown development. 

E l o n g a t i o n  Growth: P a t t e r n  and P h e n o l o u  

F o r  a l o n g  t ime, i t  was assumed t h a t  p l a n t s  made t h e i r  t o t a l  

amount of seasonal ex tens ion  growth i n  a s i n g l e  s p u r t  which c o u l d  b e  

desc r ibed  by a s igmoid curve ( S t u d h a l t e r  1955). 

a t t r i b u t e d  t h e  f i r s t  c l e a r  d e s c r i p t i o n  o f  t h i s  “grand p e r i o d  of  

Richards (1969) 
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growth" to Sachs (1874). 

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 

Many o f  the earlier papers on tree 

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: 

All previous studies of these species have shown the 
elongation of the primary axis to exhibit essentially 
a grana period type of curve while in these three 
trees each curve shows 3 waves o f  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) i n  

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

resting bud, (3) in a growth flush followed by shoot-tip abortion, 
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o r  ( 4 )  b y  a sus ta inea  growth f l u s h  i n  which l a te - fo rmed  leaves 

expand b e f o r e  t e r m i n a l  bud fo rma t ion .  

The growth curves o f  i n d i v i d u a l  branches on a t r e e  are a l s o  

a f f e c t e d  by crown p o s i t i o n .  For example, F r i e s n e r  (1943-44) 

observed t h a t :  

f r o m  t r e e  t i p  t o  base ('Trend 1 i n  Chapter l ) ,  ( 2 )  second-order 

branches e longated l e s s  than p r imary  branches, ( 3 )  srcond-order  

branches on o l d e r  f i r s t - o r d e r  branches e longated less than 

second-order branches on p r i m a r i e s  above them, and ( 4 )  o l d e r  

second-order branches grew less t han  younger second-order branches, 

even though t h e  younyer second-order branches may have been on o l d e r  

p r i m a r y  branches. 

between branches, t h e  r a t e  o f  e l o n g a t i o n  v a r i e d  much more. 

Kozlowski  and Ward (1961) found a decrease i n  amount o f  e l o n g a t i o n  

growth w i t h  i n c r e a s i n g  Lsranch order .  Others have observea a d e c l i n e  

i n  t h e  d u r a t i o n  o f  e l o n g a t i o n  growth w i t h  i n c r e a s i n g  branch o rde r .  

F rase r  ( 1 9 6 2 )  ana Forward and Nolan (1964) found t h a t  e l o n g a t i o n  

growth a t  t h e  t r e e  t i p  began e a r l i e r ,  and ended l a t e r ,  t han  a t  t he  

t r e e  base. 

( 1 )  c u r r e n t  growth on p r i m a r y  branches decreased 

Al though t h e  d u r a t i o n  o f  e l o n g a t i o n  v a r i e d  

S tud ies  on t r e e  ex tens ion  growth have con t inued  t o  t h e  

p resen t .  C r i t c h f i e l d  (1960) examined h e t e r o p h y l l y  i n  Populus 

t r i c h o c a r p a  T. & G. and found two d i s t i n c t  peaks i n  i n t e r n o d e  

leng ths ;  t h e  f i r s t  i n t e r n o d e  formed between t h e  e a r l y  and l a t e  

leaves was l onger  than those below o r  above i t .  I-le a l s o  found 

( 1 9 7 1 )  a d i s t i n c t  h i a t u s  i n  l e a f  p r o d u c t i o n  and i n t e r n o d e  expansion 

between e a r l y  and l a t e  l e a f  f o r m a t i o n  i n  r e d  maple (Acer - - rubrum ._ I-.). 
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Borchert (1373) proposed a model t o  explain endogenous rhythms i n  

shoot g r o w t h  which assumed t h a t  t h i s  phenomenon was caused by 

feedback between two poten t ia l ly  l imiting reactions.  H i s  predicted 

r e s u l t s  (1975) agreed with oPserved pat terns  o f  shoot growth i n  pin 

oak (Quercus p a l u s t r i s  rvluench.). 

program t o  aid i n  analysis of shoot growth pat terns  (1976) .  

He l a t e r  developed a computer 

Phyllotaxis 

Leaves may be arranged along the stem in one of three 

phyllotaxes: they may form singly a t  an angle o f  180 degrees from 

each other (d is t ichous) ,  form i n  pa i r s  which are  90 degrees from 

each other (decussate) ,  o r  form s p i r a l l y  around the stem. Of these 

three  pat terns ,  s p i r a l  phyllotaxis has received the most a t ten t ion .  

As an in te res t ing  h is tor ica l  aside,  Leonardo da Vinci (McMurrich 

1330, MacCurdy 1936, both c i ted  in Studhalter 1955) made an 

unsuccessful attempt t o  determine branch age from phyllotaxis.  

Braun (1831) and Schimper (1836) a re  credi ted with putting the study 

o f  phyllotaxis on i t s  modern basis ( S i n n o t t  1960). They proposed 

t h e  ru le  t h a t  the angle of divergence between two consecutive leaves 

i s  a ra t ional  f r a c t i o n  o f  360 degrees (Snow 1955). T h i s  f rac t ion  i s  

determined by connecting the centers of leaves i n  the  order of t h e i r  

formation (Snow 1955) t o  form the ontogenetic, o r  genetic s p i r a l .  

After a fixed nurriber of turns have been mdde i n  the s p i r a l ,  a leaf 

will  b e  reached which i s  d i r e c t l y  above the f i r s t  leaf in the 

s e r i e s .  This  phyllotaxis i s  expressed as a f r a c t i o n  i n  which the 

numerator gives the  number o f  turns of the s p i r a l  between 



88 

o v e r l a p p i n g  leaves ana t h e  denominator g i v e s  t h e  number of leaves 

encountered i n  t h e  process. D i s t i c h o u s  p h y l l o t a x i s  i s  represented 

as t h e  t3raun-Schimper f r a c t i o n  1/2. U the r  observed f r a c t i o n s  a r e  

1/3, 2/5, 3/8, and 5/13. These f r a c t i o n s  f o r m  a s e r i e s  i n  which 

b o t h  t h e  numerator ( o r  denominator)  i s  t h e  sum o f  t h e  numerators ( o r  

denominators) o f  t h e  p r e v i o u s  two f r a c t i o n s .  The numbers used i n  

t h i s  s e r i e s  (1, 1, 2, 3, 5, 8 3 * . . )  a r e  t h e  numbers o f  t h e  F ibonacc i  

s e r i e s  i n  which each number i s  t h e  sum o f  t h e  preceeding two. 

A second approach used t o  s tudy  p h y l l o t a x i s  examines l e a f  

p r i m o r d i a  i n  t h e  bud, o r  i n  o t h e r  s p e c i a l i z e d  c i rcumstances where 

t h e  p h y l l o t a c t i c  s p i r a l  can be observed c l e a r l y  (e.g., a t  t h e  base 

o f  a p i n e  cone o r  i n  a sunf lower  head). 

t echn ique  t o  observe t h a t  t h e  angles o f  d ivergence between l e a f  

p r i m o r d i a  do n o t  suppor t  Braun and Schimper 's r u l e .  

d ivergence do n o t  f a l l  i n t o  c l e a r l y  d e f i n e d  yroups b u t  approach t h e  

number 0.382 ( t h e  "golden mean") which d e f i n e s  t h e  angle 137.5 

degrees. It can be observed t h a t ,  w i t h  t h e  e x c e p t i o n  of a few 

s p e c i a l  cases, a l l  t h e  Braun-Schimper angles a re  p r a c t i c a l l y  t h e  

same. 

Snow (1955) used t h i s  

Angles o f  

By t h i s  second approach, two i n t e r s e c t i n g  l o g a r i t h m i c  s p i r a l s  

a r e  observed. 

(e.g., l e a f  p r imord ia ,  cone scale,  o r  seed), t h e  number o f  elements 

i n  each o f  t hese  s p i r a l s  ( p a r a s t i c h i e s  o r  c o n t a c t  p a r a s t i c h i e s )  a r e  

counted up t o  t h e  p l a n t  p a r t  where t h e  two curves i n t e r s e c t ,  and 

these  numbers a re  t h e n  expressed as a f r a c t i o n  (e.g., 3/5) .  

F r a c t i o n s  formed by t h i s  method a l s o  use t h e  numbers of t h e  

Beginning w i t h  t h e  most r e c e n t l y  farmed p l a n t  p a r t  
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Fibonacci series, but these fractions differ froin 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 "golaen mean" (7.0 -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 i t s  introduction into 
plant-structure through natural selection, are matters which 
deserve no place in the plain study of botanical phenomena. 

Reviews o f  phyllotaxis can be found in Richards and Schwabe 

( 1969), Sinnott (196O), and Snow (1955). 

is Williams (1975). 

A recent work in this area 

Branch Inclination 

Branch inclination is the angle (measured from the vertical) 

that a branch, o r  branch section, forms with a l ine  o f  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) called 

the angle formed in the middle course of growth the ''angle of 

inclination" and the angle formed by the branch tip the "geotropic 

angle." 

by the branch at its point o f  insertion along the stem and defined 

Po lk  (1974) defined the "angle of origin" as the angle made 
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t h e  "angle of t e r i n ina t i on " !  as t h e  angle formed by  a l i n e  connec t ing  

the branch t i p  t o  i t s  o r i g i n .  Jankiewicz and S t e c k i  (1976) have 

i l l u s t r a t e d  t i l a t  t h e  angle of o r i g i n  o r  " c r o t c h  angle"  may change 

w i t h  t r e e  age s imp ly  because t h e  branch becomes embedded i n  t h e  

t r u n k .  A complete d e s c r i p t i o n  of branch c u r v a t u r e  would i n c l u d e  

branch i n c l i n a t i o n s  a t  a l l  branch p o s i t i o n s .  Recent ly ,  Burk e t  a ] .  

(1983) developed a rnethud t o  model branch i n c l i n a t i o n  by  assuming 

cons tan t  cu rva tu re .  

Branch angles a re  under g e n e t i c  c o n t r o l  b u t  a r e  a l s o  i n f l u e n c e d  

by env i ronmenta l  f a c t o r s ,  Genet ic v a r i a t i o n  may be seen among 

c u l t i v a r s  and even w i t h i n  t h e  same t r e e  (Kramer and KOzlCJwSki 

1979). Many morphologica l  processes have i n t e r a c t e d  t o  produce t h e  

branch i n c l i n a t i o n  observed a t  any g i ven  time, and i n f o r m a t i o n  on 

these processes has been summarized by Brown (1971a), Jank iewicz and 

S t e c k i  (1976), and Kranier and Komlowski (1979).  Jank iewicz and 

S t e c k i  r e p o r t e d  t r i a t  t h e  d i r e c t i o n  o f  branch growth i s  determined b y  

t h e  angle t h e  branch forms w i t h  t h e  t r u n k  and t h e  amount t h e  branch 

w i l l  bend. I n  p ines,  c r o t c h  angles o - f t en  widen d u r i n g  t h e  f i r s t  

yea r  o f  growth ,  This  i s  accomplised th rough  two mechanisms. F i r s t ,  

newly formed t i s s u e  i n  t h e  branch c r o t c h  e x e r t s  a mechanical  downward 

p ressu re  on t h e  branch. Second, r e a c t i o n  wood i s  formed, perhaps as 

a response t o  b a s i p e t a l l y  t r a n s p o r t e d  aux in  produced by t h e  l e a d e r  

( Jank iew icz  and S t e c k i  1976, Wareing 1970). T h i s  i n f l u e n c e  of t h e  

l eader  on oranch i n c l i n a t i o n  i s  an example o f  e p i n a s t y .  These 

dawnlsdard f o r c e s  e x e r t e d  a t  t h e  base o f  t h e  branch a re  opposed by 

r e a c t i o n  wood f o r i l i a t i on  on t h e  lower Side o f  o l d e r  branches and a l s o  



by branch thickening. 

response to gravity (negative geotrophisrn). 

processes produces the branch inclination observed at any given 

time. 

snow load. In subsequent years, branch inclination increases under 

the weight of new needles, and this force is countered by reaction 

wood formation. 

At the Dranch apex, growth is upward i n  

The net result of these 

This angle may increase in winter due to the weight o f  any 

Similar processes determine branch inclination i n  woody 

angiosperms. One difference i n  this group i s  that negative 

geotropism i s  often countered by geo-epinasty. 

downward branch growth (Jankiewicz and Stecki 1976), and its 

strength i s  correlated to branch order (higher-order branches are 

less geotropically active, Brown 1971a) 

T h i s  process causes 

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 i s  the fact that after 

displacement from the vertical, buds on the underside o f  a stern are 

often released (an example of reiteration, sensu Halle et al. 1978). 

Branch angles also change with tree age and competition. 

and Wareing (1963) described three processes associated with tree 

aging. The first o f  these, reduced annual growth, was mentioned 

above. The second, loss o f  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, i t  i s  often observed that top branches are often 

Moorby 
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v e r t i c a l l y  o r i e n t e d  and t h a t  branch angle increases b a s i p e t a l l y  

( s i m i l a r  t o  t h e  Type 3 D u f f  and Nolan sequence d iscussed i n  

Chapter 1) .  

-.._._I r u b r a  L,, Nard 1964) and c o n i f e r s  (e.g., -.1__1 Picea s i t c h e n s i s  -_-- (Bong . )  

Caw., Cochrane and Ford 1978). Compet i t ion a l s o  a f f e c t s  branch 

angle.  Nelson e t  a l .  (1981) observed an increased angle o f  o r i g i n  

and a decreased anqle o f  t e r m i n a t i o n  a t  w ide r  spacings w i t h  Populus 

c lones.  

- l h i s  i s  t r u e  f o r  bo th  woody angiosperms (e .g . ,  Quercus 

The purpose o f  t h i s  chap te r  i s  t o  g i v e  a "complete d e s c r i p t i o n "  

of sycamore branching. S t a t i s t i c a l  models w i l l  be developed which 

d e s c r i b e  each aspect o f  branch growth l i s t e d  i n  t i l e  I n t r o d u c t i o n  t o  

t h i s  chapter .  These models w 11 then  be used as t h e  b a s i s  of t h e  

s i m u l a t i o n  model developed i n  Chapter- 6. Where poss ib le ,  v a r i a b l e s  

which r e p r e s e n t  t h e  processes discussed i n  t h e  i n t r o d u c t i o n  t o  t h i s  

chap te r  w i l l  by en te red  i n t o  t h e  analyses. 

lvlater-i a1 s and Met hods _I_ 

Chapter 2 d iscussed t h e  procedures used t o  s e l e c t  s tudy trees 

and branches, and a l s o  l i s t e d  t h e  v a r i a b l e s  measured on each branch. 

The methodology used t o  analyze these d a t a  w i l l  be g i v e n  i n  each o f  

t h e  f o l l o w i n g  sec t i ons .  

R e s u l t s  and D iscuss ion  

Extens ion Growth 

F i g u r e  5.1 shows t h e  annual growth o f  t h e  p r i m a r y  branches on 

t h e  s tudy t r e e s .  I n  t h i s  f i g u r e ,  t h e  l - y e a r - o l d  s e c t i o n  ( c u r r e n t  
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Figure 5.1. Branch annual growth increments (AGI) f o r  a l l  primary 
branches. ( a )  T r u n k  age = 2 ( T A Z ) .  ( b )  TA3. 
( c )  TH4. ( d )  TA5. ( e )  TA6. Type I branches a r e  
marked w i t h  a boxed " X "  and Type I 1  branches are  marked 
with an " X . "  
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growth)  o f  a branch i s  marked Branch Sec t ion  Age = 1, t h e  2 -yea r -o ld  

s e c t i o n  i s  marked Branch S e c t i o n  Age = 2, and so f o r t h .  A l l  

measurements on a g i v e n  branch have been connected w i t h  a s o l i d  

l i n e ,  Observat ions on Type I 1  p r o l e p t i c  branches (Chapter 4 )  have 

been marked w i t h  an "X," and those on Type I p r o l e p t i c  branches have 

been marked w i t h  a boxed ' I X . "  Several  g e n e r a l i z a t i o n s  can be made 

f r o m  t h i s  f i g u r e .  F i r s t ,  i n  most cases, t h e  l e n g t h  o f  Type I 

p r o l e p t i c  branches i s  much l e s s  i n  t h e i r  f i r s t  yea r  o f  growth than  

i n  t h e  f o l l o w i n g  year .  

branches c o u l d  e longa te  f o r  o n l y  p a r t  o f  t h e  growing season; some 

t i m e  had e lapsed b e f o r e  t h e  bud had formed and more t i m e  lapsed 

d u r i n g  t h e  ( b r i e f )  r e s t  pe r iod ,  Second, t h e  decrease i n  l e n g t h  o f  

success ive annual growth increments (AGI's)  i s  exponen t ia l .  T h i s  i s  

e s p e c i a l l y  e v i d e n t  f o r  t h e  5-year-o ld  branches. N t h i r d  o b s e r v a t i o n  

i s  t h a t  c l i m a t e  a f f e c t s  branch e l o n g a t i o n  growth. Chapter 3 

d iscussed t h e  t h e o r y  behind t h i s  concept and demonstrated t h a t  

sycamore h e i g h t  growth i s  r e l a t e d  t o  s o i l  mo is tu re .  Values f o r  t h e  

DUK s o i l  m o i s t u r e  index (see Chapter 3 )  f o r  yea rs  1978 t o  1982 are: 

0.74, 1.00, 0.42, 0.85, and 1.00. The r e d u c t i o n  i n  e l o n g a t i o n  

growth due t o  t h e  1980 s o i l  m o i s t u r e  d e f i c i t  can be c l e a r l y  seen i n  

F i g u r e  5.1. 

T h i s  i s  p robab ly  due t o  t h e  f a c t  t h a t  t h e s e  

H m u l t i v a r i a b l e  r e g r e s s i o n  a n a l y s i s  was performed t o  model 

mean branch growth. S o i l  water a v a i l a b i l i t y ,  c u l t i v a t i o n ,  and 

f e r t i l i z a t i o n  a f f e c t  ex tens ion  growth (Chapter 3 ) .  

e f f e c t s  were accounted f o r  by s c a l i n g  ( d i v i d i n g )  branch AGI l e n g t h  

These whole- t ree 
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DY the length o f  the tree leader AGI. 

adds these environmental effects to branch growth through their 

effect on leader growth. 

shown that the amount of first-year extension growth of the primary 

branch i s  a function o f  the distance from the base of the trunk AGI 

to that branch; branches near the tip o f  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. 

more flexible than the previous work in that it allows the curve 

shape t o  vary. The further hypothesis was made that t h i s  branch 

position effect also holds for extension grawth of second- and 

higher-order branches. This was accounted for in the model by 

including a1 1 "ancestor" node distance terms (grandmother (GN), 

great-grandmother (GGN) ,  great-great-grandmother (GGGN)). It 

w i l l  be shown later in this chapter that branch length i s  a good 

predictor of the number o f  nodes or the number of daughters formed 

an a branch section. 

(ML) may a l so  affect subsequent daughter branch length. This 

hypothesis was alsa tested by the regression. 

observed in figure 5.1 was entered as t h e  varlabla branch age ( B A ) ,  

Further hypotheses were made that the slopes and intercepts of these 

variables differed w i t h  branch order and w i t h  branch sectlon age 

This technique implicitly 

Previous work (Schutt, unpub. man.) has 

This model is 

Because of this relationship, mother length 

The expanential decay 
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( p a r e n t  age = PA)  w i t h i n  order .  These v a r i a b l e s  were added t o  t h e  

model. A m u l t i p l i c a t i v e  model was chosen and analyzed by  t a k i n g  t h e  

n a t u r d l  l o g a r i t h m  ( i n d i c a t e d  by t h e  p r e f i x  LN on t h e  v a r i a b l e s )  o f  

a l l  v a r i a b l e s .  The f u l l  model con ta ined  t h e  f o l l o w i n g  terms: 

branch o r d e r  (ORDER) ; p a r e n t  age ( P A )  ; mother, grandmother, 

great-grandmother, and great-great-grandmother node d i s tances  (LNMN, 

LNGN, LNGGN, LNGGGN); ancestor  l eng ths  (LNML, LNGL, LNGGL, LNGGGL) ; 

and branch age ( d A ) .  

R e s u l t s  f rom t h i s  a n a l y s i s  a re  shown i n  Table 5.1. The f u l l  

model i s  h i g h l y  s i g n i f i c a n t  ( p  - <0.0001) and accounts f o r  79% o f  

t h e  v a r i a t i o n  i n  t h e  data.  Several  i n t e r e s t i n g  obse rva t i ons  can be 

made f rom t h i s  t a b l e .  

"ances to r "  v a r i a b l e s  decreases w i t h  each g e n e r a t i o n  from t h e  

daughter branch. T h i s  says, f o r  example, t h a t  i f  a p r i m a r y  branch 

can s u r v i v e  t o  produce a f o u r t h - o r d e r  branch, t h e  p o s i t i o n  o f  t h e  

f o u r t h - o r d e r  branch on t h e  t h i r d - o r d e r  branch i s  a b e t t e r  p r e d i c t o r  

o f  t h e  l e n g t h  o f  t h a t  Faur th-order  branch t h a n  t h e  p o s i t i o n  o f  i t s  

f i r s t - o r d e r  ancestor  on t h e  t r u n k .  Th is  t a b l e  a l s o  demonstrates 

t h a t  branches of d i f f e r e n t  o rde rs  and branches on d i f f e r e n t  pa ren t  

ayes w i t h i n  each o r d e r  d i f f e r  i n  t h e i r  s lope  and i n t e r c e p t .  A 

p a r t i a l  e x p l a n a t i o n  f o r  t h i s  may be t h e  n a t u r e  o f  t h e  d a t a  i n  t h a t  

i t  c o n t d l n s  branches o f  d i f f e r e n t  ages. For  example, 1-year-old 

p r i m a r i e s  va ry  i n  l e n g t h  f rom smal l  branches near  the AGI  basc, t o  

longer branches near t h e  AGI t i p  ( t h i s  i s  an example o f  t h e  mother 

node p o s i t i o n  e f f e c t  descr ibed above). On t h e  o t h e r  hand, t h e  

measured 5-year -o ld  p r i m a r i e s  a re  those which have undergone seve ra l  

One i s  t h a t  t h e  p r e d i c t i v e  power o f  t h e  



r a b l e  5.1. R e s u l t s  f r o m  t h e  r e g r e s s i o n  p r e d i c t i n g  b ranch  g rowth  (expressed as 
p p e r c e n t  o f  l e a d e r  g r o w t h )  f r o m  bra;ch o r d e r ,  p e r c e n t  dge, 

bee t h e  t e x t  f o r  an e x p l a n a t i o n  o f  t h e  te rms .  
a n c e s t o r "  node d i s t a n c e s ,  "ances to r  l eng ths ,  and b ranch  age. 

- 
Sum o f  squares 

Source o f  
V a r i a t i o n  d f  F u l l  model Type I 1 1  MS F 

Mode 1 79 5999.843 75.947 1 62.22*** 
UKDiR 3 30.595 10.198 2 1 .78*** 
PA (URDER) 6 15.817 2.636 5.63*** 
LhMN (ORDER) 4 490 * 334 122.584 2 6 1 .BY*** 
LNGN (OKUtK) 3 6.460 2.153 4.60** 
LNGGN ( O K U t K )  2 2.549 1.274 2.72ns 

LNML (ORDER) 4 25.074 6.269 13.39*** 
LNGL (OKDER)  3 2.477 0.826 1.7bns 

LNGGLL (OKUER) 1 0.497 0.497 1 .06ns 

LNGGGN (UKUEg) 1 0.464 0.464 0.99ns 

LNGGL (ORDER) 2 1.01 7 0.509 1.09ns 

BH (ORULK) 4 190.117 47.529 101.52*** 
LNPIN ( P A  * OKDEA) 9 90.873 10.097 21.57*** 
LWGN (PA * UKUER) 5 4.642 0.928 i .gans 
LNGGN ( P A  * UKUER) 0 - - - 
LNML (PA * OKUEK) 9 37.809 4.201 8.97*** 
LNGGGH (PA * OKIJEK) U - - - 
LNGL (PA * ORDER) 5 3.552 0.710 1 .5OnS 
LNGGL (PA * O R U t R )  2 0.385 U.193 O m 4 I n s  
LNGGGL (PA * UKUEK) 0 - - - 

E r r o r  3359 1 57 2.584 0.468 R 2  = 0.792 

8A ( P A  * ORUEK) 6 8.538 1.423 3.04** 

T o t a l  3438 7572.426 
I 

n r N o t  S i g n i f i c a n t .  

* S i g n i f i c a n t  a t  0.05 l e v e l .  

" " S i g n i f i c a n t  a t  0.01 l e v e l .  

* * * S i g n i f i c a n t  a t  0.001 l e v e l .  
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years o f  branch death, and in this process the probabil ty of 

survival i s  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 

l-year-old branches. Branches of all ages are needed to estimate 

the effect o f  mother length. 

information on the shape of the decay curve, whereas the l-year-old 

branches yield inore information on the effect o f  position on first 

year growth. Repeated measurements made on the annual extension 

growth a cohort of branches are needed t o  develop a better model for 

this variable. 

The 5-year-old branches add more 

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 

HGI tip daminate; branches get proportionately langer w i t h  

increasing distance t o  the AGI base. The small exponent for order 

4 branches may be due to small sample s i z e ,  This analysis confirms 

the observatian t h a t  branch length increases with distance from the 

HGX base, 

This  pattern of decreasing organ size with increasing distance 

f r om the t i p  has been Qbserved by others. 

i nter-whorl branch lengths among conifers (Baxter and Cannel 1 1978, 

Cochrane and Ford 1978, Jensen 1976, Powell 1977), for branch length 

i n  waody angiosperms (Caesar and Macdonald 1984, Isebrands and 

It has been found for 
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Nelson 1982, Jankiewicz and Stecki 1976, Nelson et al. 1981), and 

f o r  bud size (Gill 1971). 

within an AGI is called acrotony and appears t o  be due t o  

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 

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

daughter branches which are located near the A G I  tip. 

prabably i s  advantageous in that it allows for display of 

photosynthetic surface throughout the stem while concentrating most 

o f  that surface near the crown periphery. 

these long primary branches often grow to compete with the leader 

(Brown 1971a). 

The pattern of increasing branch length 

Acrotony 

In woody angiosperms, 

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. 

compound leaf may be the functional equivalent of the long, slender 

shoot produced in some species. 

shoots in that it is a "disposable" organ in the sense that it does 

not contribute to the final geometry o f  the tree. 

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. 

Whitney (1976) has suggested that the rachis o f  a 

The rachis may differ from those 

Acrotony may be 
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Previous work (Schwtt, unpub. man,) has confirmed t h a t  primary 

branch death in sycamore (Platanus _l-_l--.__ occidental is  _._I___. L . )  i s  concentrated 

on the lower, shor te r  branches on an AGI, This previous work also 

confirmed the observation t h a t  the amount o f  annual branch growth 

decl ines  with increasing branch age. 

Other researchers have observed a decrease i n  branch A G I  length 

with increasing branch age (e.g., Powell 1977) and three have 

modeled i t .  Jensen (1976) predicted branch length in Douglas f i r  

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

Y = 438.0 - 319.0(10~~ X )  

where Y i s  internode length ( H G I )  and X i s  internode number from the 

bole (BA). Fisher and Honda (1977) modeled the  dichotomous branching 

o f  Perminalia catappa L. as the  r a t i o  of t h e  daughter branch length 

t o  the mother length. Their branching r a t i o s  of 0.94 and 0.87 can 

be t rans la ted  in to  the  equation: 

where Y and X are  as above, and a i s  the  branching r a t i o .  Cochrane 

and Ford (1978) defined the  r e l a t i v e  extension r a t e  ( G ( 1 ) )  o f  whorl 

and interwhorl branching as: 

Hranch increment i n  t i l e  ithseason G ( 1 )  = A d .  

Average length of branch i n  iL"season 

where : 

2 < = 1 < 8  - ( ; ( I )  = (0.6250)(1.1377)-I _" 
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for whorl branches and: 

G (  I ) =(  2.1727) ( 1.7082) - I  

for interwhorl branches. The current analysis is an improvement over 

these models in that it includes branches of all orders and i n  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. 

on higher-order branches, and it spread in an dcropetal direction 

until the whole branch was affected. 

shown that this i s  a reversible process. 

In Scots pine (Pinus sylvestris L.) this was observed f rst 

Grafting experiments have 

Moorby and Wareing also 

conducted pruning experiments to demonstrate that this phenomenon i s  

a result o f  increasing intra-branch competition for available 

nutrients with increasing branch complexity. Apical dominance 

("control," sensu Brown et al. 1967) also modifies nutrient 

distribution. 

hypothesis that this intra-crown competition i s  f o r  root-originated 

inetabol ites (Jankiewicz and Stecki 1976). Jensen (1976) 

hypothesized that the decrease i n  annual branch growth was due to 

physiological changes occuring in the branch as well as to changes 

in the relative position o f  the growing tip with respect to the 

Many observations are present which support the 
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t r e e ' s  leader .  He l i s t e d  p o t e n t i a l  p h y s i o l o g i c a l  changes as: 

i n c r e a s i n g  a p i c a l  age, mechanical changes i n  t h e  t r a n s p o r t  system, 

and r e a l l o c a t i o n  o f  growth substances f ro in  e x t e n s i o n  t o  r a d i a l  

growth.  He argued t h a t  c o m p e t i t i o n  f rom n e i g h b o r i n g  t r e e s  o r  

s e l f - s h a d i n g  was n o t  t h e  cause because t h i s  t r a i t  was observed on 

even t h e  youngest branches. 

The decrease i n  annual branch ex tens ion  growth has a l s o  been 

exp la ined  f r o m  a me tapopu la t i ona l  (sensu J. A h i t e  1979) v iewpo in t .  

J .  White (1980) g e n e r a l i z e d  t h a t  module s i z e  decreases w i t h  

i n c r e a s i n g  module number. Bo rche r t  and Slade (1981) have shown t h a t  

b ranch ing  r a t e  must a l s o  d e c l i n e  w i t h  p l a n t  age t o  avo id  i n t r a - t r e e  

compe t i t i on .  

obse rva t i ons .  Fo r  example, Gunckel e t  a l .  (1949) observed a 

r e d u c t i o n  i n  t h e  l o n g  shoo t / sho r t  shoot r a t i o  i n  Ginkgo b i l o b a  L. 

They a t t r i b u t e d  t h i s  t o  i n h i b i t i o n  o f  sub- terminal  brancn growth by  

t e r m i n a l  l o n g  shoots, an e f f e c t  c o n t r o l l e d  th rough  a u x i n  

p r o d u c t i o n .  Wi lson (1966) observed t h i s  same phenomenon i n  r e d  

maple. P .  White (1984) a l s o  noted a decrease i n  ex tens ion  growth 

w i t h  i n c r e a s i n g  annual growth number i n  A r a l i a  spinosa. I 

Observat ions o f  t h i s  t y p e  have l e d  J. White (1980) t o  conclude t h a t  

t h e  number o f  branches on a t r e e  becomes asymptot ic  w i t h  ' increasing 

p l  an t  age. 

These two p r i n c i p l e s  have been v a l i d a t e d  f r o m  f i e l d  

Number o f  Nodes 

The number o f  nodes borne on a branch increases w i t h  branch 

leng th .  The d e n s i t y  o f  those nodes (number o f  nodes/branch increment  
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l e n g t h )  may a l s o  change w i t h  branch length .  

P.  White (1984) suggest t h a t  t h i s  i s  t r u e  f o r  A r a l i a  spinosa. 

found t h e  node d e n s i t y  o f  t h e  f i r s t  mean annual increment  t o  be 

0.13 noides/cm (10 leaves/75cm) whereas t h e  d e n s i t y  o f  l a t e r  

increments was 0.24 nodes/cm ( 6  nodes/25 cm). Only  two r e g r e s s i o n s  

were found i n  t h e  l i t e r a t u r e  which p r e d i c t  number o f  nodes f r o m  

branch l e n g t h  (Powel l  1977, Ward 1964). I n  b o t h  of these 

regress ions ,  t h e  number o f  nodes formed was a l i n e a r  f u n c t i o n  of 

hranch leng th .  

Data presented  i n  

He 

The purpose o f  t h i s  s e c t i o n  i s  t o  develop a model t o  p r e d i c t  

node d e n s i t y .  S ince  t h i s  d e n s i t y  may vary w i t h  branch length ,  a 

l o g a r i t h m i c  m u l t i p l i c a t i v e  model was chosen because o f  i t s  

f l e x i b i l i t y .  The e f f e c t  o f  branch l e n g t h  on node d e n s i t y  was 

i n c l u d e d  by adding t h e  l o g a r i t h m  o f  branch l e n g t h  (LNLEN) as an 

independent v a r i a b l e .  

fertilization/cultivation and c l i m a t e  i n f l u e n c e  h e i g h t  growth. Node 

d e n s i t y  may a l s o  v a r y  w i t h  these e f f e c t s .  To t e s t  t h i s  hypothes is ,  

t h e  e a r l y  r o t a t i o n  fertilization/cultivation e f f e c t  was added as a 

FERT = 2 c l a s s  e f f e c t  and t h e  absence o f  t h i s  e f f e c t  was en te red  as 

FEKT = 0. The DUR s o i l  mo is tu re  index developed i n  Chapter 3 was 

a l s o  used i n  t h i s  a n a l y s i s  t o  account f o r  c l i m a t i c  e f f e c t s .  

random c l a s s  v a r i a b l e  (TREE) was added t o  account f o r  any d a t a  

dependencies due t o  d i f f e r e n c e s  i n  t r e e s .  

Chapter 3 demonstrated t h a t  b o t h  

Another 

Table 5.2 g i v e s  t h e  ANOVA f o r  t h e  r e g r e s s i o n  equat ion .  The 

parameter ized  equa t ion  is: 

-0.440 . ,bp . DUR 0.103. e b4 1 n(  NNODES/LENGTH) = e 0*390 LENGTH 



Table 5.2. ANU'i'A t ab le  f o r  the regression predicting t h e  nGcie density 
( l n  (number of Km!S/branCh length)) f r o m  branch l e n g t h  
(LNLEN), . fer t i  izer (FERT)  c l  inlate (LNDQt?), and t ree  
(TREE) ef fec ts .  

Sum o f  saiiares 
Source o f  
Variation d f  Full model Type I I I  MS F 

19.189 84 3.6 gStdrx -I 

L IYLi I\i I 203.030 203.090 8929.17""" m 
1.289 7.239 56.69""" 

1.064 46.79""" 
m-r 1 

T R E E  9 2.527 0.28'1 12.35*** 

7 0 
ivocie 1 'i 2 2311.272 

LNDJK 'I -1 .ob4 

Error 966 21.97; 0 .O23 K2 = 0.913 

***Significant a t  0.001 level.  
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where b 2  i s  the fertilization/cultivation effect (0.0 for FERT = 2 

and -0.321 for no fertilizer) and b4 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. 

lerngth and number of nodes on the branch (Figure 5.2). The negative 

sign o f  this exponent means that ln(node density) decreases as LNLEN 

increases; longer branches have a lower node density. This 

observation was verified in the analysis o f  node position given i n  

the following section and will be discussed further at that point. 

This fact also correlates well with the observation made from 

P. White above. 

(with their lower node density) hold leaves which are larger than 

average. The sign o f  both the fertilizationlcultivation and soil 

moisture index parameters is positive, indicating that both 

fertilization/cultivation and increasing s a i l  moisture availability 

increase node density. 

increases from no-fertilizationlcultivation effect of -0.321 to a 

ferti lization/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 is due to the high association between branch 

It may a l s o  be true that these longer branches 

(The fertilization/cultivation term 

This trait may be genetically determined. 

Node Posit ion 

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 

Musgen and Munch (1929) who wrote that it i s  "well known that on any 

given shoot the length o f  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 m nd, however, that at this 

time growth was considered to follow a "grand period" curve. 

i s  not true for all species. 

that the length o f  the first internode i n  Terminalia catappa was 

greater than 25 cm, and that subsequent internodes were spaced less 

than 1 cm apart. Baxter and Cannel1 (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. 

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

seven nodes had two distinct peaks in internode length. 

previous work o f  his which found this to be true for longer shoots 

o f  Populus trichocarpa (1960) and Ginkgo biloba (1970). 

(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 i s  to 

examine node position on branches of various lengths in American 

sycamore. 

This 

Fisher ( 978) presented data showing 

Critchf ield (1971) observed 

He cited 

Borchert 
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Graphs were drawn to show node p o s i t i o n  f o r  branches w i t h  5, 8, 

11, 14, and 1 7  nodes. On branches w i t h  o n l y  5 nodes, i n t e r n o d e  

d i s t a n c e s  i nc reased  w i t h  node number. The o t h e r  curves appeared t o  

be s igmoidal  i n  shape. An e a r l y  a t tempt  was inade t o  model t h i s  

response by f i t t i n g  l i n e a r ,  quadra t i c ,  and c u b i c  curves th rough  

these  d a t a  by t h e  method o f  G r i z z l e  and A l l e n  (196'3). T h i s  approach 

f a i l e d  on t w o  counts :  a l a c k  of F i t  was observed for severa l  o f  t h e  

riiodels ( f o r  a l l  t h r e e  curves f o r  t h e  d a t a  w i t h  11 nodes), and t h e  

Q;' m a t r i x  was n o t  p o s i t i v e  d e f i n i t e  f o r  t h e  c l a s s  w i t h  17 

nodes, so no made1 c o u l d  be f i t  fo r  those data.  

I n  a second at tempt  t o  model node p o s i t i o n ,  the d a t a  f o r  each 

node c l a s s  were r e p l o t t e d  as r e l a t i v e  node p o s i t i o n  (node number 

/number o f  nodes) versus r e l a t i v e  node d i s t a n c e  (node d i s t a n c e  

/branch l e n g t h )  t o  determine i f  t h e  curves f o l l o w e d  a p r e v i o u s l y  

desc r ibed  genera l  f a m i l y  o f  curves. 

because t h e  branches o f  any node c l a s s  d i f f e r e d  i n  l eng th .  I n  

a d d i t i o n  t o  these  curves, the  f i r s t  d i f f e r e n c e s  ( s l o p e s )  were a l s o  

p l o t t e d  ( F i g u r e  5.3). 

s h o w  i n  each of these graphs. 

The curves were "s tandard i zed"  

A subset of o n l y  app rox ima te l y  s i x  curves a re  

A t  t h i s  p o i n t  i t  should be noted t h a t  i n t e r n o d e  d i s t a n c e  i s  a 

f u n c t i o n  o f  seve ra l  v a r i a b l e s .  I n  species w i t h  preformed buds, t he  

number o f  nodes i s  determined i n  one growing season, and weather o f  

t he  second growing season i n f l u e n c e s  i n teynode  d i s tances .  By 

c o n t r a s t ,  i n  sycaiiiore (and o t h e r  species w i t h  f r e e  (growth), b o t h  the 

number o f  nodes and i n t e r n o d e  d i s t a n c e  a r e  r e l a t e d  t o  c u r r e n t  

weather. The d i s t a n c e  between two nodes i n  these species i s  a 
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Figure 5.3. Relative node distance and slope plotted agains t  
relative node position for the node classes. 
lines are the mean responses f o r  all observations on 
that node class. 
branches. For node classes with few observations, a l l  
data are plotted. 

The heavy 

Lighter lines are a subsamples o f  
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function of the time that has elapsed between formation of the two 

nodes and the rate o f  elongation. In the fallowing 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. All three phases can be observed an 

the branches with the greatest number of nodes (i.e., the longest 

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 o f  nodes demonstrated that node density 

decreases with increasing branch length. From the figures given in 

t h i s  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 i s  a result of the absence of this center phase and an 

increase in importance of  the first and third phases of growth. 

The growth of higher plants has been compared t o  accumulation 

o f  capital at continuous compound interest (Leopold and Kriedemann 

1975). The embryo represents initial capital, and net productivity 
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i s  determined by t h e  r a t e  o f  growth. T h i s  analogy may be extended 

t o  i n c l u d e  p l a n t  p a r t s  as w e l l  as whole p l a n t s .  In  t h i s  study, i t  

can be a p p l i e d  t o  shoot e l o n g a t i o n  and node p o s i t i o n s .  

showed t h e  f i r s t  o f  t h e  t h r e e  phases: i n c r e a s i n g  i n t e r n o d e  l e n g t h .  

Ahether t h i s  p a t t e r n  was r e g u l a t e d  by 

f a c t o r s  i s  unknown. For t h e  s h o r t e r  b anches, growth stopped al; 

t h i s  p o i n t ,  perhaps A S  a r e s u l t  o f  crown expansion w i t h  i t s  

increased shading and co rnpe t i t i on  f o r  water  and n u t r i e n t s .  

branches may d i e  i n  subsequent yea rs  due t o  lowered l i g h t  l e v e l s  

( M i l l i n g t o n  and Ctianey 1973). 

accumulated s u f f i c i e n t  c a p i t a l  

i n t e r v a l .  T h i s  process cont inued u n t i l  growth was l i m i t e d  by o t h e r  

fac to rs ,  presumably r e l a t e d  t o  t h e  end of t h e  growing season. 

I n t e r n o d e  d i s t a n c e  d e c l i n e d  beyond t h i s  p o i n t .  

A l l  branches 

n t e r n a l  or envi ron inenta l  

These 

Longer branches, once t h e y  had 

produced nodes a t  a r e g u l a r  

I f  i t  i s  t r u e  t h a t  t h e  r a t e  o f  node f o r m a t i o n  and the  r a t e  o f  

e l o n g a t i o n  a re  c o r r e l a t e d ,  t hen  growth i n  sycatnore does appear t o  

f o l l o w  a "grand p e r i o d "  o f  growth. T h i s  statement,  however, should 

be accepted o n l y  t e n t a t i v e l y .  

i n a i c a t e s  t h a t  two, o r  perhaps more sigmoid shaped curves can be 

seen on t h e  l onger  branches. 

a re  n o t  "smooth", i n d i c a t i n g  t h a t  node f o r m a t i o n  is  a f f e c t e d  b y  

o t h e r  f a c t o r s  (e.g., weather) .  

A c l o s e r  examinat ion o f  the curves 

The graphs o f  t h e  f i r s t  d i f f e r e n c e s  

P h y l l o t a x i s :  The Trunk 

A n a l y s i s  o f  branch azimuths d i f f e r s  f r o m  a n a l y s i s  a f  other 

v a r i a b l e s  d iscussed L o  t h i s  p o i n t  i n  t h a t  t h e  measurements a re  on a 

c i r c u l a r  s c a l e  i n s t e a d  o f  t h e  more f a m i l i a r  l i n e a r  one. F o r  
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example, cons ide r  two branches w i t h  azimuths o f  5 and 355 degrees. 

The l i n e a r  mean o f  these two obse rva t i ons  i s  180 degrees, e x a c t l y  

oppos i te  t h e  d i r e c t i o n  o f  t h e  t r u e  c i r c u l a r  mean o f  0 degrees. 

Techniques have been developed t o  analyze d a t a  of t h i s  t y p e  (e.g., 

B a t s c h e l e t  1981, Mard ia  1972). 

Pr imary  branches were examined f o r  a p r e f e r r e d  o r i e n t a t i o n .  

T h i s  s i t u a t i o n  c o u l d  r e s u l t  e i t h e r  f rom branches be ing  formed a t  

t h a t  azimuth o r  from s e l e c t i v e  branch death. Prev ious  work (Schut t ,  

unpub. man.) had suggested t h a t  branch death  may be g r e a t e s t  a long  

t h e  row d i r e c t i o n  i n  p lan ta t i on -g rown  sycamore t r e e s .  

t o  analyze c i r c u l a r  d a t a  w i t h  means t h a t  a r e  180 degrees a p a r t  

( a x i a l  d a t a )  i s  t o  double t h e  angles and reduce them t o  modulo 

360 degrees ( B a t s c h e l e t  1981). 

p r e f e r r e d  branch o r i e n t a t i o n ,  bo th  t h e  azimuths and t h e  doubled 

azimuths were analyzed. 

examined by AGI. 

The techn ique 

To t e s t  t h e  hypo thes i s  of a 

Data f o r  t h e  10 s tudy  t r e e s  were poo led  and 

Type I branches were analyzed separa te l y .  

Table 5.3 g i v e s  t h e  r e s u l t s  f o r  t h i s  ana lys i s .  Branch az imuths 

f o r  seve ra l  p r i m a r y  branch p o s i t i o n s  a r e  shown i n  F i g u r e  5.4. 

R e s u l t s  o f  t h e  Ray le igh  t e s t  show no p r e f e r r e d  b ranch ing  d i r e c t i o n .  

I n  t h e  t e s t  o f  t h e  a x i a l  data, t h e  d i r e c t i o n  o f  t h e  Type I branches 

i n  o n l y  one t r u n k  c l a s s  was s i g n i f i c a n t ,  and t h i s  r e s u l t  may be 

spu r ious  due t o  smal l  sample s ize .  A second o p t i o n  i s  t h a t  Type I 

branches may have formed a t  a p r e f e r r e d  azimuth, a l t hough  t h i s  

e x p l a n a t i o n  does n o t  f i n d  suppor t  f ro in t h e  o t h e r  t r u n k  AGI's. 

Angles o f  d ivergence between consecu t i ve  leaves o r  branches 

were c a l c u l a t e d  by  s u b t r a c t i o n .  Chapter 2 mentioned t h a t  i t  was n o t  
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F i g u r e  5.4. Azimuth of Type I and Type I I  p r o l e p t i c  p r i m a r y  
branches a t  v a r i o u s  canopy p o s i t i o n s .  Compass n o r t h  
(Nor th ) ,  sample s ize  ( N ) ,  mean angles (ANGLES), 
c i r c u l a r  va r iance  (S) ,  and l e n g t h  of t h e  mean v e c t o r  
(R) are  a l s o  shown. 
degrees apar t ,  o n l y  t h e  f i r s t  of each p a i r  i s  p l o t t e d .  

S ince t h e  mean angles are 180 
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DIRECTION OF 
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BRANCHES 
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North 

? 

DIRECTION OF 
TYPE I 1  FIND TYPE I 

BRANCHES 
TR-5 OlR-0  02R-0 03R-0 04R-0 

North 

t 

A 

N 
W 

B R R P 3 C H T r P E A S R  
'im I I  67 160.63 340.63 39.82 0.03 
TYPE i [ X I  43 12.09 192.08 57.47 0.14 

figure 5.4 (continued) 
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pcjssible 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 n o t  included in the analysis. These differences were 

examined to determine if they were normally distributed, 

Results are shown i n  Table 5.4. The angle o f  divergence was 

normally distributed on TAl for all 10 trees, for 6 of 10 trees on 

TH2, for 8 of 10 trees on TA3, and for 6 of 9 trees on TM4. This 

table also shows that the mean angle is greater than 18Q degrees on 

three o f  the 10 trees for TA1, TA2, and TA3, and 2 o f  the 9 trees 

for TA4. This i s  probably due t o  a reversal of the direction af t h e  

ontogenetic spiral. 

close to 220 degrees. 

phyllotaxis is accounted for, this mean i s  approximately 140 degrees, 

a value close to the other means. 

On these sections the mean divergence angle is 

If the reversal in the direction of the 

Next, the frequency of phyllotaxis reversal was examined to 

determine if it was higher on any tree or in any year o f  growth by a 

chi-square test (Sokal and Kohlf 1969), The calculated value o f  

4,455 for  a tree effect was much less than the tabular value of 

16.919 (a = 0.05). 

significant (compared with a tabular value of 7.815, cy, = 0.05). 

Therefore, phyllotaxis reversal appears t u  be spread across t h e  

population and may develop in any year. 

phenomenon i s  unknown as i s  i t s  significance, No ether works were 

found which described this phenomenon, SO its occuirrence in other  

species is also unknown. 

Likewise, the year e f f e c t  (0.27) was non 

The mechanism causing this 



Table 5.4. liesults from the Shdpiro-WiiK tests for normality of the angle of divergence between consecutive 
leaves (TA = 1) or branches (TU = 2, 3, or 4) for the different trunk ages (TA) on each tree. 

TA = 1 TA = 2 TA = 3 TA = 4 

Tree 14 Me an W i'i Mean W N Mean W N Mean w 

2 13 

4 13 

5 13 

b 10 

7 18 

3 10 

9 73 

lct IS 

11  11 

12 76 

146.9 

138.1 

143.4 

10u.5 

136.4 

m . a  
220.4 

221.3 

i75.9 

164.4 

0.909"s 

0 . 9 7 P  

0.946"' 

0. Y63n 

0 -918"' 

C.971"' 

0.924"' 

o.9bgns 

O.93Zns 

0.936ns 

11 

13 

9 

14 

12 

8 

8 

13 

13 

10 

209.5 , 

223.5 

163.9 

143.6 

148.3 

141.3 

177.5 

205.4 

131.9 

153.5 

0.751** 

0.93lnS 

0.77 5** 

0.91 8ns 

u. 71 u** 
u . 903n 
0.91 lnS 

0.788** 

0. 903n 

0 ,  '34OnS 

ti 

ti 

6 

7 

8 

4 

6 

7 

8 

5 

153.3 

217.0 

225.0 

160.0 

230 .O 

161.3 

149.2 

139.3 

136.3 

177,o 

0. 9!XnS 

0. 938n' 

0.843ns 

0.792" 

0.905" 

G.98lnS 

0.689** 

0.934ns 

0.91 6" 

0.893ns 

9 

6 

4 

7 

8 

5 

2 

7 

7 

72 

238.9 

128.3 

160.0 

219.3 

134.4 

133.0 

147.5 

742.1 

136.4 

155,8 

~ _ _ _ _ _  

0.893ns 

0.877ns 

0 .82fjnS 

0.920ns 
-1 

0.956ns 2 
0.752* 

0.795* 

0.9E17~' 

0.7 5 7** 

"Sitot significant. 

" S i g n i f i c a n t  a t  0.05 level. 

**Signif icanr; a t  0.~7 level. 
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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 latter two TA's. 

The effects of these factors are unknown. 

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% o f  the variation in the data. 

Obviously, other factors are involved i n  determining the difference 

between the mean and observed angles of divergence. 

An ANOVA was performed to 

Phyllotaxis: Branches 

Field observations suggested that seconcl- and higher-order 

branches form oppositely along their mother branch a t  azimuths of 90 

and 270 degrees. This hypothesis was tested by a V-test (Batschelet 

1981). As mt?ntiQned above, analysis of axial data i s  yreceeded by 

doubling the angles and reducing them to modulo 360. 

Kesults are Shawn in Table 5.5 for branch positions with more 

than four branches. Figure 5,5 shows azimuths for several selected 

branch positions. 

significant ( p  - ~ 0 . 0 0 1 )  showing that the branches are distributed 

circular normal with means of 90 and 270 degrees. 

Most of the statistics calculated are highly 
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lable 5.5. Results from the V-test for second- and higher-order branches to determine 
if branch azimuths are distributeu circularly tiormal with means of 
90 degrees and 270 degrees. 
Results are presented for all positions with more than 4 obsprvdtions. 

Branch angles were doubled for the test. 

Trunk Order Order Order Proleptic Wean Circular 
Age 1 Age 2 Age 3 Age Class N U Angle' Var i anc e 

2 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
b 
6 
6 
6 
6 
6 
6 
6 
6 
6 

5 

2 
2 
2 
2 
3 
3 2 
3 2 
2 
2 
3 
3 
3 2 
3 2 
4 
4 
4 2 
4 2 
4 3 
4 3 
4 3 

5 2 
5 3 
5 4 
2 
2 
3 
3 
3 2 
4 
4 
(I 2 
4 3 
5 
5 
5 2 
5 3 
5 4 
5 4 

c d 

I 1  
I 
I 

I1 
I 
I 

I 1  
I 

I1  
I 

I 1  
I 

I 1  
I 

I 1  
I 

I 1  
I 

11 
2 I 

I 1  
I1 
I 1  
I1  

I 
I 1  

I 
I 1  

I 
I 

I 1  
I 
I 
I 

I 1  
I 
I 
I 

I 1  

7 
219 
202 

6 
92 
80 
6 

148 
42 
93 
33 
74 
22 
91 
39 
58 
12 
44 
14 
19 
15 
7 
10 
12 
38 
1 1  
39 
7 
29 
40 
10 
9 
15 
20 
7 
13 
9 
1b 
6 

3 "53*** 
1 3.64*** 
11.42*** 
3.31*** 
9.29*** 
9.85*"* 
2.6L** 
9.86*** 
4.59*** 
4.41*** 
4.04*** 
a. 7 4*** 
5.48*k* 
3.94*** 
4.62*** 
8.04*** 
4.03*** 
6.99*** 
4.18*** 
5. IO*** 
2.511** 
L.55** 
3.31*** 
4.22*** 
6.33*** 
4.14*** 
3.08*** 
2 . 3 / * *  
5.05*** 
3.9 7*** 
0.76"s 
3. ?4*** 
4.63*** 
0.99n5 
-0. 4ZnS 

3.04*** 
2 . w *  
2.94** 
2.84** 

92.1 
89.7 
86.7 
88.4 
86.0 
88.8 

91.3 
90.3 
94.9 
81.5 
85.9 
87.1 
87.5 
95.4 
85.4 
86.2 
85.3 
86.5 
92.3 
78.3 
79.7 
94.5 
86.3 
90.7 
90-5 
87.4 

77.2 
80.8 
119.1 
89.9 
84.5 
112.7 
358.0 
85.8 
96.4 
39.1 
81.2 

108.3 

86.0 

7.9 
23.1) 
26.5 
8.4 
22.5 
19.0 
9.3 
26.5 
28.6 
33.2 
28.1 
21.2 
16.7 
34.0 
27.7 
20 .o 
16.7 
20. I 
18.3 
16.7 
28.2 
21.1 
20.3 
14.6 
21.2 
13.9 
32.7 
24.3 
20.5 
29.5 
33.4 
19.7 
15.1 
35.7 
38.1 
25.6 
22.5 
28.1 
15.2 

10nly one mean angle i s  given. The second mean angle i s  equal to the first 
plus 180'. 

"~ot significant. 

*Significant at 0.05 level. 

**Significant at 0.01 level. 

***Significant at 0.Wl level. 
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Figure 5.5. Azimuth o f  second- and higher-order branches a t  various 
canopy posi t ions.  Relative north (Ver t i ca l ) ,  sample 
s i z e  ( N )  , mean angles (ANGLES), c i r c u l a r  variance ( S )  , 
and length o f  the  mean vector ( K )  are a l so  shown. 
Since t h e  mean angles a re  180 degrees apar t ,  o n l y  the 
f i r s t  o f  each pai r  i s  platted. 
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Field observations a l so  suggested t h a t  azimuths 

branches forrned near the t i p  of a long mother branch 

of daughter 

were formed a t  

a l l  compass d i rec t ions .  

a l l  observations were pooled and subset by node number and node 

dis tance c lass .  All posi t ions w i t h  fewer than f i v e  branches were 

deleted from t h i s  analysis  as were posi t ions t h a t  were not 

a i s t r i w t e d  normally. 

To t e s t  f o r  a change in branch phyl lotaxis ,  

Results from the  Rayleigh t e s t  by node dis tance a re  shown in 

Table 5.6 and r e s u l t s  by dis tance c l a s s  a re  shown in Table 5.7.  

A z i m u t h  d i s t r ibu t ions  become random a t  13 nodes or  a t  a dis tance 

grea te r  than 90 cm. 

branch azimuths, th ree  branch posi t ions were not s ign i f i can t ly  

concentrated around the means of 90 and 270 degrees. These were on 

the 4- and 5-year-old sect ions of primary branches attached t o  TH6. 

The branches a t  these posi t ions had probably undergone a l o t  of  

sub-branch mortal i ty  on the shorter ,  basal branches, and t h e  

s u r v i v i n g  branches were probably the  longer, apical  branches formed 

by sp i ra l  phyl lotaxis .  

himodal d i s t r ibu t ion  was not re jected.  I t  i s  c l e a r  from Table 5.7 

t.hat the s ignif icance level of  the concentration parameter decl ines  

even before t h i s  dis tance.  From these t ab le s ,  i t  i s  also apparent 

t h a t  t he  angular deviation increases w i t h  increasing node number or 

node dis tance.  

I n  t he  analysis  f o r  the  bimodal d i s t r ibu t ion  of 

This may be the  reason the  hypothesis of 

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

Node 
Number N T 

Mean Angul ar 
Angle '  Dew i at? on 

1 

2 

3 

4 

5 

G 

7 

a 
9 

10 

1 1  

12 

13 

14 

7 

84 

245 

281 

248 

202 

167 

115 

67 

57 

39 

26 

22 

7 

0.817** 

0.633*** 

0.669*** 

0.676*** 

0.667*** 

0. 670kk.k 

0.594""" 

0.503*** 

0.4 18""" 

0.397"** 

0.463*** 

0.47 7** 

0. 137ns 

0.491"s 

80.8 

87.2 

86.1 

88.1 

88.7 

89.9 

87.3 

89.4 

84.8 

82.1 

90.0 

112.3 

91.4 

89.5 

17.3 

24.5 

23.3 

23.1 

23.4 

23.3 

26.4 

28.6 

30.9 

31 .S 

29.7 

29.3 

37.6 

28.9 

]Only one mean angle is given. The second mean angle i s  
equal to the first plus 180". 

'1 S N  o t  s i g n i f i c ant . 
*Significant at 0.05 level. 

**Significant at 0.01 level. 

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

Results for node 

Node 
D i stance N 

Mean Anyul ar 
r Angle1 Deviation 

0-10 cm 

10-20 cm 

20-30 cm 

30-40 cm 

40-50 C~TI 

50-60 ~m 

60-70 cm 

70-80 CM 

80-90 cm 

YO-100 cm 

30 1 

393 

285 

221 

142 

104 

62 

39 

16 

1 1  

0.643*** 

0.668*** 

0.655*** 

0.600*** 

0.593*** 

0.432*** 

0.357*** 

0.393** 

0.434* 

0.430nS 

86.9 

87.9 

89.3 

87.1 

86.4 

94.0 

87.3 

89.2 

85.0 

89.3 

24.2 

23.3 

23.8 

25.6 

25.8 

30.5 

32.5 

31.6 

30.5 

30.6 

]Only one mean angle is given. T h e  second mean angle i s  
equal to the first p l u s  180". 

nsNot significant. 

"Significant at 0.05 level. 

**Significant at 0.01 level. 

***Significant at (1.001 level. 
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and Tables 5.8 and 5.9 show that both models are significant. 

parameter i red mode 1 s are : 

The 

Circular Variance = 19.28 4- 1.03(Node Number) 

and 

Circular Variance = 22.15 + 0.120(Node Distance) . 

Frequency plots showing angle o f  divergence were generated for 

all node positions greater than 13 ( N  = 12) and for all lengths 

greater" than 90 cm ( N  = 7). The plot for node position appeared t o  

have a birrivdal distribution with means near 150 and 230 degrees. 

This indicated that dauyhter branches on first- and higher-order 

branches may form in a clockwise or a counterclockwise direction as 

they do on the trunk. 

were changed so that the direction o f  phyllotaxis was in the 

opposite direction. The resulting distriDution 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. 

All observations greater than 180 degrees 

In summary, the phyllotaxis o f  daughter branches that formed on 

first- and higher-order branches is opposite (distichous) w i t h  means 

of 90 and 270 degrees. With increasing node number/distanc2, the 

circular deviation around these means increases linearly t o  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 o f  

divergence does not differ significan-tly f r o m  137.S degrees. While 

the number o f  observations at this point is few, it appears t h a t  the  

phyllotaxis can be either clockwise or counterclockwise. 
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Table 5.8. ANOVA analysis for the regression predicting circular 
variance from node number. 

Source a f  
V ar i at .i on df ss MS F 

Node number 1 150.30 150.30 35.44*** 

Error 10 42.41 4.24 R2  = 0.780 

Total 1 1  192.71 

***Significant at 0.001 level. 

Table 5.9. ANOVA analysis f o r  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 R2 = 0.804 

-Total 8 107.42 

**Significant at 0.001 level. 
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The section on branch length s ta ted  t h a t  acrotony may be 

advantageous t o  sycamore. This i s  probably also t r u e  f o r  branch 

azimuth. One study of leaf angles, areas,  and canopy development 

(Duncan 1 9 7 1 )  demonstrated t n a t ,  f o r  plant canopies w i t h  a leaf area 

index grea te r  than 3.0, maximuni photosynthesis was achieved when the 

upper elements were held ve r t i ca l ly  and lower elerrierits were held 

horizontally.  

f o r e s t  canopies (e .g . ,  Miller 1969).  

ooserved leaf incl inat ion of ten species of woody deCiduOUs d ico ts  

t o  be more horizontal in the shade than in the  s u n .  

appear t u  co r re l a t e  with branch azimuth in sycamore in t h a t  the 

shor te r ,  basal branches on each A G I  a re  h e l d  horizontally.  'dhile 

branch inc l ina t ion  may d i f f e r  from leaf inc l ina t ion ,  t h i s  arrangement 

could r e s u l t  in grea te r  l i g h t  interception. By cont ras t ,  the  longer ,  

apical  branches are  formed a t  a1 1 azimuths. T h i s  arrangement i s  

advantageous in tha t  i t  increases the probabi l i ty  tha t  one of these  

daughters may be aole t o  survive and extend t h e  crown. 

This prediction has been observed f o r  some deciduous 

McMi 1 len and McClendon (1979)  

These pat terns  

Number of Daughters 

The number of daughter branches t h a t  can poten t ia l ly  form on a 

mother branch i s  limited by the  number o f  nodes on t h a t  branch, and 

t h i s ,  i n  turn, i s  re la ted  to the mother branch length (see t h e  

section on "Wtnber o f  Nodes"). Some t r e e s  can avoid t h i s  l imi t  by 

forming more than one bud  a t  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. 

explained 57% o f  the variance in the number of daughters formeo on 

red oak from mother shoot length. 

the number o f  laterdl branches in lodgepole pine (Pinus contorta 

Dougl.) and Sitka spruce was related to mother shoot length. 

relationship varied with provenance. 

correlated on older Sitka spruce trees (Cochrane and Ford 1978), but 

not on younger trees. for sycamore, the correlation between the 

number o f  daughters and the number of nodes on the mother branch 

(r = 0.948, p - <O.OOOl) 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. 

Ward (1964) 

Cannel1 (1974) also found that 

This 

These two variables were also 

The ANOVA table for this analysis i s  shown in Table 5.10. The 

parameterized mode1 is: 

Number of Daughters = -1.836 +0.829(Number of Nodes) +TREE . 

Most of the variation in number o f  daughters produced can be 

explained by these two independent predictors. The type I11 sums of 

squares show that much of this predictive power comes from the 

strong relationship with number of nodes. 

assumed t o  be distributed normally with mean 0.0 and calculated 

variance o f  0.1607. As i n  previous analyses, this TREE variable may 

The random TREE effect i s  



144 

v
)
 

Q
) 
L
 

le- 
i m

 

... 

h
 

h
 

d
 
a
 

N
 

- 

v
)
 

aJ 
7
J
 

0
 
e
 

't- 
0
 

L
 

0
 



145 

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.). 

unreasonable to assume that the same i s  true for sycamore. 

I t  i s  not 

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 t o  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 (Mal ler and Steingraeber, 

in press). 

that branch annual extension growth declined exponentially with 

increasing branch age. 

number of daughter branches formed along these branches also 

declined, showing that branching i n  sycamore i s  nonstationary. 

Therefore, sycamore follows the first two of these principles. 

While i t  has been stated that branching rate must decline with 

The analysis of branch length given above demonstrated 

The analysis in this section adds that the 

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 o f  nodes o r  branch 

length). This can be deduced from t h e  fact that the regression i s  
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linear and that t h e  intercept is  near zero (although it does differ 

significantly from zero). 

branch length (MLEN) and T R E E  as independent variables. The 

regression was significant ( p  - <0.0001) and explained 89.0% of the 

variation in the data. Phis second regression i s  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 letigth is constant. This relationship has been observed by 

other authors. It i s  implicit in Ward's (1964) regression predicting 

number o f  dauyhter branches formed on red oak. 

stated by P. lrlhite (1984) who observed a correlation between decreasing 

branch length and branching rate in Aralia yunosa. 

This analysis was also run with mother 

It was a lso  explicitly 

The relationship between number o f  daughter branches formed and 

parent length was developed far all crown positions, including the 

upper, exposed crown as well as lower, shaded crown. Therefore, it 

appears that the number of branches formed i s  independent o f  the 

amount o f  light received by the mother branch section. Because 

competition f o r  light is the m o s t  important variable influencing 

branch survival (Millington and Chaney l973), competition by 

neighboring trees would not be expected to influence t h i s  

relationship. I f  competition does affect branching density, it 

would prooably d o  so directly through its effect on extension growth 

and only indirectly thraugh the number o f  daughters formed. 
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Mother/Daughter Branch Angles 

The morphological processes governing the expression o f  branch 

angle were discussed earlier in this chapter. 

analyze the angle of divergence between mother and daughter branches. 

This section will 

Field observations indicated that the angle of divergence 

between a mother and daughter branches increased with distance from 

the AGS tip. 

numbers (r = -0.658) with branch inclination were significant 

(p - < O . t i O O l )  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: 

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. 

is probably related to both the vigor of the daughter branch 

(related t o  length, DLEN) and the number of daughter branches 

(NDAUT) formed. These variables were added t o  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 ( P A G E )  was nested inside the 

O R D E R  effect t o  determine if branch angles increased from tree tip 

Correlations between distance (r = -0.677) or node 

node number (NO), node 

Negative geotropism 

to base. Finally, a random TREE uar 

account for any tree effect. 

Results from these analyses are 

5.13. Overall, the three models exp 

able was added t o  the mode? to 

shown in Tables 5.11, 5.12, and 

ain a similar amount of the 



Table 5.11. ANOVA analysis for the regression predicting mother/daughter 
branch angle: node number. 
fallowing t w o  i n  that i t  includes the daughter nose number and 
the number of nodes on the parent branch. 
explanation of the symbols. 

This  analysis differs from the 

See text f o r  an 

Source o f  
Variation 

Sum of squares 

d f  F u l l  model Type I f 1  Pi1 F 

Mode 7 
NO 
PINODES 
NOHUT 
DLEN 
!JKDE& 
PAGE (ORLIER) 
T R E E  

trror 

Total 

24 
1 
1 
'1 
7 
3 
8 
9 

1803 

1827 

7 13265.48 
14923.73 

1 .I 9.7 3 
7729.49 
2880.83 
27 03.98 

26007 .OO 

5847.82 

7 74048.74 

287314.22 

4719.40 
14923.73 
5847.82 

119.73 
7729.49 
960.28 
263.00 

2889.67 

96.53 

48 m*** 
1 54.60*** 
60.58*** 
1.24ns 

80.07"** 
9.95*** 
2.72** 

29.93*** 

4 

P 
03 

R 2  = 0.394 

"Not significant. 

*Significant a t  0.05 level. 

**Significant a t  0.01 level. 

***Significant at 0.001 level. 



Table 5.12. ANOVA analysis for the regression predicting mother/daughter 
branch angle: node distance.  
b u t  substitutes node distance for node number and mother length 
for number of nodes on the  mother. 

This t a b l e  i s  similar to Table 5.11 

Source of  
Variation 

Suin o f  squares 

df F u l l  model Type I11 MS F 

Node 1 
NODE 
MLEN 
NDAUT 
O L E  N 
ORDER 
PAGE ( O R D E R )  
TREE 

Error 

Total 

24 
1 
1 
1 
1 
3 
8 
9 

1803 

1827 

111660.95 
12866.11 
6545.47 

687.18 
6083.71 
3432.33 
3342.04 

23143.71 

175653.27 

287314.22 

4652.54 
12866.11 
6545.47 

687.18 
6083 7 1 
1144.11 
41 7.75 

2571.52 

4 7.7 6*** 
132.06*** 
67.19*** 

7.05** 
62.4 5*** 
1 1 * 74*** 

26.40*** 

A 
P 4.29*** lD 

97.42 R2 = 0.389 

nsNot significant. 

*Significant a t  0.05 level. 

**Significant a t  0.01 level. 

***Significant at 0.001 level. 



Table 5.13. ANCIVA analysis f o r  t he  regression predicting mother/daughter 
branch angle:  relative node distance. This  table -is similar to 
T a b l e  5.12 but substitutes relative daughter position ( R E L D I S T )  
f o r  node distance. 

Source o f  
V a r i a t i o n  

Mode 1 
RELDIST 
PILE N 
N 9UU-r 
DLEk 
ORDER 
PAGE (ORDER) 
TREE 

Error 

24 
1 
'I 
1 
1 
3 
3 
9 

1863 

1827 

108641.78 
9846.94 
919.29 
749.87 

l26O1.21 
2869.86 
3333.54 

244-10.52 

7 78672.44 

287314.22 

4526.74 
9846.94 

919.29 
749.87 

l260l.27 
956.62 
416.69 

2712.28 

45.68*** 
99.37*** 
9.28** 
7.57** 

7 27.1 6*** 
9.65*** 
4.20*** 

2 7.37*** 

4 
wl 
0 

99.10 R 2  = 0.378 

nsNot significant. 

"Significant at 0.05 level. 

**Significant at 0.01 level. 

* * * S i g n i f i c a n t  at 0.801 level. 
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variat ion i n  the mother/daughter branch angle, 

regressions,  the variable representing branch posit ion (node number 

In  the f i r s t  two 

o r  dis tance)  added the  most predictive power t o  the model. 

Mother/daughter branch angles widen w i t h  increasing distance 

the branch t i p .  This confirms f i e l d  observations. l n  b o t h  

regressions, daughter length was the next most important var 

in having a longer 1 

1 anger, more acutely 

increase crown s i z e  

from 

able;  

In  longer daughters form a t  a more acute angle t h a n  shorter  ones. 

t he  th i rd  regression, the order o f  importance of these two variables 

was reversed. Above, i t  was discussed t h a t  the basal,  shorter ,  

horizontally held branches may have an advantage fo r  l i gh t  

interception. This analysis adds tha t  these same brdnches are held 

a t  a greater  angle from the mother than branches near the  branch 

section t i p .  T h i s  would  a l so  be advantageous f a r  l i gh t  interception 

by minimizing the poss ib i l i t y  o f  leaf overlap. These short  branches 

also have a short  l i f e  span. Therefore, they may perform a function 

s imilar  t o  t ha t  o f  the rachis  o f  compound leaves b u t  d i f f e r  from i t  

f e  span .  I n  contrast  t o  these branches, the 

held branches near the t i p  would be favored t o  

f environmental conditions allaw. T h i s  

s i tua t ion  has been observed i n  the f i e l d ,  

I n  the f i r s t  two regressions,  the variable representing 

epinasty was next i n  importance. Long mother branches (which also 

have more nodes) have wider mother/daughter branch angles. 

r e s u l t  agrees well w i t h  theory i f  mother length does accurately 

represent ep inas ty .  In  b o t h  of these regressions,  the TREE e f f e c t  

was next i n  importance. As was s ta ted i n  previously discussed 

Thi s 
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analyses, t h i s  t e r m  may r e p r e s e n t  a gene t i c  e f f e c t .  

found t h e  angle o f  o r i g i n  t o  be h e r i t a b l e  i n  j a c k  p ine ,  and 

F a u l k n e r ' s  paper (1970) g i v e s  es t ima tes  of t h e  h e r i t a b i l i t y  of t h i s  

t r a i t  f o r  seve ra l  c o n i f e r s .  Brown ( 1 9 7 l a )  and Kramer and Kozlowski  

(1979) b o t h  s t a t e  t h a t  branch angle i n  woody angiosperms i s  under 

g e n e t i c  c o n t r o l .  I n  t h e  t h i r d  regress ion,  t h e  o r d e r  o f  importance 

o f  these l a s t  two v a r i a b l e s  was a l s o  reversed.  

Polk (1974)  

S i g n i f i c a n t  d i f f e r e n c e s  were a l s o  found among branch orders,  

c o n f i r m i n g  t h a t  those branches d i f f e r  i n  t h e i r  g e o t r o p i c  a c t i o n  

(Brown 1971a). 

The e f f e c t  o f  p a r e n t  age w i t h i n  o r d e r  was a l s o  s i g n i f i c a n t .  

Others have observed t h a t  p r i m a r y  branch i n c l i n a t i o n s  decrease 

b a s i p e t a l l y .  T h i s  was n o t  observed i n  t h e  p resen t  study. The 

reason f o r  t h i s  i s  unknown, b u t  a p a r t i a l  e x p l a n a t i o n  may come f r o m  

a c o n s i d e r a t i o n  of t h e  branch p o p u l a t i o n  dynamics. 

2-year-o ld  s e c t i o n  o f  t h e  t r u n k ,  a l l  f i r s t - o r d e r  branches a re  

p resen t  and v a r y  f rom t h e  a p i c a l ,  longer ,  a c u t e l y  h e l d  branches t o  

t h e  basal ,  s h o r t e r ,  h o r i z o n t a l l y  h e l d  branches. Because branch 

dea th  i s  concen t ra ted  on t h e  basal ,  s h o r t e r  branches, t h e  mean 

i n c l i n a t i o n  w i l l  i nc rease  mere l y  due t o  branch death.  

countered by t h e  a c t u a l  i nc rease  i n  branch angle w i t h  age. These 

two processes r e s u l t  i n  no apparent t r e n d  o f  i n c r e a s i n g  branch 

i n c l i n a t i o n  w i t h  age. Because o f  t h i s  observat ion,  t he  e f f e c t  of  

p a r e n t  age was assumed t o  be random i n s t e a d  of f i x e d .  

mean f o r  t h i s  e f f e c t  i s  0.0 and t h e  c a l c u l a t e d  va r iance  i s  1.722. 

T h i s  same problem o f  t h e  change i n  branch metapopulat ions was 

On t h e  

T h i s  may be 

The expected 
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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 o f  daughters 

was not significant ( p  > O . O 5 ) ,  but it was i n  the other two 

regressions (although less significant than all other variables in 

the model). 

Because o f  the slightly higher R-square value, the regression 

with node number and number of nodes on the mother was chosen for 

t h e  branching model. The parameterized equation is: 

Parent angle = 42.865 - 1.804(NO) d- 1.737(NNODES) + 0.232(NDAUT) 

-0.167(DLEN) + ORDER + PAGE(0RUEK) f TREE 

where OROEK is 4.210, 10.024, 1.457, and 0.0 for orders 1, 2, 3, and 

4; PAGE(OR0EK) i s  normally distributed with mean 0.0 and variance 

1.722; and TREE i s  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). I n  addition, increasing branch 
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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). I n  t h e  last section, the angles 

between a mother branch and l-year-old daughter branches were 

analyzed. This section will examine inclination of subsequent 

branch growths 

Branch inclinations become more vertical w i t h  increasing 

section age for primary branches o f  all ages (Figure 5.6). A linear 

model was chosen to fit this relationship. Since the inclination of 

the  first branch section relative to gravity is determined by i t s  

adimuth and inclination relative t a  i t s  mother section, this first 

angle (FIKANG) was entered into the regression as an independent 

variable. The distarice (DIST) to each branch section from the 

branch base was added t o  account for the change in inclination with 

increasing branch age. 

angle (UFIANG) differs with branch order (ORDER) ,  these two 

variables were added t o  t h e  model. DFIANG, FIRANG, and DIST were 

nested within order in the first iteration of this analysis t o  

account for potential interactions. As in previous analyses, a 

random variable representing a tree effect (TREE) was added to 

account represent genetic differences. 

Because the distance to the first branch 

Results of this regression are shown in Table 5.14. Both the 

UFIANG term and the DF IANG(URDEK)  and FIKANG(0KDER) interaction 

terms were not significant ( p  >0.05). Also, the parameters for 

the OKOEK terrn were extreinely high, and t h e  intercept term was 
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Figure 5 . 4 .  dranch  incl inat ion o f  each annual g r o w t h  increment f o r  
a l l  primary branches. ( a )  T r u n k  age = 2 ( T A 2 ) .  
( D )  TA3. ( c )  TA4. ( d )  TA5. ( e )  TA6. Type I branches 
a re  marked w i t h  a boxed I I X "  and Type I 1  branches are 
marked w i t h  an " X . "  
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extremely low. Because of these facts, the regression was rerun, and 

all var-iables that were nonsignificant in the first analysis were 

deleted. 

non significant, although it previously had been significant. The 

In this resulting regression, the distance term ( U I S T )  was 

regression was run a third time without this term, and the results 

a m  shown in Table 5.15. The parameterized model i s :  

Inclination = (31.773 f ORDER) f O1398(F1KANG) + 
(DIST(0RDER) ) (QIST) +-TREE 

where: O K D E K  is  -6.614, -0.880, -5.533, and 0.0 for orders 1, 2, 3,  

aind 4; DIST(0KDER) 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 

aind, therefore, the first angle would be a good predictor of 

subsequent angles. 

significant. While branch inclinations are probably correlated, the 

The DFIANG(0RDER) term was also highly 

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 t h e  

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 
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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 

motherll-year-old-daughter angles analyzed above. 

on jack pine demonstrated that the angle of termination i s  inherited 

i n  that species. 

(the greatest departure of a branch from a straight line extending 

from the point o f  origin to the branch tip) i s  heritable. 

work (1970) included heritability estimates for branch inclination, 

including observatians for branches at several whorls; it i s  unknown 

if these values are for angles of origin, angles o f  termination, or 

another angle measurement. Nelson e t  a1 e (1981) observed significant 

differences between angles of origin and angles o f  termination for 

Populus clones. They also found that increasing density decreased 

branch angles o f  origin and increased angles of termination. In a 

later paper (Burk et al. 1983) they developed a model to simulate the 

geometry of first-order branches for that species. 

P o l k ' s  { 1974) work 

He also found that the maximum branch curvature 

Faulkner's 
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CHAPTER 6 

MODEL DEVELOPMENT AND VALIDATION 

Introduction 

A t  some point in t h e  development of any field o f  science, 

it becomes appropriate to synthesize current knowledge about a 

particular topic into a cogent whole. 

a model which integrates both extant observations and theories about  

the processes producing those observations. T h i s  model then becomes 

a formal description of, and hypothesis about the phenomena, 

This may be done by developing 

Information about plant growth  has reached t he  level where 

models are now being synthesized. 

their scale o f  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 f r o m  theory. 

These models may be classified by 

The work by Pietarinen e t  al. 1982 i s  an example of a 

theoretical model which simulates growth  o f  plant parts. Their 

equations have accounted for 6% t o  93% of the variance in daily 

shoot and needle growth arid 50% to 60% of the variance in diameter 

growth in Scots  p ine .  Another theoretical model f o r  the growth of 

plant parts i s  t h e  work o f  Jankiewicz (1972). This model was 

developed to explain increasing difference in s i z e  between two buds 
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or young shoots. 

work o f  Thornley (1977). 

A third example of this modeling approach is the 

At the second level of resolution, whole-plant models consider 

individual plants as the object o f  study. A more detailed 

description of this type o f  model will follow later. 

At the broadest modeling scale are niodels which simulate growth 

of  communities. Shugart and West (19130) 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. 

Thlese 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 o f  individual plants can be subclassified by the 

dimensions that they grow. Some keep a budget o f  carbon allocation 

within ai plant (e.g., Ledig 1969, Promnitz 1975, Thornley 1972a,b). 

Others keep track o f  extension growth. 

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 i n  that they must include branch 

azimuths and inclinations as well as extension growth. A third 

subclass o f  the individual plant models records both tree diameter 

and extension growth (e.g., Uaniels and Burkhart 1975, Daniels et al. 

1979, and Mitchell 1975). Models of this type are usually part o f  a 

T h i s  subclass can be further 
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stand mode . While they are three-dimensional, their degree o f  

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. I t  should, however, be understood that 

these two subclasses are not niutually exclusive. Empirical models 

are, indeed, built upon a theoretical framework, and theoretical 

models require an empirical base. Empirical niodels are highly 

data-dependent and are usually designed to simulate a specific 

situation. Examples are: Bell e t  al. 1979, Daniels and Burkhart 

1975, Uaniels et al. 1979, Fisher and Honda 1917, and Hofmann 1981. 

The pure theoretical models can be Further subdivided into those 

which consider physiological processes and those which consider 

physical processes. Physiological rriorlels include t h e  work of b e d i g  

(1969), Promnitz (1975), and Thornley (1972a,b) and examples of 

theoretical models that examine physical phenomena are: Cohen 

(1967), Honda (197l), and McMahon and Kronauer (1976). Other 

theoretical models which examine s~me 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 o f  differential equations which describe carbon allocation 

within the plant. Their shortcoming i s  that t h i s  allocation is 

limited to a course scale o f  resolution f o r  the plant dimensions 
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t h a t  they model. For examp1e, P r o ~ n n i t z ' s  (1975)  work inr:Imdes 

a l loca t ion  t o  f o u r  pools: stem elongation, stein t h i c k e n i n g ,  r ~ o t ~ ,  

and leaf mass. 

the plant.  Empirical models have t h e  advantage of considerlny tkie 

p l a n t ' s  geometry a t  e i t h e r  a coiir-se o r  f i n e  scale  of resolution, w d  

they have been used f o r  management purposes (Dan-ie.ls and B u r k h a . r t  

1975). T h e  c r i t i c i sm o f  t h i s  modeling approach i s  t h a t  t h e y  lack 

Absen t  from t h i s  work i s  any e x p ' l j c i t  georrset.~*;y o f  

conip 1 e t e  b i o 1 og i c a 1 1 y -der i ved c aus a1 re 1 a t  i on s h i F CJ f o r  grow t k'' 

(Pro l r in i t z  1975) .  

An " idea l "  t r e e  growth rnodel would incorporate the  e f f e c t s  u f  

b o t h  genetic potent ia l  and environrWntijl r e ~ o u r c e s  and c ~ n d i t i o n s  on 

c e l l u l a r  physiological processes. This model would t h e n  allocate 

c e l l u l a r  products t o  a geometrical ly -expl ic i t  rcu t ine  for r- i idial  iji'id 

extens-ion growth. 

lack o f  information QFI carbon al locat ion and t he  e f f e c t s  o f  genet' i ics 

and environnient on t h i s  process. 

been more hybridization between these two modeling approaches* T h i s  

area o f  physiological research i s  just now Ourgeo~ i i ng  (e.9- Gifford 

and Evans 1981, Wardlaw 1976, a n d  Wareing a n d  P a t r a c k  1975) e 

The 1 i m i t a t i o n  t o  developing th-is mode? i s  the 

For t h i s  reason, thew has n o t  

Three-dimensional, empirica.1 t ree  models have another advaaitd.ye 

which was rnen'iloned i n  Chapter 1. Many s t t i d i e s  o f  cdnopy 

physiological processes occur a t  the  level o f  t h e  i r ~ d i v i d u a l  brarich 

(e.g., DicKriiann and Gordon 1975) or afi selected canopy p o s i t . i O f a S  

(e.g., upper and lower canopy, McLauyhlin and  Mc,Conathy 1979) .  

Other processes, such as l i g h t  intercept ion and branch deat.ki, 
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themselves depend, i n  p a r t ,  upon canopy geometry. These models can 

be  used t o  make i n f e r e n c e s  about canopy des ign  (e-g. ,  Honda and 

F i s h e r  1978, Honda and F i s h e r  1979). 

The purpose o f  t h i s  chap te r  i s  t o  p resen t  a branching model f o r  

p lan ta t i on -g rown  sycamore (Platanus o c c i d e n t a l i s  L.) t r e e s .  The 

model i s  s i m i l a r  t o  t h a t  o f  Honda (1971 and i t s  second genera t i on  

o f f s p r i n g ;  e.g., F i s h e r  and Honda 1977) and Hofmann (1981) i n  t h a t  

i t  examines t h e  three-d imensional  ex tens ion  growth o f  a species.  

The equa t ions  developed i n  Chapters 3 and 5 were used t o  p r e d i c t  t h e  

v a r i o u s  components o f  growth. 

Model D e s c r i p t i o n  

The nivde1 c o n s i s t s  o f  a main program which, i n  t u r n ,  c a l l s  a 

s e r i e s  o f  subrout ines.  A f l o w c h a r t  o f  M A I N  i s  g i v e n  i n  F i g u r e  6.1. 

A l i s t i n g  o f  t h e  FORTKAN code f o r  t h e  e n t i r e  model i s  g i v e n  i n  

Appendix A. Model i n p u t  d a t a  a re  g i ven  i n  Appendix 6. The model 

uses t h e  f o l l o w i n g  sub rou t ines :  

INPUT - i n p u t s  l e n g t h  o f  t h e  run, number o f  t rees ,  s o i l  

c h a r a c t e r i s t i c s ,  s i t e  c h a r a c t e r i s t i c s ,  mon th l y  

mean teniperature and t o t a l  p r e c i p i t a t i o n ,  

s tandard d e v i a t i o n s  f o r  t h e  c l i m a t e  v a r i a b l e s ,  and 

t h e  mean r e l a t i v e  mode p o s i t i o n s  f o r  each node c l a s s  

and t h e i r  covar iances. 
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ORNI-DWG 85-108IR 

MAIN PROGRAM 

CALL INPUT I CARDS 

CALL 
VALID 

I 

Figure 6.1. Flowchart f o r  the main program i n  TREE. 
c o n t a i n i n g  t he  term CALL i s  a c a l l  t o  a subrou t ine .  

Each box 



CLIMAT - 

GROd - 

I'4UDEML - 

K I L L  - 

PRUNE - 

NElrdIO - 
COURD - 

SORT - 

UUTPUT - 

OUTBR - 

UUTI'LT - 
VALIU - 

E R R  - 

uses randairily generated monthly ternperal.iure and 

precipitation values to calculate the DUK soil 

moisture index developed in Chapter 3. 

computes leader and branch extension growth. This 

subroutine i s  "Le workhorse of the model and will be 

discussed later in greater detail. 

calculates the number o f  nodes on a branch and their 

positions and azimuths. 

determines trunk dieback, kills higher-order branches 

attached to a dead branch, and randomly kills living 

branches. 

prunes dead branches from the storage arrays. 

generates ID for. trunks and daughter branches - 
determines braxh coordinates as well as  azimuth and 

inclination relative to gravity for l-year-old branch 

sections. 

sorts  branches. 

outputs branch variables. 

to output node distances and amiriiuiiis. 

a utility program used f o r  debugging which outputs  

branch variables for one branch. 

outputs coordinates for plotting. 

samples the model output to validate t h e  model. 

T h i s  wjll be discussed belovd under t he  "Validation" 

section. 

utility used to s top  the program- 

It a l s o  has the facility 
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The storage arrays a re  designed t o  hold a l l  the var iab les  

sssocidted w i t h  one branch. A t  present, t he  program l ? i m i t s  t ree  

growth t o  s i x  years,  b u t  t h i s  can be extended by expanding the  

dimension o f  the storage arrays, and by modify-s'ng the sort and 

output subroutines. 

which accommoddtes up  t o  a f i f th -order  branch. T h i s  IU ~ n c l i u d e s  t h e  

age ( s u f f i x  "A") as  well as t h e  node number ( su f f ix  " N " )  of d7 1 

ancestors of the branch. The method of branch fdentific3tion i s  

s imi la r  t o  t h a t  described i n  Chapter 2 b u t  differs i n  t h d t  t h e  nodr .  

Each branch i s  given an ident i f  ic.at-son ( I D )  

posit ion f o r  a l l  branch orders becarnes the node p o s i t i o n  f o r  the 

next lower branch order. For example, a primary branch i s  des iqnateG 

by the age of the  t r u n k  t o  which i t ;  i s  attached ( T A )  and t h e  n o d e  

number o n  t h a t  t r u n k  section (TN). Other branch var iab les  i n  the  

model a re :  order (URD), branch age (BAG€) ,  inc l ina t ion  relative t o  

the parent ( P A N G ) ,  azimuth r e l a t i v e  t o  t h e  parent ( P A Z ) ,  mother 

length (GKOM), mother node distance (IVODE) , "grandmother" node 

distance ( N O D E G ) ,  azimuth (AZ) and inc'l ination ( A N G )  reldtive t o  

grav i ty ,  l e n g t h  ( L E N )  , number of nodes (NNBUES), condition (CQND), 

nodelazimuth a r ray  poin ter  (NAPT) ,  number o f  daughters (NUAUT) .p a n d  

x ,  y z  and z coordinates ( X ,  Y, and Z ) .  Also associated v d i t h  each 

brdnch are  tNo 50 element arrays t h a t  s t o r e  node distances ( i4oDf .Q)  

and azimuths (AZIM) f o r  a maximum of 25 nodes f o r  each o f  tido 

years. A fu r the r  description o f  several o f  t he  subroutines follows. 

Subroutine CLIMAT 

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

t o  simulate s o i l  moisture. That program was m o d i f i e d  by P a s t D r  and 
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Post  to include their (1984) summary o f  Thornthwaite and Mather's 

actlid1 evapotranspiration. Oata for Q b s P r v e d  mean monthly 

temperatures and total monthly precipitation were added as input to 

the model, and  three soil moisture indices were developed and used 

t o  analyze the effect of soil moisture deficits on extension 

growth. Subroutine CLIMAI s that same program, modified t o  

generate random monthly so? moisture conditions. Input t o  this 

subroutine includes monthly mean temperature, total precipitation, 

and standard deviations for these variables calculated froin 53 years 

of data. To determine i f  the monthly temperatures o r  aiiiounts of 

precipitation are independent of  one another-, simple correlation 

coefficients were calculated. 

each set of variables, only 8 were significant (p - <0,05) For 

temperature and only 4 for precipitation. Iherefore, the assumption 

was made that, the monthly observations are independent, A normal 

random number generator was used t o  calculate monthly terriperature 

and precipitation from these means and standard deviations. 

O f  the 65 possible correlations for 

- 

Subroutine GROW 

T h i s  subroutine is built around the variables defining a 

"complete description" o f  crown geometry t h d t  were 1 isted at the 

beginning o f  Chapter 5. It also detprmines branch growth at a l l  

canopy positions and updates ID. A flowchart o f  the subroutine is 

yiven in Figure 6.2. The first year o f  growth, this subroutine 

calls NEWID to generate ID f o r  the trunks and then calculates the 

random TREE effects for extension yrowth, number o f  daughters, 
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SUBROUTINE GROW cfl 
ORNL 0 1 G  85 lORZG 

, ... '.. 
DETERMINE 
INCLINATION --- 

CALL COORD L--l-J 

OF DAUGHTER 

DtTERMlNE 

DETERMINE ANGLE 

.......- 

dzl RETURN 

Figure 6.2. Flowchart for subroutine GRUW. Each box w i t h  the 
term CALL i s  a call to a suDroutine. 
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iiiotiierl/daugiiteLer' iirancin angle ,  and irrcl ina.tion. I t  then :shifts  

values f o r  LEN, A N G ,  NIIODES, and NIIA117 t o  t h e  next array positron 

( t ic i ing  iiieiri) and increases t h e  "age" var iables  iil the  ID. Since 

obsc rvcd  h e i g h t s  f o r  f i r s t  year gro>&h are more a func-tion of the 

deGt i i  05 planting than o f  genetic o r  Ftnvironmntal fac tors ,  mean 

obceiriied t r e e  height ( 7 1 . 9  cm) and standard deviation (29 .8  cm) a re  

used iii conjuilction witin i: random n m b e r  generator , to  determine 
f j , - -  

r h t  year gr 'ow th .  Ceighi; grow l t i  f o r  other years i s  calculated from 

a t d n n  iieveloped i n  Chapter 3. For  branches, extension growth 
I 

i s  c a l c u l a t e d  usiriy thr equation developed i n  Chapt.er 5. I he  

e f f c c t s  o f  environment&l and  genetic var iables  were jnncludeb in t h a t  

rinalysis i-~y d i v i n i n g  braticii AGI l e n g t h  hy leader  A G I  length. The 

silriulai ion iiti:ludes these e f f e c t s  on branch extensiotn grownltk by 

including their  e f f e c t  ori l eader  extension growth. For example, a 

di-y year  wi 1 1  reduce extension growth t t i ro i ly i iout .  t h e  crown through 

i t s  e f f e c t  on le&der gt'o1,srtt-r. For. both leader and branches, NODEAZ 

1s ~ 2 1 1 0 ~  ,\.u t o  detei' i i i ir ie the  dis tance t o ,  and az. imuth o f  each node. 

The incl inat ion of the current  branch growJtia i s  deteriiiined next. 

COOK0 i s  then c a i  led t o  deterrnine the three-dimensional coordinates 

o f  the  branch terriiircus. On 2-year-old branches, the number o f  

dairghiet-s praduced i s  ca lcu la ted ,  NEWIU i s  cal led t o  i n i t i a l i z e  t h e  

var iables  f o r  these daughters, and var iables  obtained from t h e  

mother b ranch  are  s tored .  All daughter  branches then fol low a 

course o f  events which para l l e l s  t ha t  experienced by t h e i r  mother 
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branch; their length i s  determined, NQDEAZ is called to give node 

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

Subroutine NODEAZ 

The purpose o f  this subroutine i s  to determine node distances 

and azimuths. These two variables are stored in each of two 50 

element arrays. 

a branch using the equation developed in Chapter 5 .  

older than two years, node positions on the 2-year-old section are 

temporarily stored in an array called N 0 D E G T  which is used to store 

NOOEG for use in calculating branch extension growth. Mode and 

azimuth measurements on the l-year-old branch section are then moved 

NUDEAZ begins by calculating the number of nodes on 

On branches 

to the 2-year-old position. 

node distance data, mean vectors and covariance matrices were 

generated directly from the "normalized" node distance 

measurements. However, for several o f  the node classes, sample s i z e  

was too small t o  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. NQUEAZ then 

uses these covariance matrices and a multivariate normal random 

number generator to form a vector o f  deviates which i s  added to the 

mean vector. Back interpolation i s  performed where appropriate. 

AbSQlUte node positions are calculated by multiplying relative node 

distances by branch lengths. 

Since a model could not be fit t o  the 



174 

Pr imary branch azimuths a r e  c a l c u l a t e d  f r o m  t h e  observed mean 

ang le  of d ivergence (145.7 degrees), i t s  s tandard d e v i a t i o n  

(43.0 degrees),  and a random number generator .  I t  was shown above 

(Chapter 5 )  t h a t  27.5% o f  t h e  annual growth increments (HGl's) had 

a reversed d i r e c t i o n  o f  p h y l l a t a x i s .  

s imu la tes  t h i s  phenomenon i n  t h e  model. 

branches, daughters  f o r m  a l t e r n a t e l y  a t  90 and 210 degrees r e l a t i v e  

t o  the parent .  Another u n i f o r m  number i s  drawn t o  determine a t  

which o f  these azimuths t h e  f i r s t  daughter branch forms. 

azimuths then  a l t e r n a t e  between these two means w i t h  i n c r e a s i n g  

va r iance  up t o  a a i s t a n c e  of 90 cm, at. which p o i n t  t he  p h y l l o t a x i s  

becomes s p i r a l .  N c i r c u l a r  narnial randain number genera to r  i s  used 

t o  p r e d i c t  t h e  angu la r  d e v i a t i o n  f o r  t h e  o p p o s i t e  p h y l l o t a x i s .  

t i l e  s p i r a l  p h y l l o t a x i s ,  t h e  model uses a technique s i i i i i l a r  to t h a t  

used f o r  p r i m a r y  branches* 

A un i fo rm number genera to r  

On p r i m a r y  and h ighe r -o rde r  

The 

Fo r  

Subrout ine K I L L  

T h i s  sub rou t ine  has t h r e e  f u n c t i o n s :  t o  determine t r u n k  

dieback, t o  k i l l  a l l  h i g h e r - o r d e r  branches a t tached  t o  a dead branch, 

and t o  k i l l  l i v i n g  branches. F i e l d  obse rva t i ons  showed t h a t  17.456 

o f  t h e  t r e e s  were one y e a r  younger than  t h e  p l a n t a t i o n ,  and t h i s  was 

a t t r i b u t e d  t o  d ieback.  

12.5% a l s o  do so t h e  second year .  T h i s  i s  s imu la ted  by u s i n g  a 

un i fo rm number generator .  

O f  t hose  t h a t  show dieback t h e  f i r s t  year,  
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In subroutine GROW, a branch is marked for removal if its total 

extension growth i s  less than 0.5 cm in any year. 

marks for removal all higher-order branches attached to that branch. 

KILL also kills living branches. Little i s  known about the 

Subroutine KILL 

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. 

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. 

One current 

Little is known about the mechanisms involved in branch death. 

Millington and Chaney (1973) asserted that branch death i s  influenced 

hy a number of factors and concluded that light intensity appears t o  

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 Kican forests. 

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. 

during wind and crown separation distance in still air were 

examined, and the two were found t o  be significantly correlated. 

They 

The sum of intercrown displacements 
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'I'hey concluded t h a t  ''crown shyness" i n  t h i s  f o r e s t  was due t o  

mechanical abrasion. With o n l y  few such except ions,  t h e  l i t e r a t u r e  

on branch death i s  scant.  

Lack ing a s t r o n g  t h e o r e t i c a l  base f r o m  which t o  determine 

branch death, e m p i r i c a l  methods c o u l d  be developed. For  example, 

branches c o u l d  be s o r t e d  by order ,  age, and number o f  nodes. A t  

each node p o s i t i o n  i n  each o f  these subclasses, t h e  branch s u r v i v a l  

p r o b a b i l i t i e s  c o u l d  be c a l c u l a t e d  and used i n  t h e  madel. A second 

technique and t h e  one used i n  t h i s  work i s  t o  i n f e r  changes i n  t i m e  

from changes i n  space. The r e g r e s s i o n  developed t o  p r e d i c t  t h e  

i n i t i a l  number o f  daughters p resen t  on 2-year-o ld  branch s e c t i o n s  

(Chapter 5 )  was used t o  p r e d i c t  t h e  i n i t i a l  number o f  daughters 

p resen t  on o l d e r  branch sec t i ons .  S u r v i v a l  was then  c a l c u l a t e d  a s  

t h e  observed number o f  daughters on a branch d i v i d e d  by t h e  

p r e d i c t e d  nuniber o f  daughters.  These mean s u r v i v a l  r a t e s  were t h e n  

modeled by a r e g r e s s i o n  equat ion.  

concen t ra ted  an t h e  sho r t ,  basal  branches. T h i s  ass imp t ion  has an 

e m p i r i c a l  b a s i s  (Schut t ,  unpub. man.). Table 5 - 1 0  shows t h a t  over  

92% o f  t h e  v a r i a t i o n  i n  number o f  daughters produced was e x p l a i n e d  

froin Lhe number o f  nodes on t h e  mother branch and a TKEE e f fec t .  

However, as mentioned i n  Chapter 2, t h e  nurriber of nodes c o u l d  n o t  

be determined on seve ra l  lower  t r u n k  sec t i ons ,  so t h i s  equa t ion  

p r e d i c t i n g  number o f  daughters was reanalyzed u s i n g  mother branch 

l e n g t h  and order .  

I t  was assumed t h a t  m o r t a l i t y  was 
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Branch survival probabilities were predicted from parent branch 

order (PORDER), parent age nested within parent order (PAKAGE(POKDER), 

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

parameterized model is: 

SURVIV = 0.381 + PORDER + PAKAGE(POR0ER) + TREE 

where PORDEK is 0.894, 1.090, 0.939, and 0.000 for orders 0 (trunk), 

1 ,  2, and 3; PARAGE(P0RDER) is -0.089, -0.200, -0.158, and 0.308 for 

orders 0, 1, 2, and 3; and TREE i s  distributed normally with mean 

0.0 and calculated variance 0.010. 

is equal to the predicted fraction multiplied by the initial number 

of daughters. 

number i s  less than the number of surviving daughters -1 (the minus 1 

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

The number of branches surviving 

Branches are flagged for deletion i f  their node 

Subroutine COOKO 

This subroutine determines x, y, and z coordinates for all 

branch sections. 

branch growth, and in subsequent years only one i s  needed. When 

branches are formed, azimuth and inclination are calculated relative 

to the mother branch rather than relative t o  gravity. 

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 t o  determine the coordinates o f  

the branch AGI apex, and the equations for this orthogonal rotation 

were taken from Hofmann (I981 ) Once the coordinates for  the first 

Two points are calculated for the first year of  

For primary 
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two points have been calculated,  branch azimuth and incl inat ion 

r e l a t i v e  t o  gravity can be determined. 

Subroutine SORT 

Branches must be sorted by TREE, TA, TN, OlA, O I N ,  and so f o r t h ,  

f a r  subroutines GROW and K I L L  t o  operate. 

Edwards (1976) a t  Oak Ridge National Laboratory was used t o  c a l l  the 

IBM Syncsort program from w i t h i n  the FORTRAN program. Since Edwards' 

program i s  system dependent, users w i s h i n g  t o  execute the model on 

t h e i r  computers wil l  need t o  modify this  section of  the code. 

A program writ ten by 

Model Validatian 

Following the development of a model i s  model evaluation; i t s  

performance must be evaluated. 

a var ie ty  of techniques used t o  ver i fy  and val idate  f o r e s t  

succession models. Modeling three-dimensional t r e e  branching has 

ques 

sect  ion 

Shugart e t  a1 . (1980) have presented 

oped t o  th i s  level o f  sophis t icat ion ye t ,  and techn 

now being developed t o  val idate  these models. This 

two such methods. 

n o t  deve 

a re  just  

p ropo se  s 

In the current work, mean branch growth  a t  a l l  canopy posit ions 

i s  predicted from regression equations and other analyses developed 

i n  Chapter 5. Random variat ion i s  entered in to  the model i n  several 

ways. One i s  through the TREE term used in many of these analyses. 

Th is  random c l a s s  variable (TREE) was used t o  account f o r  potential  

data  dependencies due  t o  lack o f  independence, and the e f f e c t  of 

t h i s  term was assumed t o  be normally d is t r ibu ted  w i t h  mean 0.0, 
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However, estimation o f  fixed e f f e c t s  i n  an umalanced mixed model i s  

d i f f i c u l t ,  a n d  i t  i s  the topic of current s t a t i s t i c a l  research 

(e.g., Harvey 1982, Harville 1 9 7 2 ) .  The approach taken i n  the  

present work was t o  t r e a t  the random ' IKEE e f f e c t  as f i x e d .  

ef fec t  was then calculated and added back t o  the model. Since these 

t r e e  e f f e c t s  were assumed t o  be due t o  genetics,  the variables were 

prefixed w i t h  "GEN." 1-hese meaci T R E E  e f f e c t s  are:  t i E l u E X I  = 0.025, 

T h i s  

G E N U A U  = -0.379, GENANG = -0 .222,  GENINC = 4.995, G t N N O D  = 0.042, 

and GENSUR = -0.134. The variance f o r  these e f f e c t s  was calculated 

from the analyses and added back t o  the branching prograin by 

multiplying i t s  square root by a normal random deviate.  

A second Lechnique t o  aGd random variation t o  the rnodel i s  

through an e r ror  term. Regression analyses atterript to rnudel a l l  the  

variance present i n  a given data s e t .  l h i s  tool assumes t h a t  the 

e r rors  a t  any given value o f  the independent variable a re  normally 

dis t r ibuted with common variance a t  each value o f  the independent 

variable.  

regression /-\NOVA. T h i s  variance was adaed back t o  Li-re model by 

u s i n g  a randoin normal deviate generator. 

- 

T h i s  common variance i s  the mean square e r r o r  term i n  the  

Chapter 2 discussed a data set  containing measurements of 

annua l  t r e e  height fo r  36 t rees .  

the  model was modified t o  grow 36 stems. 

moisture index f o r  the s ix  years of t r e e  growth were i n p u t  in to  t h e  

rnotle1 f o r  d i r e c t  comparison betweeri the two d a t a  s e t s .  

were compared by t - t e s t s .  

To val idate  t r e e  extension g rowth ,  

Values o f  t h e  DUR s o i l  

Tree heights 

Table 6.2 shows t h a t  the model generated 



Table 6.2. Results o f  t h e  model validation for  t ree  h e i g h t .  

N Mean height Standard d e v i a t i o n  

Year Observed Model Ubservea Node 1 Observed Mode 1 t 

1982 36 36 535.1 cm 493.4 cm 114.b cm 108.5 cm 1.583nS 

1981 36 36 409.9 399.7 99.7 103.6 

i 980 30 36 321.3 316.4 86.4 100.9 0.223nS 

1979 36 Sb 271.6 262.9 82.1 94.0 0.41 7ns 

7 378 35 36 195.6 lb5.9 77 .3  81 .O 1.57WS 

1977 30 27  74.7 66.5 26.7 22.7 1.168Rs 

O.42tins --.I 2 

"Not s i  gn i f  i cant .  
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t r e e s  a re  s l i g h t l y  s m a l l e r  t hen  t h e  observed t r e e s  b u t  t h a t  t h i s  

d i f f e r e n c e  i s  n o t  s i g n i f i c a n t  f o r  any yea r  o f  growth. 

concluded t h a t  t h e  model a c c u r a t e l y  p r e d i c t s  l eader  e x t e n s i o n  growth.  

I t  was 

To v a l i d a t e  t h e  model 's  a b i l i t y  t o  produce branches, a d a t a  s e t  

was needed which con ta ined  obse rva t i ons  measured by  a technique 

d i f f e r e n t  f rom t h a t  used t o  develop t h e  model. T h i s  was done by 

measuring branches w i t h i n  a giver) area o f  the crown r e l a t i v e  t o  

g r a v i t y .  

t ask .  fen t r e e s  were chosen by  t h e  same s e l e c t i o n  c r i t e r i a  

d iscussed i n  Chapter 2. Observat ion were made on each t r e e  a t  each 

o f  s e v e r a l  canopy p o s i t i o n s ,  one near t h e  t r e e  t o p  and one a t  each 

o f  f o u r  azimuths i n  t h e  m idd le  o f  t h e  canopy. The cube a t  t he  t r e e  

t o p  was p laced  so  t h a t :  

a t  75% maximum t r e e  h e i g h t ,  ( 2 )  t h e  t r u n k  a x i s  was i n  a second cube 

plane, and ( 3 )  a p lane  pass ing through t h e  t r u n k  a x i s  and t h e  cube 

c e n t e r  was a t  an azimuth o f  165 degrees. T h i s  azimuth was chosen 

because i t  was p e r p e n d i c u l a r  t o  the  TOW d i r e c t i o n  ( i n  an at tempt  t o  

reduce c o m p e t i t i v e  e f f e c t s )  and i t  was on t h e  south  s i d e  o f  t h e  

t r e e .  

f i n d i n g  t h e  maximum branch reach ( p e r p e n d i c u l a r  d i s t a n c e )  f r o m  t h e  

t r u n k .  A t  t hese  f o u r  p o s i t i o n s ,  t h e  cube was p laced so t h a t :  

( 1 )  t h e  p lane  a t  t h e  base of t h e  cube was a t  50% maximum t r e e  

he igh t ,  ( 2 )  a pliinrb l i n e  lowered f rom t h e  c e n l e r  o f  t h e  cube was a t  

an azimuth of e i t h e r  75, 165, 255, o r  345 degrees ( p o s i t i o n s  2, 3, 

4, o r  5 ) ,  and ( 3 )  a p lane  pass inq th rough  b o t h  t h e  t r e e  t r u n k  and 

3 A 0.25 m cube was c o n s t r u c t e d  w i t h  dowels f o r  t h i s  

( 1 )  t h e  p lane  a t  t h e  base o f  t h e  cube was 

Cube p o s i t i o n  f o r  t h e  t r e e ' s  m i d d l e  canopy was determined by 
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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). 

All branch AGX8s falling within the volume of the cube were 

sampled. For each segment, the following were measured: 

1. Primary branch age (or age o f  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 VALIU examines every branch section generated by the 

model t o  determine i f  part o f  that branch lies within any o f  the 

validation positions. 

I f  it does, the same measurements made on the actual trees are taken 

from the branch. 

I f  not, the next branch section is examined. 

Two models were compared to this data set. Both 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 .  

produced by model 1 does not differ significantly from the observed 

data for any o f  the five cubes. 

lower than the observed mean, yet for all other cases it i s  higher 

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

The mean number o f  branches 

In cube 1, this mean is slightly 
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Figure 6.3. Sample plots for  trees generated by the model. 
Plots a-f are from model 1 and plots g-1 are from 
model 2. B o t h  o f  these models include a l l  random 
effects .  They d i f fe r  in t h a t  model 2 includes random 
branch mortality and model 1 does not .  
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Figure 6 . 3  (cont inued)  
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F i g u r e  6.3 ( con t inued)  



189 

ORNL-DWG 85-10999 

Figure 6 . 3  (continued) 
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Figure 6.3 (continued) 
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After a period of time, the theoretical number o f  branches 

produced by trees is h gher 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. 

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 i s  less t h a n  

0.5 cin in any given year. Without this aspect of the model, the 

number of branches produced would be even greater. 

rnoael 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% o f  the variation in this data set. Part o f  this may be due to 

the method used to estimate survival (in some cases it may be ovev 

100%) and part can be attributed to the general lack of knowledge 

about the factors determining branch mortality. As a result, i t  

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. 

The high variance of the data is 

Results for 

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 f o r  model 2 show that 
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cubes 1 and 5 d i f f e r  s ign i f icant ly .  In a l l  three of these cases,  

the number of primary branches sampled i s  t o o  high, 

of the cube i s  constant,  sampling m a l l  t r ee s  r e su l t s  i n  including 

more young primary branches t h a n  would be included in a sample of a 

larger t r ee .  This may b e  the case in t h i s  study. Overall, i t  

appears that. the d is t r ibu t ion  of brdnch orders produced by these two 

models well represents that  o f  the actual t r ee s .  

Since the s ine 

Table 6.3 shows the comparison f o r  branch lengths. The 

branches i n  cube 5 of model 1 are much longer t h a n  the nieasured 

t rees .  For a l l  other canopy posit ions,  t h e  lengths are s t r ik ingly  

s imilar .  Results f o r  model 2 are more complicated. These lengths 

Q O  not  d i f f e r  s ign i f icant ly  from the f i e l d  observations f o r  cubes 2 

and 4 yet  do  f o r  cubes 1 ,  3, and 5 (cubes 1 and 5 a t  p - <Q,QOl).  

Comparisons of the mean riumber of branches in both models showed 

t h a t  model 1 has more branches t h a n  average and model 2 has fewer 

(although anly two of the ten comparisons are s ign i f i can t ) .  

a lso shown t h a t  the d is t r ibu t ion  of orders differed s igni f icant ly  

f o r  only three o f  the ten posit ions.  Since t h i s  i s  so, i t  can be 

deduced t h a t  t h i s  difference i s  n o t  due t o  se lec t ive  mortali ty on 

second- and higher-order branches (shorter  branches), b u t  i s  evenly 

dis t r ibuted across the shortest  branches of a l l  orders. When t he  

methodology f o r  determining branch mortali ty was being determined, 

i t  was assumed (based an a previous study) t h a t  the branches near 

the base of the parent A G I  were k i l l ed ,  This assumption deserves 

fur ther  a t tent ion.  

I t  was 

The observation t h a t  primary branches are more 
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numerous than anticipated for three o f  the 10 study cubes i s  

evidence against this theory. 

this phenomenon is that the equation used to determine elongation 

growth needs further work. 

fourth-order branches were sampled. 

Another alternative explanation for 

This  may be the  reason that no 

For  both models, only one o f  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 o f  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 quotation given at the beginning of Chapter 1 stated that 

plant growth is a function of its genetic potential as modified by 

environmental factors. Phis work has been an attempt to quantify 

and model tne 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 b.) trees is a 

function o f  soil moisture, fertilizationlcultivation, and tree 

genetics. The soil inaisture tension used t o  define "extension 

growth stress'l (-3 bars) worked well as both late-season soil 

moisture values and each of three soil moisture indices were able to 

predict extension growth. 

Camp's policy of early-rotation f e r t i l i z a t i o n l c u l t i v a t i o n  and 

mid-rotation fertilization does increase height growth i n  t h i s  

species at this site. 

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). M second, and 

perhaps more viable option is that genetic differences exist among 

trees in their potential ability to elongate. lhis indicates that 

The analysis demonstrated that Union 

The significance o f  the TREE effect also has 
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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 i n  their potential to produce Type I branches at given 

ages. Those that 00 produce Type I branches were examined, and it 

was found that the prohability 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. 

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. 

found to be associated with the amount o f  leader extension growth. 

Data were not available to 

The number of Type I proleptic branches was also 

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. 

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 economjc advantages. 

Since weed competition i s  costly to a 

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 I 1  p r o l e p t i c  branches, and, a f t e r  the f i r s t  y e a r  o f  growth, do 

n o t  d i f f e r  i n  e l o n g a t i o n  growth f rom Type I 1  branches l o c a t e d  a t  t h e  

same p o s i t i o n .  

Analyses were performed t o  q u a n t i f y  a l l  v a r i a b l e s  needed f o r  

t h e  "complete d e s c r i p t i o n ' '  o f  canopy geometry d iscussed i n  Chapter 5. 

An equa t ion  was developed t o  p r e d i c t  ex tens ion  growth f a r  a l l  

canopy p o s i t i o n s  from branch order,  p a r e n t  age, branch age, 

"ances to r "  (e.g., mother, grandmother, and so f o r t h )  node d i s t a n c e  

(ac ro tony )  , and ancestor  l eng th .  

Node d e n s i t y  (number of nodes /branch l e n g t h )  was p r e d i c t e d  

f r o m  branch leng th ,  fertilization/cultivation, s o i l  i i io isture,  and a 

T R E E  e f f e c t .  Both increased fertilization/cultivation and increased 

s o i l  m o i s t u r e  a v a i l a b i l i t y  increased node d e n s i t y .  Longer branches 

have a lower node dens i t y ,  a Fact  observed by o the rs .  

The f i g u r e  f o r  node p o s i t i o n  demonstrated t h a t  t h e r e  a re  t h r e e  

i d e n t i f i a b l e  phases i n  branch growth. I n  t h e  f i r s t ,  branch in te rnode  

d i s t a n c e  increases.  T h i s  i s  f o l l o w e d  by  a p e r i o d  o f  a lmost constant ,  

b u t  s l i g h t l y  d e c l i n i n g ,  i n t e r n o d e  d i s tance .  I n  t h e  t h i r d  phase, 

i n t e r n o d e  d i s t a n c e  decreases. A l l  t h r e e  phases a re  i d e n t i f i a b l e  on 

l o n g e r  branches ( those  w i t h  more nodes). W i th  decreas ing branch 

leng th ,  t h e  m i d d l e  phase becomes less impor tan t  and f i n a l l y  

disappears.  On s h o r t e r  branches, t h e  t h i r d  phase a l s o  disappears.  

Un t h e  s h o r t e s t  branches9 t h e  f i r s t  phase becomes l e s s  evident. 

P h y l l o t a x i s  o f  branches o f  a l l  o r d e r s  was exainined. Pr imary 

branches show no p r e f e r r e d  d i r e c t i o n  o f  o r i e n t a t i o n .  

o f  d ivergence between leaves o r  branches was 145.7 degrees w i t h  a 

The mean ang le  
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standard d e v i a t i o n  o f  43.0 degrees. 

was c lockwise,  b u t  on 27.5% o f  t h e  t r u n k  sec t i ons  i t  was reversed.  

This r e v e r s a l  o f  t h e  d i r e c t i o n  o f  t h e  o n t o g e n e t i c  s p i r a l  was spread 

across t h e  popu la t i on ;  i t  was n o t  concent ra ted  a t  any t r e e  age o r  on 

any t r e e .  

Tne d i r e c t i o n  o f  t h i s  s p i r a l  

Second- and h i g h e r - o r d e r  branches f o r m  a t  mean angles of 90 and 

270 degrees r e l a t i v e  t o  t h e i r  inother branch. The c i r c u l a r  v a r i a n c e  

about these means increases  w i th  i n c r e a s i n g  node number or d i s t a n c e  

on a branch AGI. A t  a p o i n t  beyond 13 nodes o r  90 cm, t h e  

p h y l l o t a x i s  becomes s p i r a l .  

t h i s  p o i n t  i s  few, it appears t h a t  here, as w e l l  as f o r  t h e  p r i m a r y  

branches, t h e  d i r e c t i o n  o f  t h e  s p i r a l  can be e i t h e r  c l o c k w i s e  o r  

counterc lockwise .  

Whi le t h e  number o f  observa t ions  beyond 

Most o f  t h e  v a r i a t i o n  i n  t h e  number o f  daughter branches formed 

on a mother branch was p r e d i c t e d  from t h e  number o f  nodes on t h e  

mother ( o r  mother l e n g t h )  and a TREE e f fec t .  

used i n  Chapter 6 t o  develop a r e g r e s s i o n  e q u a t i o n  t o  p r e d i c t  branch 

m o r t a l i t y .  

Th i s  r e l a t i o n s h i p  was 

The angle o f  d ivergence between a mother and daughter branch 

was determined f r o m  daughter node number, number o f  nodes on t h e  

parent ,  number o f  daughters,  daughter leng th ,  branch order ,  paren t  

age w i t h i n  order ,  and a TREE e f f e c t .  I n  t h i s  ana lys i s ,  t h e  number 

o f  nodes was used t o  rep resen t  ep inas ty ,  and t h e  number o f  daughters  

and daughter l e n g t h  were used t o  rep resen t  the daughter branches'  

a b i l i t y  t o  r e s i s t  t h i s  e f f e c t .  A l l  v a r i a b l e s  were s i g n i f i c a n t .  
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Braiich i n c l i n a t i o n  was p r e d i c t e d  f r o m  branch order ,  t h e  f i r s t  

ang le  of t h e  branch, t h e  d i s t a n c e  t o  t h a t  f i r s t  angle (which a l s o  

i n c l u d e s  an e f f e c t  due to o r d e r ) ,  and a TREE term. 

branch age, branch t i y s  become o r i e n l e d  more: v e r t i c a l l y .  

l-diB1-1 i n c r e a s i n g  

The r e l a t i o n s h i p s  developed f o r  t h e  b ranch ing  v a r i a b l e s  were 

syn thes i zed  i n t o  a FORTRAN model t o  s i m u l a t e  t h e  three-d imensional  

crown geometry o f  sycamore. Out.pirt f o r  l eader  e x t e n s i o n  growth b y  

t h e  model agrees w e l l  w i t h  observed d a t a  on ex tens ion  growth as does 

o u t p u t  d e s c r i b i n g  model branching.  

The s t a t i s t i c a l  analyses developed i n  t h i s  work demonstrate a 

v a r y i n g  degree o f  “success” i n  e x p l a i n i n g  t h e  v a r i a t i o n  i n  t h e  

data.  

node d e n s i t y  or number- o f  daughter branches) and olhers e x p l a i n  l e s s  

(e.g., t runK ex tens ion  growth R2  = 0.549, branch ex tens ion  growth 

R = 0.792, degree of Type I p r o l e p t i c  branching R = 0.112, and 

branch s u r v i v a l  R2 = 0.325). 

a s t a t i s t i c a l  model i s  a r e s u l t  of one o f  seve ra l  f a c t o r s .  One such 

f a c t o r  i s  t h e  s k i l l  w i t h  which t h e  model t o  be f i t  i s  chosen (e .c~ . ,  

t h e  c o r r e c t  t u r v e  shape and t h e  c o r r e c t  v a r i a b l e s ) .  

whjch r e s u l t s  i n  p o o r l y  f i t  models i s  a l a c k  o f  understanding 

o f  t h e  mechanism govern ing t h e  process be ing  modeled. 

i n  a t tempt ing  t o  guess a t  those mechanisms and then  i n c l u d i n g  thrm 

i n  t h e  model. 

number o f  v a r i a b l e s  are invo lved,  a s i t u a t i o n  o f t e n  encountered i n  

t h e  present  work. Even where some t h e o r e t i c a l  i n f o r m a t i o n  i s  known 

(e.g., p a r e n t / d a u g h t e r ~  branch angle i s  a f f e c t e d  by e p i n a s t y  and 

Some o f  t h e  models e x p l a i n  over  90% (e.g., those p r e d i c t i n g  

2 2 

The degree of success o f  the f i t  o f  

Another problem 

T h i s  r e s u l t s  

[ h i s  problem i s  compounded i n  s i t u a t i o n s  where a 
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negative geotropism) it was still necessary to select a variable 

which would best represent this effect. Even i n  this example, where 

a theoretical basis o f  the phenomenon was somewhat knowng only  39.4% 

o f  the variance was accounted for. 

This lack o f  f i t  of the equations to the data indicate areas of 

branch growth that deserve further attention. For example, l i t t l e  

i s  known about the control o f  the degree of Type I branching. The 

control o f  branch death i s ,  likewise, little understood, In this 

second example, the analysis i s  so complicated (involving tree 

genetics, cellular physiology, tree crown morphology, abiotic 

environment, etc. ,) that an approach using a three-dimensional 

Dranching model to examine the effect o f  crown morphology m y  be 

the most viable alternative, 

There are many other processes that a spatially-explicit 

branching model may be used to study. Chapter 1 mentioned l i g h t  

interception as one potential area. Data on crown display have 

already been collected (Chapter 2), and this i s  the next logical 

place far future model work. T h i s  new light model, which would 

include light interception, could be used as the basis o f  other 

investigations. For example, i t  could be used for management 

purposes to simulate plantation geometry and t o  examine the effects 

of  spacing or tree genetic variation on l i g h t  interception. The 

place to add spacing effects has already been designated i n  

subroutine NEWIQ. For this application, t h e  effects o f  spacing 0x1 

branch characteristics would need to be added. This was the topic 

of a related study (Schutt, unpub. inan*). 
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The light interception model could also be used to study canopy 

energy a1 location. The relationship between the  total amount of 

lignt intercepted by a branch and t h e  amount o f  extension growth 

could be explored. 

processes controlling branch aea th .  I t  may also be possible to use 

this model t o  examine the e f f e c t  o f  crown geometry on physiological 

processes. I f  t h e s e  techniques lead t o  fur ther  elucidation o f  the 

mechanisms governing crown architecture, then those mechanisms could 

be added t o  the model's theoretical frdniework morlel f o r  the next 

generation of models. 

This may also l ead  t o  an understanding o f  the 
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C CP - L I N E S  USED TO CALL S U B f i O U T I N E  KlLL J U S T  TO P R U N E  H I G H E R  CRCER E R A N C H E S  
C CR - f iANCOn NUMEER G E N E R A T O R  I N I T I A L I Z A T I O N  
C CS -TC CHANGE T H E  SIZE Q P  THE STORAGE USFD BY THE HODEL, C H A N G E  &LL 
C C I  -"TRE:E" BANLOM EFFECTS 
C CV - L I N E S  TO B E  C O R M E R I E D  TO VALIDATE THE f l O C E L  
C CW -RQNDCPI CLIIMATE 
c SIZE OF A L L  T R E E  I D  ARRAYS AS WELL A 5  THE S T A T E E E V ' I S  H A R K E T .  
C WITH T H I S  CCHMEBT S T A T E M E N T  

COMHCN / T P E E I D /  T A E F  (3000) .TA (3000) ,TN (3000) ,01A 13000) , Q 1 N  (3000) 
E 0 2 A  (3000) .02N (3000) . 0 3 A  (3000)  ,03N (3000)  , 0 4 A  (3000) ,CON (3000) , 
& ORD (3000) , B A G E ( 3 0 0 0 )  . P A N G  13000) ,PA2 (3000)  ,GRQIM(3UOQ) e 
E N O D E ( 3 0 0 1 ) )  , V O C E G  (3000)  , A Z ( 3 0 0 0 )  . A N 6  (3000.6) ,LEN (3000,6), 
& NNOCSS(3000,6)  .CONU (30OQ) . N A P T ( 3 0 0 0 )  , N D A O T ( 3 0 0 0 , 5 ) ,  
6 x ( 3 c o o , 7 )  . Y  (3000,7) ,Z ( ~ o o o , ~ )  
I N T E G E R * 2  TREE,TA,TN,C l A ,  C 1N.O 2 J U 0 2 ~ , 0 3 A , 0 3 N , O Y A , 0 4 N ,  

OHC, EAGE. NOCE,NOCEG, N N O D E S . N A P ' I ,  NDAU'I 
REAL LEN 
L O C I C A L * l  COND 
COMflCN /CLCATA/  M T ( 1 2 ) .  TSC(12), I ' I P P T N ( 1 2 ) ,  P P T N S D ( 1 2 ) ,  P C ,  FCBB,  

R E A L  H T @  MPPTN 
COflMCN /DUR/ DURLN 

& 

& DRY', BUS, E G S ,  PLAT 

c 0 COHMON / L E A F I D /  P A N G L ( 3 0 0 0 ) ,  P A Z L  (3000) .PL(3OOO) .LL ( 3 0 0 0 )  . W L ( 3 O O O ) ,  
CC I; A Z L ( 3 0 0 0 )  , A N G L ( 3 0 0 0 )  

COHMCN /NOER/  B O B R T .  NOEROT,NOTREE 
I NTEGER*2 N 0 0 8 1 , N O B R Q ?  .NOTREE 
CONNCN / N O /  NYEARS,NTREES,NOYR 
I N T E G E R * 2  N Y E A S S , N I R E E S  
L O G I C A L * l  F L A G  

C E  
CY 

D I H E N S I O N  C U B Y A L  (6) 
D ATA DU R V  A L 1- a- 7 i 33 5, -0.2 4023 o , o - o 00 00 .- 0.90 3 ti 7. - o - 2 6 657 I 0, o 00 001 

c I i S T A R T ( 1 , J ) :  1: A I D  3 ARE "ILNY I N T E G E B S "  
c s  

C A L L  A S T A 3 T ( 3 9 5 8 7 9 , 7 6 )  
NOBRT =0 
NOBRCT =O 
K P R T  1 1  
C A I L  I N P U T  
D O  2 0  I = l , N Y E A k i S  

NOYR =I 
CE 
cu 
cv C A L L  C L I N A T  

DUELN = D U R V A I  [I) 
W R I T E  ( 6 , l )  1 , D U R V A L  (I) 

NOEPOS =NOER'L 
CALL GROW 

I F  ( N O B R S  .G?- 1) C A L L  SCBT 

1 F O E M A T ( '  YEAR=*,X2,* LNDUR =',F9.5) 

C E  



F L A G  = - F A L S E .  
I F  (IXIOD(1, KPRT)  . E C .  0 )  C A L I  O U I P U T ( F 2 A G )  
CALL K I L L  
FLAG -.TRUE. 

cc 
cc 
C E  

I P  ( f l O D ( 1 .  KPBT) .EQ. 0) C A L L  C U T P U T ( F L A G )  

CAI!. PRUNE 
cc  
cc I F  ( H C D ( 1 ,  KPRT]  . E n .  0) CALL O U 1 P U T ( F L A G )  

I F  (NQYR .L5- NYEARS)  GQ TO 20 

C A I L  O U T P L T  
C A L L  VALID 
W R I T E ( 6 . 1 0 )  X 

C E  

10  F O R H A T ( '  END OF YEAR O , I 1 )  
20 C O N T I N U E  

2 5  F O R R A T ( *  TOTAL N D M E E R  C F  ERANCHES = ' , I 5 )  
W R I T E ( 6 , 2 5 )  NOERT 

STOP 
END * * * * * + * * * 4 4 8 * * * * * * . + * , ~ . + * * 0 * * + + * , * + * * * ~ * * ~ * ~ ~ * * 4 ~ ~ * ~ * ~  C 

C 
C 
C 

T H I Z  S U B R G U ' I I N E  I N P U T S  DATA 

* 6* ** B X *  4 9  

C f t l f + 4 * * + * ~ * * % % % * * * ~ ~ * 4 ~ ? ? ~ ~ ~ * * * * , * ? ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 ~ * ~ * * * + ~ ~ ~ ~ * * ~ ~ * ~ ~ 8 * ~ ~ ~  

S U B R O U T I N E  I N P U T  
COMMCN / C L C A T A /  MT ( 1 2 ) ,  T S D ( l 2 )  f l E P ' I N  ( 1 2 1 ,  P P T N S D  ( 1 2 ) ,  F C ,  FCPIN, 

REAL N T ,  M P P T 4  
COIYNCN / N O /  N Y E A R S , N T B E E S , N O Y F  
I N T E G E R * Z  N Y E A B S , N T R E E S  
COMMCN /MSl'!VN/ I P O I N T  ( 2 . 1 7 )  ,OREAN ( 1 4 1 )  ,OSIGPIA (906) 
I N T E G F R * 2  I P C I N T  

& D A Y 3 ,  EGS. E G 5 ,  P L A T  

c D A T A  THAT 1s R E Q U I R E D  FCR T H E  OPEBATICN O F  T n i s  R O U T X N E  IN T H E  
C CEDER OE INPUT: 
5 CARD: V P R I A B L E :  PO RMB'T: 
C 1 NYEARS = NUNEER O F  YEARS I N  THE SXf l I IZATION 1 5  
C 1B N T R E E S  = NUMEER CF TREES IN T ~ E  S I R U L A T I Q W  I5 
C 2 F C  = C E N T I B E T E R S  OF HATER T H E  S O I L  CAN HOLD 
c AT F I E L C  C A P A C I l Y  F 8 . 4 , l X  

C S T C P S  (3 B A R S )  F 8 . 4 , l X  
C 2 D R Y 1 5  = P E R n A N E N T  W I L T I N G  P O I N T  FOR P L A N T S  ( 1 5  B A B S )  P B , Q , l X  
C 3 B G S  = YEAR D A Y  ON WElICH THE GROWING SEASON B E G I N S  (4/15) FS.  1 , 1 X  
C 3 EGS = YEAR D A Y  ON WIilCtf THE G R C l J I N G  SEASON ENDS ( l G 1 1 5 )  F5,1,1X 
C 3 P L A T  = L A T I T U D E  O F  PLOT ( D E G R E E S  NOBTH) P5.2 
C 4 T = MEAN T E M F E B A I U R E S  ( JAN-DEC)  C E N T I G R A D E  1 2 F 6 . 2  
C 5 TSC = T E M P E R A T U R E  STANDARD D E V I A T I O N  1 2 F 6 . 3  
C 6 MPPTN = R E A N  P R E C T P X T A T I G N  ( J A N - E E C )  C E N ' I I N E T E R S  12F6-2 
C 7 PPlNSD P R E C I P I T A T I O N  ST.DEV. ( J A N - D E C )  C E N T Z H E T E R S  1 2 F 6 . 3  
C XMCNTH = THE A R R A Y  WHICH STORES THE MONTHLY B E G I N N I N G  WATER 

C 2 D R Y 3  - C E N T I R E T E E S  OF WATER BELOW P I I I C I I  T B E E  GROMIR 

C V A L U E S ,  TO G E T  THE V A L U E  k o R  A N Y  GIVEN n c N i i i ,  USE T H E  
C VALUE FOR MCNTH (I + l ) ,  THE END-OF-RONTH VALUE. 
C 8 K = THE S I Z E  OF THE NODE P O S I T I O N  ABRAYS 1 2  
C 9 OHEAN = THE C E S E B V E C  MEAN R E L A T I V E  NODE P O S I T I O N  F9-7 
C 10 O S I G M A  = THE O B S E R V E D  C O V A R I A N C E  H A T B I X  E12-6 
C 
C 
C I N P U T  L E N G T H  CP R O N  
C 

READ ( 5 , 5 , i i N D - 1 0 0 0 )  NYEABS 
5 PQRMAT(J.5) 
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WRITE/6,10) N Y E A R S  
10 FORMAT (*DNUEEE6 OF Y E A R S  =*,IS) 

C 
C INPUT NUlYBER CF TEEES 
C 

READ ( 5 , S , E N D = 1 0 0 0 )  N'IKEES 
W R I T E  ( 6 , l l )  H T E 3 E S  

11 F O R H A T  ('ONUNBER OF TREES = * , 1 5 )  
C 
c 
C 

C 
C 
C 

C 
c 

INPUT SCXL C H A R A C T E R I S T I C S  

READ (5,15, EMC=1000) F C ,  D R P 3 ,  D R Y 1 5  
15 F O R M A T ( 3 ( F 7 . 4 , 1 X ) )  

FASTOR AND POST'S AET R E C U T R E  FC TO E% I N  n?l 

FCPlM =PC * l o .  
W R I T E ( 6 , 2 0 )  IC, DEY3, D R Y 4 5  

20 F O R M A T ( ' O F 1 E I . D  C A P A C X I Y  =*.F8,4,2X, '3  B A R  TENSION =',F8.4,2X8'15 
&BAR T E N S I O N  =',P8.4) 

I N P U T  S I T E  C H A R A C T E R I S T I C S  
C 

R E A D  (5,25, END= 1000) BGS,  EGS,  PLAT 
2 5  FORMAT (2(E5-l,lX) , P 5 . 2 )  

WRITE(6.30) EGC. E G S .  P L A T  
30 FORRAT ( ' O G R O U I L G  SEASON: B E G I N l I N G  DAY =*,F5.3,2X8*END D A Y  n9 , 

F, F5. i , 2 X r  ' L A T I T U D E  = * , F 5 . 2 )  
C 
C INPUT MEAN MONTHLY T E N P E R A T O R E S  A N D  STANDARD D E V I A T I O N S ,  A N D  CONVERT 
C F80n E N G L I S H  O N I T S  TO S I  U N I T S  
C 

R E A D  ( 5 , U O , E N O = 1 0 0 0 )  ( H T ( 1 )  ,I=1,12) 

R Z A D  ( S e 5 0 , E W D = 1 0 0 0 )  (? iSD(I)  ,1=1,12) 
40 FORMAT (12F6.2) 

5 0  P O B P l A T ( 1 2 F 6 . 3 )  
n o  45 I=1,12 
H T ( I ) = ( R T { I )  - 3 2 ) / i - a  
T S D ( 1 )  = T S G ( T )  / 1 - 8  

45 C O N T I N U E  
C 
C INPUT PRECXPS'IATICN DATA A N D  CONVERT FROM E N G L I S H  U N I T S  TO S I  U N I T S  
C 

( 8 P P T N ( I )  ,I=l, 12) PEAD (5.50, ENB=1000) 
READ (5,50,END=lUOQ) (PPTNSD(1)  ,1=1,12) 
DO 5 5  I=l, 12 
? I P P T N ( I ) = F I P P T N  (I) +2.54 
P P T N S D  (I) = P P T N S D  ( I )  *2.54 

55 C O N T I N U P  
c 
C WRITE OUT I N P U T  DATA 
c 

W R I T E  ( 6 , 6  0) 
€ 0  FORMAT ( @ O N E A N  'TENPERI'XURES (C) * )  

W R I T E  ( 6 , 6 5 )  
6 5  FORMA'I(YX, 'JAN',6X,'EEB1 ,SX, '  M A R ' , 6 X , * A P B B  . 6 X , ' f l A Y ' ,  

U R I T E ( 6 . 7 0 )  (PIT f l ) e J = j * f 2 ]  

W R I T E { 6 , 1 5 )  

W R I T E  (6,65) 
WRITE[6,RO) g T S t ( I )  ,1=1,12) 

>6X, JUN",SX, @ J U L ' , t i X ,  'AUG' ,6X,  ' S E P ' . .  6X. 'OCT '  ,6X. 'NOV' ,6X,'DEC9) 

70 F O R f l  AT ' ' , 1 2 ( 7 7 . 2 , Z X )  ) 

75 FORMAT [ 'OTEMPEEATURE STANDARD D E V I A T I O N S  (C] 8 )  
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80 F O R N A T  [ '  I ,  1 2  (F7- 3,2X) ) 

8 5  F O R R A T ( ' 0 H E A N  F R E C I P I T A T I O N  (CM) ' )  
W R I T E  ( 6 , 8 5 )  

W h I T E  ( 6 , 6 5 )  
WBITE(6.80) (flPPTN ( I )  , I = I *  12) 
U RITE j 6 , 9 0 )  

WRITE(6,65) 
W R X T E ( 6 , 8 0 )  (EPTNSD(1) , I = 1 , 1 2 ]  

90 P O R K A T  ( ' O P R E C I P I ' I A T I C W  STANDARD D E V I A T I O N S  ( C )  ' )  

C 
C I N P U T  T H E  PIEAN VECTORS P C 6  N O D E  P O S I I I C N S  ANC T H E I R  COYAEZANCE. 
C THE V A f i I A B L E  K G I V E S  T b E  SIZE OF T H E  AORAY. NNODES 1 6 - l e  L E R E  
C T b E A T E D  AS 17;  NNOCES 19+  WERE T R E A T E E  A S  2 1 .  B E C A U S E  T H E  L A S T  
C C I S T A Y C E  WAS ALWAYS = 1 . 0 ,  THE VECTORS ARE ALYAPS OF L E N G T h  
C ENODES - 1 .  

CC 
cc W R I T E  ( 6 . 9 5 )  NPT 
C C  9 5  FORPlAT( '  NP'I =',I2) 

DO 1 2 5  NPT=a,lt 

READ(5,100,EhD=1000) K 
100 FOKMATjI2) 

M9EG Z I P C I N T  ( 1 , N F T )  
MEND -PlBEG + K  - 1  

cc 
cc h R I I E ( 6 , 1 0 5 )  K,RBEG,REND 
CC 105 FORRAT ( '  ' , 7 X , I 2 , 7  ( 5 X . 1 3 ) )  

R E P D  (5 ,11O,EhD=1000) ( O H E A N { I ) ,  I=MBEG,kIEND) 

I S E E G  = I F O I N T ( 2 . N P T )  
D O  1 2 5  I - l , K  

1 1  0 FOKHA'I (8P9.7) 

I S E N D  =ISEEC +I - 1  
cc 
cc Wli ITE ( 6 , 1 1 5 )  I S f l E G , I S P N D  
C C  115 FORVAT I' ' , 3 0 X , I 4 , 5 X , I Y )  

EEAE(5,120,END=IOOQ) ( O S I G H A  ( J ) , J = I S B E G , I S E N D )  

I S B E G  = I S E N D  4 1  
120 IORKIAT ( 6 E  1 2 -  5) 

125 C O N T I N U E  
cc 
CC W 9 1 T F ( 6 , 1 3 0 )  ( C R E A N ( 1 )  ,I=l~lUl) 
CC 130 F O I i M A T ( '  ' , 1 2 P 1 1 . 7 )  
C C  W R I T E ( 6 , 1 3 5 )  ( C S I G M A ( 1 )  , 1 = 1 , 9 0 6 )  
C C  135 F 0 6 H A T ( '  ' , 1 1 9 1 2 . 5 )  

RETU FN 
1000 WRITE(6,lOOl) 
1001 F O R f l A T ( '  I N P U T  E R R C R ! ! ! ! ! ' )  

R ETU 5 1  
E RJD 

C t * * * t + + * S a * * * * * S + t * ~ * ~ * * * * * * * B + + * * * * * ~ * ~ * ~ ~ ~ ~ * * * * ~ * ~ ~ ~ ~ ~ ~ * * ~ ~ * * * ~ * * ~ ~ *  

C 
C I N I T I A L I Z E  CCIMON BLCCKS 
C 
c t ** 4- ** ** rc ** * * 8 * 0 g. * * t ** 1c ** 3: 0 * * * * %* ** * *+ * ** * * * * ** * c  +* *4 ** * * * *** * * t* 4 * * 4  * * * * 8 * ** 

BLOCK DATA 
COMBCN /DUR/ OUftLN 
DATA DURLN /o.o/ 
CORHCN / M S l a V N /  IPOIXT(2 ,17)  ,OREAN ( 1 4 1 )  , O S I G N A  ( 9 0 6 )  
I N I E G E B * 2  IPCINT 
DAT A I P C T N T  / 1 , 1 , 2  . 2 , 4 , 5 , 7 , 1 1  . 11,2  1 , 1 6 , 3 6 , 2 2 , 5  7, %9 e 5 , 3 7 , 1 2  1 . 
COHMON /NOCAZRJ N O D E D  (3000,SO) . A Z I f l ( 3 0 0 0 8 5 0 )  
I N T E G E R * 2  NOCEI: 

G 4 6 ,  1 6 6 . 5 6 , 2 2 1 , 6 ~ , 2 6 ~ , 7 9 , 3 6 5 . 9 2 , 4 5 6 ,  106 ,56  ~ , 1 2 2 , 6 9 7 , 1 4 2 , 9 0 ~ /  

C S  LIMENSICN T H I S  STATERENT 40 (ARRAY SIZE) * 5 0  
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D AT A N O  CED 

DATA N O E E G T  / 1 0 0 * 9 9 9 /  

1 500  o o * 9 991, A z I n  1s o o o o *9 9 9 - 
COMYCN / N O C E G T /  B O D E G I  (25.4) 
INTEGER*2 NOCEGT 

COflPION / N O E R /  NCBRT. N O B R O T , N O T R E E  
INTEGER *2 NC E R?, NGBXC' I  , NOT fi E E  
G A T A  NOTREE / O /  
E N D  

C * * $ * * *  *******+********+**t******++*+*+****$***~e************~*****+****~**~******* 
C 
C THIC: SUBROTJTINE C A L C U X A T E S  THE S O I L  IIOISTURE I N D E X  
C 
c *** * * * * e  +** *** ************+t******* a * * *  ******** ** **** ** *************e** ****** 

SUBRCU'IINE C L I P A T  
COMflCN / c L D A T A /  U T ( 1 2 ) ,  TSC(12) ,  NFPTN1(12), PPTNSD(12). FC, PCflM, 

R E A L  U T ,  l lPPTN 
COPINCN / D U R /  D U R L N  
COMMCN / Y O /  N 1 E A R S . N T f i E F S . N O Y R  
INTEGER*2 NYEAES,NTREES 

& DRY3, EGS, EGS, PLAT 

C 
C F R O G R A M  F O R  C A L C U L A T I N G  THE: FRACTION CF TBE 
C G R O W I N G  SEASON W l l h  FAVOBABLE S O I L  UOISIURE POR GROWTH 
C 

DIMZNSION DDI3 (12) ,C (12,26)  ,D(12,6), CAYS(l2) ,RT(12) ,REPTN (12)  
D I U E N S X G N  XEGNIH(13) , U ( 1 2 )  , A 9 T ( l 2 )  
LCGICAL*T F L A G  /.FALSI./ 
E Q U I V A L F N C E  I C  ia,21) .c ( 1 , i ) )  

C 
C 
C 

EONTHLY C O R R E C T I O N  EACTORS FOR 25-50 LEGREES L A T I T U D E  NOI iTH 
IN UNITS O F  12-HOUR 30-DAY PERIODS 
ACJUSTEC FOR V A R Y I N G  C A Y  A N D  PONTH LEIIG' IHS 

D A T A  C1 .93 ,  - 89, I I 0 3 , l -  0 6 , l -  15.1- 1 4 , l -  17,l. 1 2 , l .  0 2, - 49,- 9 1, - 9  1, 
6 .92,.8a, 1. 0 3 , 1 . 0 6 , i . 1 5 , i , i ~ ,  I. la, 1.12,1.02, ,99,.9i.  -9 1, 
7 -52,- 8 8 , d , O 3 , 1 , 0 7 , 1 . , 1 6 , 1 , 1 S , l .  18,1, 13,1.02,,99,,9C8 .90, 
8 - 9 1  , .88,1.03,1.07,1.16,1.  16,1a18, 1.13,1.02,,96,.90,,90, 
9 , 9 i , . 8 7 , ~ . 0 3 , i . o ~ , i , i 7 ,  I .  1 6 . 1 .  1 9 , ~  1 3 , 1 . 0 3 ,  .ga, -90, -89,  * ,9O,.87,1.O3,~.O8,1,18,1.17,l.Z~,l~l4,l~O3,~9@,~89,.88a 
1 .90,  .87,1.03,1.08,1.18,1.18,1.20,1.14,1.03,~98,~89,.8@, 
2 .R9,.86,1.03,1.08,1.l9,~~l9,l.2l,l~l5,l~O3a~9~,~88,~87. 
3 .88,.86,4,03,1,09,1..19,1,20,1.22,1,15,1.03,,97,~8@,.86, 
4 ~88,.85,1.03,1,09,1.20,1.20,1.22,1.16,1.03,,97,.87,,86, 
5 -87 , -  8 5 ,  A .  03,1-09.1.21,1,2 1 , l .  2 3 , l .  16,l-0 3, -97,. 86, -85, 
6 .87,.85,~.03,1,10,1.21,1.24,1,16,1.03,.97,.86,.8U, 
7 , 8 6 , . 8 U , 9 . 0 3 , 1 . 1 O , 1 . 2 2 , l ~ 2 3 , l - 2 5 , l . l 7 , l . O 3 , . ~ 9 ~ . 8 5 , . 8 3 r  

9 ,85, ,04,1.03,1,11,1~23,1.24,1.26,1.18,1.04,,96,,84,.02, 

1 .83, .83,~,03,9,11,1.25,1,26,1.27,1.19,1.OU,.96,-82, -80, 
2 , 8 2 , , 8 3 , ~ ~ 0 3 . 1 , 1 2 , 1 . 2 6 , 1 , 2 7 , 1 . 2 0 , 1 , 1 9 , 1 . 0 4 , ~ 4 5 , , 8 2 , , 7 9 ,  

4 .81, .82,1.02,1.13,1.27,1.29,1.30,1.20,1~04,  - 9 5 ,  .80,,76,92*0,/ 
DATA D/.80 # -  81,1.02,1,13,1,28,1.24,1,31,1. 21,1.04, - 94,,79, -75, 

6 .79,-81,1-02.,1- 1 3 , 1 , 2 9 , 1 , 3 1 , 1 ~ 3 2 , 1 . 2 2 , 1 . 0 4 , . 9 4 , . 7 9 , . 7 U ,  

e .76,,80,~.02,1,14,1.31,1.33,1.34,1.23,1.05,.93,.17,.728 
9 , 7 S , . 7 9 , 1 , O 2 , 1 , 1 4 , 1 . 3 2 , 1 , 3 4 , 1 , 3 5 , l ~ 2 4 , 1 , O ~ , . ~ ~ 8 ~ 7 ~ , ~ ~ ~ ,  * .7U, I 78.1 * 0 2 , l -  15,1 .33 ,1 . )  3 6 , l .  3 7 , l -  25,1.06,. C 2,- 7 6 ,  .70/  

0 . 85 , .~~ ,n .o3 ,~ . i o . i . 23 .1 ,2y .1 .25 ,~ . i 7 , i~oun .~~ .~au .~~3 ,  

* . 8 4 , . 9 3 , 1 . O 3 , 1 . 1 1 , 1 . 2 U , l . 2 5 , l . 2 7 8 ~ . l 8 , 1 , O ~ , ~ 9 6 8 . 8 3 , . 8 l ,  

3 . 8 1 $ .  82, i .  02,1,12,1,24,  I .  2 a n i . 2 9 ,  i.20ni,ou, .~5 . ,81 , ,77 ,  

7 ,77, .a0,1.02, i , i4 , i .30,  i.32,1.32,1.22,1,04,-~3,-7a,~73* 

CAYS (J) = N U M B E R  CF D A Y S  E E T W E E W  Hm-Wown 1-1 A N D  x 
D A T A  D A  YS/31., 28., 31. , to-,  31. I 30., 3 1 - , 3 1 -, 30., 31 ., 3G I ,?a1 -/ 
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C 
C l N I T I A Z I Z E  V A L C E S  T H E  E I R S T  YEAR 
L 

I F  (FLAG) GO ' I C  10 
DO 5 J = 1 , 1 2  
U ( J )  =O. 0 
AE? ( J ) = O , O  
XHONTH ( J )  =O,O 

XiYON'IH (13)  =O. 0 
ACCPUL =O 

5 CONTINUE 

G S I , = F G S  -BGS 
C 
C 1 N I T I A L I Z E  W A T E R  C O N T E N T  CF S O I L  I N  J A N U A R Y  O F  THE 
C l N I T l A L  YEAR O F  S I N U L A T l C N  AT F I E L D  CAPACITY (PC) 
C 

WATEfi = F C  
UATIRM =FCMM 

C 
C ADJUST L A T I T U C E  P C I N T E R  
C 

LAT= ( P L A T + . 5 ) - 2 4  
I F ( L A T . G E . 2 6 )  LAT = 26 

10 COt4TJNUE 
C 
C I N I T l A L I T E  THE DEI3 A R R A Y  
C 

D O  1 5  J = 1 . 1 2  
D D I 3 ( J )  =0.0 

15 CONTINUE 
C 
C l N I T T A Z I Z E  TEMPERATURE EFFECIENCY (TE)  . A N D  CURRENT DAY ( C D A Y ) .  
C 

T E  = 0.0 
C D A Y = O .  
DO 3 C  J = 1 , 1 2  

C 
C GENERATE TEMPEFATURE C A ' I A  
C 
C i i  

C h  ET ( J )  = M ?  (J) 
RT(J) =8T ( 3 )  +SSD (J) * R N Q R  (0) 

X F ( R ? ( J )  .GE. 0.0) GO T O  30 
WRITE (6.25) N C Y R ,  9 ,  R T ( J )  

2 5  FORMAT ( 'OTENPEEATURE S E T  T O  ZERO'/ 
* e  YEAR 3 O N ' I H  T E H E E R A T U L l E ' / l X , ~ ~ , 4 X , ~ 2 ~ a X , F S . l )  

RT (J)=O.O 
30 T E = T E t ( . Z * R T ( J ) )  * *1 .514  

A =. 6 75 *TE **3-77.1 * ' I E * * 2 +  17920,O*TE t 4  92390. Q 
A=, 000 0 0 1  * A 

C 
C E N T E R  PIONTHLY L O C E  FCK YATER CALCULATIONS 
C 

C 
C GENEEATE P h E C I P I T A T I O N  CATA 

DO 7 5  J = 1 , 1 2  

C 
CIi 

Ck RPPSN (J) =NEPTN (J) 

C 
C STORE MCNTHLY B E G l N N I N G  WATER VALUES A N D  TOTAL Y E A R L Y  U A T E R  

RPPTN (J) =CPE'IN (J) +PP'INSD (9) +RNCFi (0)  

I F  (F iPPTN(J)  -LT. 0.) R P P T N ( J )  = O o  
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C 

C 
C COMPUTE EVAPO' IRANSPIRATICN ( U )  

XPlONTH (J) = C I I I E I i  

I F ( R S ( J ) . L E . O , O )  GC 'IC 4 5  
U ( J ) = 1 , 6 * (  ( l O . Q * R ! I ( J ) / I E )  **A) *C(J ,LA ' I )  
G O  TC 50  

45 IT (J) = 0.0 I 

c 
C UPDATE PATER EAZANCE, CURRENT D A Y  O F  YEAR 
C C0,YPUT.E ACTUAL EVAPOTRANSPIRATION PRO8 P A S T 0 3  A N D  P O S T  1984 
C FVL = P O I E N T I A L  FA'IER LOSS 
C ACCPYL =ACCUMULATED WATER L O S S  
C CSM =CUBRENT C E F I C I T  
C AET =ACTUAL EVAPOTRANSPIRATION 
C 

5 C  OWATER=WATER 
R P P T # ( J )  = A l i A X l  (O.Q,RPPTN ( J ) )  
PUL =BPP'i'N (J) - U ( J )  
I F  (FWL .GE. 0-0)  GO T O  55  
PWLMl? =PWL * l o .  
A C C P k L  = ACCEWI +PWLMM 
WATELM =WATIRPl *(EXP( (,000461 -1.10559 /PCMtI) *(-1. *ACCPWL)) )  
WATEK =WATERP: 110. 
WATER=AIIAX l ( 0 .  C ,  WA'IEB) 
csn =WATER - O L A T E R  
AET (J) = A E I  ( J )  t (REPTN (J) -CSM) 
G O  TC 6 0  

55 WATEIi = O I I A T E R  tPYL 
WATES = A M I N 1  ( F C ,  Y A ' I E E )  
A C C P k L  = O S  
UATINM = W A ' I E t  * lo .  
CSM =WATER -CWA'IER 
AET (J) = & E ?  ( J )  + U  ( J )  

IF ( J  ,En. 1 2 )  XMONTH(13) =WATES 
6 0  CONTINUE 

C 
C CALCULATE TIIE NUMEER C F  CEY D A Y S  (3  EAR) 
C 

OCD A Y = C D A Y  
CDAY=CDAY+DAYS (J) 
I F L C C A Y  - L E .  EGS) GO TO 7 5  
I F ( 0 C D A Y  .GE. E G S )  GC ' IO 75  

C 
C INCREMENT THE NUBEEB O F  CRY ( 3  BAR) D A Y S ,  I N T E R P O L A T I N G  
C I F  NECEZSARY, TBUNCATE AT ENDS OF GROWING SZASON 
C 

I F ( 0 L A T E R  - C E .  C R Y 3  ,AID. WATER ,GE, DRY3) G O  TO 75 
I F ( 0 P A ' I E R  .GT. CRY3 .AND- UATER ..La. DBY3) G O  TO 65 
IF(0WATER .IT- D R Y 3  , A N D .  MATER .GT. D R Y 3 )  G O  TO 7 0  
DDI3 {J) =DAYS (J) 
I F  ( O C D A Y  - LT, BGS . A N G ,  CDAY I GT- BGS) D D I 3 ( J )  =CDAY-EGS 
I F ( 0 C D A Y  .LT. EGS . A N C .  CDAY .GT. E G S )  DCI3(J )=EGS- -CCCAY 
G O  TC 7 5  

65 DD13 (J) = D A Y S  (J) * (DRP3-WATEE)/ (QWAIER-WATER) 
I F ( 0 C D A Y  .LI. E G S  .ANC. CDAY -GT- EGSJ 

D D I 3  ( J ) = A f l I N l  ( D E 1 3  (J) ,CDAY-BGS) 
I F ( 0 C D A Y  .LT- EGS .ANC, CDAY .GT. EGS) 

* 
FJ DE13 (J) =EGS-CCAY+DC13 (J) 

1 F ( D C 1 3 ( J )  . L i .  0.0) DDI3(J )=O.Q 
GO T C  75 

70 DD13 (J) = D A Y S  (J) * (DRY3-GWATER)/ (WATER-OWATER) 
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I F ( 0 C D A Y  .LT, E G S  , A N D .  CDAY .GT. E G S )  

X F ( D E I 3  (J) .LT, 0.0) G D I 3 ( J ) = O . O  
I F ( 0 C D A Y  .LT. EGS .AWE. CDAY .GT. EGS) 

& D B I 3 ( J ) = O C C d Y t C D I 3  ( J ) - R G S  

* D D 1 3  ( J )  L-AMINI (CDX3 ( J )  ,EGS-OCCAY) 
7 5  CONTINUE 

Y R I T E ( 6 , 8 0 )  

W M T E ( 6 , 8 5 )  
85 FORMAT (3X, ' Y E A R ' . 6 X 8 ' J A N ' , 6 X ,  @ F E B ' , 6 X ,  ' H A R ' ,  6X,@ APR' ,6Xt ' f iBY ' ,  

W R I T E ( 6 , 9 0 )  NCYS. (R'X (J) .J=1,12) 
90 F O R R A T ( '  ' , 1 5 , ~ X , 1 2 ( l X , F 6 . 2 , 1 X ~ )  

U a I T E ( 6 . 9 5 )  
95 FCRMAT ( ' O f l C N T H I Y  P R E C l P I T A T I O N  (Cil)  ' )  

U H I T E ( 6 , 8 5 )  
U R I T E ( 6 , ¶ 0 ) Y C Y E , ( A F P ' I N  (J) ,J=1,12) 
WRITE ( 6 , 1 0 0 )  

U R X T E ( 6 , 8 5 )  

E O  FORFIAT (//// 'OilCN'XHLY TEMPEEATURES (C) * )  

> 6 X ,  ' J U N ' ,  6 X ,  ' J U I ' ,  6K, ' A U G '  , 6X ,  'SEP', 6X, 'OCTs ,6X, *NCU , 6 X , ' D E C ' )  

100 FCRflAT (*OflON'IHLY B E G I N N I N G  iiATER VALUES A N D  CECEt4BEE"S END (CH) ' ) 

105 W R I T E ( 6 , t l O )  NCYR, ( X N O N T H ( J ) , J = 1 , 1 3 )  
110 FORMAT('  ' , 1 5 , ~ X , 1 3 ( 1 X , P 6 . 2 , ~ x ) )  

C 
C CALCULATE THE YEARLY I C .  CF DRY D A Y S  A H C  THE FRACTION CF T H E  GROWING 
C SEASON A'VAXLAELE ECR G6CL'IH 
C 

Y U D 3  =O.O 
DO 115 J = 1 , 1 2  

Y D C 3 =  Y D E 3  + E C 1 3 ( J )  
1 1 5  CONTINUE 

1 2 0  F O B N A T  ( 'OFPAC'IXCN C F  THE GROWING SEASON AVAILAELE PCR E X T E b S I O N ' ,  
WRITE ( 6 , 1 2 0 )  

& ' G R O W T H o )  

U R I T E ( 6 , 1 2 5 )  C U E  
D U R = I . ~  - Y C D ~  / G S L  

125 FOkNAT ( l X ,  F 1 0 - 4 )  
cc 
cc W R I T E  ( 6 , 1 2 5 )  LUR,YDC3,GSL 
CC 125 F O f i H A T ( I X , F I O , Y / '  Y D D 3  = * , F 1 0 . 4 / '  GSL . r P 8 F 5 . 1 )  

DURLN =ALOG(CUE) 
FLAG =, 'IRUE. 

CC 
cc WRXTE ( 6 , 2 0 0 2 )  
CC 2002 F O L H A ' I ( '  END O F  C L I N A T ' )  

RETUFN 
END 

C *+ *e+***  * *** ** * **** **** ** * **** *+*** ****** **** ** ** **** ** et****+* +%+* **+* *** *+* 
C 
C THIS SUBROUTINE CCMPU'IES TREE EXTELSITCN GHOWSH: 
C THE FIHST S E C T l C N  GROWS E X I S T I N G  BRANCUES A N C  THE SECCND SECTICN 
C C REA 7 E S ' D A UGBTE R ' E B B  NCHES 
C 
c**4*0*4********+*********+*****+**+ s t + * + * * * * * + *  *++8****++s4*P+s********++*+*s 

S U B B C U I I N E  GRCk 
COfiRCN / T R E E I D /  T R F F ( 3 0 0 0 )  .TA (3OO0) ,TN (3000) , O l A  (3000)  ,01N ( 3 0 0 0 ) ,  

E 0 2 A  (3000) ,C2N (3000)  ,03A (3000)  ,03N ( 3 0 0 0 )  , 0 4 A  (3000) .C4N (3000) , 
& ORD ( 3 0 0 0 )  .EAGE ( 3 0 0 0 )  ,PANG ( 3 0 0 0 )  ,PAZ ( 3 0 0 0 )  ,GROf l [3QOO) ,  
& N O D E ( 3 0 0 0 )  , N O f F G ( 3 0 0 0 )  , A Z ( 3 0 0 0 )  , A N G  ( 3 0 0 0 , 6 )  .LEN ( 3 0 0 0 8 6 ) ,  
& NNOCES ( 3 0 0 0 , b ) , C O N D ( 3 0 0 0 )  , N A P T ( 3 0 0 O )  . N D A U T ( 3 0 0 0 , 5 ) ,  
E X(3000 .7 )  ,Y ( 3 0 0 0 , 7 )  ,2 / 3 0 0 0 , 7 )  

& 
I NTEGER*2 

REAL LEN 

T R E E .  TA,TN,O 1 A  , C l N ,  0 2A , C 2 N  , 03A,O3N , 0 4 A , O U N  , 
0 R Eo I? AG E ,  NO DE NODEG , NNO D E S I N A PT , ND A UT 
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C E  

C E  

CE 

C'I 
CE 

CI 
CT 
C T  
C T  

.-. 

L O G I C A L * l  C O N E  
C O R R C N  / D U E /  D U R L N  
CONNC!! /NO/ IY EaRS ,N"I S E E S ,  NOY 9 
INTEGFH*2 NYEAGS,N'IBEES 
COM!iCIv / N O E R /  NCEB'I, ICERCT,NOTRBE 
I N T E G E R * 2  N O E R I , N C E R C ' I , N O T F i E E  
CUM!%CN / N O C A Z H /  NCCED ( 3 0 0 0 , 5 0 )  , R Z I M  (30OO,5O) 
I N T E G E R * 2  N O U E C  
CONMCN / N O C E G T /  N O D E G T  (25,4) 
INTEGER*2 N O E E G T ,  I C P I ,  I G N O  
D I H E h S I C N  C (4 )  , 4 N L O  ( 4 ) ,  AHNO (4) I GNC (Q) , BAO (4) , 
D A T A  0 /3 ,781,  -.U93, -.397, 0 - / ,  

& PAG 14,s) , AMIPAO ( 4 , s )  ARNPAO (4,5)  , E A P A C  [4,5f 

E AMLO / - . 1 9 2 ,  -.111, - . 9 2 9 ,  .358/ ,  
I; AHNO / 1 , 4 € E ,  1.272, -t244, . 0 7 4 / ,  
& G N O  / O . ,  , 2 3 2 ,  ,4362, , 3 2 5 / ,  
6 R A C  /-.511, - - 5 5 6 ,  - -145 ,  -.177/. 
& PA0 /2,052, 1..83€, 1,165, 1.843, 1.0h7, U.721, -,612, 0,. 
& 1-7.16, 3- 999,  2*5,,  1 - 3 0 ? ,  3 9 0 .  4*0./, 
& A M L P A C  1,779, -.402, -261.  - , e 2 5 ,  -821 ,  - 1 . 1 2 4 .  ,325 ,  o,, 
& -- 1 3 9 ,  -1,166, 2*0., -,208, 3*0. ,  U*O./, 

G - . 1 9 U ,  - 1 8 1 ,  Z t O . ,  - ,536 ,  3*0,, 4*O,/, 
c E A P A O  /.086, -.298, -.51.?, O., .137, -.220, 2*O,, 
E ,004, 3*0., 4*0,, U*O./ 

E A f l l P A O  /-1-280, , 183 ,  -4106,  -1438 -1.124, ,102, ,009, O,, 

DIHELSION 01 ( U ) ,  D O  ( 4 )  
D A T A  01 / - 6 . 6 1 4 .  -0 ,880 ,  -5,533, O , O / ,  

1 NTb GEB * 2  'I E AS A V  , G L E N  
INTEGER*2 N G E R ,  NOCAU' I  
DXMENSION CPBNG(3) 
D A T A  O P A N G  / 4 - 2 1 0 3 9 6 ,  10.023550,  1,457318/  

D I M E N S I O N  GENEXTLIO), GENDAU(lO), GENANG(lO), GENIIC(30)  
U I P L N S L D N  GENEXT ( 3 6 ) ,  G E N U A U  ( l o ) ,  G C N A N G ( l O ) ,  GEIINC(10) 

D A T A  G E N E X ' I  / 1 0 * 9 9 9 - / ,  G E N C A U  /10*999, / ,  G E N A N G  /10*999./, 

& DC /-0.!161, -0.1909, -0.2582, 0,7519/ 

& G E N l N C  /10*999, /  
DATA G E N E S T  /36*999, /  

INTEGER*2 IOCEAC 
L O G I C A L * l  FLAG 
I F  ( I O Y R  . R E m  1) G C  TO 5 
CALL NEWID ( N T E E E S )  
WOBROT = N O E R ?  
DO 1 I = 1 l , N I H k E S  

G E N E X I  ( I )  =0.025451473 *SQRT (0 ,521946795)  * h N O R ( O )  
GENDAU(1) =-0-379261322 +SQRT.(C,lL0703831) *BNOR{O) 
GENANG(1) ::-Os 2218096100 +SQRT / 17 ,169U5369)  * R N O R  ( 0 )  
GENINC(1) =4.99500185S +SQ8T (23,498U5355) *RNQR(O) 

G E N E X ' I  (1) =0.025451473 
G E N C X U  (I)  =-0.3?9261322 
G E N A N G  (I) =-0.2218C96300 
GENIWC (I) =4.995001855 

1 C O N T I N U E  
5 I O C E A I )  =99 

DO 9 4 9  N O B R = 1 ,  LICBRGT 
I F  (.NOT. COPD(NORi3)) G O  TO 999 

L. 

C SKIP BHAWCHES M H E R E  THE PARENT BRANCH E A S  D I E D  
C 

IP (OED(N0BR) - G ' I e  IOLEAD) GO TO 949 
I O C E A D  = 9 9 9  



c 
C E I N D  THE P O l N T F R  F C E  T H E  G E N E T I C  E F F E C T  ARRAYS 
C 

NO'If iEE = T R E E  ( N O E F )  
IF ( O R D ( N 0 E R )  .EQ. 0 )  NO'Ifi =NOBE 

C 
C CCVE TEE L E N G T H S  A K C  I N C L I N A T l C N S  
C 

C 
C S H I F T  THE LENGTIIS,  I N C L I N A T I O N S ,  NNODES, AND NDAUT 
C 

I F  ( E A G E ( Y C E l i )  .EQ. 0) GO ' I O  10 

I E N D  = B A G E  ( V C B E )  
J = I E N D  + 1  
D O  8 I = l , I E N C  

K =J 

Z E L ( N 0 B R . K )  =LEN ( N 0 P B . J )  
A N G ( N O A 9 , K )  = A N G ( N C E R , J )  
NNCDES(NOEK,  K )  =NNCCES (NOBR, J) 

J =J - 1  

8 C C N T l N U t  
IE ( E A G E ( Y G E K 1  . E € .  1)  GO T O  10 
I E N D  = I E N D  -1 
J = I E N C  + I  
D O  9 I = l , I E N C  

K =J 

NDAUT (NOBR,K)  =NEAUT (NOBf i , J )  
J =J - 1  

9 CONTIYUE.  
C 
C ACE T d E  EPANCH 
C 

C 
C INCREASF T H E  AGE O F  T H E  I C  F O R  H I G H E R  C R D F R  P A R E N T S  
C NOTE T H A T  T d I S  P O I N T  I N  T H E  FRCGRAPI CAN O N L Y  B E  REACHEC I F  T H E  BRANCH 
C I S  A L I V E  
C NOTE A L S C  ?HAT I N  S U B R O U T I N E  "KILL",  iF A P A R E Y T  BRANCH CIES.  ALL 
C CAOGHTER BRANCHES LIE 'ICC 
C 

10  B A G C  (NOBR) =EAGE ( N O E 6 )  + l  

I F  ( C R D ( N 0 E R )  - 1 )  20,19 ,11  
11 I F  ( O R D ( N C E H )  -3)  1 E , 1 7 , 1 2  
1 2  IF ( O R D ( N 0 E R )  -5) 16,15,13 
13 W R I T E [ 6 , 1 9 )  N O B E  
14 F O E M A T ( '  T H E  C R C F H  FCR ERANCH # ' . 1 5 , *  IS G R E A T E R  'THAN s!!!!!!') 
15 G l d A ( N 0 A R j  = O U A ( N O P R )  + I  
16 0 3 A ( N O B R )  = 0 3 P ( N O E E )  + I  
17 O 2 B ( N C B B )  = 0 2 P ( N C B F )  + 1  
18 O l A ( N 0 B H )  = Q l A ( N Q B R )  + I  
19 T A ( N 0 F R )  - ' I A ( N O B S )  i t  

GO T O  5 5  
C + + l * + * , + + # + * + + + * * + + ~ ~ * ~ ~ ~ ~ ~ * * * * ~ ~ ~ ~ ~ ~ ~ *  
C 'IhIS S F C ' I X O N  D E T E B M N E S  L t A U E R  GROWTH 
C 4 * 4 * * + * * * * * * * 9 * * * * * + + * * ~ ~ * ~ * ~ ~ + ~ * ~ ~ ~ * * ~ ~ +  

CE 

C E  25 L E N ( N O F R , l )  = 7 1 , 9 3  

7 0  I F  (NOYR-NE. 1 .ANL- (NOYR.NE.2 .CR. B A G E ( N C E R )  . G I .  1 ) )  GO T O  30 

2 5  L E W [ N O R R ,  1 )  -51.93 +29-79  +ANOR (0)  

IF ( L E N  (NOER.1)  -0.5) 25,25,100 
C 
C S A V E  THE TRUNK AGE E O R  U S F  IN C A L C U L A T I N G  I P A  FOB E R A N C t  GROWTH 
C 

30 TBASAV = P A G E  (NOBB) 
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C 
C C A L C U L A T E  TRUNK E E I G H ' I  G k C W T H  
C 
C E  

C E  35 EHROR =O. 
35 EREOR =O. 3 5 6 4 2 5  *RNCB (0) 

4 0  I F  (NOYR .NE. 2) G O  TO 4 5  
C Y E A R  2 E E R ' I I L I Z E f i  E F F E C T  

L E h  (NCBH,  1) = E X P  (4,80918 +O, 760937*DURLH +0.082655 

IF ( L E N ( N O E R , l )  -0.5) 35,35,100 
E + G E N E X T  ( N O T R E F )  4 E R l i C R )  

4 5  IF ( N O Y 3  .NE. 7 )  GC ' I O  50  
C YEA3 7 F E E T I L I Z E R  EFFECl 

LEN (NOBR,  l ) = E X P  (4. E 0 9 1 8 + C . 7 6 0 9 3 7 * D U B L N + G E N E X I (  N O T R E F )  

IF ( L E N ( N O E F i , l )  -0.5) 35,35,100 
E + E E B O R )  

C pic P E R T I Z I Z E R  E F E E C T  
50  L E N ( N O B A , I )  =EXF(4,80910 +O. 760937*DURLN -0 .358011 

& +GEWEXT ( N C ' I R E E )  + E R R O F i )  
I F  (LEN ( N O E R , l )  -0.5) 35 ,35 ,100  

C * * t t + * * * * * t * * * * * * ~ ~ t * * * * * * * * * * * * * 0 + + * * * ~ * ~ * * * * ~  

C 'IBIS S E C T I C N  G R C W S  E X I S T I N G  ERANCHES 
C***l**+**+t**********~*~**O****+**********~ 

C 
C CALCULA'IE E X T E N S I C N  G R C A ' I H  OF E X I S T I N G  E R A H C H E S  
C 
C 
C C E T E R B I N E  I F A  FCR E X I S l I N G  BRANCHES 
C 

55  IF { O E C / N O Q R J  -2) 57,6G,56 
56 I F  ( C R D ( N 0 E B )  -4)  65,70,75 

C C F C Z R  1 
5 7  OLEN = 1  

I P A  = T B L S A V  - I A ( N C I E E )  + I  
G O  TC 90 

C CKCER 2 
6 0  O L E N  = 2  

I P A  = ? A  { N O E R )  -01 A ( N O P E )  
G O  T C  9 0  

C CECER 3 
65 O L E N  2 3  

I P A  = O I A ( ? I C B E )  - O ~ R ( N C E R ~  
G O  T C  90 

C CEDEA 4 
70 O L E l  =4 

I P A  = O Z A ( N O P B )  - 0 3 A  ( N C E R )  
G O  T C  90 

75 I F  ( C R D ( N 0 E R )  ,GP. 5 )  GO TO 8 0  
O L E N  =4 
IPA =03A (NCBF) -048 (NOBR) 
G O  TO 90 

80 WhITE(6,85) C R E ( N 0 E H )  
85  FORtlAT(* ORDER ='.X3,' WHIIE S E T T I N G  IPA P O R  E X T E N S I C 8  GROZITH') 
9 0  I F  ( I P A  -61. 5) IPA = 5  

C E  
CE ERKOR =5.686E'971 * R N C R ( O )  

EEAOS =O. 

F GO TO 96 
I F  ( G R O M ( N 0 B B )  . G T . O  .AND,  N O D E ( N 0 E S )  .GT,O .A#!&?. N O D E G ( N Q E R ) , G T - O )  

NCBR,GROM (NOER) , N C D E  (NOEH) ,NODEG(NOBR) U B I T E ( 6 . 9 5 )  
95 FORMAT(' B A S E = O ;  NCBB=',I5,' GROM=',FS. I , *  NODE=',I3,' NODEC=',I3) 

9 6  LEN (NORR, 1) = E X P ( - 6 , U 3 6 + 0 ( 0 L E N ) + P R C ( C L E N , I P A ) )  
CALL OOTBB ( N C E S )  
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G *GBCM (NOBR) * * ( A R L O  ( C L E N )  +ASEPAO ( O L F H , X P A )  ) 
& * N O L E ( N Q B B )  ** (Ai'iNC ( C L E N )  +AMNPAO(OLEN,  I P A )  
& *NODFG ( h O F R )  **GNO (OLEMQ * EXP (BAGE (NOSR)  
& * (BRO (OLEW) +EAPAO ( O L E N , I P A ) )  ) 
& *EX€ ( E R R O R )  
& *LEK (NOTR.  1) 

cc 
cc 
cc G N C D E G ( N 0 B b )  ,GNO ( O L F N ) ,  PAGE ( M Q B R )  @AD { O L E N )  ,EAPAO ( O I S M , Z P A ]  
cc  & LEN ( N O T s ,  1) ,LEN ( N C E F )  ,NWPT ( N O B E )  
CC 98 F O R f l A T ( e  O E E N = ' , I l ,  IPA="sX?,n G ( C L E N ) = ' , P 6 , 3 , @  F A O ( 0 L E N )  : g , F 6 , 3 ,  
cc 6 * GRCH 6 N C E R )  =', F4.0, * A R L O  ( C L E N )  7 I, P5.3, 
cc & A R L P A C ( C L E N , 4 P A ) = ' , F g . 3 ,  * N O D E ( N O B R ) = @ , I 3 / *  A Y t d Q ( C I L E N ) = y , F 5 , 3 ,  
cc  G A ~ M P A C ( C L E M , P P A ) ~ m , E 5 . 3 ,  

cc C * B A O ( O L E N ) = * , F 5 . 3 ,  E A E A Q ( C L Z N , I P A ) = ' , F 5 . 3 /  
cc & * LEN ( N C T R ,  I ) =  @ , F Y -  0 ,  L E N  (NOBE, 1 )  = 9 ,  P4.0,  NAPT=' .I4, **+**') 
C 
C IF THE FKANCH GROW: L E S S  THAN 1 C f l ,  IT D I E S  
C 

UR  I T E  (6,971 CIFN, I P A , O  (OLEN) , PA0 ( C L P N , i P A )  .GFOM (MOEP)  ,AMLC ( O L E N )  I 
E AMLPAO ( C L E N . I P A )  .NCDE (MBBR) ,AflNO ( O L E N )  , FMNPAO (OEEN,IPA] , 

cc C Y O D E G ( N O E F ) = ' , 1 3 ~ m  G N C / O L E R ) - ' , F 4 . 3 , '  BAGF(WOBE)=',IS, 

I F  ( L E N ( N O E R , l )  .GE. 0.5) GO TO 100 
I C D E A D  = O R C  (NOEB) 
COND (NCBB) =.FALSE. 
G O  T C  999 

C 
C C E T E R f l I h E  NODE P O S I T I C N S  B N D  AZTMUTHS 
C 
CE 

C E  100 C O N T I N I J E  
100 C A I L  NODEAZ (NCER) 

C 
C CETERHTNE BRANCH I N C L T N A T I O N  H E L A T I Y P  ' I O  GRAVITY 
C 

I F  ( C R D ( N 0 B B )  .EQ-  0) GO TC '102 
DIST 20. 
I E N D  =EAGE (NCEF) 
DO I C 1  I = Z , I E N L  

D I Z T  = D I S T  + L E N  ( N O E K , I )  
101 CONTINUE 

C E  

C E  ERKOR -.O, 
E R R O F  =9.891590572 * l ? E I O R ( O )  

A N G C N O R R ,  1)  =(31.7 '13 + O I ( O R D [ N O B R ) ) )  
& +C. 3979 * (AHG ( N d B R , B A G E  (NOBR) ) )  
& + (DO (ORD (MORE?))  * K X S T )  * G E N I N C ( N O T H E E ]  + E R R C R  

I F  ( A N G ( N O E i 3 , l )  . L T .  0,) A N G ( N O B R , l )  = O .  
C 
17 C E T E E R M I N E  BRANCH C C O H C I N A T E S  
C 

102 F L A G  :,FALSE. 
C A L L  COORD (WCRE,NOCAU'I,FEAG) 

C 
C ACE LEAVES TO THE ERABCH 
C 
cc I F  ( ) CALL L E A F ( N 0 B S )  
C * * * * e* * *  4 a * * * * *  * a * +  +**+ 4 8  ++ +*** * f * *  ** ** 
C ' I t IS  S E C T I C N  P R C C U C E S  omEAUGklTERna EXANCHES 
C + * * a 0 * 4 t * * * * * * * * * * * + + * ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ * + * ~ *  

Ch! 
C B  S K I P  THE DAUGHTER S E C T I O N  
C F  
C E  IF [ O l N ( N Q E R )  - L E -  0) GO T C  999 

IF ( B A G E ( N 0 E R )  ,I.?. 2 )  GO TO 999 
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L 

C S K I P  T H I S  SEC'J'ICN FCR EAANCHES W I T H  ONLY ONE NODE 
C 

I F  ( N N O D E S ( N C S R , 2 )  .LE- 1) GO T C  999 
C 
C C A L C U L A T E  T H E  NUI'IEER CF DAUGHTERS 
C 
C E  

C E  ERFOR =O, 
E R R O F  =0 ,7798520 *AN06 (0) 

N D A U ' I  (NOBR,l) = W F I X  (-1.83575020 + 0 - 8 2 9 2 8 3 3 0  *NNODES (NCBR,  2) 

11' ( N D A U T ( N C E B , l )  .CE. 1) GO TC 1 O Y  
N D A U I ( N C B R , l )  =Q 
G O  TC 999 

& +GENDAU ( N O T O E F )  + E R R 0 3  +. 5) 

104 IF ( R D A U T ( N O E R , l )  .GE. H N G D E S ( N O B l 7 , Z ) )  
& NDAUT (NOBR,  1) ENNOLIES (NOBR,Z) -1 

C 
C C E ' I E B M I N E  I D  FCR I E W  ERANCHES 
C 

C 
C G E T E R P I I N E  T H E  NCCE NUMEERS EOR T H E  DAUGHTER ERANCHES.  I ASSUl'iE THAT THE 
C ERANCHES A R E  O N  C O h S E C U T I V E  NOCES A N D  ARE A L L  CLUSTERED A I  T H E  E N D  O F  
C T E E  BRAVCH 
C 

C A L L  B E U I D  ( N C E 6 )  

NODENO = N N C D E S  ( N O E 6 , 2 )  -NEAUT ( N O B I i , l )  - 1  
V W D A C T  = N D B U I  (NCBR.1) 
D O  3CO J = l , N N C A U T  

NOCAUT =NCEB!I - N N D A U ' I  +J 
NOZENC =NCCENC + I  

C 
C STORE GAUGHTER V A E I A B L E S  
C 

NOCE (NODAU?) =NODEC ( N A P T  (NOBR) , NCDENO + 2 5 )  
PA2 (NODAUT) = A Z l f l  (NAET ( N C B R )  ,NCCENO +25) 
GRCfi ( N O D A U I )  = L E N  ( N C E R , Z )  

I F  ( C R C ( N 0 C A U ' I )  - 2 )  1 0 6 , l C t 3 , 1 0 5  
1 0 5  I F  ( C R C ( N C C A U ' I )  - 4 )  110,115,120 

1C6 TN ( N O D A U I )  =BCDENO 
C CEDER 1 

Q L E N  =1 
I P A  = ' I B A C A V  - T A ( N C C A U T )  4 1  
GO TO 1 2 8  

1C8 IGIUO =TN (NCDAU'I) 
C C F C E R  2 

O l L ( N 0 D A U T )  = % G D E N O  
O L E N  =2 
IPA = ' I A  (NCCAU'I) - 0 1 A  (NODAUT) 
GO T O  1 2 5  

C C E D E R 3  
110 I G h O  - 0 1 N { N O C A U T )  

0 2 8  (NODAUT) =LCDENO 
O L E N  =3 
IPA =Of A (NCCAUT) -02A (NOCAUT) 
GO TC 1 2 5  

C CFCER 4 
115 I G h O  =O2H(NOEAU'X)  

C 3 h  (NCDAUT) =NODENO 
C L E N  =4 
IPB =028 ( N O D A U T )  -03A (NOCAUT) 
GO TC 1 2 5  

C CEDER 5 
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120 IGAO =03N ( N O C A U ' I )  
0 4 A ( N C D A U T )  =NGDENC 
OLEN =Q 
I P A  =03A { N C C A U T )  - C 4 A ( N O C A U T )  

NOCEG (NOCAU' I )  =HODFGT ( I G N O , I C P T )  
1 2 5  I O F T  ' O R L ( N 0 L A U T )  - 1  

C 
C C A L C U L A T E  D A U G H ' I E E  L E N G T H S  
C 

C E  
C E  E R R C R  =0,5@68971 + & N O R  (0) 

c-r 

1 2 8  IF ( I P A  -GT.  5) IPA =5 

E H h O R  = O ,  

cc L P I T E  ( 6 , 1 3 0 )  N C D A U T , O L E N , I P X . G E O f i  (NODAUT) ,NOD73 ( N C E A U T )  , 
c c  Fr NCDEG (NODAUT) , B A G E  ( N O D A U T )  , E R R O R ,  N C T E  
CC 130 F O R M A T ( '  NCDAWT =O,13/' O L E N  =',I2/' I P A  =pt62/' G R O I  =',P5.0/ 
cc G ' NCDE =',13/' NQDEG =%,.I3/' EAGE - ' t I % / '  E R R C R  =',P10.7/ 
cc G NC'IR =',12) 

I F  ( G R O M ( N C D A U T )  . G ' I - O  . A N D .  N O D E ( N 0 D A i J P )  .GT.O 

W R I T F ( 6 , 1 3 1 )  '"ICDAUT,GKCM(NODAWT) , N C C E ( N O C A U T )  , N O D E G  ( N C D A U T ]  
& . A M C .  N O D E G ( N C C A U T ) . G T . O )  G O  'IO 1 3 %  

131 F O E M A T ( '  B A S E = O ;  N C D A U T = s , 1 5 , '  GRCF=',E5.1,' N O D E = ' , I 3 , '  NCDEt i= ' ,  
& 1 3 )  

C A L L  L U T B R  ( N C E E )  
C R L L  O U ' I B R  (NCDAUT) 

132 L E N ( N O D A U ' I ,  1 )  - E X ! ? ( - E - 4 3 6 + O ( C L E N )  + F A O ( O L E N , I P A ) )  
G 
G 
& *MODEG ( N O C A O T )  **GNC ( O L E N )  * FXP ( E A G E  ( N O D A U T )  
G * { B A O  (OLEN) + E A F A O  ( C L E N , I P A ) )  ) 
& *EXP ( E B 5 0 6 )  
G * I E N  ( N O ' I R , l )  

* G B C H ( N O C A U ? )  * *  (AIIO ( C L E N )  + B 3 L F A Q  ([OLEN, I P A ) )  
* N O D E  i Y O D A U 1 )  **  ( [ A f l N O  ( O L E N )  +AMNPAO ( O L E N ,  TPA) ) 

cc 
cc G A P L O  ( O L E N )  , AMLPAO ( C L E N ,  IPA) .NODE (MQDAUT),  AflNO ( O l E N ) ,  
cc  E AYNPAO ( O L E N , I P A )  I NCCEG (NODAOT) , GNO ( O L E N )  , BAGE [ N O t e U T )  ,BBO (OEEN) , 
cc G E A P A O ( O L P N , I P A )  . L E N  ( N O T E ,  1 )  , L E N  (NCDAUT) , N A P T  ( N O D A O I )  

cc  E ' G R C M ( N O L A U ~ ) - ' , ~ 4 . 0 , '  A H L O ( C L E N ) = ' , F 5 . 3 ,  
C C  G' AMLPAO ( C L E K , Z P A ) = ' , 5 6 . 3 ,  ' NODE (NODAUT) = @  ,13/' AEAC ( O L E N )  = ' ,F5 .3 ,  
cc  G AMNPAC(CIEN,IFA)=',E5.3, 
L C  G NODEG ( N C D A U T ) = ' , I 3 , '  G N O ( C L E N ) = ' , P 4 . 3 , '  B A G E ( N O D A U T ) = g , l I ,  
cc E ' B A G  ( O L E N )  = , F 5.3, EAFAO ( C L E N , I E A )  = , F5.3 /  
CC C ' L E N ( N O T E ,  1 ) = ' , F 4 - 0 , '  LEN (NOBR,l)=',FU-O,' NAP'I=' ,I4, '*****@) 
C 
C 11 Ti iE  DAUGHTER GRCWS L E S S  THAN 1 CM, 1T D I E S  
c 

WklTE (6, 1 1 3 2 ) L L F N , I P A , O  ( O L E N ) , P A C ( O L E N , I P A )  ,GRC!! (NCCAUT) , 

CC 98 F O h M A ' I ( *  O Z E h - ' , X l , '  IPA=',X2,' C ( C L E N ) = ' , F 6 - 3 , '  F A C ( O L E N ) = ' , F 6 . 3 ,  

I F  ( I F N ( N O D A U T . 1 )  .GE. 0 . 5 )  G O  T O  1 3 4  
N D A U ' I ( N C B R , l )  =NDAU'I ( N C B R ,  1 )  - 1  
N C B R ?  =NOBfi ' l  -! 
G O  TC 300 

cc  
C C  WRITE ( 6 , 1 3 3 )  N C C A I J ? , L F N ( N O C A U I , l )  
C C  133 F O R M A T ( *  '"ICDAUT = * , 1 2 / '  L E N ( N O C A U T , l )  =",F5. 1) 
C 
C D E T E E W I N E  NCDE P O S I T I C N S  P N D  A Z I N U T H S  
C 

C 
C C A L C U L A T E  ERANCII A N G L F S  R E L A T I V E  T O  THE P A B E V T  
C 

134  C A L L  NCCEA:! ( N O D A U ' I )  

T F  ( O R D  (NOCAUT) .LE- 3 )  O R D E R  = C F A N G  ( O R E  (NODAUT) ) 
I F  ( O l i D ( N O C A U T )  . G T -  3) C A D E R  -0.000 
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cc 
CE 

N N N  = O  

125 E R E O R  =9.825113 + R N C 6 ( 0 )  
E R I O R T  = 1 . 3 1 2 2 6 1  *ANOR (0)  

CE 135 ERRCR =O. 
C E  EHRCFT = O W  

PANG (NODBU'I) ~ 4 2 . 8 6 4 6 6  -1.803771 *NODENO 
& +l. 736657 *NNCDES ( N O B R , 2 )  +O. 2315104 *NDAUT (NOEB, I )  
E -0,1666276 + L E N  (NODAUT, 1) +CRl?ER + E R R O R T  
& + G E N A h G  ( N O T R E E )  +ERROR 

IF ( P A N G ( N 0 D A U T )  -GT. 0.) GO TG 138 
W R I T E  [6. 136) 

CALL C U T E R  (IVCEP) 
C A I L  CUTEl i  (NCDAUT) 
W R I T E  (6,137) N C D E N 0 , C R D E R w E R R O R I , N O T 8 E E , G E N A N G  ( N O T R E E )  , E R R O R  

NAF? (NCCAUT) ,PANG (NCDAUT) 
136 F O E M A T ( '  PANG R E S E T  CN ERANCH NAFT =(.I5,' OLD VALUE =s,F6.1) 

137 P O E M A T  ( I NCDENO= .13, e CRDER='  . F8, U, @ ERBORT=' . P 6 . 2 ,  NOl 'REE=l ,  
E 1 2 , '  G E N A N G ( N Q T R E E ) = * , F 7 . 2 ,  * E R R C R = ' , F 6 . 2 )  

N N L  = N N N  +1  
IP ( N N N  -GE.  20) S I C F  
G O  TO 1 3 5  

WRITE (6,136) 
P A h G  (NODAU'I) =96.  

138 XP ( P A N G I N C D A U T )  ,LT.  99,) GO T C  139 
N A P 9  (NCDAUT) ,PANG (NCDAUT) 

139 C O N T I N U E  
C 
C L E T E R Z l I N E  CAUGHTER C C C h D X N A T E S  
C 

FLAG =.TRUE. 
C A L L  CCCRD ( N C E R , N C C B U T , F L A G )  

C 
C A f C  L E A V E S  TO T H E  EBANCHES 
C 
c 
co I F  4 ) C A L L  L E A F ( N 0 D A U T )  
C 

300 C O N T I N U E  
999 C O N T I N U E  

C C  
CC W R I T E  (6 2 0 0 2 )  
CC 2 0 0 2  F O E M A T ( '  E l l D  CP GROW')  

R E T U F N  
END 

C * S * * * * * * + t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * * * * * * *  

c 

C 
C THIS S U B R O U T I N E  C A L C U I A T E S  N O D E  P a s I n o w i  B I D  A Z I N U T H S  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +******+*+****************** 
S U B R C U l X N E  NCDIrAZ ( N C )  
I N T E G E R * 2  NO 
COMMCN / T R E E I C /  T R E E  ( 3 0 0 0 )  ,TA ( 3 0 0 0 )  . ' I N  (3000) . O l A  (3000)  . 0 1 N  (3000) . 

& 0 2 A  (3000) .02N (3000) .03A (3000) ,03N ( 3 0 0 0 )  ,04A (3000) ,C4B (3000), 
E O R D  (3000) e EAGE ( 3 0 0 0 )  . PANG (3000) , P A 2  (3000)  .GRQM ( 3 O O O ) ,  
G N O D E ( 3 0 0 0 )  , R O C E G ( 3 0 0 0 )  .AZ ( 3 0 0 0 )  ,ANG (3000.6) .LEN (3000.6) . 
C N N O t E S ( 3 0 0 0 . 6 )  .CONE (3000) s N A P T ( 3 0 0 0 )  o Y D A U T ( 3 O O O , 5 )  8 

E ~ ( 3 0 0 0 . 7 )  .Y (3000.7) ,z (3000.7) 
I N T E G E R * 2  T R E E , T A , I N , O  I A , C  1#,02A , C 2 N 8 0 3 A . C 3 N  .OUA,QUN, 

0 R I: . PAGE B O C  E, NODEG . NNOC ES , N APT I NDAUT 
R E A L  L E N  
L O G I C A L * 1  COND 
COMMCN / D U R /  UURLN 
CQHMCN /NOER/  NCBRT,  A C E R O T  , N O T R E E  

& 
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I N T E C F 6 * 2  N C E R I , N C E h C ' l  , N O T R E E  
C O P M C N  / N O /  N Y E A R S . N I S E E S , N O Y R  
I V T E G E R * ?  N Y  E A h S ,  N T f i E E S  
COMECN / M S f l V N /  l P U I N T  (2 ,179 , O N E A N  (141) ,OSIGBA (906) 
I N T E C E H e 2  I P C I N T  
C014HCN / N O C A Z N /  N 0 C E : C  ( 3 0 0 0 , 5 0 )  ,AZIM(3000,50) 
Z N ' I E G E B * 2  N O C E I :  

I N T E G F R * 2  N C C E G T ,  IOPT 
LOGICAL*l F L A G  
D I M E N S I O N  R F l E A N @ 3 ) , R S I G ? l A  (210),AVEC(2,27) ,PLAG(16),PKVEC(27), 

C O n M C N  / Y C E E G T /  N O C E G T  (25,lr) 

& Fi ( 2 )  
DATA NA /1/ 
D A T A  I L A G  /16*.TRUE./ 

CF 

CF 1 . C O  < LSEk.D < 2147483647-00 
D O U B L E  PdECISICN C S E E D  

D A T A  D S E E D  /13C29.E0/ 
DIMEXSTOW 
INTEGER*2 I N T P P I  
DATA I P T 2  / 1 ,16 ,33 ,51 ,70 ,91 ,113 ,136 /  
DATA I N T P T  /1 ,2 ,3,4,5,6,9,8,9,10,1~,12,13,1Y,15,  

I P 3 2  ( 8 )  . I N T F I  ( 1 5 9 )  ,XIN'l(159) 

& 0,1,2,3,U,5.6,7,8,9.10,11.12,13,14,15,1~, 
& 1,2,3,4,5,6,4,8,9,11,12,13, 14,15,16,17, 18,19, 
& 1,2,3,4,5,6,7,8,9,10,11,17,13,1U, 15,16,17,18.19, 
E 0,1,2,3,4,5,4,7,8.9,10,11,12.13,14,15,16,17, l e ,  19,20, 
G 0,1,2,3,4.5~6,7.8.Y.10,10,11, 1 2 , 1 3 , 1 4 , 1 5 , 1 6 . 1 7 , 1 ~ , 1 9 , i O ~  
& 0,1,2,3,4,5,t,6,7,8,9.10, ll,li, 13,13,14,15,16,17,18,19,20, 
& 0, 1,2,3 , 4,:. 5,6,7,8.9 , 10 , 10,11,12,13,14,15,15 16,17,18,19,20/ 
DATA XI NT / o  0 C11 I 0 - 0 07 , 0.0 1 1 I 0 - 0 1 5,O. 0 1 8,o. 0 22 0.0 26 , 0.0 2 9  ,Q 0 3 3 ,  

G o.037,0.040.0.044,0.048,0,051,0.055, 
E 0,056.0,0~2,0~049,0.046,0.042,0~ 039,0.036,3~033,0,029,0,026, 
G 
& 3,005,0,010,0.015,0.020,0.025,0.030,0.035,0.040~0~045,0~003, 

& 0.002,0.005,0,007,0.010,0.012,0~ 014,0.017,0,019,0,021,0,024, 
& Q.026,0.029,0.031,0.033,0~03~,0.0~~,0.040,0.04~,0~045, 
& 0.045,0,043,0,041,0.039,0, 037,O.  035,O. 032,0,03C, C,028,0.026, 
E 0.024,O. 022 , 0 - 0 3 9 , 0.0 17,O. 0 1 5.0.0 13,O. 0 1 1 ,O. 0 09,O- 006,O -0  011, 
& 0 .002 ,  
& 0.043,O. 039,O. 0 3 5 , O .  031,O- 027,O- 023,O- I)  19,0.0 1 4 ,  C. 010.0.006, 
E 0.002,0.046,0.0Y1,0.037,0-033,0.029, 
E 0,025,O. 021,O. 017,O. 012,0.008,0.004, 
& 3,042,O -036, C, 030,O. 024,O- 01 8 ,O, 012,0.006.0.048 ,Os 042.0.036, 
& 0.03 0,0,02U, 0.0 18,O. 012,0,006,0.048, 

F 0.040,O. 032,0,025,0.017,0,010,0,002,0.0Y2,8.034,0~~27,0~019, 
E 0.01 1,0.004,0.04~,0,C36,0.029,a,02¶,0~~~l, 
E 0.013,0.006,0.046,0.038,0.030,0~023~0.015,0~00&~ 

0,023,O. OZC,O -016 ,O, 013,0.010,0,007,0~003, 

F o . o o ~ , o . o i ~ , o , o i ~ , o ~ o ~ ~ , ~ ~ ~ 2 a , o . o 3 3 , o ~ o ~ ~ , o ~ o ~ 3 ,  

& o.042,0.036,~.030,0,024,019.0.012,0.006, 

D IBE h S I C N  GE L N C C  (la) 
D A T A  G E N N O O  /10*999./ 
D I M E h S I C N  SK ( 2 , I H )  
D A T A  SK /2.5E,500.,3.63,250,,5.74,100~,8~12,50.,9~,43~, 

& 10.,35.1,11.,28.3,12.,23,3,13.,20.. 14., 17., 15,, 15., le., 13.1, 
I; 17. ,I 1.66, i a  -, io. ui , 14. , 9.3~~20. , 9.49.21. ,'~.73,22. .7.07,23. ,6,5, 
E 24.  ,6.,25.,:.~:5,26-~5. i6~,27,,~,e1a,2a.,4.5ii,2~.,4.233, 
E 30.,7.985,~1.,3,7b1,32-,3-557,33.,3,372,34. ,3.203,35,,3,048, 
& 36 .  ,7.904 , 37. , 2-7 7 1 , 38. , 2.647.3 9 - , 2 - 53 1 , 40., 2.4 23 4 1. , 2 3 2  1, 
& 42, ,2.22U,43.,~.133.44.,2.046,4~.,1.96~~46- ,1.88U8Y7,,1,808, 
6 48, ,1 ,735,49, ,1 .665,50~,1~597,51~,1.532,52~,1~468,~3~~1,~07,  
& 54 I ,  1.34 I ,  5 5. , 1-1 88,56- , 1 -23 1,57., 1 - 17 6,58., 1-1 2 1  , 54. , 1 - 068, 
E 60. ,1.015,61. ,.S634,62.,,9125,63. ,,9623,64. ,.8128,E5,,.7638, 
E 6h,, -7 152,65., ,667 1,68., - 6194 -69-  ,. 5 1 1 9 , 7 0 . ,  .5246,7 1- , . (a735, 
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G 72,,,~305,73,,,3835,74., -3366,75,,,2095,76. , - 2U22 ,77- , .  1948, 
F -18. , . ~ ~ ~ i , 7 ~ . , , a 9 ~ , ~ o . , . o 5 o 5 , 8 1 , , , o o ~ ~ , ~ ~ . o ~ , o ~ o ~  

I N T E G E R  L O  k, H 1 , M I D  
L O G I C A L * I  F L A G 2  
DATA FLAG2 / . F A L S E . /  

C 
C FPS IS TbE. P R O e A E l L I T Y  ( P )  THAT THE P H Y L L C T A X I S  (P)  WILL SUITCH (S) D I F E C T I O X  
C 

DAlA PPS /0.275/ 
C R D  = 1 R L  /1.141592654 

C * + * + * * O + * + * * * * * * + * + t * * * * + + + + + * + * t t * + * * * * * * * * * * * * * *  

C EETERBINE T H E  N U M E E R  CF N C D E S  
C t * ~ 9 * * * + * * + * * * * * * * * * ~ * * * * * * * * * * * * * * * O * *  

C 
C C A L C U L A T E  A N A N r O f !  G E N E T l C  EFFECT 
C 

IF ( F L A G Z )  GC 'IC 5 
DO 1 I = l , N T & E E S  

C T  

CT GENNOD (I)  -0 ,042289005 
GENNOD ( I )  = O e 0 4 2 2 8 9 0 C 5  +SQFrT (O-OQ2688OU3) *RNOR (0 )  

1 C O X T I N U E  
F L A G ;  =.TFtUE. 

C 
C F I N D  A N  "OPEN" S T C R A G E  ROW I N  THE N O D E D  A N D  A Z I M  A R R A Y S  
C C f i A N C F  ' I H B  I N C E X  CN THE CC L O C P  AS T6E SIZE O F  T H E S E  A B R A Y S  I N C R E A S E  
C 

C S  
5 I F  ( h A P ' I ( N C )  .GT. 0)  GG TO '3 

D O  6 N A N O = 1 , 3 0 0 0  
IF (NCDEG(IAhC.1) .EG- 999) GO 'IC 8 

6 C C N T I N U E  

7 F O F f l A T { '  T I lF  N C D E  D I S T A N C E  AND A Z I H U ' I U  A R R A Y S  A R E  T C C  SMALL!!!!?') 

8 N A P T ( N 0 )  = N A N 0  

W R I T E ( 6 , 7 )  

STOP 

G O  TC 15  
C 
C STOBE THE " G F A N D M C I H E B a  PCSITICW PCR T H E  L E N G T H  C A L C U L A ' I I C N  
C 

C 
C 
C 

CE 

C E  
cc 
CC 
CC 

9 N k N O  =NAP?: (NC)  
I F  ( E A G E [ N C )  - E c -  2 )  GC T C  7 3  
I O P T  = O R D ( N O )  +1  
I E N D  = N N O D E S  ( N C , 3 )  
D O  1 C  I = l , I E N C  

J =I + 2 5  
10 N O D E G T  (1, ICP ' I )  = R C C E D  (NAN0,J) 

POVE NOCE POSITIONS A N C  A Z I P I U T H S  TO T E E  TWO Y E A R  OLD P C S I T I O Y S  

13  NWODES (NO, 2) = N N O D E S  (NG,1) 
I E N D  = N N O D E S  (NC,2) 
D O  1 4  I = I , I E N C  

J =I +25  
NOCED ( N A N D ,  J )  = N C D E C  ( N A N 0 , I )  
A Z I T  (NAVC,J) =AZXW ( N A N 0 , I )  

14 C O N T I N U E  

15 E R B O F  =O.  1 5 0 8 1 2 8  * & N O S  (0) 
15 EREOR = O .  

W R I T E  (6,16) & C , L E N  (NC, 1 )  , D U R I N , N C T G E E , G E N N C D ( N O T G E E ) , E R R O ~  
16 F O F M A ' I ( '  IC = ' , I 2 / '  L E N ( N 0 , l )  =',P5.1/' U U R L N  = * , E . 9 . 2 /  
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cc C I N O ' I R E F  =',I2/' GENNGD (NOTREE) = o , F 1 0 - 6 / u  E R R O R  = * , F 1 0 , 7 )  
I F  ( l E N ( N 0 . 1 )  .GT. 0)  GO T O  18 
W L I T E ( 6 . 1 7 )  HC 

17 F O E M A T ( @  L E N ( 1 , 1 5 . ' , 1 )  I S  Z E S S  T H A N  CR E C U A L  TO 0; CAN NOT', 
E P F E C I C ' I  N N C L E S ' )  

C A L L  CUTBR ( N C )  
1 8  IF ( N O Y R  . N E -  2 )  GC I C  20 

C 
C YEAH 2 k E R 7 I L I Z E R  E F F E C T  
L ADD t . 5  T O  C O R R E C T  FCR R C O N D I N G  T C  A L L  C A L L S  'IO HFTX 
C 

N N O D E S  [ k l O ,  1 )  - E F I X  ( E X F  ( 0 . 3 0 9  -0.4UQ *ALOG (LEY ( Y O ,  1) ) 

G O  TC 2 2  
E +o. 1 0 3  + L U E L N  + G E N N O D ( N O T R Z F )  + E R R O R )  b L E N  ( N G ,  1 )  +.5) 

C 
C NC F E P T I L I Z E R  F F E E C T  
(3 

2 0  N N O D Z S ( N 0 .  1) = H P I X ( F X F ( 0 . 3 0 9  -0.440 *ALOG(LEN(IO,l)) 

2 2  T F  ( N N O D E S  ( N C ,  1) - L E ,  H F X X  (LEN [NO, 1) t0.5)) G O  TO 2 5  
G - 0 . 3 2 7  t o .  103 *DURLN + G E N N C D ( N O T F i F E )  + E h R O R )  *LEN ( N 0 . 1 )  + . 5 )  

C C  W R I T E  ( 6 , 2 3 )  h C , N N O D E S ( N O , l )  . I B N ( H O , I )  
C C  23 FOFIYA'T( '  YORE N O D F S  'THAN THE B R A N C H  CAN ACCOMQDA'TE: N O = m 8 , 1 5 ,  
cc & ' N N C C E S  ( N O ,  l ) = * . X 3 #  L E N  (WC, 1 )  =11 , F 5 . 1 )  

cc W R I T E  ( b ,  2 4 )  h N O D E S  (NC, 1) 
CC 24 F O E M A T ( '  h E W  NUMEFR C F  NODES(NO,1)=*,15) 
C*4****t*+*~t+****8*****~**+ 

C D E ' I E R H I N E  NODE PCSITICCNS 
C * + * * * * 4 * * * * + + * * ~ 8 * $ $ ~ 4 ~ * ~ * $ 4 ~ + ~ ~ ~ ~ ~ ~ ~ ~ ~  

C C E T E F M X N E  T H E  NCDE CT.AS.5. D O I N T E R  E L E R F N T  F C R  THE M F A b  AND COVARIANCE 
C ARRAYS, ANC S T C L E  Tt lE R E A N S  A N D  C C V A R I A N C E  M A T R I X  
C I F  N N O D E S  = I 8  S T O K E  T h E  L E N G T H  AND CFGP TO THE A Z l H U T ' h  SECTION 
C 

N N O D E S  (NO,  1) = H F I X  ( L E N  (NO,  1) t o - 5 )  

2 5  T F  ( h N O D E S ( Y C , l )  . G T .  1) G O  T O  26  
N O L F D  (NANO, 1 )  = H F X X  ( L F N  (NO, 1 )  +. 5 )  
N P T S  =1 
GO T O  2 5 9  

NCI = N N O C E S  ( N C ,  1) 
N P T  =NCL - 1  
GO T C  30 

N C L  =17 
N P T  =15  
GO 10 30 

26 I F  ( h Y O D E S ( N C . 1 )  .GT. 15) G O  T C  27 

2 7  I F  ( N N G D E S ( N C ,  1 )  .GT. 18) GO T C  28 

28 N C L  = ? l  
NPT = I 6  
I F  ( h N O D E S ( N C . 1 )  .IE, 2 5 )  GO TO 30 

CC 
C C  ADD AN I N T E R E C L A T C R  I F  h N O D E S ( N O . 1 )  .G'I- 2 5  
c c  

W 3 I T E ( 6 , 2 9 )  h N C D E S ( N G . 1 )  ,N@ 
2 9  FORMAT(' T H E  P K € C I C T E E  NUHBER C P  HCDES I S  ' , 1 2 , '  ON PfrANCH ' , I 5 1  

& NNGGP' WAS B E Z E T  T O  2 5 ' )  
N N G D E S  (NO,  1) = 2 5  

3C N P l P l  =NPT + 1  
NCLBl - N C L  - 1  

C E  
C E  I F  ( . T R U E . )  GC ' IC  6 1  

I B E G  - 1 P O I N ' I  ( 7 , N P ' I )  
NPTS = I L C O I N T  ( 2 , N P T F I )  -1BEG 
DO 3 5  I = l , N P T S  

R S X G M A ( 1 )  = O S I G M A  ( I E E G )  
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IBEG =IBEG + I  
35 C O N T I N U E  

W R I T E  ( 6 ,  36) (ISIGMA(1) ,I=l,NP'IS) 

WRITE(6.37)  (FLAG(I) ,I=1,16) 
36  F O E M A T  (6E12.5) 

37 EOFMA'I(' ',16L4) 

G G N S l  CALCIJLATEA THE R O C T  OF S I G M A  IF W K V E C ( 1 )  =0. TO K E E P  I T  FROM 
T A K I N G  A S d C O N D  R C C T ,  I H A V E  SET UP A NCCE C L A S S  FLAG ( N A M E D  FLAG) 
'IC iNCICATE 1E THIS C C V A F I A N C E  MATRIX PAS B E F N  USED. O N C E  I1 BAS, 
MARK ( N P T )  IS SET 'IO .FALSE,, BOOT S Z G Y A  IS S T O R E D  I N  S I G E A ,  AID 
IrKVEC(1) I S  SET 'IC .NE- 0. 

I F  ( F L A G ( N F T ) )  GO 'IG 40  
M K V E C  (1) =¶99. 
GO TC 45 

40 WKVEC(1) =O,O 

CC 
cc 
C C  
cc 
cc 
C 
C 
C 
C 
C 
C 
C 

C 
C 'IBIS SECTION CALCUZATES NCDE POSITION F O R  N N O D E S  =2 (UNXVARIATE 
C KANDOT N O M B L R  GEREAATC6) 
C 

45 I F  (NCL . G I .  2) GG 'IC 46 
IP ( F L A G ( 1 ) )  R S I G M A  ( 1 )  = S Q R ' I ( R S I G M A ( l ) )  
RVEC (1,1) =RSIGNA ( 1 )  * E N O R  (0) 
G O  TC 47 

C 
C TtiIS SECTION C A I C U L A T E S  NCDE POSITIONS FCB NNODES >2 (MDLIIVARIATE 
C R A N C O M  C E V I A T E  GENERATCR FROM THE COVARIANCE MATRIX) 
C 

46 C A L L  GGNSCl ( E S E F D , N R ,  N C L M l r 2 S I G ? l A ,  2 ,  RYEC, WKV E C , I E X )  
47 I F  I - N O I .  F L A G I N P ' T ) )  GC T O  50 

FLAG (NP'I) =.PAISE. 
IBEG = I F O X N T  ( 2 , N P ' I )  
D O  5 C  I = l , N P ' I S  

O S I G W A ( I E E G )  = R S I G H A  (I) 
I B E G  = I S E G  + 1  

50 C O N T I N U E  
cc 
cc L R I ' I E  ( 6 , 5 5 )  
CC 55  F C H f l A T ( '  ',ZX,'NNODE 0 1 ' , 4 X , ' N O D E  0 2 ' , 4 X , ' N O D E  03',4X8'NCDE 04', 
cc G 4 X , ' N O D E  OSa,YX,qNODE O6',4X,'NODE 07',4X8'NODE 08*, 
cc  & UX,'NODE 09*,4X,'NODE 10',4X,*VODE 11',UX,'NODE 1 2 ' /  
C C  & 8 ',ZX'NODE 13',4X,'NCDE lU',,UX,'NQDE 15',4XIWNODE 1 6 " ,  

cc E 4X,'NODE 21*,4X,'NODE 22',4XI'NODE 23',4X,'NODE 24'/ 
cc  & ' ',ZX,'NOCE 25',QX,'NODE 26'.4X,'NODE 27',4X,'NGDE 2 8 ' )  
cc 
cc WRITE (6, 37) (FLAG (I) ,1=1,16) 

C C  & 4 X , ' N O C E  17',4X,'NOCE lB',UX,'NODE 19",4X,'NODE 2 0 ' r  

WRITE ( 6 , 3 6 )  (SSIGYA (I) , I = l , N P I S )  

I F  ( I E R  .E€. 129) URIIE(6 ,60 )  
60 FORMAT('  E F R O R  IN THE HULTIVAHIATT CALL .IN NODEAZ!IlI!') 
E I  D O  ac  I = I . N B  

f l B E G  = I P C I N T  (1,NPT) 
DO 70 J=I,NCIMl 

CE 

C E  R M E A N  (J) =CMEAEl ( H B E G )  
cc 
CC WRITE (6,65) I , J , R E E G , E M E A N  ( J )  ,CHEAW(MBEC) ,RVEC (1,J) 
CC bS FOPZIAT ( '  ' , 12,3X, 12,3X, I3.X I F 5- 3,3X, F5. 3,3X Ps. 3) 

RHEAN ( J )  = C M E A N  [PIBEG) + R V E C  ( I , J )  

P B E G  = M E E G  + I  
70 C O h T l N U E  

c c  
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cc h X A N  ( N N C D E S  ( N C ,  1 ) )  -1.0000000 
fiH E A N  ( N C L )  = 1, ( 3 O O O O C O  

cc 
CC U h I T E ( 6 , 7 5 )  ( R M E A N ( J )  , J = I , N N O D E S  (NO, 1 ) )  
cc U R J T E ( 6 , 7 5 )  (RNEAN (J) , J = l , N C L )  

CC 75 F O F H A T ( '  ' , l Z F 1 1 - 7 )  
ec C O N T I N U E  

N P T S  = N N Q C E S  ( N C ,  1)  
N N N l  = N F T S  - 1  
I F  ( N P T S  .GT. 15 . A N C .  N P T S  ,NE, 17 

& . A W E .  N P T S  .NE. 21) GO TO 200 
C 
C ThbIS S E C T I O N  15 F C 6  EEANCHES DHERE N P T S  -.INNODES 
C 

DO I C 0  I = l , N E ' I Z  
NOCED (NANC, I )  = H E l X  (FiOlEAN (1) * L E N  (NO, 1 )  +. 5) 

100 C C W T I N U E  
G O  TC 2 2 5  

C 
13 T H I S  S E C T I O N  E A C K - I N T E E F C Z R T E S  
C 

2 C O  I F  ( N P T S  -En. 1 6 )  NPT = I  
I F  ( N P T S  - E Q .  18) NPT = 2  
I F  ( h P T S  .E€. 1 9 )  NP'I = 3  
I F  (NP'IS - E G .  2 0 )  NP'I =4 
I F  (KPTS .EQ. 2 2 )  N F I  -5  
I F  ( N P T S  .EC. 23) NP'I =6 
I F  (NPTS .E€. 2 4 )  NF'I =7 
I: (NPTS -E€ .  2 5 )  N P P  = R  
I B E G  = I P T 2  ( N F ' I )  
DO 2 2 0  Z = I , N N R l  

N P ' I 1  I - IN ' IP ' I  ( I E E C )  
NP12 = N P T 1  + 1  
I F  ( N P T I  .GI ,  0)  GC 'IO 210 
NOCED ( N A N 0 , I )  = H F H X  ( ( R H E A N ( N P T 1 )  * N P T S  * X I N T  ( I B E G )  1 

GO 'IC 2 2 0  
& * L E N  (NO, 1 )  +0-5) 

2 1 0  NOCED ( N A N O , I )  = N E T ) :  ( (  (RNEAN [NPTZ) -RNEAN ( N P T I )  ) * N P T S  
& *XINT ( I E E G )  +&MEAN ( N P T I )  ) *LEN ( N O ,  1) +O. 5) 

220 IBEG = I E F G  t 1  
N O D F f ( N A N 0 , N E T S )  = B F I X  (LEN (NO, 1) +.5)  

C 
C F C R  SOME E R A N C P E S ,  N C D E ( 1 )  H A Y  B E  "0, A N D  F O d  O T H E R S  T b F  L A S T  TWO 
C NODES H A Y  EE AT T E E  SAME E I S T A N C E -  ' L H E  NEXT FEW LIMES A R E  D E S S C N E C  
C T O  C O R R E C T  T H E S E  F C T E N T I A I  PRCBLFNIS.  I F  N O D E ( 1 )  =0, I IrIIL ADC 1 
C ' IO EACH NODE D I S T A N C E  U N T I L  NC NOCES I R E  AT T H E  S A V E  C I S T A N C E .  
C I F  THE LAST TWO NCDES A R E  AT THE S A N E  D I S T A N C E ,  I W I L L  SOBTEACT 1 
C FROY T H E  NEXT-TC-LAST NCDE A N I :  THEN CCMPARE ITS D I S T A N C E  TO T H E  
C C I S T A N C E  OF T i l E  NEXT NCCE I N .  I F  T H E S E  ARE AT THE S A H E  P C S I T I O N ,  
C 'IBE P R O C E S S  WILL EE REPEATEC.  T H E f i E  N A Y  E E  A N  E X T R E B E L Y  EARE 
C S I ' I U A T I C N  U F E R E  N C D E ( 1 )  WILL NOW BE =O. I F  T H I S  I S  TNE CASE, T H E  
C F R O C E S S  W I L L  E E  H E P E A I E C .  
C 

225  I F  ( h O D E D ( N A N C , l )  - G I .  0) GO TO 249 
230 D O  2 3 5  I = l , N N H l  
2 3 1  C C b T I N U E  

cc 
CC L R I ' L E  ( 6 , 2 5 E )  NBMO,I ,NODED ( N A N C , I )  

N O D E 0  ( N A N 0 , I )  =NCDEC (NANG.1) + 1  
I F  (I . G T -  I -4NC. N C D E D ( N A N C . 1 - I )  .GE. N O C E D ( N A N C , I ) )  GO TO 231 
I F  ( N O D F C ( N A N 0 , I )  ,ET, N C D F D [ H A N O , l + 9 J )  GO TO 240 

235 CONTINUE 
240 DO 2 4 5  I=P,NNPII 
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J = N E T S  - I  
I F  ( N O D E D ( N A N 0 , J )  .NE- N C D E D ( N A N G , J  + 1 ) )  G O  T O  2 5 0  

LC 
CC L R I T E ( 6 , 2 < 5 )  N A N O , J , N O D E D { N A N O , J )  

NOCED ( N A N 0 , J )  = N O D E C  ( N A N 0 . J )  - 7  
2C5 CONTINUE 
2 5 0  I F  ( h O D E D ( N A t 4 0 . 1 )  .EC- 0) GO TO 2 3 0  

c c  
C C  255 F O E M A T ( '  NCDE P C S I T I C N  BESET: N A E S  =*614,@ NCDENC =",I2, 
cc & I CLC D I S T A N C E  =',I31 
C***+************$******+** t+**********~*****  

C C A L C U L A T E  A Z I E U ' I H C  
~ + * * * * t * f * * * * * * * * * * * * * * * * * * + ~ * + ~ * * * * * * * *  

C 

C I*************+**** 

C C E T E R I I I N F  TIIE A Z I R U T B  FOE L E A V E S / E R A N C H E S  ATTACHED TO T H E  LEADER 
c*+  * * * * * * * * *e * * * * * * *  

2 5 8  IF ( C R D { N O I  .GI. 0 )  GC TO 2 6 5  

A Z I M  (NANO, 1) = U N I  (0 )  * 3 6 0 .  
I F  ( N P T S  .EC. 1) GO 'IC U O O  
AZTMF = A Z I R ( N A N C ,  1) 

C 
C C E T E R M I N F  I F  I h E  P E Y k L C T A X I S  SWITCHES D I R E C T I O N  
C 

P i i Y L I O  = 1 4 5 , 6 5 6 1 6 7 9 8  
R S b  = U N I ( O )  
I F  ( E S W  .LF. FES) E M Y I l O  =-145.65616798 
DO 260  I=2,NFIS 

A Z T Y P  = A Z T P F  tPHYLLC 
I F  ( A Z T Y P  . G E .  360.) A Z T F P  = A Z T f l F  -360. 
I F  (AZTYIF ,LT. 0-1  A Z T F P  = A Z T H P  +360. 

h Z I Y [ N A M C , I )  =AZ?MF +43.0357 * R N C B  (0)  

I F  ( A Z I Y ( # A N C , I )  .LT. 0)  A Z 1 H ( N A N O I I )  = A Z I M  ( N A N 0 , I )  + 3 6 0 ,  
I F  ( A Z I M  ( N A N C , I )  ,GE, 360.) A Z I f l  ( N A W 0 , I )  = A Z I f l  (NANC,II) -360, 

C E  

CE A Z I R ( N A N C , T )  = A Z I N E  

2 6 0  C O N T I N U E  
G O  I C  400 

C * * * t * * * * * * * * * * * * * * *  

C ICETERMXNE ERANCB AZIPJUTH CN PhIlYZLRY A N G  F I G R 3 E  C F D E R  EAANCMES 
C* 9 t * ** ** * ****** ** +*  

2€5 A Z I H E  =270- 
PHCE = U N I ( O )  
I F  ( F R O E  .GF- C.5) AZTMP ;-go. 
D O  2 5 5  2=1,YFIS 

I F  ( N C D i 3 C ( N A I C , I )  -G?, 90) GO TO 300 
AZTMP = A Z I B P  +1RO, 
I F  (AZTMP .GE. 360.) AZTI'P =AZTMF -360, 

C 
C E E ' X E R M T N E  THE ANGULAR C E V I A T I O N  
C THIS E Q U A T I C N  WAS E E V E L C F E C  FOR NON-AXIAL DATA. DOUBLE THE ANGULAR DXVIATICN 
C T C  CHANGE TBE B I n l O I A L  C I S T R I B U T I O N  1 N T C  A N  UNXMOCAL D I S ' I R I B U T I C N  
C FOR THE VON MISES C E V J A ' I E  GENEfiATOB 
C 
C F  

CE ERRCR =O. 
ERIOR = I .  736U70 * E N O R  (0) 

ANGDEV = (22.1Y5950 +O. 119937 *NOCED ( N A N O , I )  + E R R C B )  1 2  
I F  (ANGDEV -LT. 81-03) GC TO 268 
WRITE (6,267) ANGCEV 

A K B A ' I  =O.O 
SO TO 2 9 0  

2 6 7  E O F t l A I ( l  ANGDLAR D E V I A T I O N  R E S E T ;  OLD VALUE = ' , F 8 , 3 )  
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2 6 8  C C A T I N U E  
CE 
C E  I F  ( .TRUE.)  GC 'IC 293  
C 
C L F ' I E H K t N E  THE L C R C E N T L A T I C N  P A R A B E T E i i  ( K )  FHOV T H E  ANGOLAE D E V I A T O N  (S) 
C " 1 i E  B1NAI;Y S E A S C H  WAS f 4 O C T F I E D  FHON HUGHES, P F L E E G E R ,  ABC R O S E ;  ADVANCED 
C F R C G h A R t l l N G  T E C B N I C U E S :  A SECCND C C U B S E  IN PKOGRAMYING USING ?ORTRAN 
C 

L O k  = 1  
HI =78 + I  

I F  (AIIGDEB .NE. SK(1,NIC 
270 PIT: =(LOk +HI) / 2  

AKHAT =SK ( 2 , W I C )  
GO TO 290 

255 IF (ANGDEV .LT- SK(l,MID 
I F  (ANGDEV -GT. SK(I,EIXD 

) G C  I C  2 7 5  

) H I  = M I D  
) LCW =#ID 

I F  (HI .NE. [LOW + I ) )  G O  TO 270 
C 
C I N ' I E R P C L A T E  
C 

AKhAT = ( ( S K ( 2 , H I )  -SK(Z, ICW))  / ( S K ( l , H I )  - S K ( I , L O E ) ) )  
& * ( A N G C E V  - S K ( l , L O U ) )  c S K ( 2 , L C W )  

290 C U L ? I W U E  
cc I R I T E  (6, 29 1 )  A K H A ' I  
C C  2 9 1  E O R f l A ' I  A K H A P = ' , F 1 0 . 5 )  

c 
C C C B R E C T  F O K  D O U E L I N G  T H E  A N G U L A R  D E V I A I I C N  A N C  CCNVERT ERCM RACKANS 
C 'IC C E G R E E S  
5 

C A I I .  G G V P S  ( C S E E C , A K h A ' I ,  1,R) 

E ( 1 )  = ( R ( l )  12) * C S t  

AZlM (NANC,X)  = A Z T f l P  *E (1) 

I F  ( A Z I #  ( N A N C , I )  .LT. 0.) A Z I N  ( N A N 0 , I )  = A Z P f l  ( N A N 0 , I )  t360. 
I F  ( A Z I R  (NANC.1) .GT. 360.) AZIM (NANO,1) Z A Z I M  (NA'h'C.1) -360, 

C E  293  A Z I M ( N A N C , I )  =AZ'IMF 

2 5 5  C O N T I X U E  
G C  T C  400 

L 

C THIS S E C T I C N  D E T E R C I I N F S  AZIMUTH FOR E B A N C h E S  WITH NODE C I S T A N C E  >90 CR 
C 

3co DC 3C5 J = I , N F ' L  
I F  ( J  . E c .  1) AZAEAB = U N I ( O )  *360. 
AZ'I f lP  = A Z T f l E  +132,t357 
I F  (AZTVF .GE. 360.)  AZTF'P Z A Z ' I R F  -360. 

ER60R ~ 2 2 . 7 0 4 1  * E N 0 5  (0) 

A Z I H  (NANC, J )  = A Z ' I ? F  + E I ( R C R  
IF ( A Z I f l  (NANC,J)  .LT. 360.) A Z I H  (NANO,J)  = A Z I B  ( N A N C , J )  t360. 
I F  ( A Z I N  (NANC,J)  .GE- 360.) AZIW (NANO,J) - A Z I f l  (NANC,J) -360. 

C E  

C E  E R R C R  =O. 

305 CONTINUE 
400 C O N T I N U E  

c c  
cc WBX'IE ( 6 , 2 0 0 2 )  
C C  2002 F O E P A T ( '  E N C  LF NCCEAZ'J  

R E T U E N  
e ND 

c * + t * * t * * , l * * * * * * * * * * 4 * ~ ~ * ~ ~ ~ ~ ~ ~ 4 ~ * ~  * * * t * * * * t * * * * * * * * * * * * ~ ~ * ~ ~ ~ * $ ~ ~ ~ * ~ * ~ ~ ~ * * * ~  

C 
C THIS S U B R O U T I N E  K1lX.S E R A N C H E S  
C 
C**+*****h9tS~*~**)*+*B***8+***+sC*+ **** t*****+*  # * t * * * * * t t 9 * * * * * * * ~ * ~ ~ * * ~ $ * ~ ~ *  
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S O B R C U T I N E  K I L E  
COIlMCN / T R E E I C /  T R E E ( 3 0 0 0 )  ,TA (3000)  ,'I& (3000) ,Q1A ( 3 0 0 0 )  , 0 1 N  (3000) 

& 0 2 A  (3000)  , C 2 N  (3000)  ,O2A ( 3 0 0 0 )  .O3N (3000)  ,04A (3000)  ,C4N (3000)  , 
& ORD ( 3 0 0 0 )  ,BAGE ( 3 0 0 0 )  , P A N G  (3000) .PA2 (3000) ,GROM (3OOO), 
C NODE(3000),NO~EG(3000)8AZ~3000) , A N G ( 3 0 0 0 , 6 )  ,LEN ( 3 0 0 0 , 6 ) ,  
E NNOCES ( 3 0 0 0 , 6 ) , C O N D  (3000)  , N A P T ( 3 0 0 0 )  ,NDAU'I(3000.5),  
& X(3C00 ,7 )  . Y  ( 3 0 0 0 , 7 )  .2  (3000,7) 

I N T E G E R * 2  T R E E , T A 8 T N , 0 1 A , C 1 N , 0 ; A . C I N , C 3 A , C 3 N , 0 4 A , 0 4 N ,  
E CRt,EAGE,NOLE,NOCEG,NNOCES,NAPT,NDAUT 

H E A L  L E N  
L C G I C A L * l  CONC 
COfl f lCN /NODAZH/ NCCED (3000,50) ,AZIf l (30OO850)  
I N T E G ! ? R * 2  N O C E I :  
CORflCN /NO/ NYEARS,NTEEES,?!OYE 
I N T E G E R * Z  N Y E A E S , N T B E E S  
C0plMC:I /NOEB/  N C E R ' I ,  NCERC'I,  NOTBEE 
I N ' I E G E B * 2  N C E H ' l , N C E B C S , N O T K E E  

C 
C Y l M O F i T  I S  THE F E O E A B I L I Z P  C F  A TREE E Y I N G  BACK T H E  F I R S T  YEAR 
C Y2flORT I S  T E E  P E O B A E T L I T Y  OF B TREB E Y I N G  T H F  S E C O N D  Y E A F i  I F  IT D I E D  
C EACK T H I  F l h S ' I  Y E l E  
C 

DATA Y l f l O R T  /0,17U/,  Y Z f l O R S  /0.125/ 
D I M E N S I C N  G F N S U R  ( l o )  ,CSURV (4)  .AGECAD (4),  N N S U R V  ( 5 , 5 )  ,GCOND (51 
I NTE G I ~  R *2 N N S UPV 
L O G I C A L * l  OCCNI: 
D A T A  G E N S U E  /10*999,/, OSURV ~ 0 , 8 9 u 2 ~ 5 . i , 0 9 0 3 0 3 ,  0.91a9483,0,0/, 

E AGEORI: / - 0 . 0 8 9 4 1 1 3 4 8 - 0 ~ 2 0 0 2 0 1 E , - 0 ~  1584U90,0.0/ 
C E  
C B  SKIP T H E  S U R V I V A L  F F F E C P  FOR THZ B O L E S  
C E  
C E  GO TO 2 

I F  ( L O Y K  ,NE.  1) G C  ' IC 2 
DO 1 I = l , N ? F i E E S  

CT 

CT GENSUB ( I )  =-0.1337232420 
GEhSUFi ( I )  =-0.1337232420 + S Q R T  (0.010154131) *I1NOR (0) 

1 C O N T I N U E  
2 D O  9 5 9  N O E R  = l , N O E R T  

I F  ( O R D ( N C E R )  -GT. 0)  GO TO 10 
C S S * * * * * * t + * * * * * + t + * ~ * ~ * * * * * * * t * * * * * * * * * * *  
C T H I S  S E C ' I I C N  KILIS T H E  T E U N K S  
Ct* l t+********* t******+*+*******+*+* t*  

C I k I S  SECTICN L O O K S  PGR F I E S T  Y E A R  P R G P A E L L I ' I Y  O F  DEATH 
C 

I F  (NCYR .NE., 1) GC 'IO 5 
P S U R V 1  = U N I  (C) 
I F  ( P S U S V l  .G?. Y I C C R T )  GO T C  999  
BAGS (NOBK) =(I 
LEV ( N C B R ,  1) =O 
GO T O  9 9 9  

C 
C T t I 5  S E C Y I C N  ZCCKS F O R  S E C O N D  Y E A S  P R C B A B I L T T Y  OF D E A T H  
C 

5 I F  (NOYB .NE. 2 . C R .  E A G E ( N 0 E R )  ..GTI* 1) GO T O  10 
PSORVZ =UNI ( 0 )  
I F  ( P S U R V Z  .GT. Y 2 f l L R T )  GO 'IC 9 9 9  
B A G E ( N O B 6 )  = G  
LEN ( N C B R , l )  =O 
N N C D E S ( N C E E ,  I )  = O  
C O L E  ( N O E E )  = .FALSE.  
G O  T O  9 9 9  

C * * 1 * * * * * * * * + * * * * * * * * * 4 * ~ * * * * * * * +  
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C 3 6 1 s  S E C T I O N  KILlS THE E S A N C H E S  
C * *  * *** ** * t**** * * * * * * * *  ******+******** * * 
c 
C C K I F  DEAI: E E A N C P E S  
C 
C F  S K I P  THE S E C T I O N  THAT K I L L S  EBANCHES FOR THE P R E S E N T  

C F  10 I F  ( - T E C I E - )  GC 'IC 40 
I F  ( B A G E ( N O E 6 )  .LI. 2 )  GC T O  40  

C 
C F I N E  THE P O I N ' I E S  FCFi T H E  GENSUG ARFAY 
C 

10 IF (,NOT-CONE(NCER)J GO TO 40 

N O T R E E  = T H k k  (NOBFi) 
I F  ( O R D ( N 0 E R )  . G I .  2 )  GO T O  25  

GO Ti; 30  
2 5  IOFD =4 
30 C O h T I N U E  

Porn = O H C ( N O E E )  + I  

I E A  = P A G E  ( Y O E R )  
CO 3 5  I=S,lEA 

J =I -1  
IF ( N D A U T ( N O B R , J )  .ET. 1 )  GO TC 35 

C 
C A C C  0 - 5  'IO R O U N L  C C r t R E C I L Y  
C 
C E  

C E  E R R C R  -0. 
E R E O R  .-Os 2 5 8 4 2 3 4  *CNGR (0)  

N N S O R V  ( I C R C , J )  = H N C D E S  ( B O B R , I )  - ( H P I X (  (0,381 2708 
& *AGEORE (IORC) *I +OSURI ( I O S C )  + G E Y S U R  (NOTREE) 
& + E R R C B )  * N I A U ' I  ( N O E S , J )  +0.5) ) 

35  C O N T I N U E  
C 
C ?HIS S F C T I O N  KILLS C A U G H T E F S  
C 

4 C  I F  ( C R D ( N O E B )  - 1 )  55,60,45 
45 I F  ( O S D ( N O E R )  - 3 )  L/o ,80 .50  
5 0  I F  ( O R D ( N 0 E R )  -5) 9 0 ,  100,110 

55 IP ( C O N D ( N C E E ) )  GC ' IO 150 
C CFCER C 

GO 'IO 120  
C C f i C E R  1 

C F  
CE I F  (OCONE(1)) GO ' IC  155 

60 IF [ , N O T . C C N C ( N O E R ) )  GO TO 1 2 5  

I F  ( O C O N E  ( 1 )  . A N C -  ' I N  (NOFR) -GE. N N S O R V  ( 1 , T A  ( N O B R )  - 1 ) )  
E GO TC 1 5 5  

COND(NCPFi)  = . P A I S E -  
GO TO 1 2 5  

C C h C E R  2 

C F  
C F  I F  ( O C C N C ( 2 ) )  GC 'IO 960 

7C I F  ( , N Q T , C C N C ( N O E f i ) )  GO T O  730 

I F  ( O C O N D ( 2 )  . A N C .  C 1 N  (NOBR) .GE- N N S U R V ( 2 , C l A  ( N O E R )  - 1 ) )  
& GO TC 1 6 0  

C O N D ( N C B f i )  = . F A L S E .  
GO TO 130 

c CSBER 3 

C F  
CE I F  ( O C C N E ( 3 ) )  GQ I C  1 6 5  

80  IF ( . N O P . C O N C ( N O E R ) )  GO 'IO 135 

I F  ( O C Q N C ( 3 )  , A N C .  C Z N ( N O B R )  .GE. N N S U R Y ( 3 , O Z A ( N O E R )  - 1 ) )  
E G O  T C  1 6 5  
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C O N  D (NOE 5 )  = - F A L S E 
GO TO 1 3 5  

C C J C E E  4 

C F  
CF I F  ( O C C N C ( 4 ) )  GC 'IC 170 

9 0  IF ( , N O T . C C Y L ( N O E B ) )  G O  ' I O  140 

IF (OCONC ( 4 )  - A N C .  C 3 N ( N O B R )  .GE .  N N S U R V  ( 4 , 1 ) 3 A  (NGER) -1)) 
E G O  T(?  170 

C O N D ( Y 0 B r ; )  = * F A L S E .  
G O  70 140 

C C F C E H  5 

CF 
C E  I F  ( O C C N C ( 5 ) )  GO T O  999  

1 C c )  IF (,NOT,CCNC(NCER)) GO I O  999 

IF (OCOND ( 5 )  . A N C .  C 4 N  ( N C D R )  . G E .  NNSURY (5,0411 ( N C E R )  -1) 1 
G GO T C  999 

CONE ( Y G B 5 )  = . F A L S E .  
GO ' I O  999 

110 W R I T E  (6 .115)  
115  F O E M A T ( '  G R E A T E R  T h A N  5 E R A N C H  C R D E E S  IN THE S U I I R C U ! I I N E  KILL@) 
12C OCCNO ( 1 )  = - F A L S E .  
125 O C C N D  12) =.FALSE. 
130 OCClD (3) = . F A L S E .  
135 C C C N D  (4) = . F A L S E .  
140 OCCNC (5) = - F A L S E .  

I S 0  OCCND (1) = . T F l I E .  
155 CCCNC (2 )  = . ' I B U E .  
160 C C C N D  ( 3 )  =,IFUE. 
165 OCOND ( 4 )  =.?FOE.  
170 QCCNC ( 5 )  =.'IEUE- 
5 9 9  C O N T I N U E  

GO TC 999 

R E ' I U S N  

E l l D  
CC C E E U G  I N I T  ( G E N S U S , E F i f i O R ,  NNSURV,UCOND) 

C**+**9+*****4*0*****************************~***~***********~**~%*****9****** 

C 
C THIS S U E R O U T I N 1  PRUhES U E A C  B R A N C B E S  
C 
C*+********+******+*******t*********~****~***4****$****************************? 

S U E R C U ' I I N E  P R U h E  
C 0 0 k l C N  / T R E E X L /  T R E E ( 3 0 0 0 )  . T A  [3000) , 'IN (3000)  ,01A (3000),OlN (3000) , 

& 0 2 A  (3000)  , C 2 N  ( 3 0 0 0 )  , G j A  (3000)  ,03N ( 3 0 0 0 )  ,04A (3000) , C 4 N  (3000)  , 
E OED ( 3 0 0 0 )  , E A G E  (3090) ,PANG (3000)  , P A Z  ( 3 0 0 0 )  , G R O t l ( 3 0 0 0 ) ,  
E NODE~3000),NCEEG(3000) , A Z { 3 0 0 0 )  ,ANG(3000,6)  ,LEN (3000,6) 
G N N O C E S  ( 3 0 0 0 , 6 )  ,CCND(3000) . N A P T ( 3 0 0 0 )  , N D A U T ( 3 0 0 0 , 5 ) ,  
& X ( 3 C O O . 7 )  , Y ( 3 0 0 0 u 7 )  ,Z (3000,7) 

6 
1 PIT E GE R *2 TR E E ,TA ,1 N, C 1 A  , C 1 N  ,O ?.A , C 2 N ,  0 3 A ,  0 3 N  ,04A AI4 H , 

CR T, E A G E ,  N O C E ,  N O D E G ,  N Y C D E S ,  N A P S ,  N D A U T  
R E A L  L E N  
L U G I C A L * l  CCHC 
COMMCN / N O E B /  N C C R 1 , N C E R O T  ,NOTREE 
I N T  E G E R  * 2  N 0 E 81, N C E R C? , NOT fr EE 
C O M M C N  / L O C A Z W /  N G C F D  (3000.50) , A Z f f l ( 3 O O O , 5 0 )  
Z N ' f E G E R * 2  N G C E L  
NOERCT = N O E R ' I  
N O B R ' I  = O  
D O  2C I = l , h C E R C ' I  

IF ( C O N D ( 1 ) )  GO ' I C  1 
N O G E E  ( N B F ?  {I), 1) =999 
G O  'Io 20 

TREF: [ N G E E T )  ="EI(EE ( I )  
1 N O E P T  = N C E E ' I  + I  
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TA ( Y O E R T )  :?A (I) 
T N  ( N O B R T )  = T F  ( I )  
0 1 P  ( N G E R ' I )  = C l A  ( I )  
0 1 N  ( N C B A T )  = C l N  ( I )  
0 2 A ( N O B R Z )  = C 2 A  (7) 
O 2 N ( N C E R T )  = C 2 N ( I )  
03A (NOBRT) = C 3 A  (1) 
0 3 F ( N C B B T )  = C 3 N  (I) 
0 4 A ( N C B R T )  = C 4 A  ( I )  
0 4 N ( N C E R I )  = C 4 N  ( I )  
O R f ( N C B R ' I )  = C R D  ( I )  
E A G E  ( N O B R T )  = E A G E  ( I )  
F A h G  ( N O B F T )  = P A N G  (X) 
PA2 ( N C B R ? )  = F A 2  ( I )  
GRCM ( N O B R ' I )  =GRCPl (I) 
N C r E  ( N O B F T )  = N O C E  (1) 
N C L E G  ( N O E A T )  = N O C E G  ( I )  
A Z  ( Y O B R T )  = A 2  (I) 
DO 5 J = 1 , 6  

ANG ( E ; O E R ' I , J )  =ANG (1,J) 
LEN ( N O E R ' I ,  J )  = L E N  (1,J) 
XNODES ( N C P F ' I , J )  = N I C C E S  (Is J) 

5 C O h T I N U E  
C O b D ( N O B S T )  = C O N E ( I )  
NAET ( N O B R T )  .-NAPT ( I )  
DO 10 J=1,5 

hEAUT(N0ERI.J) =NEAUT ( X , J )  
1 0  C O h T I N I l E  

D O  15 J = 1 , 7  
X ( N C J 3 R T . J )  = X f I , J )  
Y ( N G B R 1 . J )  -Y (1,J) 
% ( N C B R ' l , J )  = 2 ( I , J )  

1 5  C O H T I N U E  
2C CONTINUE 

Q E T U F N  
E N D  

C + * , * $ + * + * * + + + * * + + t * t * * * + * * * * * * * + * * * * * t * * * * + ~ ~ ~ *  ~*+****St~*$+++OQI**4+***+%+*9 

C 
C THIS S U B E O U ' I I N E  C R E A T E S  I C E N T I P I C A I I C N  FCR NEW B R A N C H E S  
C 
C * * S t l ~ * * * t o t 4 t * * * * * * * * + + a * * t * 0 * * 8 4 *  $ * + * + + 8 + f t * + 8 * * * + *  * + + 8 * ? * + * * 9 * * * * + * ~ * * + * 9 4  

S U B R C U T I N E  N E k I C  ( N C )  
I N T E C E R * 2  NO 
C O f i H C N  / T R E E I C /  T R E E ( 3 0 0 0 )  ,TA ( 3 0 0 9 )  ,Ik (3000)  . O l A  (300C) , O 1 N  (3000), 

& 0 2 A  (3000) , C i N  (3000)  ,03A (3000)  , 031  (3000)  , 0 4 4  (3000) ,CUI ('3Q00), 
E O R D  (3000) , P A G E  (3000)  . P A N G ( 3 0 0 0 )  , F A 2  (3000) , G B O R ( 3 0 0 0 ) ,  
C NODE (3000)  .NOCEG (3000)  .A2 ( 3 0 0 0 )  ,ANG (3000.6) , Z E N  (3000,5), 
& N N O I E S  ( 3 0 0 0 , 6 )  , C O N E  ( 3 0 0 0 )  . N A P T ( 3 0 0 0 )  , N D A U i 1 ( 3 O O O , 5 )  
& X ( 3 0 0 0 , 7 )  ,Y (3C00.7) ,Z (3000.7) 

r. O F C ,  E A G E ,  N C L E , N O C E G ,  N N O E E S , N A P ' I , N U A U T  
I YTEGER $2 'It? E E ,  TA , TN ,O 1 A, C l N ,  0 2 A  e C 2 N  .C 3A ,a 3N . 04AIO4N,  

R b A L  L F N  
L O G I C A L * I  C O N E  
COMMCN /NO ER/  N C B R I ,  h C E R O T , N O T R E E  
I N T E C S R * 2  N C P R T , N C E R C ? , N O T & E E  
C OIY MCN / N O /  N Y E A R S  N ' I  R E ES I NOY R 
1 N T E G E R * 2  N Y E A E S ,  N ' I E E E S  
I F  ( h G Y R  . N E .  1) GC T C  20  

C 
C G E N E R A T E  I C  F O P  N E k  TEEES 
C 

DO 1 5  I=l,NC 
N O E F T  =NCEET 6 1  
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T R E E  (NOERT) = N O E A T  
C 
C TEE N E X T  S E V E R A L  S T A T E M E N T S  C A L C U L A T E  IiANDON T R E E  NUNSEfiS  TO CHECK 
C T H E  S O R T  S U E R C U T I N F .  IF T H I S  C P T I O N  I S  USED, USE S H E  C A I L  TO SCRT 
C FCUND A F T E R  T H E  ' 1 0  C C N T I N U E '  STATEEIENT AND USE T H E  C A L L  'IO P R I N T  
C ECUND I N  Y A I N  
C ACD *.5 T C  CUziREC'l  FOR ACUNDSNG TO A L L  C A L L 5  TO H F I X  
C 
C Z Z U N I  ( 0 )  
C T E E E  ( N O E B T )  =HPIX ( 2 * 1 0 0  +,5) 
C 
C F E I N T  T R E E  N U V E E R  'IC C E T E K R I N E  WHY TWC T R E E S  H A V E  T H E  SARZ IG 
C 
c WPITE (4,5) T R E E  ( N O E R Z )  
C 5 F O R f l A T ( *  EANDCTI T F E E  NIIPIEER =',I31 

T i I ( N 0 E R T )  = O  
T N ( N 0 E I i T )  =O 
O l A ( N C E B ' I )  = C  
OIN(NCBRT) = C  
0 2 A ( N O B R T )  =@ 
C 2 N  ( N O B R T )  =o 
0 3 1  ( N G B R T )  = C  
03N ( N C B R I )  = C  
O Y A  (NCBRII)  = O  
C 4  b (NCLIRT) = C  
O R E  ( N C B f i l )  = C  
E A G E ( N 0 B h ' I )  =O 
P A B G f N O B F T )  = 9 9 .  
P A Z ( N C B A ' I )  =099. 
G R C N ( N 0 B F T )  = O .  
DO 10 J = l , 6  

ANG (NOEFi ' I , J )  =O. 
L E N  ( N O E B T ,  J )  = O .  

10 h N O D E 5  ( N C B 6 T r J )  = 0  
N O L E  ( N o e B T )  =o 
N C t E G  (WOEBT) = I  
A2 INOBBT) =9S9.  
COKD (NOBii ' I )  = , T R U E .  
X A f T  ( N O B E T )  = O  
DC 1 1  J=1,5 

11 EiDAUT ( N O E R T , J )  = O  
C 
C C E T E R f l I N E  T H E  C R I G I N A L  C O O R D I N A T E S  O E  T H E  S E E D L I N G S .  11 T H E  T R E E S  
C A E E  G R G O I N G  IN A P I A N T A I Z C N ,  T k I S  I S  THE P L A C E  I N  THE F R C G R A P I  10 ADD 
C COCE TO C E T E R M I N E  ' I H E I I ;  L C C A T I C N  
C 

X (ROBAT,  1) = o m  
Y ( N O B R T ,  11 =o. 
Z ( X O S E T ,  I ]  =(I- 

1 5  C O N T I N U E  
C C A L t  S C R T  

G O  T C  1000 
C 
C G E N E R A T E  I D  FOR NEW F S A N C B E S  
C 

20 NNDACT =NDAU!I (NC, 1) 
DO 6C I = l , N N C A U T  

NOERT = N C E t ' I  + I  
TREE ( N O E R T )  =TREE ( N C )  
T A  (YOBRT) = T A  (NC) 
'IN ( N O E R T )  = ' I N  ( N C )  
0 1 l! ( N O B R ' I ]  = C l A  ( N O )  
O I N ( N C B T r l )  = C l N ( N O )  
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OZA(NCBR?) =C2A ( N C )  
C2h (NCBRT) =C2N (NO) 
0 3 & ( N O a f i T )  = C 3 A ( N C )  
C 3 N  ( W O R E ? )  = C 3 N  ( N C )  
O l r A ( N C 8 R T )  = C 4 A ( N G )  
0 4 N ( N C B R ' I )  = C 4 N ( N O )  
O R I :  (NOBBT) =CZD ( N O )  + 1  
IF ( O F i C ( N O E R 7 )  -2) 2 4 , 2 5 , 2 2  

2 2  I F  ( O R D ( N C E E ? )  - 4 )  3 0 , ? 5 , 2 3  
2 3  I F  ( O R D ( N 0 E l i T )  -0 )  4 0 , 4 5 , 4 5  

C C F C E R  1 
2 4  TA ( W G E R T )  = 2  

GO TO 5 5  

2 5  O l A ( N 0 B H T )  = 2  
GO T C  5 5  

30 O Z A ( N O B R 1 )  = 2  
G O  T C  5 5  

3 5  0 3 A ( N O B R T )  = 2  
G O  T O  5 5  

C CECER 2 

C CLCER 3 

C CfiCER 4 

C C E C E R  5 
40 

4 5  
50 

Cr, 
- d  

56 

57 

5 8  

C4F(NCBBT) = 2  
GO TC 55  
W R I T E  (6,50) 
F O h V R T ( '  ? H E  'IIIEE H A S  NO&% T H A N  5 E R A N C H  O R D E R S ! ! ! ! ! ! ! ' )  
ST CP 
B A G E  ( N O B R T )  = l  
P A h G  ( N O B E T )  =99. 
P A Z ( N C E R T )  =999. 
GRCPJ (NOBBT) = O .  
NOCE ( N O B E T )  = O  
N O C E G  ( N O E R I )  = 1  
A 2  (NOERT) =999. 
DO 5 6  J = l , E  

A N G ( N O E E T , J )  = O .  
L F N  ( Y O E R ' I , J )  = O .  
h N C C E S  (WCEEiT,J )  = O  

DO 5 7  J = 1 , 5  
NDAUT ( N O E R ! t , J )  = O  

COAD ( N O B E T )  =-TRUE. 
NAET (NOBFiT)  = O  
DO 58  J=1,3 

X(NOBB?,J) =O. 
Y ( N C B R ' I , J )  = O m  
Z ( N O B R ' I , J )  - 0 ,  

CO RTI N U  E 
€0 C O N T i N U E  

lCOC C O N T I N U E  
cc 
cc W R I T E  (6,2002) 
CC 2002 F O E M A T ( '  E N D  OF NZWlE8) 

R E T U F N  
E N C  

C091*~********~t*O****9*Bg**0%48*+t* t t * 4 * 0 * * * Q 4 * * * * * * 4 ~ e 4 4 0 ~ * Q ~ * ~ ~ * * 8 * t B ~ ~  

C 
C T H I S  S U B L O U T I N E  CETERRINES BRANCH COCADTNATES 
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COMHCN / T R E E I C /  TREE ( 3 0 0 0 )  ,TA (3000)  ,'iN (3000)  , O l A  (3000)  , 0 1 N  (3000) . 
C, C 2 A  ( 3 0 0 0 )  ,02N ( 3 0 0 0 )  ,C3A (3000)  ,03N (3000) , O 4 A  ( 3 0 0 0 )  ,GUN (3000) ,  
F, O R D  (3000) , E A G E  (3000) , P A N G  f30DO) ,FA2 (3000) ,GBOH ( 3 0 0 0 ) ,  
G NODF(3000) , ? IOCEG (3000) .A2 (3000) .ANG (3000.6) .LEN ( 3 0 0 0 , 6 ) ,  
E N N O E E S  (3000.6) , C C N C ( 3 0 0 0 )  . N A P T ( 3 0 0 0 )  ,NDAUT(3000,5), 
f, X(31)00,7) ,Y (3000.7) , 2  (3000,7) 

& 
I N T E G E E * 2  

2 E A L  LEN 
L O G I C A L * I  C O N E  
I N ' T E G E R * Z  P A , E A M l  , E A P l  

I R E E , I A ,  T N, 0 1A, C IN, 02A, C 2 N ,  03A , C 3 N I  04A,O 4N, 
ORC, E A G E ,  NCDE,  NODEG, N N O C E S , N A P T ,  NDAUT 

C C r R  = C C N V E R T  PKOM L E G R E E S  TO R A D I A N S  = ( 2 * P I ) / 3 6 0 .  
C CSG = C C N U E B T  F R O n  R A D I A N S  10 C E G S E E S  = 3 6 C . / ( Z * F I )  

CC 
C C  DATA N E R R  / O /  

DATA CDH /0.017453293/, C R C  /57.29577951/  

Rk =EAGE{NCB6) 
B A P l  = R A  - 1  
3 A P l  = E A  + 1  
I F  ( F L A G )  GO ' I C  15 

C **  * *** **  + ** ***ire* **  **  **  *+ ** **** **** **  t9 
C 'IFIS S E C ' I I C N  I S  FC6 EXISTING E f i A N C f l E S  
C**~*******+***,*t*********************~ 

I F  { C R D ( N C E R )  .NE. 0) GO T C  5 
C** I**************** 

C 'IBUNK 
C** *****************  

X ( N O E R , E A P l )  = X  (NGEG,EA) 
V ( N O E R , B A P I )  = T ( N O E E , E A )  
2 ( N O P R . B A P 1 )  = Z ( N O E R , E A )  + L E N ( N O B f i , l )  
G O  TC 10 

C * St * *+** * ** * ** * ** * * 
C E f i A N C H E S  
C * * t * * *  ************* 
C 
C A L L  A Z I M U T H S  MERE H E A S U R E I ;  W H I I E  L O O K I N G  DOWN ?NE PBANCH E R O H  ITS 
C APEX, ALSO,  B E C A U S E  m A T H E k l A T I C I A N S  H E A S U E E  ANGLES IN A C C O N T E R C L O C X W I S E  
C T I R E C T I O N ,  'THE74 W A S  C H A N G E C  T C  - T H E T A .  
C 

5 P m  = A N G ( N O E E ,  1) * C C R  

T H E T A  = - A 2  (NCB6) *CCE 
X (NOER. P A P  1)  =LEN ( N O B F ,  1) * S I N  ( P H I )  *COS ( T H E T A )  

& + X  ( N O E l i , E A )  

& + Y  (NOE5,EA) 

E + Z  ( N O E E , B A )  

Y (NOER,  E A P  1) = L E N  [NOBK,  1) *SiN ( P H I )  *SIN (THETA) 

2 ( N O E R , B A P l )  = L E N  tNOEK.1) *COS ( P f i I )  

I F  ( A B S  (X ( N O E R , E A )  1 ,LE, 0 - l E - 6 )  X ( N C B R , E A )  =O. 
IF ( A B S  (Y ( N C E R , E A ] )  ,LE, 0.1E-6) Y (NOBR,EA) =O. 

10 I F  ( A B S  (Z ( Y O B R , E A ) )  .IE. 0.1E-6) 2 ( N C B R , E A )  =o. 
RETLaFN 

Ct+***+****+********t******9****~***+*** 

C T H I S  SECTION I S  PCF N E U  EEANCHES 
C * * l * * * * * + * * * * * * * * C * * * * * * * * * * * + * * + 9  

15 P H I :  = P A N G ( N C C A U T )  *CCE 
T H E T A  =-PAZ ( N C E A U T )  * C C R  
I F  ( C ? D ( N O D A O T )  . G I .  1) GO T O  20 

C***t**** *******+*** 
C CECEK 1 
C * * l * * * * + * * * t * * * + * * *  

C 
C t E T E R P l I U E  P C I Y ?  111 
c 
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X (NOLAUT, 1 )  = X  ( N Q S S , B A R l )  
Y ( N O C A U I ,  1 )  = Y  { N C B R , E A n l )  
N N  = N O C E ( N C D A U T )  
2 ( N O C A U T ,  1 )  = Z  ( N O F E , E A B l )  + F L O A T  (NN) 

C 
C L t T t B M I N E  P O l N I  112 
C 

X ( N O L A U T , 2 )  = L E N  ( N C C A U ' I , I )  +SIN ( P d I . ) * C O S ( I H E T A )  

Y (NOZAU'I,  2 )  = L E N  (NCDAIJT, 1) *SIN ( P h I )  +SIN ( T H E T A )  

Z (NOCAUT, 2 )  = L E N  (NODAU'I,  1) *COS ( P H I )  

IF ( A E S  ( Y ( N O C A U T , 2 ) )  .LE.  0 . 1 E - 6 )  X ( N O D A U T , Z )  =O. 
I F  ( A B S  (Y ( N O C A U T , 2 ) )  .LE- 0 - 1 E - 6 )  Y ( N O D A U T , 2 )  =O. 
I F  (ABS( ' ;  ( N O C A U T , Z ) )  . I E .  0 - 1 E - 6 )  Z ( N O D & U T , 2 )  4. 

& + X  ( N C E A U T , l )  

& + Y  (NCCAUT,  1 )  

& + Z  (NGCAUT,  1)  

C 
C S'IORF T h E  A N G L E S  R E L A T I V E  T O  G F A V I T Y  
C 

A L  (YCDAUT) = € A 2  (YCCAU'I )  
A N G ( N O D A U T , I )  -FANG (NCCAUT) 
R E T U F N  

C * * t * + * * * * 8 * + * * * P * * *  

C CKLER 2 ANC t i X G H F &  C R G E F  EGANCBES 
C * l l d d * * + l d * * + * * * * * *  

C 
C CE' IERPIINE F C I N ?  U1 
C 

2 0  N N  =WOCE(NCDAUT) 
FfiACT = (FLOAT ( N N ) )  /G6CN (NODAUT) 
X (NOCAUT, 1 )  (I (NGEB,EA)  - X  ( N O P R , i l A ! T I ) )  *PRACT t X ( N C t h , B A M 1 ]  
Y (NOLAUT, 1 )  - ( Y  (NCBR,EA) -Y ( N O P a , B A Y I ) )  * F F A C T  + Y  ( N C E 5 , B A A l )  
Z (NOLAUT, 1 )  = ( 2 d N O P R , E A )  - Z ( N O E R , B A i i I ) )  * F R A C T  + Z ( N C B t i , B A M I )  
I F  ( A B S ( X ( N O C A U T . 1 ) )  . I E .  0-1E-4) X ( N O C A U T , l )  =O. 
I F  ( A B S ( Y  ( N O C A O T , l ) )  .LE. 0 . 1 E - 6 )  Y ( N O D A U T , l )  =O. 
IF ( A E S ( I , ( N Q E A U ' I , l ) )  -IF. 0 . 1 E - 6 )  Z ( N O D A U ' 1 , l )  =Q, 

cc 
cc 
cc & 2 ( N O E f i , P A M I )  ,X ( N C B E , E A ) , Y  (NOER,EA)  ,Z ( N G E R , B A )  
C C  21 P O F ? l A T ( '  F C I N S  # l o / '  N O B E = ' , I b , '  N C D A U T = ' , I Q , '  HN=*,I5,' EA=' ,  
C C  & 12,' EAM1=*,72, '  F R A C T - I ,  C8,4/' X 1 = @  ,F10.5, * Yl=',FlQ, 5 ,  
cc  F ' 2 1= , F 10.5 /  X 2- @, F 1 0.5, ' Y 2; ,Y 10.5, 22 = , $1  0.5) 
C C  C A i L  C U I E E  (SCEK) 
cc C A L L  C U T E 6  (NCBAU'I )  
cc C A Z L  F R R  
c 
C E E ' I E R M I N E  F C I N ?  # 2  

WRITE ( 6 , 2 1 )  NCBR, NCDAOT, NN,BA,BAH 1, FRACT,X (NOBJ?,RAN 1 )  ,Y (NCBR, B A R l ) ,  

C 
XP = I L N  (NOEAUT, 1 )  *SIN ( F H X ]  *COS ( T H F I A )  
Y P  =LE# ( N O C A U I ,  1) +SIN ( P H I )  *SiN ( T H E T A )  
Z P  = Z E N  (PIC [AUT,  1 )  * C O S  (FHI) 
I F  ( A B S ( X P )  .LE,  0 - 1 E - 6 )  XP =O. 
IF ( A B S / Y P )  . L E ,  0 . 1 E - 6 )  YF =Q, 
IF ( R B S ( Z P )  .LE. 0 . 1 E - 6 )  ZF =Q. 

cc 
cc WRITE ( 6 , I l O )  F H I , I H E T A , X P , Y P , Z P  
CC 40 F O G M A ? (  ' P H I = a a F 6 . 1 ,  T H E T A r n ,  FA. 1 / *  XP;- ' ,F lO,  5, Y F = c , P 1 0 , 5 ,  
cc F ZE=1, .P90.5)  
C 
C: tiC'fE: U H E N  T H E  COOFiCINATE A X E S  ARE ROTATED, T H E  NEW X - A X I S  P O L I T S  
C DOkN I N S T E A D  C F  UP. S U B T F A C T I Y G  180 D E G R E E S  F'6QM lMlS N U M B E R  A N D  
C CHANGING 1 h E  S I G N  O F  A A G  (NODAUT, 1) C O R R E C T S  T H I S .  

P H I 1  =-ANG ( N C B 6 , 2 )  * C C R  
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T H E T A 1  ~ ( - 4 2  (NCER) * C C R )  -3.141592f54 
C 
C ECTE: AT T H I S  F C I N T  X ,  Y, A N D  Z A R E  T H E  CBANGE I N  THE C C C f i D I N A I E S  
C 
C 

cc 
cc 
cc 
CC 
cc 

cc 
C C  
cc 

ALCNG THESG A X E S  

X (NOCAUT. 2 )  = X E * C C S  ( P H I 1 1  *COS ( T H E T A 1 1  -YP*SIN ( T B E T A  1) 

Y ( N O C A U T ,  2) =XE*CCS {PHII) *SIN ( T H F T A I )  +YF*COS (THETA 1) 

2 ( N O C A U T u 2 )  = - X P * S I N  ( F H I 1 )  +ZP*COS ( P H I l )  

& +ZE*SIN ( P H I 1 )  *COS (THETA 1) 

E + Z F * S I N  (FHII) *SIN ( T H E T A l )  

W t i X T E  (6.45) F H Z 1 , ' I H E T A l . X  ( N O D A U T , Z )  , Y  ( N 0 C A U T 8 2 )  .2 (NCDAUT,'Z) 
45 FOLMA'I ( '  P H I l = ' , F b .  1,' T H E T A 1 = a , F 8 . 1 /  

E 
G e 2 ( N C C A U ' I , 2 ) = 9 , F 1 0 .  5) 

X (NCCAUT.2)  =*  I F 10-5, * Y (NCDAUTI 2) = @,F 10.5, 

IF ( A B S  ( X  ( N O C A U T , 2 ) )  ,LE, 0- 1E-6) X (NODAUT.2) -0.  
I F  { A B S l Y  ( H C C A U ' I , 2 ) )  . L E .  0.1E-6) P ( N O C A l J ' I , Z )  4. 
IF ( A B S ( Z ( N O D A U T . 2 ) )  .LE. 0.1E-6) 2 ( Y O D A U T , 2 )  =o. 
A N G ( N O C A U T . 1 )  = { A C O S ( Z  (NODdUT.2) / L E N ( N O D B U T ,  11)  ) *CRC 

W R I T E  (6, SO) ICDAO'I ,ANG (NCDAUT, 1) 
50 P 0 6 M A T (  NGDAUT=* ,14,' l l N G  (NCDBU'I,  1) = *  ,P 10-5)  
IF ( X ( N C D A U T I  2 ) )  100,120,80 

8 C  I F  ( Y ( N O D A U T , Z ) )  160 ,90 ,16Q 
90 A Z ( N C D A U T ]  =C.  *CRC 

cc 
CC W R I T E  ( 6 , 4 5 )  
CC 95 F O F H A T ( *  S ' I A ' I E M E N I :  9 0 ' )  

G O  T C  180 
100  I F  ( Y ( R C D A U T , 2 ) )  170 ,110 ,170 
110 A Z ( N C D A U T )  =:. 141592654 *CRD 

cc 
CC Y R l T E  ( 6 , 1 1 5 )  
CC 115 FOfiPIA' I ( '  STATEMENT 110*)  

G C  TC 180 
120 I F  [ Y ( N C D A U T , 2 ) )  130,15O,I40 
130  A Z ( N C D A I 1 T )  =-1.5707963 *CRC 

cc 
cc  W R I T E  ( 6 , 1 3 5 )  
CC 135 FOZlflAT ( *  STATEMENT 1 3 0 ' )  

140 A 2  ( I C D A U T )  =+1,5707963 *CRC 
G O  TC 180 

CC 
C C  W R I T E  (6,145) 
CC 145 FOEMAT [ *  STATEWENT 140') 

G O  T C  180 
150 A 2  (NCDAUT) =:. 141592654 *CRD 

A N G ( N O D A U T , l )  =O. *CBC 
cc  
cc  WRITE (6,15 5) 
CC 155 F O h H A ?  ( I  S' IALEIIEN' I  150') 
C 

160 A 2  (NCDAUT) =-ATAN ( Y  (NCDAU'182)  /X (NCDAUT,  2) ) *CRD 
I F  (AZ (NODAUT) .LT. 0 . )  AZ (NODAUT) = A Z  (NCDAUT) +360. 

cc  
cc W3 ITE (6,16 5) 
CC 165 F O S H A T  STATIEUENT 1 6 0 ' )  
cc C A I L  C U T E E  ( N C E R )  
cc C B I L  C U T E R  (NCDBU'I) 
cc N E E R  = H E R R  t 1  
cc IF (NERR .GE. 5) CALL ERR 

G O  T C  180 
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C - P I / 2  <= A2 <= P T / 2 ,  S O  A G E  180 D E G R E P S  FOR P O I N T S  W H E R E  EELTA X ( 0  
C 

cc 
cc WRITE ( 6 , 1 6 5 )  
CC 165 F O S f l A T  ( @  S T A T E M E N T  ' 1 7 0 " )  
cc C A I L  C U T E R  ( N C I R )  
cc C A I L  C U T E B  ( N C D A U T )  
cc N E K B  = N E K R  + 1  
C C  IF ( N E R R  .GF, 5) CALI E B R  

170 A Z  ( N C D A U T )  = - A ' I A N ( Y  ( N G D A U T , Z )  / X  ( N C C A U T . 2 )  ) *CRD +'180, 

180  X ( N O C A U T , 2 )  = X ( N O G A U I , Z )  + X ( N O D A U T , l )  
Y (NOCAUT, 2 )  = Y  [ N O E A U T ,  2) + Y ( N O D A U T , l )  
2 ( N O f A U T , 2 )  = Z  (NCDAU' I .2 )  + Z ( N O R A U T . l )  
I F  ( A B S  ( X  ( N O C A U T . 2 ) )  -LE. 0 . 1 E - 6 )  X [WODAUT,Z)  =O. 
IF ( A B S ( Y  ( N O C A U T . 2 ) )  .IE. 0.1E-6) Y ( N O D A D T . 2 )  =O. 
IF ( A B S 4 2  ( N O C A U T . 2 ) )  . L E -  0-12-6)  2 ( N O D A U T , 2 )  =O. 
A E T U F N  
END 

~ * * * * 4 * * * * 8 * * * * * + * $ * * * * * * , 8 * * * 4 * * * * p p p ~ ~ * ~ + * ~ ~ * * * ~ ~ ~ * * * ~ ~ ~ ~ * * ~ * ~ ~ ~ ~ ~ ~ ~ ~ * * * * ~  

C 

C 
C s * * b + * * *  + * * * * * 8 * P S + S * * * t * * * * + t * + + * * * ~ * * * * * * * * ~ ~ * ~ * ~ * * ~ ~ * ~ ~ * ~ ~ ~ * * ~ * ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

C T H I S  SueHouIJNE S O R T S  T H E  E A T A  

S U B R C U T I N E  SCR'I 
CCflflCN / T S E E I C /  T R E E  ( 3 0 0 0 )  .TA (3000)  .'IN (3000)  ,018 (3000)  . O l N  (3000) . 

6 02A ( 3 0 0 0 )  , C Z N  ( 3 0 0 0 )  , C 3 A  ( 3 0 0 0 )  ,03N ( 3 0 0 0 )  ,04A (3000) , C 4 N  (3000) . 
G O R D  (3000)  .BAGE (3000)  , P A N G  (3000)  .PAZ (3000)  .GROB ( 3 0 0 0 )  , 
G NODE (3000)  .NOCEG (3000)  , A 2  (3000) .ANG (3000,6) ,LEN ( 3 0 0 0 . 6 )  , 
G N N O C E S  (3000.6) , C O N E  (3000) . N A P T ( 3 0 0 0 )  , I D B U T  [308O,5), 
E X(3C00,7) . Y ( 3 0 0 0 8 7 ) 8 2 ( 3 0 0 0 8 7 ~  

E C R C , E A G E , N O C E , N O C E G ,  N N O D E S , N A P T I N D W U T  
I N T E G E R * 2  T H E  E. T A  I T N  .O 1 A ,  C 1M.O :A ,C ZN . 03A ,,C3N8 OQA .OUN, 

R E A L  L E N  
L O G I C A L t l  C C R C  

I N T E G E R * 2  N C E R T , N C E 6 C 1 8 N O T E E E  
D T B E h S I C N  E(6). F ( 6 ) ,  G ( 7 ) ,  H ( 7 ) .  C ( 7 ) ,  K ( l O 2 )  
I N T E G E B * 2  K 

C O N N C N  / N O E B /  N C B R T . N C B R O T , M Q T R E E  
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C = G R O P 1 ( 4 )  
D = A Z [ I )  
EO 5 5=1,6 

E ( J )  = A N 6  (1,J) 
E ( J )  =LEN ( I I J )  

K(47) = N N U C E S ( I , l )  
K(48) = N N C C E S { I , Z )  
K ( 4 9 )  = N N C C E C  (I,3) 
K ( 5 0 )  = N N O C E Z  (1.4) 
K ( 5 1 )  = N N O C E S  ( X , 5 )  
U ( 5 2 )  =NNCCEd (1,O) 
K ( 5 3 )  = N C A O ' I  (I, 1 )  
K ( 5 U )  = N E A U T  l I , 2 )  

K (561 - N E A C I  j X s . 4 )  
K(57) = N C A U ' I  (1,s) 
K ( 5 8 )  =C6D (I) 
I = C C t i D [ I )  
K ( 6 0 )  = N A F T  ( I )  
DO 7 J = 1 , 7  

G t J )  = X l I , J )  
E(J)  =Y(I,J) 
C ( J )  = Z ( I , J )  

5 C O R T I N U E  

K ( 5 5 )  = N C R U I  ( I ,  3 )  

7 C G N T I N U E  
C A L L  F I N F ( K )  

10 C O N T I N U E  
C A L L  PSCR'I 
D O  2 6  I=7,NOEHI 

C A I L  F O U ' I ( K )  
T R E E  f l )  = K  ( 1 )  
TA (I) =K(2) 
T N ( 1 )  = K  ( 3 )  
C l A ( 1 )  =K(4) 
C I A ' ( 1 )  = K ( 5 )  
0 2 A I I )  =K(6) 
02R(I )  =K(7) 
03A(I )  = K [ t ? )  
0 3 R ( I )  = K ( 9 )  
O U A ( I )  = K ( 1 0 )  
C4a; lI )  = K ( 1 1 )  
B A G P ( I ]  = K  ( 1 2 )  
PANG ( I )  = A  

NOLE fJ) = Y  ( 1 9 )  
N O E E G  (I) :K ( Z o )  
G R C M ( 1 )  =C 
nz  41) = D  
DO I S  J=1,6 

P A Z ( I )  = E  

ANG (I, J )  = E  (J) 
I E N  (I, J )  = E  IJ) 

15 C O N T I N U E  
NNCDES(1,l) = K 4 4 7 )  
N N C D E S ( 1 , Z )  = K  (483  
NNCDES(I,3) = K  (49) 
N N C D E S  (I VU) = K  ( 5 0 )  
N N C D E S ( I , 5 )  = K  (51 )  
N N C D E S [ 1 , 6 )  = K ( 5 2 )  
N D A U T  (I, 1) = K  (53) 
N D A U T  (I,2) = K  IsQ) 
N D A U T  (X, 3 )  = K  (55)  
H D A U T  (I, 4) = K  (56) 
WDAUT (I, 5 )  = K  ( 5 7 )  
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O R r  (I) = K  ( 5 8 )  
C O H D ( 1 )  = E  
N A F T  (I) = K  (6C) 
DO 17  J=1,7 

X(I,J) = G  (J) 

Z ( X . 5 )  =C(J) 
Y ( I a J )  = h  (J) 

17 C O Z ' I L N U E  
2C C O N ' T l N U E  

cc  
cc L R l l E  ( 6 , 2 0 0 2 )  
CC 2cO2 F O K X A ' I ( '  ENC CF S C E ' I ' )  

R E T U S N  
END 

C * 0 1 * * * * * * * * * * * * 4 + t * * * * * * * * C * f 4 * * * * * * * * * ~ * * ~ ~ * * * ~ * ~ * * * * ~ * * * * ~ ~ * * * ~ ~ * ~ ~ ~ 4 ~ ~ ~ * ~ ~ * ~ % ~ * ~ *  
c 
C T H I S  S U B R C U ' I I h E  O U T F U T S  DATA 
C 
C * * * + 0 * * 8 * 4 4 g f * * * * 4 4 * 4 * * 4 4 ~ * ~ * ~ * * * ~ * ~ 0 ~ ~ * * ~ ~ ~ * * ~ ~ * ~ ~ ~ * * ~ ~ ~ ~ ~ ~ ~ * ~ + ~ k ~ * ~ k * ~ * * * ~ *  

S I J R R C U T I N E  C U ' I F U S  ( E I B G )  
C G M N C N  / T t l E E T C /  T R E E  (3000) ,TA (3000)  ,'IN (3000)  , 0 1 A  (3000)  , 0 1 N  ( 3 0 0 0 ) ,  

G 0 2 A  (3000) , C 2 N  ( 3 0 0 0 )  , 03A ( 3 0 0 0 )  ,03N ( 3 0 0 0 )  ,O4A (3000) , C U N ( 3 0 0 0 )  
G O R D  ( 3 0 0 0 )  , @ A G E  (3000) , P A N G  (3000) , P A 2  (3000)  ,GROH(3000), 
6 NODE(3000),NOEEG(300O),AZ [ 3 0 0 0 ) , A N G  (3000,C) , L E N  (30C0,6), 
G N N O C E S  (3000,6) ,CONE (3WlO) , N A P T  (3000)  , N D A U T ( 3 0 0 0 , 5 ) ,  
6 X ( 3 C O O J )  ,Y (3000,5)  ,2 (3000,7) 

C 1N.O 2 A, C 2 N  , C 3  A ,C 3N .04A ,0161 
G C R t , E A G E . N O E P , N O C E G ,  N N O C E S , N A P T ,  NDAUT 
I N T E G E R * 2  T R E E  ,'I A ,TN,O 1 A  

R E A L  L E N  
T . G G I C A L * l  CChL 
COMHCN / N C E R /  N C E R T , N C E R C T , N O T R E E  
I N ?  E G E R *2 N O  EE 'I, N C E I C I  , NOT 6 E E 
COMNCN /hO/ N Y T A R S ,  NT R E E S ,  NOYR 
I N T E G E b * 2  N Y E A S S , N S R E E S  
COHHCN / N O C A Z f l /  NGDEC (3000,50) ,AZXR (3O00,50) 
I N ' I E G E R * 2  NCCEI: 
L O G I C A L + l  F L A G  
W R I T E  (6,5) 

5 F O R E A T  1'0 T - , ~ ~ x , * P * , ~ x , ~ G  Y N  G N ' , ~ O X , * C  N * / *  5 ' , a x ,  
G 9 ( ' C  ' ) , 3 X , ' A  F R 0 0',13X,'ANGLES',20X,aLENGTkiSa,14X, 
E '0  A ' / '  E * , 2 ( '  1'). 
& 2 ( '  1 ' ) , 2 ( '  2 ' ) , 2 ( '  3 ' ) , 2 ( '  4 ' ) , '  R B N A 0 D ' ,  
& ' D .9 ' , 5 E X , ' N  P'/' E ' , 5 ( '  A N ' ) , '  D A G 2 B', 

& '  6 D T') 
C '  E E 2 1 2 3 U 5 6  1 2 3  5 ' ,  

WRTTE ( 6 , 6 )  

W R I T E  (6.7) 

W R I T E  ( 6 , 8 )  
8 P O H V  AT ( * +  ' , 9 O X ,  2 9  

WRIT€ ( 6 , 9 )  

WRTTE (6,8) 

6 F O R M A T ( ' + ' , 1 2 6  ( * - ' ) )  

7 F O R R A T ( *  ' , 9 9 Y , ' N N C C E S a / '  ' , 92X, ' 1  2 3 u 5 6 ' )  

'- ') ) 
C E  

9 FORMAT('  ' , 1 0 0 X , ' N C A U T ' / '  ' , 9 7 X s o 2  3 4 5 6 ' )  

cc 
cc W H I T E  (6, 11)  
CC 11 ' , 9 7 X , ' C O O F D I N A ' I E S  (X,Y,Z) '/ ' ' ,87X,'l 5 3 48, 
CC & 1 5 6 7 ' )  
cc W R I T E  [ 6 , 1 2 )  
C C  12 F O ~ ~ A T ( a * a , 8 Y X , 3 5 ( a _ ' ) )  

D O  I €  I = l , N C E R I  
W R I T E ( 6 , 1 3 ) T R E E  (I) ,TA ( I ) . T N ( I )  ,01A (I) , G l N ( I )  ,02A (I) , C Z N ( I )  , 0 3 A  ( I ) ,  
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& 03N ( I )  , 0 4 A ( I )  , C Y N  {I) , O R D  (I)  ,BAGE (1) , P A N G  (I)  , P A 2  ( I )  ,GIiOM ( I ) ,  

G C O N c ( 1 )  , N A P T  (I) ,, ( N N O C E S  ( I , J ) ,  J = l , e )  

I; 

E N O C E  (I) , N C D E G  (I) , a z  (I) ( A N G  (I, J )  , J= I ,  6) , (LE w (I, J) , J= 1.6) . 
13 F O R M  AT ( '  ' ' 1 3  ( 1 2 , l  X )  . F 3 , 0 , 2  (F5 - 0 )  , 2  (K4], F5.0,6 (FU. 0 )  ,E (P5.0) , 

1 X . L 1 . I5/ '  * , E  P X  . 6 (15) ) 

IF ( E A G k ( 1 )  . G T .  1 )  URITE(6,14) ( N D A U T ( 1 . J )  .J=1,  5) 
CE 

1 4  F O R q A T ( '  ' , 9 3 1 , 5 ( 1 5 ) )  
C C  
CE 
cc k R I T E ( 6 , 1 5 )  [ X ( I , J ) , J = 1 , 7 ) , ( Y  ( I . J ) , 5 = 1 , 7 ) , { 2  ( I , J ) , J = 1 , 7 )  
C C  15 F O R H A I  (3  ( '  * , 8 4 X , 7 ( F S . O ) / )  1 

18 C C N T I N U E  
I F  (FLAG) G O  'IC 4 5  

IF ( , N O I . F L A G )  GQ ' I O  45 
WRITE (6.20) 

C C  SKIP THE OUTPUT OF T H E  NCDE F C S I T I O N S  F O E  T H P  P R E S E N T  

20 P O R n A T  ( ' O C U E B E N I  G R O Y I H * / '  ??APT'/' NODE*/* A Z I M U T H ' / '  1 2', 
E *  3 4 5 6 7 8 9 10 11 1 2  1 3  14', 
& 8 1 5  16 17 1 8  19 20 2 1  22 2 3  2 4  2 5 ' /  
E ' P F E V I O U S  G I i C U T H ' / '  NODE'/' A Z I M U T H ' / *  26 27 28 2 9 ' ,  

E 8 4 2  U 3  U Y  U 5  46 47 48 44 S O 0 )  
E 30 3 1  32  3 3  3 4  35 36 37 38 39 40 419,  

FRITE(6,21)  

DO 4': I = I , N O E R ' I  
2 1  P0RfiP.T ( ' + ' #  1 2 5  ( ' - ' ) I  

IF ( . N O T . C C N C ( I ) )  GC TO 45 
NPTS ' H N O C E S  (I ,  1 )  
II = N A P T ( I )  
WRITE ( 6 , 2 3 )  II 

23 F O E H A I ( '  ',IC) 
cc 
CC PRITE ( 6 . 2 4 )  
C C  24 FORMAT ( *  t,---*) 

WRITE ( 6 , 2 5 )  ( N O D E C  (I1,J) ,J-l,NPTS) 
25  F06MA'L(' ' ,2E15)  

30 F O F M A I ( '  ' , 2 S F S - O )  
W R I T E  (6,301 ( ~ ~ M ( I I , J )  , J = I , N P ' X S )  

NP'IS =NNOEES (1 .2 )  t i 5  
I F  ( N O D E D ( I I , 2 6 )  . C E .  999) G C  'IC 4 5  
W R I T E ( 6 . 3 5 )  ( N O D E D ( I 1 , J )  , J = 2 6 , N F ' I S )  

WBITE(6,40) ( A Z I E  (1I.J) , J = 2 6 , N P T S )  
35 F 0 6 P l A T ( '  ',2515) 

40  F O f i M A I ( *  ',2EF5.0) 
45 C O N T I N U E  

R E T h l F N  
E NC 

C$+*Q************************+***r**+***+*~***************************+~****+******* 
C 
C T H I S  S U B R C U ' I I I E  GUTPUTS DATA FOfi C N E  B R A N C H  A N D  I S  U S E D  POR D E B U G G I N G  
C 
C&**+**+*  ******************+*+******** ******++*********+***********+************** 

S O B R C U T I N E  C O T E S  (I)  
INTEEEB*Z I 
C O M 3 C N  /TREEIC/ TREE ( 3 0 0 0 )  . T A  (3000) . I N  ( 3000)  , O l A  (30GO) , 0 1 N  (3000), 

& 02A (3000) , C 2 N  (3000) . C 3 A  (3000) , 0 3 N  (3000) ,OQA (3009) , C Q N  (3000)  , 
& C R D  (3000) , E A G E ( 3 Q 0 0 )  . P A N G ( 3 0 0 0 )  ,PBZ (3000] , G R O ? f { 3 O O O )  . 
E NODE(3000) .NOCEG(3000),BZ t 3 0 0 0 ) , A N G  ( 3 0 0 0 , 6 )  , L E N  (3000.6)  
G N I O C E S  ( 3 O O O , 6 ) , C O N C  (3000) , N A P T ( 3 0 0 o ) , N D A U T ( 3 0 0 0 , ~ ) ,  
& X (3000.7) ,Y [3000,7) ,Z (300C,7) 

& 
I NTEGE R *2 TREE ,'I A '5 €4, C 1 A , C 1 W, 0 2 A ,  C 2 N  , C 3 A ,  0 3 N ,  0 U A ,O 4t4, 

0 E D  , € A G E ,  NC CE, NODEG,  NNO C E S I  N APT, ND AUT 
R E A L  LEN 
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L O G I C A L * l  C O N E  
VBITE(6.13)THEE (I) , T A  (I) . T N ( I )  . O l A  (1) . C l N ( I )  , 0 2 8  [I) , C 2 N ( I )  , 0 3 A  (11 ,  

E 0 3 N ( T ) , 0 4 A ( I )  , C U N ( I ) , O F i D ( I ) , B A C E ( I )  , P A N G { I )  , P A Z ( I ) , G R O ? I ( I ) ,  
& N C D E ( I ) , N C D E G ( I )  , A Z ( l ) ,  ( A N G ( I , J ) , J = 1 , 6 ) ,  ( L E N ( I , J )  , J = 1 , 6 ) ,  
G C O N C ( I ) , N A P ' I  ( I ) ,  ( N N O E E S / I , J )  , J = 1 , 6 )  

& l X , L 1 , 1 5 / '  ' ,88X,6 ( 1 5 ) )  
13  F G R f l d T ( '  ' , 1 3 [ 1 2 , 1 X )  , F 3 . 0 , 2 ( F 5 - 0 ) , 2 ( I U J  , F 5 . O 8 6 ( P 4 - O )  , E ( P 5 , 0 )  

I f  (EAGE(1) - G I .  1) W f i I T E ( 6 , 1 4 )  ( N C A U T ( I , J )  , J ~ 3 , 5 )  
14 F O B f l A T  I' ' ,93X,5 (15)) 

cc 
cc W R I T E ( 6 , 1 5 )  ( X ( 1 , J )  ,J=1,7), ( Y ( 1 . J )  , J=1 ,7) ,  (Z (I,J) ,J=1,7)  
CC 15 F O h ? l A ' I  (3 (I ,84X,7 (E5-0) 1 ) )  

R ETU F N  
E N D  

C * * * t * * * * * * * * * * * * * t * * * * * $ * * j * * t ~ ~ * * ~ * * * * * ~ ~ ~ ~ * * ~ ~ ~ + * ~ * ~ * * * ~ * * * ~ * ~ * ~ * *  

C 
c T H I S  S O F R O U T I L E  O U T P U T S  DATA FOR ELCTS 
C 
C * * * * P + * * * * * * * * * * S a * * * * * * 9 t * * * * s S + * * * ~ * * * P * * * * * * * * * ~ *  * * * * 4 * * * * * + * * * 8 * + * + * * ~ * ~ ~ * ~ * ~ %  

S U B R C O T I N E  C U ' I E I T  
COHMCN / T R E E I C /  T H E E  ( 3 O O O )  . ' I A  ( 3 0 0 0 ) , T N  (3000) , 0 1 A  (3000) , 0 1 N  (3O00), 

E 0 2 A  (3000) , C 2 N  (3000) ,03A (3000) ,03N (3000) ,04A (3000) , C 4 R  (3000) 
E ORD (3000) ,PAGE (3000)  , P A N G  (3000) ,PAZ (3000)  .GROf4 ( 3 O O C ) ,  
G NODE (3000), NOCEG (3000) ,A2 (3000)  ,ANG (3000,5) .LEN (3000,6) , 
& H N O E B S  ( 3 0 0 0 , 6 )  ,COND (3000) .NAP? ( 3 0 0 0 )  , N D A U ' I  (30O0,5), 
& X ( 3 C 0 0 , T )  ,Y ( 3 0 0 0 . 9 )  ,% (3OO0,T )  

G O R f , T A G E , N Q C E , N O C E G , N N O D I S ,  NAPT, NDAUT 
I NTFGER*2 

R E A L  L E N  
L C G X C A Z * l  C C h C  
C O H N C N  / N O E R /  RCBRT.NOERCT,NOTBEE 
I N T E G E R * 2  N O E B T , W C E f i C T , N O T B E E  
DO 2 C  I=l,NCCRI 

U R  I T E  ( 8 , l O )  ' IREF (I),  P A G E  [I) ,  ( X  ( I  ,J) . J= 1,7) , (U ( I d  d) ,3= 1,7) , 

T R E E , P A , T N , @  1 A ,  C1N.O ZA . C 2 N , 0 3 A , C 3 N , 0 4 A , a U H ,  

& ( Z  ( f r J )  ,5=1,7) 
10 F O F M A B  [ 2 1 2 , 3 ( / 7 F 8 . 3 ) )  
20 C O N T l N U E  

R E T U F N  
E WD 

C t + t t + * * * * * * * * * * * * 9 * * * * + + * * * * * * * * * ~ ~ ~ * ~ * ~ * ~ * * * * ~ j * ~ * * * * * ~ 0 ~ * * ~ ~ * * * * + ~ * ~ * * * Q ~ ~ * ~ ~  

C 
C THIS S U E X O U P I N E  S A N F L E S  B R A N C H E S  rc  V A L S C A T E  THE ~ I O C E L  
C 
C + * * + 9 * * * * * * 0 * P B + * S + 8 + * 8 * + * + * * ~ ~ ~ ~ 8 ~ ~ ~ ~ ~ * ~ ~  t B t * d 8 * 0 Q * * + 4 * * 0 + * * + * ~ ~ ~ ~ ~ * ~ * ~ ~ ~ * ~ ~ * * ~ ~ * ~ ~  

S UBACUTINE V R Z I C  
CORMCN / T R E E I C /  T R E E  ( 3 0 0 0 )  , T I  (3000) , I N  (300O) . 0 1 A  (3000) ,011 (3000), 

E 0 2 A  (3000) , C 2 N  (3000)  . C 3 A  (3000) ,03N (3000) ,O4A (3000) .CON (3000) , 
E ORD ( 3 0 0 0 )  , E ~ G E  ( 3 0 0 0 )  , P A N G  (3000) , P A Z  (3000) , G R O H  (~ooo), 
E N O D E ( 3 0 0 0 )  , N O E E G  (3000)  , A 2  (3000) ,ANG (3000,6) ,LEN (3000,6), 
G N N O C E S  ( 3 0 0 0 , 6 ) , C C N D  g3000) , N A P T ( 3 0 0 0 )  , N D A U T  (3000,5), 
& X ( 3 C O O , 7 ) , Y  (3C00.7) ,2 (3000,7)  

& 
1 N T E G E R * 2  TREE,TA,TH.O 1 A ,  C 1N,O id\ . C 2 N , 0 3 A , C 3 N  , O Q A , O Q h ,  

O R E ,  E A G E ,  NODE,NOCEG,  N N O D E S ,  N A P T ,  NDAUT 
R E A L  LEN 
Z O G I C A L * l  C O N E  
COHPlCN / N O E f i /  N C E R T , N C E R O I , N O T R E E  
I N T B G E R * 2  N C P R T , N O E B C S , N O T R E E  
I NT E G E R *2 N C E A I B F T 1 , I E PT 2 

C C t R  = C O N V E R T  PROfl  C E G B E E S  TO RADTAMS = ( 2 * P X ) / 3 6 0 -  
C CEC = C O N V E R T  F R O R  B A D I A N S  90 DEGREES = 3 6 0 . / ( 2 * P I )  
C D A T A  CDR /0.0 WY53293/ ,  CED /57.29577951/ 
C ECTANG I C  THE A N G L E  (75 C E G E E E S )  THE TREE IS ROTATf!U TU 8. CLOCKWISE 
C E I R E C T I I C N  T O  GET I t E  V L L I C A T I O N  DATA 
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DATA ROTCOS/O, 2 588 19 045/, ROTSIN/-  0-9  6 59 25 8 26/, ROTA NG/- 1 .. 3O89 96 939/ 
DATA S I C E  /62,9960525/, H S I D E  / 3 1 , 4 9 8 0 2 6 3 /  
D I E E N S I C N  X R  (71, Y f i  ( 7 )  
L O G I C A E * l  FIAG 

CE 
CE D I r E N s I o N  IZ (7) 

Z M A X  = O .  
R 8 A X  = O w  
NOER = O  
WRITE ( 8 , l )  

1 F O R 8  AT ( '  99999999999999999999999999999999999999999~9Y9999993~999~99)  
C**a* t * * t *+* * * * * *+1* t *+* * * t+ *+* * * * * *$  

C C E I E R f l I N E  RAXIFIOR REJGHT A N C  B A D I U S  
~t***************t**t********************* 

70 NOBR =NCBR + I  
IP ( C F i D ( N 0 E f i )  -GT- 0 )  GO TC 30 

C E  
CE TRIS NEXT 5ECTICN C U T F U T S  C A T A  FOS T H E  B O L E  POR V A L I D A ' I I C N  
C E  
C E  DO 12 J = l , I  
CE l Z ( J )  = I F I X ( Z ( N C E b , J )  +0,5) 
C k  12 C O h T f N O E  
C E  WBITE (8,15) T R E E  ( N O E B )  , (I2 (J) , J = 1 , 7 )  
C E  15 F O S M A I ( I 2 , 7 ( 1 X , I 3 ) )  
CE E N D  OE S E C T I O N  EO6 V A L I D A T I O N  

C * * * * * + * * * * * * * * * * * * *  
C C E T E R n I N E  THE T E S T  P C I N ' f S  A L O N G  T H E  Z - A X I S  
C t * * * * * * * * l * * * + * * * * *  

2 0  IF (NOBE .GE, EiCBRT] B E T U R N  

I B B P l  = E A C E ( B C E E i )  t 1  
ZMAX =Z (NOEE; ,IEAFI) 
2 5 0  =ZMAX 1 2 ,  
Z 5 U T  = z 5 0  + S I C 1  
275 = Z R A X  *3 .  / 4 ,  
Z75T =275 +SIDE 
G O  TC 10 

3C I B P l ' l  = N O B h  
c 1' * 1 * *8 88  * * 4  t * * * ** * * 
C f E T F R f l I N E  THE TEST PQINTS I N  T H E  X-Y E I A N E  
c * * * * ++ * %  * ***** * ** t * 

40 19AP 1 = E A G E  (NGEFi9 t 1  
D O  5 0  J = l , S F ! A P l  

D I S T  =SQBT((X(NOER,J)**2) +(Y(NOER,J] * * 2 ) )  
IF (DIS'I - G T .  R M A X )  R M A X  =DIST 

50 C O N T I N U E  
XBPTi: =NO%& 
IF (NOBR -LT. K C B R T )  GO TO 60 
FLAG = . F A L S E .  
G O  TC 7 0  

6 0  NOBR =NOBR t 1  
SF [ C R D ( N O E R )  .GT. 0) GC TC 40 
FLAG =.TRUE. 

7C R 5 @  = R N A X  / 2 .  
C 
c c =CUBE 
C L,C.P,T =PIINUS, C E E I T E R ,  PLUS, TOP 
C F 1 , P 2  =PCIN!IS 1 A N C  2 
C 

CPlBl =-E50 -ESICE 
CMP2 =-E50 +BSlCE 
C C P l  = - B S I C E  
C C P 2  = f l . S I C E  
C P P l  =R50 -H51Cf 
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C P P 2  =fi50 +HSICE 
C T P I  = - S I D E  
C T P 2  =O, 

C * * + 0 0 * * * * * * * * 9 t * * t * 8 * * t * * ~ + * * ~ * * * ~ * * ~ ~ ~ * ~ +  

C 6C'IATE THE ERANCHES SO THAT T H E  SAMPLE B C X E S  L I E  ALONG THE X A K D  Y AXES 
C * * l t * * * * * * * * + * * + * * l ~ * ~ ~ ~ * * * * * * * * * ~ ~ ~ ~ 4 *  

D O  5 5 0  II=IEE'I1 ,IEP'I2  
I E A  = E A G E ( I I )  
l E A P l  = B A G E ( I T )  9 1  

C 
C CKCER 1 
C 

IF ( O f i D ( I 1 )  .G'I. 1) GO T C  90 
I O l A G E  = P A C E  (11) 
X R  ( 1 )  = X  (11, 1) 

DO 80  J = 2 , I E A F l  
Y R  ( 1 )  = Y  ( I 1 , l )  

XR (J) = X  ( 1 I . J )  *RC'ICOS +Y (IX,J) *ROTSIN 
YE ( J )  =-% (II,J) * R @ I S I N  + Y  (I1,J) * R O T C C S  

e0 COIUTINUE 
G O  TO 220 

C 
C C S C E R  2 +  BKANCHES 
C 

$6 DO 2 1 0  J = I , I E A P l  
IF ( x ( I I , J ) )  i 2o , iuo , iao  

1 oc IF ( Y ( I I , J ~ )  i 8 0 , i i o , i a o  
110 T a E ' I A  =O. 

c c  
cc W f i I T E  ( 6 , 1 1 5 )  
C C  115 F C R R A T  ( '  STATENENS 110' )  

120 I F  ( Y ( I 1 , J ) )  19C,130,190 
130 'IHE'IA =3 .14159265U 

GO PO 200 

cc 
c c  W l i l T E  (6, 135) 
C C  135  FORPIA'I ( *  S'IA'IEHENT 130') 

GO TO 200 
llr0 1F (Y ( I I , J ) )  150, 1 7 0 , 1 6 9  
1 5 0  ' I H E T A  =-1.5707963 

cc 
CC W R I T E  ( 6 , 1 5 5 )  
cc  155 FORf lA ' I  [ '  STA'IENENT 9 5 0 ' )  

GO 'PO 200  
160 ' IHE'IA = + 1 . 5 7 0 7 9 6 3  

c c  
cc W R I T E  (6, 165) 
C C  165 FCRMAT ( '  STATEHEHT 1 6 0 " )  

GO TO 20C 
170 T H E T A  =3 .1415926518 

cc 
cc WFiITE ( 6 , 1 7 5 )  
CC 175 F O R V A ' I  ( *  SSATEHENT 170') 
C 

l e 0  IHE'IA =-RTAN(Y(II ,J)  / X ( I I # J ) )  
I F  ( T H E T A  .IT. 0.) THETA - T H E T A  +6.283185308 

c c  
cc W R I T E  ( 6 , 1 8 5 )  
CC 185 FORPIAT ( *  STATEEIEWT 1 8 0 ' )  

C 
C -PI/2 <L A Z  <= P P / 2 ,  SC A C E  180 D E G R E E S  PCR P O I N T S  P H E R E  EELTA X (0 
C 

GO TO 200 
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150 THETA = - A T A N ( Y  [ll,J) / X ( I I , J ) )  +3.141592654 
CC 
cc WSITE (6,185) 
CC 105 FCBMA'I ( g  S T A T E n E N T  190 ' )  

2 c a  THETA =THETA tROTANG 
hHO =S(;RI [ X ( I I , J )  * *2  +Y ( I 1 , J )  * * 2 )  
X R  (J) = R H C  *CCS ( % B E T A )  
Y R ( J )  = R H O  *SIN ( 7 H E T A )  

2 1 C  C O K T I Y U E  
C***+*********************************** 
C SAMPLE THE ERANCHES 
c***+*****+****9******4*4+1+****t*+****+ 

C NCTE: T H I S  S E C T I C N  HAS BEEN WRITTEN TO ACCOUNT F O B  THE "UCRST C A S E u t  
C WHEhE A E R A l C k i  I S  IN ALL F I V E  CUEES, 

220 DO 550 J = l , I E A  
R =J t 1  
I F  ( Z ( I 1 . J )  - L E .  275 .AND. Z ( I 1 , K )  ,LE. 275)  GO 'IC 2 3 0  
I F  ( Z ( I 1 , J )  .GF. 275T - A N D -  Z ( I 1 , K )  .GE. Z 7 5 T )  GC TO 550 
I F  (XR(J)  ,LE. C C P l  .AND. X R ( K )  . L E ,  CCP1) G O  'IC 230 
I F  (XR(J) .GE- C C F 2  -AND.  X R ( K )  -GE. C C P 2 )  G O  ' IC  230 
I F  ( Y R ( J )  .LE. C 7 F 1  . A N D -  Y R ( K )  - L E -  C T P l )  G O  T C  230  
I F  ( Y B ( J )  .GE. C T F 2  . A N D .  Y R ( K )  .GE- C T P 2 )  G O  I C  E30 

c 
C S A N P L E  CUBE 1 
C M =HINUS ( N E G A T I V E ) ;  P =PLUS ( P O S I T I V E ) ;  L =LCWES: U = U F F E B  
C 

X M  = C C F l  
XP = C C F 2  
Y M  = C ' I F l  
YP = C T F 2  
2L =z75 
20 -=Z-JST 
I C U E X  = 1  
GO 'IO 27Q 

230 IF ( Z ( I I , J )  .LE. 2 5 0  .AYD,  Z ( I 1 , K )  .LE- 250) G C  'IC 550 
I F  ( Z ( I 1 . J )  -GE.- 25OT - A N D -  Z ( I I , K )  . G E -  Z50T) GC TO 550 
IF ( X R ( J )  ,LE.  C Y P l  ,AND.  X R ( K )  -LE. C M P 1 )  GO T C  550 
IF (XR (J) .GE, C U E 2  .AND. X R  (K) . G E -  C M P 2 )  GO TIC 240 
I F  ( Y R  ( J )  -fB. C C P l  . A N D .  Y R ( K )  .LE- C C P l )  GO 'IC i40 
IF [ Y R f J )  ,GE, C C P Z  , R N D .  Y R ( X )  .GE. CCP?) GO ' I C  240 

C 
C S A B P L E  C U R E  4 
C 

X ? l  =CMF1 
XP = C X P 2  
Y M  = C C F 1  
YP =CCP2 
ZL = z 5 0  
2U =Z50T 
K U E E  = 4  
GO TO 270  

2 4 0  I F  ( X R  [ J )  .LE, C C P 1  ,AND, XR (Kf ,LE. C C P 1 )  GO I C  E50 
IF ( X R ( J )  . G E -  C C P 2  - A N D .  X R ( K )  - G E .  C C P 2 )  G O  TC 260 
I F  ( Y R ( J )  -LE. CMFl . A N D .  Y Y ( K )  -LE, C R P 1 )  GO 'IC 550 
I F  ( Y R ( J )  .GE. C N F 2  .AND. Y R ( K )  .&E. CRP2) GO I C  250 

C 
C SAMPLE CUBE 3 
C 

xn =CCF1 
XP = C C F 2  
YE =CRPI 
PP =C11F2 
ZL = Z 5 0  
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2u = 2 5 0 ' I  
l C U E E  = 3  
GO TO 2 7 0  

2 5 0  I F  ( Y R ( J )  .Le, C P F l  . A N D .  Y R ( K )  .LE. C P P 1 )  G O  'IC 260 
I F  ( Y R  ( J )  .GE. C P F 2  , A M D ,  Y R ( R )  ,GE, C P P 2 )  G O  T C  E50 

C 
C SAMPLE CURE 5 
C 

X M  = C C F 1  
XP = C C P 2  
Y M  = C P P l  
YP = C P F 2  
ZL = z 5 0  
zu =ZSOT 
I C U E E  = 5  
GO ' IO 270 

260 X F  (XP (J) -LE. C P P l  . A N D ,  XH(K) .LE. C P P l )  G O  'IC 550  
IT ( X R ( J )  .GE. C P P 2  .AND.. X F i ( K )  -GE- C P P 2 )  G O  IC 550 
I F  ( Y R ( J )  .LE .  C C F l  .AND, YR(K)  .LE. C C P I )  G O  'IC 550 
I F  ( Y 9 ( J )  . G E ,  C C F 2  ,AND. YR(K)  . G E .  C C P 2 )  G O  T C  550 

C 
I: SAHPLE C L B E  2 
C 

X M  = C P F 1  
XP = C P F 2  
YH 7 C C F I  
YP = C C F 2  
2 L  = z s o  
ZU =Z50T 
ZCUEE = 2  

C 
C "CHOP'A T h E  ERANCH SECTIONS 50 THAT ONLY THE PA6T IN T d E  CUEE I S  SAHPLED 
C 

270 X1 = X a ( J )  
X2 =XFl (K) 
Y 1  = Y R ( J )  
Y 2  = Y R  (K) 
2 1  = Z ( I I , J )  
2 2  = Z ( I I , K )  
IP ( X 1  . L ' I .  X M )  GC T O  280 
I F  ( X 2  .IT. Xfl) GO TO 290 
GO 'IO 300 

co 'Io 3 0 0  
i 8 C  x 1  =YIP 

Z S C  1 2  = X M  
30 0 I F  ( X 1  - G T -  XF) GC TO 310 

I F  (X2 . G I .  XF) G C  TO 320 
GO TO 330 

GO 40 330 
3 1 0  3 1  =XP 

3 2 0  x2 =XP 
230 I F  (Y1 ,LT. YP) GC TO 340 

IF (Y2  .LT- Y M )  GC ' I C  350 
GO TO 3 6 0  

GO 'IO 360 
340 Y 1  = Y M  

2 S C  Y2 = Y M  
360 I F  (Y1 .G?- YF) GO TO 370 

I F  (Y2 .GT. Y P )  GC TO 380 
GO ' IO  390 

GO TO 390 
310 Y 1  =YP 

:e0 Y2 =YP 
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390 

uao 
u 10 
420 

1(30 

440 
450 

460 
470 
4eO 

u s c  
zoo  

E 1 0  

5 2 c  
5 3 0  

IF ( 2 1  -14- ZZ) GC TO 400 
IF ( 2 2  .I?. Z L )  GC ' I O  410 
GO '10 4 2 G  
2 1  =ZL 
GO 'IO 4 2 6  
2 2  =ZL 
I F  (%1 , G ? -  2 0 )  GO T O  430 
IF (22  "GT. Z U )  GC 'IO 440 
GO 40  450  
2 1  =zu 
GO TO 450 
22 = z u  
I O l A  = C I A ( I I )  
102A = C 2 A  (11) 
703A = C 3 A  ( 1 1 )  
l O 4 A  = C U A  (11) 
1F (09C (11) - 2 )  U4C.500.460 
IF ( O R C ( I [ I )  - 4 )  510.520,470 
LfiI ' IE (6,UeO) 
F O R M A T ( '  T F Y I N G  'IC S A I I F L E  A F I F T H  O R C E B  EHANCH IN "VALID"') 
G O  'IO 5 5 0  
Z O I A  = I E A  +1  -J 
GO TO 5 3 c  
7 0 2 A  = I E A  + I  -J 
GO TO 530 
103A = I E A  + I  -J 
GO TO 530  
IOUA = I E n  + I  -J 
I E N G  = I F J X  (SQaT ( ( X 2 - X 1 ) * * 2  + ( Y 2 - Y 1 )  * * 2  + (22 -29 )  *ti) c0 .5)  

C S I N C E  T H E  MEASUBFMENTS IEC T H E  V A L I C A T I C N  D A T A  SET AEE RECCEDPD TC I i i E  
C N E A B E S T  C(I, F I X  ' I B E  Y A L U E S  O F  T H E  A Z I F U T H  ANC INCLINATICH SO TWAT 
C ' I N E  F O R R A T S  OF ? f i E  TU0 C A ' I A  SETS (IATCH. 

IAZ = I F I X  (A2 (11) 4 0 - 5 )  
TANG =IFIX (ANG (11,J) 40.5) 

CC 
CC 
CC 531 FORMAT ( *  X1=q,F6-2 ,a  X2=*,Fh.2,* Y1=',F6,2, '  Y2=@,F6.2, 
cc & a Z I = ' , F 6 . 2 , '  22=',F6.2,' LENG=*,I6) 

U R I T E  (6,531) X 1 X 2 , Y  1 .Y2,2 1 2 2, LENG 

LPI'Ife (8,540) 

F O H i l A T  ( 1 2 , I I ,  2 X . 5 1  1 , 1 3 , 1 4 ,  13) 
GO TO (230,55O82S0,2~0,260) , ICUEE 

T 6 E E  (11) , I C U E E ,  I C I B G E , I C I ~ I ,  1 0 2 A 8 1 C 3 A , 1 0 4 A ,  
& L E N G . I A Z ,  ZANG 

5 40 

5 5 C  C O N T I N U E  
I €  { F L A G )  GO 'IC 20 
E E T U F G  

CC 
cc D E E U G  I3l.T (Z50,250T,Z75,Z75T,C~~~,~~P2,CCPI,CCP2,CE~~,C~P2, 
CC & C I F  1,CTP 2 , Z M A X , R M A X ,  'I k F T A ,  H HO , X B ,  Y R  , 
c c  c XM,XF.Y~~YP,Z:.ZU,II,ICUBE~ 

C * * $ * * * * * t t + * * * * * + * * * * * * * * ~ ~ * ~ * * t * * ~ * * * * * * * * * * * * * * ~ * ~ * ~ ~ t * * * * * ~ * $ * * * * * * * * * * * t *  
'3 ND 

C 
c THIS SUBROUTIEE SlCPS T H E  P R O G R A M  
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This appendix l i s t s  the data used to  r u n  the model. 

two l ines give the length o f  the r u n  and the number of t rees .  

third l ine gives the soi l  f ie ld  capacity, and the - 3  bar  and -15 b a r  

soi l  moisture tension values. 

f i r s t  and l a s t  days o f  the growing season, and plot la t i tude.  The 

next. four l ines give monthly values f o r  mean temperatures and the i r  

standard deviations, and for  total  precipitations and the i r  standard 

deviations. 

predict node position fo r  each node class.  

b l o c k  of data gives the number of nodes associated with that  node 

class ,  minus one. 

are re la t ive node positions, and the l a s t  of these positions i s  

always 1.0).  The next l i ne ( s )  gives (give) mean re la t ive  node 

distances. The l a s t  s e t  o f  l ines i n  each data block gives the lower 

diagonal of the variance-covariance matrix fo r  each node class .  

The f i r s t  

The 

Line f o u r  gives the dates of the 

The r e s t  o f  t h i s  data se t  gives information needed t o  

The f i r s t  number in each 

(The minus one i s  used because a l l  node positions 
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2 ;.t.177 20.LQ53 10.5764 
165.0 2OP.0  3 7 - 9 0  

3P.9? 4 0 - 1 3  4 7 - 5 8  5t,.98 66.11 74.96 77.84 76.75 71.15 6 9 - 3 2  5 9 - 5 8  U1.53 
5.117 u . i r i 4  3 .772 2.381 2.113 1.517 9.435 1.553 2.159 2.540 2.515 3.a43 
3.453 3- lQ::  3.700 3.3q5 3.067 3.708 4.965 4.836 3 - 4 2 2  3 . 1 4 5  2-94.! 3.091 
1.'11(4 1 - 1 7 ?  1 - 2 5 3  1.120 1.592 1,364 2 - 0 4 ?  2.262 2.216 1 . 8 0 6  1.564 1,322 
1 

9,7151 q : f - G ?  
2 

3.5163??-03 
3.14 -55 4C- 03 
3 

1.1361 4;'- 03  
1.2851 3 Z - C j  5,29215E-03 
7.8G333,7-04 4.55551F-03 7.0b494R-03 
4 

0.06291 '1150.1755 1800 .  Q1178100.7098648 
5,5515 tF- 04 
7.3213 t E -  Gib 3- 7239RE-03 
7.63901E-34 4- 373936-03 6.5f.423F-33 
6.1659ci '-04 3 .  19617E-03 5.03847E-33 5.33823B-03 
5 

3.7665 95- 03 
b.9b22oF-04 2.91569F-03 
r.1291 I F - 0 4  4.2J573E-03 7.42013E-03 
9.5231 5E-O% 3.6919i)E-03 6.783732-03 7.70364Z-03 
5,8845 1 E - 0 4  2.3144OF-03 4.27738E-03 4.9USh6Z-03 4.104663-03 
6 

4 - 2 8 94 02-  04 
9.3267 J F -  011 3.25399 3-03 
1.23075F- 03 4.3 88 97E-03 6.95744Z-03 
1.2 6 59 ? E  - 03 4 , 3 04 96 E- 03 b . 8 @8 1 2 E-0 3 7.6 08 1 9 5- 0 3 
1 . 0 6 7 9 0 ~  03 3.50897E-03 5.6 3424E-03 6 , 3 8 6 8 8 ~ - 0 3  6.03R43E-03 
5,0793 UF-04 1 - 94345E-03 2.85bR 1 E-03 3.34020B-03 3.307 21 E-03 2.44531E-03 
7 

4.1223 2?-04  
8.569412-04 2.69829E.-03 
1.0C9t~7F-03 3.61649B-03 5.75339E-03 
1,18894E-03 3.99970E-03 6.462389-03 8,18744E-03 
1,102; ?r:-G3 3.52498E-03 5.820003-03 7,376979-03 7.513883-03 
7.52 1 U 3Z- 04 2.3 5 I69  E-03 4 04 1 6 7  E-0 3 5.3  1076E-03 5.666 75 E - Q 3  U. 96365E-03 
3.4851 9E-01  1.04631L-03 1.79343B-03 2.35S33B-03 2.52359E-03 2.299543-03 
1,409767;-03 
8 

3,43257 58 

h. 1822373G.49257 30  

1.4 15 4 0 E-0 2 

J.U5731b ?bC,?5.5ZR390.6113Sb4 

i).S4el? 7 '30,1~ '348 513.32871 540.55731380,8Oi)l740 

0.041 69 I;? 0.123hRP80. 2755tTbO. 462  1992G- 6586603O.848 2707 

0. 03645 35 0.1088 8200.2486 4740.41 1647 10.5d292440.750 24270.895 1777 

5.027 03 XK.O. i)P; 2 3 0 79 0.19 2 7  1 2 00 - 33 0 5 1 S 4 0.4 9 30 1 d60.6 38  4 2  43 0 - 7  7967550 -9 03 33  30 
1. e l  5 4  1E- 0% 
3,96410F-S1( 1.41R08E-03 
5.8 2 34 0 E- 04 2 - 2  19 45 E-03 4 0 22 6 4 3- 0 3 
6 - 0  0 1 0 3F - 01 2" 3 1 7 0 1 E- 0 3 i4 3 3 4 2 8 Z- 0 3 
5.5191 17-04 2.31040E-03 U.31639E-33 5.2124SE-03 6.05328E-03 
4,463 0 7F- 53  1 I 8 49 4 3 E.-.Q 3 3 . 5 3 1 b 0 E- 0 3 5.2 24 1 8 Y-0 3 1 R 2 90 E- 0 3 
2.753 7 S E- 04 1,1829?F-03 2.3 4 8 5 4 E -  03 3 - 3  16 22E- 03 3 - 6  14 48 F:-03 3.756 19 E-03 
3.0521 42-  03 
1.31036E-04 4.983711F-04 1.060139-03 1.409S3F-03 1.671393-03 1.85697E-03 

5 0 d4 50 E- 0 3 

4 - 4  1 3 3 0 Y- 0 3  5 

1,573P 27-03 1.051 262-53 
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I 
0.0 22 22 d 50 * O t  RS tl570 .) 1 5 9  479 10 .. 28  360SO0.4 22  1 4 9  20.56hW37 0 . 6 ~ 8 6 2 2  30.8 155227 
O , S L 3 1 i l  l u  

5.1'322 3 E - O C  
1 I 36 10 ?P- OC 
2,4533 S i  - 54 2.281 2bE-0  3 
2,59333:'-0-i 1 .19Ql4F-03  2,49767T-07 3.F4564v-07 
2.47U32F-09 1 . 1 t . l d O ~ - 0 3  2.479872-03 3.13987L-03 3.54370d-03 
l . 'h733t-C4 1.30095F-03 2.1177?E-O3 2,80629F-03 3.338782-03 3.60U70E-03 
1 - 2621 :?F- 04 7.7 0086 F-Olr 1 - 50 2 8  3 E-03 2 0576d9-03 2,56b 5U F--0 3 2 .I 84469E-03 
?.64955V'-33 
4,19137,- 05 3.7t>OOei-04 7-59404F-04 1.065333-03 1,37597 <-03 1.64679E-03 
1. '5b27*-03 1 ,0S113~-03  
2.53341--5' 1,74495F-04 3."1~07"-04 5,64U55%-04 7,74576E-04 9.292aSE-04 
3-465f 7 7 - 0 4  5 , 6 4 6 8 ~ ? - 0 4  4,16114E-04 

C -  8 99 b 5 c-0 4 
1.1 3 1 b 3F-0 3 

1 0  
) , ~ 2 3 J 2  320.0747.(. i90.1f72i)l  30.28  75565 L 4 1 2 ~ E ~ ~ 9 0 . ~ 4 2 3 0 7 6 0 ~ 6 6 5 7 7 7 2 0 . 7 7 3 0 3 6 6  
i, . fit 348 2 4  0. 4 1 17 47 

1.66RhOF- On 
3-3 b 6'. 51 - 04 1.2 0 3  1 7 ~ 4 3  
4-530C8;-0+ 1. h 5 4 5 9 F - 0 3  2.c)09841:-03 
Q. dPSc 2 - 0 4  1 - ,? 6547 7-0 3 2-9 27 6 6 7-5 3 3 897 4SE- 0 3  
3.53 1 7  3F- 04 1 . 7  7 2 7 3  i-0 3 2 - 794 R 4 9-0 3 3 7 46 1 h S - 0 3  3.9 36 00 i?-0 3 
3-08  42 72 - 0 4  ? -  5 R 4 7 1 F- 0 3 2- ti 2 1 b 5E-0 3 3.4 9 3  3 5 E-03 3.79 3 23  E- 0 3 3.9 20 14 E- 0 3  
2.12545F-Sq 1.lh4'5.41~-0? 1.81F39F-03 1 ,577835-03  2.93222E-03 3 ,069033-03  
2.7523 3 I  -31 
1.9 2 1 r( 4 F  - C'i c/ . t3 87 3 4 E- 0 11 2 - 0 7 O R 9  E- 0 3 2 .. 3 70 54 F- 3 3 2.4 10 14 E-0 3 
2.3314?0-02 2 - 2  170Ha-03 

1 , 4 4 0 3 b 2- 0 3 
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0 .77272 l r10 .854R5130-93~43b2  
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