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ABSTRACT 

MIELKE, D. L., H. H. SHUGART, and D. C. WEST. 1978. A s tand 
model f o r  upland f o r e s t s  o f  Southern Arkansas. ORNL/TM-6225. 
Oak Ridge Na t i ona l  Laboratory ,  Oak Ridge, Tennessee. 104 pp. 

A f o r e s t  s tand growth and composi t ion s imu la to r  (FORAR) was deve l -  

oped by mod i f y i ng  a stand growth model by Shugart  and West (1977).  

FORAR i s  a  f u n c t i o n a l  s tand model ( B o t k i n  -- e t  a l .  1972a) which .used eco- 

l o g i c a l  parameters t o  r e 1  a te  i n d i v i d u a l  t r e e  growth t o  environment 

r a t h e r  than us ing  Markov probabi  1  i t y  ma t r i ces  o r  d i f f e r e n t i  a1 equat ions 

t o  determine s i n g l e  t r e e  o r  spec ies rep1 acement r a t e s .  FORAR s imu la ted  

t r e e  growth and species composi t ion o f  up land f o r e s t s  o f  Union County, 

Ark ., by cons ide r i ng  33 t r e e  species on a 1/12 ha c i r c u l a r  p l o t .  

Once a . yea r  t r e e s  were s t o c h a s t i c a l l y  chosen t o  be k i l l e d  o r  grown 

and new t r e e s  were s t o c h a s t i c a l l y  p l an ted  on t h e  p l o t .  I n d i v i d u a l  t r e e s  

were k i l l e d  by a p r o b a b i l i t y  f u n c t i o n  sca led accord ing  t o  t h e  maximum 

age o f  t h e  app rop r i a te  spec ies.  S tock ing  o f  new i n d i v i d u a l s  depended on 

t h e  computed l e a f  area index  o f  t h e  p l o t  and t h e  e x i s t i n g  c o n d i t i o n s  f o r  

s o i l ,  temperature,  w i l d l i f e  popu la t ions ,  and epidemics. Trees grew 

accord ing  t o  a  s p e c i e s - s p e c i f i c  optimum growth f u n c t i o n  m o d i f i e d  by f a c -  

t o r s  f o r  s o i l . m o i s t u r e ,  compet i t i on ,  a v a i l a b l e  1  i g h t ,  and c l i m a t e  

degree-days. The optimum growth f u n c t i o n  f o r  each species was a func-  

t i o n  o f  t h e  maxi mu^^^ d y e ,  diameter  a t  b reas t  he igh t  and he igh t  recorded 

f o r  t he  species.  The d r i v i n y  v a r i a b l e  f o r  t h e  model was growing degree- 

days, which was randomly chosen a t  t h e  beg inn ing  o f  each year  f rom a 

normal d i s t r i b u t i o n  w i t h  app rop r i a te  mean and var iance .  



FORAR was v a l i d a t e d  u s i  ng h i s t o r i c a l  accounts, densi t y - d i  ameter 

d i s t r i b u t i o n  curves, and USDA Fores t  Serv ice Continuous Fores t  

I n v e n t o r y  (CFI) species composit ion data. H i s t o r i c a l  accounts agreed 

g e n e r a l l y  w i t h  FORAR ou tpu t  on the  species o f  p r imary  importance i n  

upland f o r e s t s  o f  southern Arkansas. FORAR densi ty-d iameter  curves 

corresponded t o  those o f  West -- e t  a1 . (1976) f o r  southeastern fo res t s ,  

except  t h a t  the  s imu la ted  p l o t s  were no t  harvested. There was a s t a t i s -  

t i c a l  l y  ~ l g n i f l e a n ~ t  ( p  < 0.1) c o r r e l a t i o n  i n  species composit ion between 

model ou tpu t  and .USDA-Forest se rv i ce  CFI  data, 

FORAR was used t o  examine t h e  e f f e c t s  o f  two t imber management 

schemes upon Red-cockaded Woodpecker (Dendrocopus borea l  i s )  n e s t i n g  

h a b i t a t .  Leaving twelve t r e e s  per hectare on a l l  o r  p a r t  o f  t h e  

management u n i t  r e s u l t e d  i n  s i g n i f i c a n t l y  more large,  dy ing  p ines  than 

removing a l l  t r ees  and a s i g n i f i c a n t l y  g rea te r  number o f  years i n  whlch 

l a r g e  pines, hea l t hy  o r  dying, were present .  ~ u r t h e r  work i s  necessary 

t o  determi ne the  r e 1  a t 1  onship be tweet1 Red-cockadcd~ Woodpecker nest.i r ~ y  

h a b i t a t  and woodpecker popu la t i on  numbers. 
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I. INTRODUCTION AND LITERATURE REVIEW 

The purpose o f  t h i s  study was t o  b u i l d  and v a l i d a t e  a f o r e s t  stand 

model f o r  upland f o r e s t s  o f  Union County, Arkansas, which cou ld  be used 

f o r  many d i f f e r e n t  types of eco log i ca l  research. The type  o f  use demon- 

s t r a t e d  i n  t h i s  s tudy was the  examinat ion o f  the  e f f e c t s  o f  two t imber 

management schemes upon t h e  presence o f  nes t i ng  h a b i t a t  f o r  t h e  Red- 

cockaded Woodpecker (Dendrocopus borea l  i s  V i e i l  l o t ) .  Stand models can 

be use fu l  i n  s tudy ing  changes i n  stand s t r u c t u r e  and species composit ion 

due t o  succession or longterm pe r tu rba t i ons .  Consequences o f  d i f f e r e n t  

t imber  and w i l d l i f e  h a b i t a t  management techniques can be p red i c ted .  

Changes i n  species abundance (e.g., t o  dominance or  e x t i n c t i o n )  can be 

determined. B e t t e r  understanding o f  t h e  importance o f  t h e  s t ruc tu re '  

and f u n c t i o n  o f  ecosystems r e s u l t s  from t h e  modeling. The usefulness 

o f  d i f f e r e n t  measures o f  such t h i n g s  as d i v e r s i t y ,  p r o d u c t i v i t y ,  o r  

s t a b i l i t y ,  o r  t he  usefulness o f  such parameters, can be s tud ied .  Also, 

s e n s i t i v i t y  ana lys is  can show where and how research e f f o r t s  should be 

d i r e c t e d  f o r  g rea ter  e f f  i c i  ency. 

The f i r s t  s tep  i n  t h i s  s tudy was t o  determine which o f  the  var ious  

types o f  stand models most s u i t e d  the purpose o f  t h i s  study. Fores t  

stand models have gene ra l l y  been b u i l t  t o  s tudy e i t h e r  t imber  management 

or vegeta t ion  succession. Those models s imu la t i ng  succession are 

probably  more usefu l  i n  eco log i ca l  s tud ies  because they  con ta in  more 

eco log ica l  in format ion.  Recause t h e  o b j e c t i v e  o f  t h i s  s tudy was t o  

develop a mu1 ti -purpose stand model, o n l y  those models which s imu la te  

succession were examined. Several stand models have been b u i l t  t o  



s imu la te  s i n g l e  species (Bosch 1971) o r  managed stands (Amidon and Akin 

1968, Peden -- e t  a l .  1973, Lembersky and Johnson 1975, see Monserud 1975 

f o r  a more d e t a i l e d  rev iew) .  Since these models do no t  keep t r a c k  o f  

species composit ion, none were considered appropr ia te  t o  s imulate 

n a t u r a l  secondary f o r e s t  succession a t  the  stand l e v e l .  

E a r l y  attempts a t  model ing f o r e s t  stand succession made use of 

b i r t h  and death ra tes ,  Markov matr ices,  o r  d i f f e r e n t i  a1 equations and 

focussed p r  i 'marl ly  on s hand by "Jtnd rep1 acenlent.. Leak (1970) used 

b i r t h  and death r a t e s  t o  model species composit ion changes i n  a nor th -  

eastern hardwood f o r e s t .  Data from past  years must be used t o  determine 

t h e  b i r t h  and death r a t e s  f o r  each species, and i n i t i a l  cond i t i ons  must 

be supp l ied .  The b i r t h / d e a t h  ra tes  can be constant,  density-dependent, 

o r  s e r i a l  ; and up t o  25-50 years o f  f o r e s t  dynamics can be ex t rapo la ted .  

According t o  Whi t t a k e r  (1953), t h e  "few un i ve rsa l  p r o p e r t i e s  o f  

succession.. .are s t a t i s t i c a l  r e s u l t s  o f  any p l  ant-by-pl  ant replacement 

process."  These s t a t i s t i c a l  p r 0 p e r t i . e ~  can be use fu l  i f  any recog- 

n i z a b l e  pa t te rns  or  g e n e r a l i t i e s  emerge, even i f  the  associated b i o l o g y  

o r  ecology i s  n o t  f u l l y  understood (P ie lou  1975). One g e n e r a l i t y  t h a t  

emergcs from the  p i  ant rep lacement process i s  t h a t  spccies compoci t i nn  

changes through succession appear t o  be s i m i l a r  t o  a Markov process 

(MacArthur 1958). A Markov m a t r i x  i s  a m a t r i x  o f  t r a n s i t i o n  p r o b a b i l i -  

t i e s  o f  t h e  s ta tes  o f  a system and I s  used t o  c a l c u l a t e  Lhe c o n d i t i n n  

o f  the  system a t  t ime t + l .  f rom the  c o n d i t i o n  o f  t he  system a t  t ime t: 



where; 

?'?= the vector  o f  system s ta tes  ( d e f i n i n g  the  c o n d i t i o n  
o f  t he  system) and 

- 
M = the  ma t r i x  o f  t r a n s i t i o n  p r o b a b i l i t i e s .  

The cond i t i on  o f  the  system a t  t ime t + l  depends on ly  on the  c o n d i t i o n  

o f  the system a t  t ime t and the  t r a n s i t i o n  p r o b a b i l i t i e s  o f  the  Markov 
A 

m a t r i x .  I f  the s t a t e  vector  i s  known a t  t ime to, Xo, a  cha in  of 
-I\ - A  A 

m u l t i p l i c a t i o n s  X1 = MXo, X 2  = xil, etc.,  can be used t o  de ter -  

m i  ne the cond i t i on  o f  the  system a t  any t ime t . One useful  p rope r t y  o f  

Markovian processes i s  t h a t  regu la r  Markov chains converge t o  the  same 

s t a t i o n a r y  d i s t r i b u t i o n ,  w i t h  each stage having the  p o s s i b i l i t y  o f  

being reached f rom every other  stage (Bharucha-Rei d  1960). Secondary 

f o r e s t  succession, s i m i l a r l y ,  tends t o  converge t o  the  same s t a t i o n a r y  

species d i s t r i b u t i o n ,  al though every sera1 stage may not  have the  

p o s s i b i l i t y  o f  being reached from every o ther  stage (Horn 1975b). To 

use a  Markov t r a n s i t i o n  m a t r i x  t o  model f o r e s t  succession, one must 

have separate, i d e n t i f  i able succession stages (cover -s ta tes)  ; data t o  

determine the  t r a n s i t i o n  ra tes  between them, and data showing i n i t i a l  

cond i t ions .  The assumptions necessary are t h a t  t he  number o f  cover- 

s ta tes  i s  f i n i t e ,  t h a t  t he  t r a n s i t i o n s  must take p lace a t  ( a r b i t r a r i l y  

smal l )  d i s c r e t e  i ns tan ts ,  and t h a t  the t r a n s i t i o n  r a t e s  are independent 

o f  t ime (S la t ye r  1976). 

Waggoner and Stepherls (1970) used a  Markov t r a n s i t i o n  m a t r i x  t o  

model specics composit ion i n  a Connect jcut t o r e s t  a f t e r  n o t i n g  t h a t  

t h e i r  f o r e s t  appeared t o  have the  necessary Markov p rope r t i es .  Since 

they were concerned main ly  w i t h  c l  imax (s teady-s ta te)  cond i t ions ,  they  



did not need to  input pa r t i cu l a r  i n i t i a l  conditions. Any se t  of i n i t i a l  

condit ions would r e s u l t  in the  same steady-state d i s t r ibu t ion .  

A s l i g h t l y  d i f f e r en t  approach t o  modeling fo res t  succession makes 

use of d i f f e r e n t i a l  equations. These d i f f e r  from Markov matrices in 

t h a t  the t r ans i t i ons  are  considered r a t e  processes ra ther  than proba- 

b i l i t i e s .  Assumptions t h a t  must be made are (1) tha t  there  are a f i n i t e  

number of cover-states;  ( 2 )  t h a t  the e f f ec t s  of spat i a1 heterogeneity 

are  r e l a t i ve ly  constant;  and ( 3 )  that. the cover-states have definable, 

determinate input-output behavior. A four th  condition, t ha t  the  input- 

output re1 a t i  ons are superposable (Shugart ' e t  -- a1 . 1973, DiStephan~.,@ 

a l .  1967) i s  necessary t o  assume l i nea r i t y .  One advantage of the d i f -  - 
f e r e n t i a l  equation approach i s  t ha t  i t  usually takes l ess  computer time. 

Analyses of Markov matrices,  on the other hand, can give information 

on vari ances, s t a b i l i t y ,  convergence, mean passage time, and time to  

absorption of the  various cover-states (Shugart -- e t  a l .  1913). 

Some new ideas on successiorl consider the  changes in species campo- 

s i t i o n  t o  be a function of environmental gradients and of the dispersal  

and survival  cha rac t e r i s i t i c s  of individuals (Drury and Nisbet 1973, 

Sla tyer  197>6), ra ther  than as a "superorganism" moving from one sera1 

s tage t o  another with Markovi an probabi 1 i t i e s  (Clements 1916, MacArthur 

and Connell 1966, MacArthur 1968). Markov matrices and functional stand 

models have accordingly been used to model succession on a trce-by-tree,  

instead of a stand-by-stand, basis .  Instead of having a number of 

cover-states,  Horn's (1975a) t rans i t ion  matrix fo r  a New Jersey fo r e s t  

gave the p robabi l i t i e s  of a t r e e  of one species being replaced by a 

t r e e  of another species .  In se t t ing  up h i s  t rans i t ion  matrix, Horn 



(1975b) assumed (1 )  there  was a constant,  p ropo r t i ona l  r a i n  o f  seeds on 

the  p l o t ;  ( 2 )  abundance i n  the  understory imp l ies  a compet i t ion  advan- 

tage i n  the  canopy; ( 3 )  the  p r o b a b i l i t y  t h a t  a :g iven species w i l l  be 

replaced by another g iven species i s  p ropo r t i ona l  t o  t he  number of 

sap l ings  o f  the l a t t e r  i n  the understory o f  the former; and ( 4 )  the  

t r a n s i t i o n  p r o b a b i l i t i e s  do not  change w i t h  species composit ion, 

successional stage, o r  edaphic cond i t i on .  

One o f  the  major drawbacks o f  t h e  Markov approach. i s  t h a t  i t .does 

not  e x p l i c i t l y  t ake  i n t o  account dynamic eco log i ca l  f a c t o r s  and st resses 

on i n d i v i d u a l s .  Funct ional  stand models, based on concepts . rather  than 

s p e c i f i c  f i e l d  data, have been b u ' i l t  i n  an attempt t o  do t h i s .  Func- 

t i o n a l  stand models deal s t o c h a s t i c a l l y  w i t h  the  b i r t h ,  growth, and 

death of i n d i v i d u a l  t rees  i n  a f o r e s t  stand, us ing a l i s t  o f  parameters 

t h a t  charac ter ize  the  phys ica l  environment and the  t r a i t s  o f  each t r e e  

species. I f  the recent  concepts o f  succession are co r rec t ,  i .e., t h a t  

replacement should be looked a t  on the  i n d i v i d u a l  l e v e l  and d i s t i n g u i s h -  

able cover-states do not  always e x i s t ,  then t h i s  f u n c t i o n a l .  approach 

should r e s u l t  i n  a more accurate s imu la t ion  o f  succession. To para- 

meter ize a f u n c t i o n a l  s l a r ~ d  model, one must have r e l a t i v e l y  general 

in fo rmat ion  on the  c l  imate and several spec ies-spec i f i c  c h a r a c t e r i s t i c s  

such as maximum age and shade to le rance.  One advantage o f  t h i s  type o f  

model i s  t h a t  t h i s  in fo rmat ion  can u s u a l l y  be found i n  textbooks o f  

dendrology or  s i l v i c s  such as Fowel ls (1965) or  Harlow and Harrar  (1969) 

(Shugart and West 1977). I n  add i t i on  t o  the  parameters, one must choose 

equations t o  descr ibe growth and r e  1 a t ions  between t r e e  dimensions 

(he igh t  t o  diameter, f o r  ins tance) .  



The f i r s t  f u n c t i o n a l  . stand model was developed by Bo tk in  e t  a1 . -- 

(1972b) f o r  a nor theas tern  hardwood fo res t .  Parameters were added o n l y  

when t h e  e x i s t i n g  model d i d  no t  e x h i b i t  s a t i s f a c t o r y  behavior .  JABOWA, 

t h e  r e s u l t i n g  model ( B o t k i n  -- e t  a l .  1972a,b), contained 10 parameters t o  

cha rac te r i ze  each t r e e  species and seven t o  charac ter ize  the  environ- 

ment. The th ree  main processes i n  JABOWA were the  b i r t h ,  death, and 

growth o f  i n d i v i d u a l  t rees  on a 1/100 hectare (ha) p l o t .  New t rees  

were added t o  the p l o t  on the basis  o f  the  r e l a t i v e  shade, growing 

degree-day, and s o i l  mo is tu re  to lerances o f  each species and the  annual 

c o n d i t i o n  o f  the environment. A seed source was assumed t o  be a v a i l a b l e  

f o r  each sp.ecies. Death o f  an i n d i v i d u a l  t r e e  was considered a random 

process, w i t h  o n l y  2% o f  the sap l ings  o f  a. species reaching the  maximum 

age o f  t h a t  species. A ' t r e e  t h a t  grew less  than 0.01 cm i n  diameter a t  

b reas t  he igh t  (dbh) per year was subjected t o  another death process 

t h a t  gave i t a 1% chance o f  s u r v i v i n g  10 years. While b i r t h  and dedth 

were modeled as s t o c h a s t i c  func t ions ,  gvowth was d e t e r m i n i s t i c .  The 

p o t e n t i a l  growth increment Tur. each Wee was a funct- inn nf  the species 

and t r e e  s i ze .  The p o t e n t i  a1 growth increment was mod i f ied  by f a c t o r s  

re1  at.ing t o  l i g h t  compet i t ion,  c l imate ,  and s o i l  q u a l i t y  (compet i t ion  

fo r  n u t r i e n t s ,  e t c . ) ,  This  increment was added t o  the  i n d i v i d u a l  t r e e ' s  

dbh, f rom which the  he igh t  was ca l cu la ted  us ing  a quadra t ic  f unc t i on .  

Two o ther  assumptions o f  the  mode'l were t h a t  the c l ima te  was constant. 

and t h a t  t he  t r e e  species were nonhydrophytic. The model commonly 

s imulated 250-300 years o f  f o r e s t  dynamics, which was long enough f o r  

t h e  "c l imax" t o  develop. 



Shugart and West (1977) mod i f i ed  t h e  Bo tk in  model t o  s imulate a  

lower-s lope f o r e s t  o f  East Tennessee. The p l o t  s i z e  was changed from 

1/100 ha t o  1/12 ha t o  lessen t h e  abnormal e f f e c t s  ' f rom shading and 

r o o t  compet i t ion  and c l ima te  was changed from a  constant  t o  a  s tochas t i c  

v a r i a b l e  w i t h  a  normal d i s t r i b u t i o n .  Because t r e e  growth was a f f e c t e d  

by c l imate,  b i r t h ,  death, and growth were a l l  s tochas t i c  processes. 

Th is  model, FORET, simulated 100 stands f o r  600,'and o f t e n  1000, years.  

The FOREST stand model o f  Ek and Monserud (1974) was d i f f e r e n t  

f rom JABOWA and FORET i n  t h a t  t he  p l o t  s i z e  was no t  f i x e d  and i n  t h a t  

t r e e  l o c a t i o n  was e x p l i c i t l y  considered. Growth was d e t e r m i n i s t i c ,  

w h i l e  b i r t h  and death were s tochas t i c .  Height  and diameter growth were 

t r e a t e d  sepa ra te l y  as non l inear  f u n c t i o n s  o f  species, t r e e  s ize,  and a  

compet i t ion  index. The compet i t ion  index was a  f u n c t i o n  o f  crowding, 

shade to lerance,  and the  he igh t  and crown w id th  o f  bo th  t h e  i n d i v i d u a l  

' t r e e  and i t s  compet i tors .  Since t h i s  model was o r i en ted  toward s i v i -  

c u l t u r a l  p rac t i ces ,  shor te r  runs o f  up t o  50 years were usual.  This  

t ype  o f  model shows grea t  d e t a i l  f o r  one stand, bu t  i t  i s  p r o h i b i t i v e l y  

expensive t o  r e p l i c a t e  hundreds o f  stands i n  the  manner o f  JABOWA and 

FOR ET . 
Compared t o  t he  b i r t h / d e a t h  ra tes ,  Markov ma t r i x ,  and d i f f e r e n t i a l  

equat ion stand models descr ibed ear 1  i er, f u n c t i o n a l  stand models are 

- more f l e x i b l e ,  have more d e t a i l ,  e x p l i c i t l y  consider eco log i ca l  dyna- 

mics, and can be used f o r  more general  purposes (Monserud 1975, Ek and 

Monserud 1974, B o t k i n  -- e t  a l .  1972b). Three o f  the  most important  a p p l i -  

ca t i ons  of f u n c t i o n a l  stand models are i n  t e s t i n g  d i f f e r e n t  f o r e s t  



management s t r a t e g i e s  (Ek and Monserud 1974), i n  l ook ing  f o r  general i - 
t i e s  i n  succession, and i n  s t a t i s t i c a l l y  t e s t i n g  hypotheses (Bo tk in  - e t  

al . ,  1972a). Another p o t e n t i a l  use o f  t h i s  k i n d  o f  model i s  i n  manage- - 

ment o f  w i l d l i f e  h a b i t a t .  Where Markov m a t r i x  or  d i f f e r e n t i a l  equat ion 

stand models cou ld  i d e n t i f y  a  desi red h a b i t a t  down t o  general species 

c o m p ~ ~ i t i o n  and general t r e e  size, t he  f u n c t i o n a l  stand model can 

i d e n t i f y  a  desi red h a b i t a t  down t o  s p e c i f i c  species composit ion and 

abundance and i n d i v i d u a l  t r e e  sizes. 

B o t k i n  -- e t  a1 . (1972b) o r i g i n a l l y  constructed t h e i r  model t o  

i n c l u d e  t h e  minimum number o f  parameters necessary t o  adequately 

s imu la te  the  Hubbard Brook f o r e s t  o f  New Hampshire. Because t h i s  type 

o f  model tends t o  use much computer t ime, it i s  important  t o  know i n  

what reg ions  and under what cond i t ions  a  model con ta in ing  t h e  minimum 

number o f  parameters does an adequate j ob  o f  s imu la t i ng  f o r e s t  stands. 

Shugart and West (1977) were able t o  s imulate a  f o r e s t  o f  East Tennessee 

w i t h o u t  any major add i t i ons  other  than a  sprout ing  subrout ine and more 

d e t a i l  i n  t he  b i r t h  subrout ine .  I n  t h i s  study, FORAR, a  modSfied ver-  

s ion  o f  FORET, was used t o  s imulate an upland f o r e s t  o f  south c e n t r a l  

Arkansas. A moisture f a c t o r  mod i fy ing  t r e e  growth was added because 

FORAR simulated an upland f o r e s t  f a r t h e r  west than t h e  two prev ious 

f u n c t i o n a l  stand model s imu la t ions .  The model was va l i da ted  us ing  

h i s t o r i c a l  accounts, density-diameter curves, and USDA Forest  Serv ice 

species composit ion data. The v a l i d a t e d  model was then used t o  de ter -  

mine t h e  presence through t ime o f  Red-cockaded Woodpecker nest1 ng habi - 
t a t  under two t imber management schemes. 



11. MODEL DEVELOPMENT 

The model described here (FORAR) simulated an upland fo res t  t y p i c a l  

o f  t he  type found i n  south c e n t r a l  Arkansas. The model was developed 

from a mod i f ied  vers ion (Shugart and West 1977) o f  the JABOWA model used 

by Bo tk in  -- e t  a l .  (1970, 1972a, 1972b) f o r  t h e  Hubbard Brook f o r e s t .  

FORAR simulates growth and succession by keeping account of the  dbh, 

age, and species o f  a l l  t rees  greater  than 1.27 cm dbh on a 1/2 ha c i r -  

c u l a r  p l o t  ( r a d i u s  = 5.1 m). The model a lso computes number o f  stems 

and biomass o f  each species. Once a year each t r e e  was s t o c h a s t i c a l l y  

k i l l  ed o r  grown and new, t rees  were s t o c h a s t i c a l l y  p lanted.  I n d i v i d u a l  

t rees  were k i l l e d  by a p r o b a b i l i t y  f u n c t i o n  t h a t  was scaled according 

t o  the maximum age recorded f o r  the  appropr iate species. The proba- 

b i l i t y  t h a t  a s p e c i f i c  t r e e  would d i e  dur ing  a g iven simulated year was 

increased i f  i t s  growth r a t e  f e l l  below an acceptable minimum (0 .1  cm 

y--'). Stocking o f  new i n d i v i d u a l s  i n  a given s imulated year depended 

on the  computed l e a f  area index o f  the p l o t  .and the  cond i t i on  o f  f i v e  

environmental var iab les :  minera l  s o i l ,  l i t t e r  1 ayer, temperature, w i l d -  

l i f e  populat ions,  and epidemics. The t r e e  species t o  be stocked were 

randomly chosen from those species whi ch could germinate under t h e  

e x i s t i  ng environmental cond i t ions  . Trees grew according t o  a species- 

s p e c i f i c  optimum growth f u n c t i o n  t h a t  was mod i f ied  by s o i l  moisture, 

compet i t ion, .  c l imate,  and a v a i l  ab le  l i g h t .  The optimum growth func t i on  

f o r  each species was a f u n c t i o n  o f  the  maximum known age, t h e  maximum 

dbh, and the maximum he igh t  recorded f o r  the  species. The d r i v i n g  

v a r i a b l e  f o r  t h e  model was phys io log i ca l  growing degree-days based on 



average dai  1 y temperature, which was approximated by assuming the year 1 y 

temperature cycle was a s ine  curve. A value fo r  degree-days was ran- 

domly chosen each year from a normal d i s t r ibu t ion  with appropriate mean 

and variance. 

FORAR was writ ten in FORTRAN IV and has been implemented on IBM 

360 se r i e s  and PDP-10 computers. The present version of the  model 

considered up t o  35 t r e e  species and up to  700 individual t r e e s  and ran 

f o r  any number of years.  A detai led documentation of the  FORTRAN 

programt i s  given in the  Appendix. Only a general description of the 

model input i s  given here. 

FORAR read 19 parameter values to  character ize  each of 33 t r e e  

species  used (see  page 45 in Appendix). Most of the  parameters, such 

as shade tolerance or maximum age, can be derived from information 

contained i n  'standard dendrology or s i  lv ics  textbooks ( see  Harlow and 

Harrar 1969 and Fowells 1965). Species used in the model were impor- 

tant-  timber species growing on upland s i t e s  in southern Arkansas 

( L i t t l e  1971; Moore 1960; Carl Amason, personal communication 1975). 

For shade tolerance,  a l l  species described as intermediate in 

to lerance were c l a s s i f i ed  as to le ran t .  The C values (see Appendix) of 

1. f o r  hardwoods and 2. f o r  conifers were kept the  same as those in 

FORET (Shugart and West 1977). The growth constant G was derived from 

equation (8)  in Appendix, page 55, and the  assumption t ha t  2/3 of the  

maximum dbh  of a t r e e  i s  reached a t  1 /2  the maximum age. The value of 

G f o r  each species can be solved fo r  d i r e c t l y  from equation (8) (Botkin 

e t  a l .  1972b) or determined with a simple computer program of t r e e  -- 

growth (Appendix A - 2 ) .  



The S a r ray  was used t o  determine which o f  t h e  t r e e  spec ies '  seeds 

cou ld  germinate under t he  s imulated annual cond i t i ons  f o r  minera l  s o i l ,  

l i t t e r ,  temperature, w i l d l i f e  populat ions,  and epidemics. Minera l  s o i l  

was considered t o  be present  i f  the  biomass on the  s imulated p l o t  was 

less  than 0.2 m e t r i c  tons ha-' and i f  t r e e s  had been present  on the  

p l o t  less  than 15 years. A l i t t e r  l aye r  was considered t o  be present 

any t ime the  biomass on t h e  p l o t  was g rea te r  than 0.1 m e t r i c  tons 

ha-'. A "drought" year was approximated by a year  t h a t  was h o t t e r  

than normal, i .e., DEGD had a va lue grea ter  than i t s  mean, because the  

model d i d  no t  con ta in  a separate d r i v i n g .  v a r i a b l e  f o r  moisture.  The 

s t a r  r a t i n g  system from M a r t i n  -- e t  a l .  (1951) was used t o  determine if a 

t r e e  species i s  a h i g h l y - p r e f e r r e d  w i l d l i f e  food i n  t h e  Southeast. The 

use percentages f o r  a l l  animals o f  t he  Southeast were added, us ing  the  

mean f o r  each percentage c lass .  I f  t h e  t o t a l  was 75 or more, it was 

considered poss ib le  f o r  a  l a r g e r  than average w i l d l i f e  popu la t ion  t o  

consume t h e  e n t i r e  seed source o f  t h a t  species du r i ng  a g iven year .  \ 

Ozark ch inkap in  (Castanea ozarkensis  Ashe) as at in and common names o f  

t r ees  are f rom L i t t l e  1954) and sho r t  l e a f  p ine  ( P i n ~ ~ s  echinata. M i l l . )  

are being at tacked by chestnut  b l i g h t  and southern p ine  beet le ,  respec- 

t i v e l y ,  i n  southern Arkansas, bu t  t h e  American elm (Ulmus americana L.)  

has y e t  t o  be at tacked by Dutch elm disease (Car l  Amason, personal 

comnunication 1975). Thus, Ozark ch inkapin and s h o r t l e a f  p ine  were t h e  

o n l y  species i n  the  model t h a t  cou ld  be a f f e c t e d  by epidemics. The 

chances o f  having h igher  than normal w i l d 1  i f e  popu la t ions  and epidemics 

were l e f t  a t  0.5 as i n  FORET (Shugart and West 1977) f rom lack  o f  i n f o r  

mat ion t o  the  cont ra ry .  The v a r i a b l e  KTIME was used t o  l i m i t  t h e  



germinat ion  o f  pioneer species t o  the  e a r l y  years o f  succession. Values 

were taken ma in l y  f rom Shugart and West (1977). It was assumed t h a t  

unless a parent  t r e e  o f  a pioneer species was present on the  p l o t ,  t h a t  

species cou ld  not germinate on the p l o t  a f t e r  KTIME years f o r  1 ack o f  a 

seed source. 

A s o i l  mo is tu re  v a r i a b l e  a f f e c t i n g  t r e e  growth, SOIM, was added t o  

t h e  model. An a l t e r n a t i v e  would have been t o  add so l1  rrlvisture as 

another mode 1 d r i v i n g  var  f abl  e. Iiowever, the real ism gained watrl d no t  

outweigh t h e  increased c u ~ ~ ~ p l e x i t y  resulting from adding an add i t i ona l  

l e v e l  o f  r e s o l u t i o n  t o  the  model. S O I M  i s  a measure o f  how w e l l  a 

species grows on an upland s i t e  compared t o  it: t y p i c a l  growth. To get  

a q u a n t i t a t i v e  est imate, species presence and growth were examined 

a long a t ransec t  f rom E l  Dorado, Arkansas, t o  San Antonio, Texas 

( k i g u r e  1). S o i l  t ype  ( U n i t . 4  States S o i l  Conservation Serv ice 1967), 

so l  ar r a d i a t i o n  (Environmental Data Serv ice 1962), mean monthly 

average, minimum, and maximum temperature (U,S. Gevlogical  Survey 

1965a,b,c), degree-days (Environmental Data Serv ice 1960a), and poten- 

t i a l  vegeta t ion  ( K i c h l e r  1966) are a l l  r e l a t i v e l y  constant along t h i s  

t r a n s e c t  . Annua l p r e c l p  i L d t i  on and arrnual pan evaporat ion, however, 

change r e 1  a t i  v e l y  1 i near l y  along t h i s  t ransec t  rr.um approximately 50 

inches o f  r a i n  and 60 inches o f  evaporat lon i n  E l  Dorado t o  approxi -  

ma te l y  30 inches o f  r a i n  and 80 inches of evaporat ion i n  San Antonio 

(Environmental Data Serv ice  1960b,c) (F igure  2 ) .  Therefore, it was 

assumed t h a t  water s t ress  would be the  most important f a c t o r  i n  

determin ing t h e  western 1 i m i t  o f .  t he  range o f  each species along t h e  

t r a n s e c t .  Fores ters  along the t ransec t  (Dick Pike, Dan Cates, 



KILOMETERS 

F i g .  1. Potent ia l  natura l  vegetat ion of t ransect  from El Dorado, 
Arkansas, t o  San Antor~io, Texas (redrawn from KUchler 1966). 



ORNL-DWG 76-15285 

Fig .  2. Mean annual precip i ta t ion along transect from E l  Dorado, 
Arkansas, to  San Antonio, Texas. 



David M. Moehri ng, personal  comnuni c a t i  ons 1975) were con tac ted  t o  

determine where a long t he  t r a n s e c t  each species dropped o u t  on upland 

s i t e s  and how w e l l  i t grew t h e r e  compared t o  i t s  maximum s i ze .  These 

two f a c t o r s  were m u l t i p l i e d  and normal ized aga ins t  t he  va lue  f o r  

l o b l o l l y  p i n e  (P inus -- taeda L. )  t o  determine S O I M  f o r  each species.  

L o b l o l l y  p i ne  was used as t he  no rma l i z i ng  species because i t  i s  t h e  

spec ies o f  importance t h a t  makes t h e  b e s t  growth on upland s i t e s  i n  

southern Arkansas. 

Degree-days (DEGD) was t h e  d r i v i n g  v a r i a b l e  o f  t he  model. The 

mean o f  DEGD was c a l c u l a t e d  by assuming t h e  January and J u l y  mean 

temperatures f o r  E l  Dorado, Arkansas, were t h e  minimum and maximum 

values o f  a y e a r l y  s i ne  curve o f  average d a i l y  temperature (see 

Appendix). The c o e f f i c i e n t  o f  v a r i a t i o n  o f  DEGD was assumed t o  be 0.08 

(Shugart  and West 1977).  
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111. MODEL OUTPUT AND VALIDATION 

To simulate natural secondary succession, 100 stands were simulated 

f o r  1000 years each. Mean biomass and percent biomass values for  each 

species were calculated from the 100 simulation values for each of the 

1000 years. Total biomass (Figure 3) increased steadily from year zero 

with the increasing s i ze  of the dominant species, loblolly pine. Around 

year ' L I S  tiie to ta l  blanass vdlue J.rsopped about 30$ as the pine died out  

and sweet gum . (Liquidambar . styracif  lua L.) and southern red oak (Quercus 

f a l ca t a  Michx.) captured the s i t e .  After year 600 mature southern red 

oaks dominated and to t a l  biomass remained relat ively steady a t  an inter-  

mediate value. Leaf area generally followed the same trends as total  

biomass (Figure 3 ) .  Number of t rees  (Figure 3)  decreased s teadi ly from 

year one, when a l l  species were f r ee  to  germinate on the plot ,  to a 

minimum when loblolly pine dominated. Number of individuals increased 

br ie f ly  a f t e r  the  l a s t  pines died and the canopy opened up ,  then 

decreased to  a r e l a t ive ly  steady value when southern red oak became 

domi nant . 
Percent hiamass for  each species each of the 1000 yea1.s was calcu- 

lated in the same manner as total  biomass and i s  shown in Figure 4. 

Distance between lines i s  the percent biomass of that  species for that  

year. The larger the distance between the l ines,  the more impurLar1'1; 

that  species i s  to  the to t a l  biomass. Loblolly pin quickly outgrew a l l  

other species and dominated for  250-300 years. Sweetgum and southern 

red oak increased in re la t ive  importance as the pines disappeared, with 

southern red oak eventual ly becoming domi nant . 
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Fig .  4. Percent  biomass through t ime  f o r  t h e  ma jo r  
spec ies ,  f r om FORAR ou tpu t .  Mnemonics f o r  t r e e  species a re  
f r om Go f f  -- e t  a l .  (1974).  D is tance  between l i n e s  t h e  spec ies 
name i s  between i s  t h e  pe rcen t  biomass o f  t h a t  spec ies f o r  
t h a t  year .  



Two o f  the  major problems associated w i t h  modeling f o r e s t  stand 

growth and composit ion are determi na t ion  o f  i n p u t  parameters and model 

v a l i d a t i o n .  Both o f  these problems are caused by the  t ime necessary 

for  f o r e s t  growth and change i n  species composit ion. To o b t a i n  species 

b i r t h  and death ra tes  or cover -s ta te  t r a n s i t i o n  ra tes  d i r e c t l y ,  tens o f  

years must be spent c o l l e c t i n g  data. Funct ional  stand models such as 

FORAR circumvent t h i s  problem by us ing  general i n fo rma t ion  t h a t  can 'be  

drawn l a r g e l y  from standard f o r e s t r y  textbooks. All types o f  f o r e s t  

stand models, however, must use an independent se t  o f  data against  

which t o  t e s t  the p red i c t i ons  o f  the  model. 

Botk in  -- e t  a l .  (1972b) va l i da ted  JABOWA by rev iewing t h e  reac t i ons  

o f  experienced f i e l d  observers t o  model p r e d i c t i o n s  and by t e s t i n g  the 

a b i l i t y  o f  JABOWA t o  p r e d i c t  change i n  species composit ion w i t h  changes 

i n  e leva t i on .  Data from Hubbard Brook p l o t s  were used i n  the  va l i da -  

t i o n .  

Shugart and West (1977) va l i da ted  FORET by running the  model w i t h  

two se ts  o f  i n p u t  parameters. One set,  represent ing  present  f o r e s t  

cond i t ions  on lower slopes i n  East Tennessee, was used t o  develop and 

tune the  model. The second se t  o f  parameters was i d e n t i c a l  t o  t he  

f i r s t  except t h a t  i t  inc luded American chestnut  (Castanea denta ta  

[Marsh.] Borkh) and represented the  h i s t o r i c a l  f o r e s t  o f  East .Tennessee 

before the chestnut  b l i g h t .  The r e s u l t s  o f  the model - s imu la t i on  o f  pre- 

and p o s t - b l i g h t  f o res ts  us ing  t h e  second se t  o f  parameters 'was then 

tes ted  against h i s t o r i c a l  data t o  v a l i d a t e  the  model. 

There are no good h i s t o r i c a l  data which show the  e f f e c t s  o f  man's 

ac t l v ' i e i es  or  ca tas t roph ic  events (such as the  chestnut  b l i g h t )  upon 



t he  growth and composition of an upland fo r e s t  in Union County, , 

Arkansas. Neither are there  any growth or composition differences 

resu l t ing  from gross spa t i a l  differences such as elevation.  As a 

r e s u l t ,  separate s tudies  were made t o  t e s t  the a b i l i t y  of FORAR t o  

simulate t h e  growth and composition of upland fo r e s t  stands in south- 

cen t ra l  Arkansas. 

In a geological reconnaissance of the middle and southern counties 

of Arkansas in 1859 and 1860, M. Leo Lesquereux recorded some descrip- 

t i  ons of the  natural  vegetation encountered: "The ye1 low sandy uplands, 

mostly derived from t e r t i a r y  or cretaceous sandstone, are characterized 

by the  Loblolly Pine.. .With these t r ee s  are seen upon a l l  the dry 

uplands and recent formations the White, the  Black, the  Spanish 

[southern red]  Oaks in abundance and of beautiful  growth, more r a r e ly  

t he  Shellbark [shagbark] Hickory, the  Blackjack and t he  Post Oak, with 

the  Holly" (Owen 1860). Although the records from the expedition are 

not from ljnion County, FORAR yer~er.ally agrees with the  importance 

accorded the  d i f f e r en t  groups by Lesquereux. Pines, red and white oaks 

(Quercus spp. ), hickories (Carya spp. ),  and holly ( I l e x  -- opaca Ait .  ) are 

a l l  among the top ten groups in Biomass in Lhe ~llodel output. FORAR 

agrees with Lesquereux upon the  importance of ho 1 ly, a1 though t h e  

species i s  only a mi nor component of the up1 and fo r e s t s  of Union County 

today. Harlow and Harrar (1969) suggest t ha t  the  extermination of the  

species in some places may be caused by the taking of leaf sprays by 

people f o r  use a s  ~ h r i s t m a s  decorations. 

To get a be t te r  est imate of the model's a b i l i t y  t o  accurately 

simulate species composition, the biomass on each of t he  USDA Forest 



Serv ice  Continuous Fo res t  I n v e n t o r y  (CFI)  p l o t s  i n  Union County was 

c a l c u l a t e d .  Biomass was determined us ing  equat ions f r om Shugart and 

West (1977) and West -- e t  a l .  (1976).  Stems g r e a t e r  than  5 inches were 

c a l c u l a t e d  by t he  equat ion:  

Biomass - - Biomass Stems 
Ha Stem Hectare 

- (2.54 x D) 
2.393 

- 
3 x 202.6, b = diameter i n  inches . 

Stems l ess  than 5 inches were c a l c u l a t e d  by t he  equat ion :  

Biomass - - 
Hectare 

Biomass x 100 x 2.47, D = diameter i n  inches . 
acre 

The r e s u l t i n g  biomass f i g u r e s ,  which v a r i e d  f rom 10 t o  200 m e t r i c  tons 

ha-', were separated i n t o  10- ton ca tego r i es  (5-15 m e t r i c  tons, 15-25 

m e t r i c  tons, e t c . )  t o  group stands o f  s i m i l a r  biomass va lues.  Only  t he  

95-105 m e t r i c  tons ha-' group had a s u f f i c i e n t  number o f  p l o t s  (10)  

t o  c a l c u l a t e  a meaningfu l  average. The r e l a t i v e  biomass o f  each spec ies 

on t h e  "average" p l o t  was used t o  n u m e r i c a l l y  rank t h e  species.  A 

s i m i l a r  r a n k i n g  was made f rom the  FORAR o u t p u t  f rom those  years i n  which 

t h e  t o t d l  p l u t  biomass was between 95 and 105 m e t r i c  tons  ha-'. The 

rank ings  o f  model ou tpu t  arid t he  CFI da ta  were compared us ing  Spearman's 

rank c o r r e l a t i o n  c o e f f i c i e n t  , rs (Snedecor and Cochran 1972) : 



where di = d i f f e r e n c e  i n  ranked p o s i t i o n s  and n = number o f  species. 

The c a l c u l a t e d  value, rs = 0.458, i nd i ca tes  t h a t  t he re  i s  a s i g n i f i -  

cant  c o r r e l a t i o n  (p < 0.1) (Beyer 1966) between the  p red i c ted  species 

biomasses o f  the  model and t h e  actual  species biomasses o f  t h e  CF I  

"average" p l o t .  I f  one leaves out  b lack che r ry  (Prunus s e r o t i n a  Ehrh.), 

which c o n t r i b u t e s  an unusua l ly  h igh  biomass i n  t he  e a r l y  years o f  t h i s  

model as i t  d i d  i n  FORET ishugar t  and West 1977), t he  s ign i f i cance  o f  

t h e  c o r r e l a t i o n  improves (p  < 0.05). 

The CFI "average" p l a t  blomass per-cer~ldyes were used t o  c a l  c u l  a t c  

an expected biomass value f o r  each species on a 100 m e t r i c  tons ha-' 

p l o t .  Table 1 compares the  expected values w,ith the  values generated 

by FORAR. The species which l i e  ou ts ide  the  95% conf idence l e v e l  are 

"h ickory,"  American .beech (Fagus g r a n d i f o l i a  Ehrh.), s h o r t l e a f  pine, 

blackgum (Nyssa s y l v a t i c a  Marsh.), "whi te oaks," and "others." A 

larger sample o f  CFI p l o t s  might  c o r r e c t  the e r r o r s  f o r  "hickory," 

b l  ackgum, and "others;" however, an adequate sample would probably 

s t i l l  show the model t o  be " low" i n  American beech, s h o r t l e a f  pine, and 

"wh i te  oaks." The e r r o r  f o r  sho r t l ea f  p ine  i s  unexplained, bu t  a more 

accurate s o i l  mo is tu re  t ac tor  would probably ir~cr-edse the  beech dnd 

wh i te  oak biomass. Shugart and West (1977) have shown t h a t  a func- 

t i o n a l  stand model can adequately s imulate the  red  and wh i te  oak groups 

f o r  a lower s lope f o r e s t  o f  East Tennessee. I t  would appear t h a t  t he  

s o i l  moisture v a r i a b l e  o f  the  model i s  not accurate enough t o  account 

f o r  t h e  r e d  oak and wh i te  oak biomasses on t h e  sandy up1 and s o i l s  o f  

south c e n t r a l  Arkansas. 



Table 1. Species biomass va lues f rom CFI p l o t s  and f rom FORAR o u t p u t  

FORAR 
95% con f  i dence Expected va lue  

i n t e r v a l  f rom CFI p l o t s  
( m e t r i c  tons ha-') ( m e t r i c  tons ha-' ) 

Acer Rubrum 
Car va7 
~ e l t i s  l a e v i g a t a  
Cornus f l o r i d a  
Diospyros v i r  i n i a n a  + Faaus aran i f o  ia2  - -  
Frax inus  americana 

-..i 
Yii?jEus v i r g i n i a n a  
Liquidambar s t y r a c l f l u a  

Pinus taeda -- 
Prunus s e r o t i n a  
White Oaks2 
Red Oaks 
Sassafras a lb idum 

-* ..-- 
Ulmus a l a t a  -- 
Ulmus americana 

'some spp. were grouped accord ing t o  genus o r  subgenus t o  conform more 
e a s i l y  w i t h  CFI data.  

'A s i g n i f i c a n t  d i f f e r e n c e  between model and expected va lues.  



The a b i l i t y  o f  FORAR t o  p r e d i c t  stand growth was tes ted  us ing  

densi ty-d iameter  curves. F igure  5 shows the  d i s t r i b u t i o n  curve 

r e s u l  t i n g  f rom 540 s imulated p l o t s  generated by the  model. The gray  

area inc ludes  a l l  the  density-diameter curves ca l cu la ted  by West -- e t  a l .  

(1976) f rom USDA Fores t  Serv ice  CFI data f o r  the  reg iona l  f o r e s t s  o f  

eas tern  Oklahoma, no r the rn  Arkansas, Tennessee, and North Carol ina.  

The d i f f e r e n c e s  between t h e  curves can probably be ascr ibed t o  the  

c u l t u r a l  p r a c t i c e s  a f f e c t i n g  the  r e a l  f o r e s t s .  

T h e o r e t i c a l l y ,  t he  d i s t r i b u t i o n  p l o t t e d  l o g a r i t h m i c a l l y  should be 

a s t r a i g h t  l i n e  i f  the  per  cent m o r t a l i t y  f o r  each diameter c lass i s  

equal and diameter i s  a l i n e a r  f u n c t i o n  o f  age (Meyer 1952). Deviat ions 

from l i n e a r i t y  r e s u l t  from species and i n d i v i d u a l  t r e e  physiology, 

i n t e r a c t i o n s  among species (such as compet i t i  on or  s o i l  e n r i  chment) and 

h i s t o r i c a l  c u l t u r a l  p r a c t i c e s  (West -- e t  a l .  1976). The ac tua l  d i s t r i b u -  

t i o n  curves of West -- e t  a l .  (1976) tend t o  show two areas o f  nonl ine-  

a r i t y ,  a p la teau around 38 cm and a n o n l i n e a r i t y  i n  the  l a r g e r  diameter 

c lasses.  Goff  and West (1974) showed t h a t  a p la teau reg ion  i n  t h e  

densi ty-d iameter  curve i s  a n a t u r a l  cond i t i on  i n  f o r e s t  stands. It 

occurs when understory t rees  reach canopy leve l  and t h e i r  m o r t a l i t y  

r a t e s  are reduced. The diameter a t  which the p la teau occurs i s  a 

f u n c t i o n  o f  stand age. A younger stand has a lower canopy and a 

p la teau  f a r t h e r  t o  t he  l e f t ,  e tc .  The n o n l i n e a r i t y  o f  the l a rge r  

diameter classes i s  af fected by c u l t u r a l  p rac t ices ,  e s p e c i a l l y  

logg ing .  Logging would make the curve more convex, whereas l eav ing  

behind economical ly useless t rees  would make the  curve more concave. 
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Fig.  5. Density-diameter d i s t r i b u t i o n  o f  FORAR output .  
t he  d i s t r i b u t i o n  curves o f  West -- e t  a l .  (1976). 



The p la teau  o f  t h e  density-diameter d i s t r i b u t i o n  curves o f  t h e  

FORAR-generated p l o t s  was pushed f a r  t o  the r i g h t .  This was due t o  the 

average age o f  t h e  s imulated p l o t s  being 250 years, f a r  g rea ter  than 

t h e  average of t he  CFI stands used by West -- e t  a l .  (1976). The curve 

was convex i n  t h e  l a r g e r  diameter classes because t rees  d ied  q u i c k l y  i n  

t h e  model and because the  two t r e e  species o f  upland f o r e s t s  i n  southern 

Arkansas t h a t  a t t a i n  a r e l a t i v e l y  l a r g e  s ize  can be thought o f  as 

p ioneer species. Pioneer species tend t o  have convex densi ty-diameter 

curves because they  s t a r t  growing i n  f u l l  sun l i gh t ,  competing o n l y  f o r  

space. As the t r e e s  grow la rge r  compet i t ion f o r  s u n l i g h t  and n u t r i e n t s  

increases and t h e  m o r t a l i t y  r a t e  increases, causing the  dens i t y  t o  

decrease more r a p i d l y  (West -- e t  a l .  1976). L o b l o l l y  pine, the  species 

t h a t  makes up almost h a l f  t h e  t imber biomass i n  Union County, i s  a t r u e  

p ioneer species. The f i r s t  100 t o  300 years o f  secondary succession i n  

Union County are t y p i f i e d  by even-aged stands o f  l o b l o l l y  p ine .  When 

t h e  p ine  ove rs to ry  d ies,  t he  southern red oaks then present i n  the 

unders tory  form the  new canopy and s t a r t  t o  grow i n  r e l a t i v e l y  f u l l  

s u n l i g h t .  I n  t h i s  respect ,  some southern red  oaks acted as "pioneers" 

i n  t h e  model and con t r i bu ted  t c  t he  convex i ty  o f  the  d i s t r i b u t i o n  curve 

i n  t he  l a rge r  diameter c lasses.  

The densi t y - d  i ameter curves generated from FORAR output  general 1 y 

had a f l a t t e r  s lope than the  actual  curves o f  West -- e t  a l .  (1976), 

a l though the  d e n s i t i e s  were comparable a t  the  smal ler  diameters. West 

e t  a l .  (1976) s t a t e  t h a t  t h e  slope of the  d i s t r i b u t i o n  curve i s  probably -- 
r e l a t e d  t o  t imber harves t ing ,  the heaviest  t imber harves t ing  causing 

t h e  steepest s lope.  It would appear t h a t  t h e  KILL subrout ine 



assumption t h a t  1% o f  t h e  seedl ings o f  a species reach maximum age i s  

reasonable f o r  undisturbed f o r e s t  stands b u t  too  h igh f o r  stands t h a t  

are affected by c u l t u r a l  p rac t i ces .  The s e n s i t i v i t y  o f  t h e  model 

p r e d i c t i o n s  t o  t h i s  f a c t o r  cou ld  be tested, bu t  i t  was not  done i n  t h i s  

study . 
Taken together,  these several  f a c t o r s  support the v a l i d i t y  o f  the 

FORAR model. The v a l i d i t y  o f  the  f u n c t i o n a l  stand model approach has 

been demonstrated us ing JABOWA (Bo tk in  -- e t  d l .  1972a,b) and FORET 

(Shugart and West 1977). The composit ion o f  t he  model f o r e s t  agreed 

genera l l y  w i t h  the  f o r e s t  composit ion repor ted  i n  the 19 th  century  

(Owen 1860). There was f a i r  agreement i n  species rank between t h e  

model output  and USFS CFI data, even though the CFI data were l i m i t e d  

and were c o l l e c t e d  a t  var ious places. The density-diameter curves o f  

the  simulated p l o t s  agreed genera l l y  w i t h  the  curves o f  West -- e t  a l .  

(1976), the  d i f f e rences  being due t o  t h e  simulated f o r e s t  being undis- 

turbed f o r  hundreds o f  years. These fac to rs ,  along w i t h  agreement 

between model output  and desc r ip t i ons  o f  t he  up1 and f o r e s t  o f  Union 

County, Arkansas, by l o c a l  n a t u r a l i s t s ,  lend credulence t o  the v a l i d i t y  

o f  FORAR. To gather data t o  b e t t e r  v a l i d a t e  or  improve the  model would 

r e q u i r e  many man-years o f  e f f o r t  i n v o l v i n g  remeasurement o f  f i x e d  p l o t s .  



I V .  MODEL APPLICATION 

The Red-cockaded Woodpecker (Dendrocopus boreal  i s  V i e i l l  o t  ) i s  an 

endangered species n a t i v e  t o  the  p ine  f o r e s t s  o f  t h e  southeastern 

Un i ted  States.  The range o f  the species extends from F l o r i d a  and 

Georgia t o  eastern v ex as' on t h e  west and t o  southern Missour i  and 

eas tern  Maryland on the  no r th .  Audubon described the species as 

abundant i n  the  100O1s, but  a census i n  1913 est imared the  ~op111dLiu11 

between 3000 and 10,000 b i r d s  (Chamberlain 1974). The species was 

added t o  t h e  endangered species 1 i s t  i n  1968 (Lay and Swepston 1975). 

Red-cockaded Woodpeckers are b i r d s  o f  open, overmature p ine  

f o r e s t s .  They l i v e  i n  f a m i l y  groups c a l l e d  clans, which may cons i s t  of 

a breeding pa i r ,  o ther  adu l ts ,  yea r l i ngs ,  and young.of the year.  I n  

t h i s  respec t  t hey  are more gregar ious than most woodpecker species 

(Bent 1964, Ligon 1971). The nonbreeding adul ts ,  ranging from zero t o  

seven i n  number, a s s i s t  i n  feed ing  t h e  young (Lay and Swepston 1975). 

The c lan  l i v e s  i n  a stand o f  overmature pines, most o f  which have 

redhear t  (Fomes -- p i n i i ) ,  a fungous p a r a s i t e  which r o t s  t h e  heartwood of 

an i n f e c t e d  t r e e .  The stand u s u a l l y  conta ins two t o  n ine  overmature 

p ines  and occupies an area up t o  0.4 km d is tance across (Lay -- e t  a l .  

1971, Hopkins and Lynn 1971). The stand con ta in ing  the overmature 

p ines  ranges t rom 2 t o  18 ha (Chamber.ldir-I 1914, Crosby 1971). Thc 

b i r d s  c h i p  out  roos t  and nes t  c a v i t i e s  i n  t he  r e l a t i v e l y  b r i t t l e  wood 

n f  t h e  r o t t e n  hear ts  o f  t he  pines. Around each c a v i t y  t he  b i r d s  d r i l l  

many openings i n t o  the  sapwood, which causes p ine r e s i n  t o  f l o w  down on 

t h e  bark and form a w h i t i s h  glaze around t h e  c a v i t y .  The func t i ons  



t h i s  behavior serves are not  known, a l though i t ,may be t o  p r o t e c t  

against  predators, t o  remove the  cambium laye r  t o  p r o t e c t  t he  c a v i t y  

f rom being grown over, t o  e s t a b l i s h  t e r r i t o r i e s ,  or t o  a i d  i n  i d e n t i -  

f i c a t i o n  o f  c a v i t y  t r e e s  (Becket t  1971, Dennis 1971). When sap w i l l  no 

1 onger f l ow  f rom t h e  diseased t r e e  red-cockadeds cease us ing  the  c a v i t y  

f o r  nes t ing ,  al though i t  may s t i l l  be used f o r  r o o s t i n g .  The b i r d s  

w i l l  a l so  abandon t h e  nest i f  t h e  understory v,egetat ion grows up t o  t h e  

nest c a v i t y .  

The Red-cockaded Woodpecker has become an endangered species 

p r i m a r i l y  because t imber harves t ing  has removed most of t h e  s u i t a b l e  

h a b i t a t  - old-age, open p ine  stands. Czuhai (1971) p red ic ted .  t h a t  by 

1980 most o f  t he  remaining overmature t imber  o f  t h e  South w i l l  have 

been harvested. I f  the  species i s  t o  surv ive,  i t w i l l  be found i n  

those areas o f  t h e  Southeast t h a t  are 75-100% fores ted ,  have frequent 

f i r e s ,  and are p r i m a r i l y  p ine  (Jackson 1971). Union County, Arkansas, 

ra tes  h igh  i n  a l l  t h ree  categor ies.  FORAR can be a va luab le  t o o l  i n  

i n v e s t i g a t i n g  the  e f f e c t s  of present  logg ing  p r a c t i c e s  i n  Union County 

on the  a v a i l a b i l i t y  o f  Red-cockaded Woodpecker nes t i ng  h a b i t a t  through 

t ime.  

To use FORAR, Red-cockaded Woodpecker h a b i t a t  had t o  be de f ined  , i n  

terms o f  model i n fo rma t i on .  The major f a c t o r  o f  o ld-growth stands 

which de f ines  the  h a b i t a t  appears t o  be the  nest  t r e e  (L igon 1970). 

Un l i ke  t h e  most r e e e n t l y  e x t i r p a t e d  Pic idae,  t h e  I v o r y - b i l l e d  Woodpecker 

(Campephi l u s  p r i n c i p a l  i s )  (Tanner 1942), t h e  Red-cockaded Woodpecker 

does no t  depend on t h e  mature f o r e s t  f o r  a l l  i t s  food. It w i l l  feed i n  

c o r n f i e l d s  (Bent 1964, Baker 1971) and second-gr.ow.th stands o f  young 



p ines  (Becket t  1971).  Ne i ther  i s  t he  species o v e r l y  d i s tu rbed  by moder- 

a t e  l ogg ing  i n  t h e  area o f  t h e  nest (L igon 1970). Thus, t h e  c r i t i c a l  

f a c t o r  appears t o  be la rge ,  dy ing  p ines i n  open areas. 

FORAR was m o d i f i e d  s l i g h t l y  t o  keep t rack  o f  every p ine  on t h e  

1/12 ha s imulated p l o t s  t h a t  had a  dbh grea ter  than or  equal t o  25 cm, 

t h e  approximate minimum lob101 l y  p ine  c a v i t y  t r e e  diameter repor ted  

(Raker 1971, Thompson and Baker 1971, Lay and Russe l l  1970). Any l a r g e  

p i n e  growing less than 0.1 cm dbh per year  was cons.itier.ed a diseased 

and dy ing  t r e e .  This  was a eonscrva t ive  a s t i m n l . ~ ,  based on ~ a , y  and 

Russe l l  I s  (1970) 0.15 cm yr-l mean dbh growth of c a v i t y  t r e e s  i n  

eas tern  Texas. The basal  area (openness) o f  the  s imulated p l o t  was no t  

e x p l i c i t l y  considered because the  presence o f  even one l a r g e  p ine  on a  

s imu la ted  p l o t  suppressed the  unders to ry  enough t o  leave much o f  the  

p i n e  b o l e  above t h e  unders to ry  and thus useable by t h e  b i r d .  When 

management f o r  t imber  was simulated, t he  p l o t s  were burned every f i v e  

years  t o  keep t h e  stands open (Wi 11 id~ns ,  personal comnuni cat lor !  1975). 

FORAR was r u n  under 2  d i f f e r e n t  management schemes t o  determine 

t h e  e f f ec t s  on t h e  presence o f  Red-cockaded Woodpecker hab i t a t ,  i .e., 

p ines  grea ter  than o r  equal t o  25 cm dbh. The f i r s t  management scheme 

represented the  c u r r e n t  f o r e s t  management prac t i  ceS o f  p r  1 vdLe i n d u s t r y  

i n  south c e n t r a l  Arkansas. The s imulated l o b l o l l y  p ine stands were 

c l e a r c u t  a f t e r  40 years and rep lan ted  i n  p ine.  The young p l o t s  were 

burned once every  f i v e  years a f t e r  the  p ines reached sap l i ng  s ize .  

He rb i c i de  t reatments were considered equ i va len t  Lo burn ing  by the  

s imu la to r .  The s imulated p l o t s  were stocked w i t h  enough p ines  t o  

produce approx imate ly  160 p ines  ha-' a t  r o t a t i o n  age t o  avo id  



modeling precomnerci a1 t h i n n i n g  ( r a t h e r  than s tock ing  severa l  hundred 

p ines and t h i n n i n g  them), s ince  pre-commercial-sized t r e e s  were unim- 

p o r t a n t  i n  t h i s  a p p l i c a t i o n  o f  t'he model. The second management scheme, 

which was a t h e o r e t i c a l  p lan  r a t h e r  than a suggested management prac- 

t i c e ,  was s i m i l a r  t o  t he  f i r s t  except t h a t  one l a r g e  p ine  was l e f t  

uncut when the  s imulated p l o t  was logged. This would be equ i va len t  t o  

l eav ing  12 l a r g e  p ines per hectare on p a r t  o r  a l l  o f  t h e  management 

u n i t .  A f t e r  f i v e  years the  remain ing t r e e s  were taken and t h e  p l o t  ,was 

rep lan ted  w i t h  p ines.  I f  t h e  remaining t r e e s  d i d  no t  l a s t  f i v e  years 

t he  p l o t  was rep lan ted  e a r l i e r .  It was assumed t h a t  management u n i t s  

o f  d i f f e r e n t  ages would be in te rspersed so t h a t  t h e  l a rge  p ines l e f t  i n  

an average management u n i t  would be w i t h i n  0.4 km ( t h e  maximum repor ted  

d is tance between c a v i t y  t r e e s )  o f  o ther  u t i l i z a b l e  l a r g e  p ines.  Thus,. 

a  Red-cockaded Woodpecker c l a n  on the  p l o t ( s )  cou ld  f i n d  enough l a r g e  

p ines around t h e  management u n i t  t o  cont inue t o  use t h c  hab i ta t ,  or. a 

c lan  i n  the  surrounding management ~ r n i t s  cou ld  come i n  and u t - i l i z e  the  

remaining p ines.  

T o t a l  t r ees  present  through the  s imu la t i on  and t o t a l  number o f  

years w i t h  a t  l e a s t  one 1 arge t r e e  present  on the  p l o t  were moni tored 

(1) f o r  l a rge  pines, and ( 2 )  f o r  large,  dy ing  p ines (Table 2 ) .  The 

second management scheme, t h a t  o f  l eav ing  12 t rees  per  hectare, was 

s i g n i f i c a n t l y  h igher  i n  a l l  ca tegor ies  except t o t a l  number o f  l a r g e  

pines. The number o f  1  arge p ines present  was no t  s i g n i f i c a n t l y  

d i f f e r e n t  between the  two schemes. This  shows the  importance o f  

knowing what acceptable Red-cockaded Woodpecker h a b i t a t  i s  and of 

s tudy ing  the  i n teg ra ted  e f fec t s  o f  managing f o r  the species. For 



Table 2. Cnmpar i son o f  Red-cockaded Woodpecker n w t i  ng habi ta t  
avai 1 sbi 1 i t y  betwren two timber manayenent schcmcs , 
Scheme 1 removes a l l  t r ees ;  scheme 2 leaves 12 t ree5 
pcr hectare 

Management Management Level of 
scheme 1 scheme 2 sign i f  i cance 

Total large pines present 31 70 
through simulation 

172 - Total large ,  dying pines 
present through simulation 

Number of years  wilt^ a t  least 388 
one 1 arge pine present on plot  

Number of years with a t  l e a s t  one 40 
large,  dying pine present on plot  

3255 N.S. 

213 ** 

406 * 

52 ** 



ins tance,  l e a v i n g  12 l a r g e  p ines  pe r  hec ta re  f i v e  e x t r a  years  would n o t  

s i g n i f i c a n t l y  inc rease  h a b i t a t  a v a i l a b i l i t y  through t i m e  i f  t h e  c r i t i c a l  

h a b i t a t  f a c t o r  were number o f  1  arge p ines;  bu t  h a b i t a t  a v a i l a b i l i t y  

would inc rease  i f  the  c r i t i c a l  f a c t o r  were t o t a l  number o f  years w i t h  

1  arge, dy ing  p i nes  p resen t .  H a b i t a t  s t ud ies  cou ld  b e t t e r  de f ine  what 

i s  acceptable h a b i t a t  and how Red-cockaded Woodpecker popu la t i on  

numbers re1  a te  t o  h a b i t a t  a v a i l  a b i  1  i t y .  



V. SUMMARY AND CONCLUSIONS 

Forest  stand models can be usefu l  i n  s tudying changes i n  species 

abundance and composi t ion due t o  succession or  1 ongterm pe r tu rba t i ons .  

Current  ideas consider  succession t o  be based on dynamic eco log i ca l  

f a c t o r s  and stresses on i n d i v i d u a l s .  I f  those ideas are co r rec t ,  func- 

t i onal stand models us ing  eco log i ca l  concepts r a t h e r  than s p e c i f i c  f i e l d  

data on t r e e  or stand rep1 acement ra tes  should s imulate succession more 

accu ra te l y  than Markov mat r ices  or d i f f  e r e n t i  a1 equat ions. The func- 

t i o n a l  stand model FORAR simulated an up1 and f o r e s t  o f  Union County, 

Arkansas, us ing 18 parameters f o r  each t r e e  species and s i x  parameters 

f o r  t h e  environment. Because the study l o c a t i o n  was f a r t h e r  west than 

the  p rev ious  a p p l i c a t i o n  i n  East Tennessee, a general s o i l  moisture 

f a c t o r  mod i fy ing  the  growth o f  each t r e e  species was added. 

The v a l i d i t y  o f  the  f u n c t i o n a l  stand approach t o  modeling f o r e s t  

stand succession has been demonstrated us' i r~y JABOWA (Bo tk in  -- e t  a1 . 
1942b) and FORET (Shugart and West 1977). The composit ion o f  the 

stands simulated us ing  t h e  FORAR model genera l l y  ag'reed w i t h  19 th  

c e n t u r y  repo r t s  (Owen 1860). Compared t o  USDA Forest Serv ice 

Continuous Forest  I nven to ry  data, FORAR was "low" i n  American beech, 

s h o r t l e a f  pine, and wh i te  oaks. The generated density-diameter d i s t r i -  

b u t i o n  curves g e n e r a l l y  agreed w i t h  the  curves o f  West -- e t  a l .  (1976), 

t h e  d iscrepancies probably being due t o  the f o r e s t s  o f  the model not  

be ing  harvested f o r  hundreds o f  years. A l l  these f a c t o r s  support t he  

v a l  i d i t y  o f  the FORAR model. To gather data t o  b e t t e r  va l  i date o r  

improve t h e  model would r e q u i r e  many man-years o f  e f f o r t  i n v o l v i n g  

remeasurements o f  f i x e d  p l o t s .  



FORAR was used t o  s imulate through t ime the  presence o f  Red- 

cockaded Woodpecker nes t i ng  h a b i t a t  i n  two t imber management schemes. 

I n  t he  t h e o r e t i c a l  example examined i n  t h i s  study, l eav ing  12 t rees  

ha-' a f t e r  logg ing  r e s u l t e d  i n  s i g n i f i c a n t l y  more large,  dy ing pines 

than t a k i n g  a l l  t r ees  and a s i g n i f i c a n t l y  greater  number o f  years i n  

which 1 arge pines, hea l thy  or  dying, were present .  A b e t t e r  d e f i n i t i o n  

o f  acceptable h a b i t a t  might show whether these o r  o ther  f a c t o r s  are 

a c t u a l l y  important i n  determining use by t h e  species. This, i n  tu rn ,  

needs t o  be r e l a t e d  t o  Red-cockaded Woodpecker popu la t ion  numbers t o  

a i d  i n  determining opt imal  management p o l i c i e s .  
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Because o f  t h e  r e l a t i v e  ease o f  es t imat ing  the  necessary i n p u t  
parameters and because t h e  model r e t a i n s  i n fo rmat ion  on both i n d i v i -  
dua ls  and species, FORAR (FORest i n  ARkansas stand s imu la t i on  model ) 
i s  v e r s a t i l e  enough t o  be E d  i n  several d i f f e r e n t  types o f  ecologi -  
c a l  s tud ies .  Changes i n  species composition through succession o r  
because o f  long-term pe r tu rba t ions  can be examined and consequences 
o f  d i f f e r e n t  t imber and w i l d l i f e  h a b i t a t  management techniques can be 
pred ic ted.  Changes i n  t r e e  species abundance (e.g. t o  dominance o r  
e x t i n c t i o n )  can be determined. The model provides dynamic s imula t ions  
o f  what i s  c l a s s i c a l l y  r e f e r r e d  t o  as t h e  s t r u c t u r e  and func t i on  o f  
ecosystems. The usefu l  ness' o f  d i f f e r e n t  measures o f  such i n d i t e s  as 
d i v e r s i t y ,  p r o d u c t i v i t y ,  o r  s t a b i l  i t y  can be studied. 

Th is  u s e r ' s  manual describes the  FORAR nnciel , which simulates an 
upland f o r e s t  o f  Union County i n  southcentra l  Arkansas. The model 
was developed f rom FORET (Shugart and West 1977), a  modi f ied  vers ion  
o f  t h e  JABOWA model used by Bo tk in  e t  a1 . (1 972a, 1972b). The l o g g i  ng 
subrout ine  has been expanded i n  FORAR. A subrout ine t o  burn the  p l o t  
and p r o b a b i l i t i e s  o f  t rees  dy ing  from f i r e  damage has been added. S o i l  
compet i t ion  i s  computed us ing  basal area ins tead  o f  biomass. A f i f t h  
environmental va r iab le ,  spec ies-spec i f i c  epidemics, has been added t o  
subrout ine  BIRTH t o  a f f e c t  seedl ing establ ishment. I n  add i t i on ,  v a r i -  
ables have been added, deleted, renamed, o r  s h i f t e d  t o  o the r  subrou- 
t i n e s  t o  make the program more e f f i c i e n t .  

FORAR simulates composit ion and growth o f  a  f o r e s t  stand on t h e  
bas is  af each t r e e  g rea te r  than 1.27 cm i n  diameter a t  breast  he igh t  
(dbh) on a 1/12 ha c i r c u l a r  p l o t .  The model compute$ (1 )  the  numbers 
and biomass o f  each species and (2)  t h e  dbh, age, and species o f  each 
i n d i v i d u a l  t ree .  Once a year, t rees  are  s t o c h a s t i c a l l y  k f l l e d  o r  de ter -  
m i n i s t i c a l l y  grown and new t rees  a re  s t o c h a s t i c a l l y  p lanted.  I n d i v i -  
dual t r e e s  are k i l l e d  by a  p r o b a b i l i t y  f u n c t i o n  t h a t  i s  scaled accord- 
i n g  t o  t h e  maximum age recorded f o r  t he  appropr ia te  species. The prob- 
a b i l i t y  t h a t  a  s p e c l f l c  t r e e  w i l l  d i e  dur ing  a  g iven simulated year i s  
increased i f  i t s  rowth r a t e  (expressed as diameter increment) f a l l s  
below an acceptab 9 e minimum (U. I cm/yr) . Seocklng o f  r~ew beedl i rsgs and 
sprouts i n  a  g iven s imulated year depends on the  computed l e a f  area 
index o f  t h e  p l o t  and t h e  condition o f  f i v e  env i run~ l~en ta l  var iab les  
discussed below. The t r u e  species t o  be stocked a r p  chosen randomly 
from those species which can germinate under the  e x i s t i n g  cond i t i ons  
f o r  s o i l ,  temperature, w i l d 1  i f e  popul a t ions ,  and epidemics. Trees 
grow according t o  a  spec ies-spec i f i c  optimum growth f u n c t i o n  t h a t  i s  
mod i f i ed  by s o i l  moisture, competi t ion, a v a i l a b l e  l i g h t ,  and c l  imate. 
The optimum growth f u n c t i o n  f o r  each species i s  a  f u n c t i o n  o f  t h e  maxi- 
mum known age, the  maximum dbh and the  maximum he ight  recorded f o r  t he  
species. The d r i v i n g  v a r i a b l e  f o r  t h e  model i s  degree-days, which i s  
randomly chosen a t  t he  beginning o f  each year from a normal d i s t r i b u t i o n  
w i t h  appropr ia te  mean and variance. FORAR i s  w r i t t e n  i n  FORTRAN I V  and 



has been implemented on IBM 360 se r ies  and PDP-10 computers. The 
present  vers ion  o f  t he  model considers up t o  35 t r e e  species and up 
t o  700 i n d i v i d u a l  t rees  and can s imu la te  t h e  f o r e s t  f o r  any p r e s p e c i f i e d  
number o f  years. 

PROGRAM DESCRIPTION 

The deck setup o f  FORAR i s  shown i n  F igure  6. The. c o n t r o l  cards 
shown are those necessary t o  run  the  program on the  ORNL IBM 360/91 
computer. The p r o g r m  i s  l i s t e d  i n  Appendix A-3. I n  a t y p i c a l  r u n  
the maximum computer core used i s  270K. Computer t ime needed w i l l  
depend on the  s i z e  o f  the  run, i .e . ,  how many d i f f e r e n t  p l o t s  a re  
wanted, how many species a re  used and how many years each p l o t  i s  
run. A run  o f  th ree  p l o t s ,  each p o t e n t i a l l y  having 33 species and 
running f o r  600 years, takes approximately two minutes o f  CPU t ime. 

INPUT 

The program c u r r e n t l y  reads i n  parameter values f o r  each t r e e  
species us ing  the  format:  

This  format can e a s i l y  be changed i n  subrout ine DATA t o  s u i t  the user.  . 
Table 3- 1 i s t s  and describes t h e  i n p u t  v a r i a b l e  names i n  t h e  ordei. i r l  
which they a re  entered i n  the  above format.  Most o f  t he  parameters, 
such as shade to1 erance o r  maximum age, a re  re1 a t i v e l y  s t r a i g h t f o r w a r d  
and can be der ived from standard textbooks o f  dendrology o r  s i  1 v i c s .  
Harlow and Har rar  (1969) and Fowel ls (1 965) were used i n  t h e  present  
case fo r  such parameter est imat ions.  

DMAX and DMIN are  the  111dxirnurn and minimum degree-day values 
associated w i t h  the  geographic range o f  each species. They a re  ca lcu-  
l a t e d  (us ing  a s ine  wave, see Appendix A-1) from the  January and J u l y  
mean temperatures a t  t he  nor thern  and southern ends o f  t h e  range o f  
each species (e.g., F igure 7).  B2 and 83 a re  the  c o e f f i c i e n t s  o f  t he  
f o l l o w i n g  equat ion (Ker and Smith 1955) r e l a t i n g  he igh t  t o  diameter 
( i n  cm): 

d H So lv ing  f o r  82 and 83, us ing  H=Hmax and = 0 when D=Dmax Bo tk i  n  - e t  
a1 . 1972a) r e s u l t s  i n :  : - 
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F i g .  6. Deck s t r u c t u r e  and j o b  s e t u p  f o r  program FURUK. 



Table 3. Parameters used i n  the FORAR model. Table 4 1 i s t s  
the values used f o r  each t r e e  species. See t e x t  
f o r  explanation o f  variables. 

Parameter Name Meaning - Field  

AAA Sc ien t i f i c  name (up t o  24 l e t t e r s )  xxxxxxxxxxxxxxxxxxxxxxxx 

DMAX Maximum de ree-days f o r  species 
range 9 see t e x t )  XXXXX . 

DMIN Minimum de ree-days f o r  species 
range 9 see tex t )  xxxx . 

Derived growth parameter (see tex t )  . xxx 

Derived growth parameter (see tex t )  xx . xx 

ITYPE Shade to1 erance 
1 = to le rant  
3 = i ntolerant  

Maximum age recorded f o r  the species xxx . AGEMX 

C Leaf area constant 
1 = deciduous 
2 = coniferous 

Derived Growth constant (see tex t )  xxx . x 

Tendency t o  sprout 
Value o f  0.,1.,2.,or 3. 

The minimum dbh o f  a t ree  tha t  w i l l  
sprout XX.X 

SPTMIN 

SPTMAX The maximum dbh o f  a t ree  t h a t  w i l l  
sprollt XXX . 

Must the seed have a l i t t e r  l a y e r - t o  
germinate? value o f  T of F x 

Must the seed have mineral s o i l  t o  
germinate? value o f  T o r  F 

I s  the seedling susceptible t o  hot 
years? value o f  T o r  F 

I 3  the seedling a highly-preferred 
food f o r  w i l d l i f e ?  value o f  T o r  F 

I s  an epidemic seriously damaging the 
species? value o f  T or F x 

KTIME Number o f  years a f t e r  a bare p l o t  t ha t  a 
species i s  l i a b l e  t o  be present x xx 

SOIM The f rac t i on  o f  maximum recorded dbh the 
species w i l l  a t t a i n  on an upland s i t e  x.x 
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Fig .  7. Growing degree-day l i m i t s  DMAX and DMIN f o r  the geographic 
range o f  f lowering dogwood (Cornus fl orida) . Isopleths f o r  growing degree 
days a re  calculated from ~ . ~ m o g i c a l  Survey (1965) and from program 
DATGEN (Appendix A-1 ) . 



The growth constant  G i s  der ived from Equation (4)  below and the  assump- 
t i o n  t h a t  2/3 o f  the  maximum dbh o f  the  t r e e  i s  reached a t  1 /2  the  maxi- 
mum age. G can be solved f o r  d i r e c t l y  (see Bo tk in  e t  a1 . 1972b) o r  
found by us ing  a  simple program o f  t r e e  growth on an i n t e r a c t i v e  com- 
pu te r  (see Appendix A-2). The v a r i a b l e  KTIME i s  an at tempt t o  handle 
v a r i a t i o n  i n  seed source a v a i l a b i l i t y .  I f  the re  i s  no parent  t r e e  on 
the  p l o t  and i f  the  v a r i a b l e  IMYR ( t h e  number o f  years t h a t  have passed 
s ince t h e  p l o t  had no t rees  and minera l  s o i l )  i s  g rea te r  than KTIME, 
then i t  i s  assumed the re  i s  no seed source f o r  t he  species and t h a t  
i t  can n o t  be es tab l ished by seeding. The i n p u t  values used i n  the  
present  vers ion  o f  FORAR are  l i s t e d  i n  Table 4: 

The model u s u a l l y  s t a r t s  a  p l o t  w i t h  no t rees ;  however, subrout ine 
LOAD can be used t o  i n p u t  any des i red  i n i t i a l  cond i t ions .  I f  a  l i t t e r  
l a y e r  i s  wanted a t  t h e  beginning o f  a  p l o t ,  IMYR should be g iven an 
i n i t i a l  va lue g rea te r  than 15. 

Subroutines 

The f l owchar t  f o r  FORAR is':.shown i n  F igure  8. There a re  14 sub- 
rou t i nes  i n  a d d i t i o n  t o  the  main program; however, KILL, BIRTH, d r ~ d  
GROW d re  the  main elements i n  terms o f  ac tua l  computation. 

Whenever a  random number i s  needed f o r  .any model computation, a  
c a l l  t o  subrout ine RANDOM re tu rns  a  random number drawn from a  f l a t  
d i s t r i b u t i o n  between 0 and 1. I n  subrout ine DATA t h e  user declares 
the  number o f  p l o t s  wanted, t h e  number o f  t r e e  species, t he  number o f  

.years each p l o t  w i l l  be run, the  in.l;erval o f  t ime between successive 
outputs, t he  annual I n s o l a t i o n ,  t he  maximum basal area a  p l o t  can a t t a i n ,  
and the  mean f o r  DEGD. Subrout ines PLOTIN and IN IT  i n i t i a l i z e  var iab les ,  
and PLOTIN a l so  updates and p r i n t s  t he  p l o t  number. 

Subrout ine GAUSS randomly chooses a  value f o r  DEGD - t o t a l  growing 
degree-days f o r  a  year,  based on a  growing degree-day temperature o f  
4Z°F - from a  normal d i s t r i b u t i o n .  The mean and standard d e v i a t i o n  o f  
DEGD can be ca l cu la ted  from data a v a i l a b l e  from the  Nat iona l  C l i m a t i c  
Center, Ashev i l l e ,  Nor th  Carol ina.  



Table 4. Parameter values used i n  t he  FORAR model. S c i e n t i f i c  b inomia ls  f o l l o w  L i t t l e  
(1971). 

Species OWx3 0MIN3 83 82 ITY'E AGEMX c8 G STENC' SPTMIN SPTMAX S KTIME SOIM 

Acer rubnun 
Carpinus carol iniana 
:<?a c o r d i f o n i s  
Carya glabrs  
Carya laciniosa 
Carya ovata 
Carya t e z a m  
Carya tomen toea 
Caetanea ourrkensie  
C e l t i s  Zaevi3ata 
Cornus f lopida 
Dioepyroe v i rg in iana  
Fagus grandi f o  l i a  
F m i n u s  a n e r i c a m  
I l a  opaca 
Ju9lans n i g m  
Juni.oem8 ~ i q i n i a n a  
Liquidamb~r s t y m c i  f lua 
&!orus r u b m  
N3esa ei , lvat ica 
Ostr2a v i q i n i a w  
Pinus e c h i m t a  
Pinue taecia 
F'runus aevot ina 
Quercus a l h  
Quercus fa lca ta  
b e r m s  nari landica 
Quercue shwnmdi i  
Quercus s t e l l a t a  
Quercus v e l u t i m  
.Va~sa fms  albidum 
Ulmue c h t a  
U2mue americnm 

'From Fowells (1965) 
2From Harlow and Harrar  (1969) 
)From L i t t l e  (1971 ) and U.S. Geological Survey (1965) 
4From Wigginton (1964) 
5Fmm Car l  Amason (personal comnunlcation. 1975) 
6From Baker (1949) 
'From P e a t t i e  (1950) 
8From Shugart and West (1977) 
9From Northeastern Forest  Experlment S t a t l o n  (1971 ) 

'OFrom H a r t l n  e t  a1. (1971) 
"From Pardo 1973 
I2From M o r e  119601 
I 3 A l l  o the r  values n o t  ~ t h e n l s e  r e f e r e x e d  were developed dur ing  t h ?  course o f  t h i s  p r c j e c t .  



Fig .  8. Flow diagram o f  t he  FORAR model . 



Subrout ine KILL 

FORARy l i k e  the  B o t k i n  model, assumes t h a t  i n d i v i d u a l  t r e e  death 
can be viewed as a s t o c h a s t i c  process, r a t h e r  than d e l i n e a t i n g  a1 1 
t h e  d i f f e r e n t  and complex causes o f  m o r t a l i t y .  The p r o b a b i l i t y  t h a t  
a t r e e  w i l l  be k i l l e d  i n  any one year  i s  p = 1 - ( 1 - ~ ) n  (Botk in  e t  a l .  
1972b). The model assumes t h a t  1 % o f  a1 1 seed1 ings  o f  a species w i l l  
l i v e  t o  reach t h e  maximum age f o r  t h a t  species (F igure  9 ) .  S e t t i n g  p 
equal t o  0.99 and n equal t o  AGEMX ( t h e  maximum known age a species 
can a t t a i n )  r e s u l t s  i n :  

Once a y e a r  KILL generates a random number f o r  every t ree ,  and t h e  I r e e  
i s  k i l l e d  i f  the  random number generated i s  l e s s  than E. 

I n  t h e  present  ve rs ion  o f  FORAR, the re  a r e  two cases i n  which the  
k i l l  p r o b a b i l i t i e s  o f  a t r e e  are  changed from the  above statement. 
F i r s t ,  t h e  model uses t h e  a r r a y  NOGRO t o  keep t r a c k  o f  those t rees  
t h a t  grow l e s s  than 0.1 cm dbh per  year .  A t r e e  has o n l y  one chance 
i n  a hundred o f  s u r v i v i n g  10 years i f  such a growth r a t e  i s  mainta ined 
( B o t k i n  e t  a1 . 1972b). Accordingly,  t he  random number generated has t o  
be l e s s  than 0.368 t o  k i l l  such a t r e e .  Secondly; a moderate f i r e  (des- 
c r i b e d  below) w i l l  "damage" those species t h a t  a re  suscept ib le  t o  f i r e .  
I n  t h e  present  v e r s i o n  of  FORARy a suscep t i b le  t r e e  t h a t  i s  present  on 
the  p l o t  when a moderate f i r e  occurs i s  g iven a 20% chance o f  l i v i n g  5 
years  (J. Warren Ranney, personal communi c a t i o n  1976) ; thus, the  random 
number generated must be l e s s  than 0.275 t o  k i l l  the t r e e .  

Trees are a l s o  k i l l e d  d e t e r m i n i s t i c a l l y  i f  the re  i s  logg ing  o r  a 
f i r e .  To l o g  t h e  c i r c u l a r  p l o t ,  the  user s p e c i f i c s  i n  subrout ine 
LOGING t h e  upper and lower diameter l i m i t s  o f  each species o f  the t rees  
t o  be logged. Subrout ine CUT then removes a l l  t r ees  on the p l o t  w i t h i n  
these diameter l i m i t s .  I n  subrout ine F I R E  t he  user has a choice o f  
s p e c i f y i n g  a l i g h t ,  a moderate, o r  a severe burn. A l i g h t  f i r e  sets 
the  l o g g i n g  l i m i t s  o f  each species t o  a minimum o f  0 cm and a maximum 
o f  12.7 cm and then c a l l s  subrout ine CUT t o  remove the  t rees .  A severe 
f i r e  removes a l l  t r ees  from the  p l o t  and rese ts  the bare p l o t  counter  
IMYR t o  zero, a l l o w i n g  t h e  p ioneer species w i t h  small values o f  KTIME 
t o  r e e n t e r  the p l o t .  A moderate f i r e  uses subrout ine CUT i n  the same 
way as a l i g h t  burn t o  remove a l l  t he  t rees  o f  species t h a t  a re  extreme- 
l y  suscep t i b le  t o  f i r e  damage, a l l  the  t rees  l e s s  than 25.4 cm dbh o f  
species t h a t  a r e  moderately suscept ib le  t o  f i r e  damage, and a l l  t h e  
t r e e s  l e s s  than 17.8 cm dbh o f  r e s i s t a n t  species. The s u s c e p t i b i l i t y  
o f  each species t o  f i r e  damage i s  es tab l ished i n  the  COMPUTED GO TO 
statements i n  subrout ine  FIRE, The suscep t l b i  1 i ty  values used i n  
FORAR were taken from Davis (1 959), Fowel 1 s (1 965), Harlow and Har rar  
(1 969), C u r t i s  (1959), Grange (1 959), o r  developed i n  the  course o f  
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Fig .  9. Func t iona l  fo rm f o r  t h e  random death pro.cess. The model 
assumes t h a t  1% o f  a l l  t h e  seed l ings  o f  a spec ies w i l l  l i v e  t o  reach 
t h e  maximum known age. In t h e  example shown, t h e  maximum age o f  l o b -  
l o 1  l y  p i n e  i s  350 years .  



t h i s  p r o j e c t .  A moderate f i r e  a l s o  resets  I M Y R  t o  zero and changes 
t h e  s u r v i v a l  probabi 1 i t i e s  o f  those damage-suscepti b l  e  t rees  t h a t  
were l a r g e  enough t o  s u r v i v e  the  f i r e ,  as discussed above. 

Subrout ine BIRTH 

BIRTH c a l c u l a t e s  the  biomass a l ready on t h e  p l o t  and se ts  the  
c o r r e c t  values f o r  t h e  year  f o r  t h e  f i v e  environmental va r i ab les  cor re-  
sponding t o  the  S a r r a y  i n  Table 3. As i n  the  FORET model (Shugart 
and West 1977), t h e  s o i l  i s  considered t o  be minera l  s o i l  i f  the  biomass 
on t h e  p l o t  i s  l e s s  than 0.2 m e t r i c  t o n  ha- l  and i f  I M Y R  (an a d d i t i o n a l  
parameter i n  t h e  FORAR model ) i s  l e s s  than 15. The s o i l  i s  considered 
t o  havela l i t t e r  l a y e r  i f  t h e  p l o t  biomass 1s greater  than 0.1 ~ ~ ~ e t r i c  
t o n  ha- Tt. i s  a h o t  yea r  if DEGD has a value g rea te r  than i t s  mean. 
W i l d l i f e  popu la t ions  are  randomly chosen h a l f  the  t ime t o  be l a r g e  
enough t o  consume the  e n t i r e  seed source o f  a p r e f e r r e d  food species. 
I n  t h e  FORAR model, an epidemic i s  randomly present  h a l f  the t ime t o  
des t roy  t h e  seedl ings o f  c e r t a i n  hos t  species. 

BIRTH then separates o u t  those species capable ~ f ~ g e r m i n a t i n g  
under e x i s t i n g  environmental cond i t ions .  For instance, we assume , 

t h a t  a species r e q u i r i n g  a l i t t e r  l a y e r  t o  germinate ( i  .e., S ( l )  = 
.TRUE.) cannot be stocked when the re  i s  no l i t t e r  l a y e r  on t h e  ground 
( i  .e-, when the biomass on t h e  p l o t  i s  l e s s  than 0.1 m e t r i c  t on  ha-1). 
From t h e  subset o f  poss ib le  species, the  program randomly chooses from 
one t o  t h r e e  species t o  a c t u a l l y  s tock  i n  a g iven year .  A random num- 
ber  o f  seedl ings between zero and e i g h t  a r e  then "born" f o r  each o f  t he  
one t o  t h r e e  species and randomly assigned a dbh around 1.27 cm (Tree 
seed l ings  are  es tab l i shed  137 cm t a l l  i n  t h e  model i n  o rder  t o  have a 
nonzero dbh. ) . 

A f t e r  the  new seedl ings are establ ished,  subrout ine BIRTH c a l l s  
subrout ine  SPROUT, which checks t o  see i f  any t rees  o f  a species capable 
o f  s p r o u t i n g  have d i e d  s ince  the l a s t  year .  I f  they have, and ' i f  t h e i r  
d iameter  was w i t h i n  the  sp rou t i ng  range o f  t h a t  species (SP'TtulTN<dbh< 
SPTMAX) , a random number o f  sprouts between zero and th ree  a re  YanGm- 
l y  g iven dbh's around 0.1 cm and a re  added t o  the  p l o t .  Where a maxi- 
mum o f  t h r e e  species o f  seed1 ings  can en te r  the  p l o t  i n  one pass 
through subrout ine BIRTH, o n l y  one randomly chosen t r e e  can sprout  i n  
one pass through subrout ine  SPROUT. 

Subrout ine BIRTH then ca l cu la tes  whether the  biomass on the  p l o t  
i s  l e s s  than 0.1 m e t r i c  t o n  ha-]. I f  i t  i s ,  t he  program re tu rns  t o  the  
t o p  o f  subrout ine  BIRTH t o  go through the  process again. Before re -  
t u r n i n g  t o  MAIN, BIRTH updates the  age o f  a l l  the  t rees .  



Subrout ine GROW 

The bas ic  growth f u n c t i o n  used by FORAR, FORET (Shugart and West 
1977), and JABOWA (Bo tk i  n -- e t  a1 . 1972a, 1972b) i s  : 

where 

D = dbh, 
H = height ,  

Dmax = maximum dbh recorded f o r  the  species (Pardo 1973), 
Hmax = maximum he igh t  recorded f o r  the  species, 

R = a constant,  and 
LA = l e a f  area. 

This  equat ion considers the  t r u n k  o f  a t r e e  t o  be a c y l i n d e r  and 
assumes t h a t  t he  change i n  volume o f  a t r e e  i n  one year  i s  p ropo r t i ona l  
t o  t he  amount o f  s u n l i g h t  the  leaves rece i ve  t imes a f a c t o r  f o r  main- 
tenance o f  t he  volume o f  1 i v i n g  t i s s u e  a1 ready present  (Bo tk in  e t  a1 . 
1972b). The assumptions o f  t h e  model a re  as fo l l ows  (For more d e t a i l s ,  
see Bo tk in  e t  a1 . 1972b) : 

LA a l e a f  weight , 

l e a f  weight  = CD? , 

and G = RC , 

where C = l e a f  area constant  , 

and G = a growth constant  . 
j 

Using the  above equat ions i n  Equation (4)  t o  so lve f o r  D, the  annual 
increment o f  growth, we f i n d  : 



This i s  the basic equation for  optSmum growth on a good s i t e  with no 
competitors. An example of t h i s  function for  two species i s  shown i n  
Figure 10. 

FORAR modifies the annual growth equation by factors for  shading, 
cl imate, competition, and soi l  moisture. In order to modify growth 
according to  the amount of 1 ight  each t r ee  i s  receiving, subroutine 
GROW calculates  the amount each t ree  i s  shaded, in 0.1 meter increments, 
by those t rees  on the plot  t ha t  are  t a l l e r .  This i s  done using the 
equation: 

AL = PHI e 0.25SLA 
9 

AL = avail able 1 ight for  a given t r ee ,  
PHI = annual Insolation .(in appropriate uni t s ) ,  and 
SLA = shading leaf  area (Botkin e t  a l .  1972a). 

SLA i s  calculated using Equation (6 )  as the leaf  biomass above a given 
height (Shugart and West 1977, Sol1 ins e t  a1 . 1973.). Kramer and 
Kozlowski (1960) give equations to  re la te  AL to  r(AL) , the photosynthe- 
t i c  ra te :  

r(AL) = 1 - e -4'64(AL-0'05) for tolerant  species , 

r(AL) - 2.24(1 - c ' "36(AL-0'08) ) for  into1 erant spetles . (1 1 ) 

The factor  r(AL) i s  then used as the shading factor multiplying the 
gr0wt.h equation. Figure 11 shows r(AL) as a function of AL for  tolerant  
and intolerant  spec1 es . 

FORAR assumes a parabolic functional torm for ltle e f fec t  of cl imate 
upon t r ee  growth, T(DEGD). Figure 12 shows the relationship between the 
ranqe of the species and T(DEGD). Optimum cl . i r~~at ic  e f fec t  occurs in 
the-middle of the climatic range o f  the species. DEGD values a t  the 
range extremes reduce T(DEGD) , and thus the growth of the t rees  of 
tha t  species, t o  near zero. 

The crude competition factor in the model i s  simply: 
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Fig. 111'. Funct ional  form f o r  the  optimum growth equat ion. The s lope o f  the  curve i s  a  func- 
t i o n  of AGEMX. The he igh t  o f  the curve i s  a f unc t i on  o f  the  maximum dbh recorded f o r  the  species 
(Pardo 1973). 
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F ig.  11. Funct iona l  form r e l a t i n g  a v a i l a b l e  l i g h t  AL 
t o  pho tosyn the t i c  r a t e  r (AL )  . Equations a re  f rom Kramer 
and Kozl owski ( 1  960). 
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DEGD 
Fig .  12': F ~ n c t i o n a l  form r e l a t i n g  degree-days DEGD t o  t h e  e f f e c t  o f  c l i m a t e  on t h e  growth o f  

a  t r e e  species.  I n  t h i s  example, sassaf ras can n o t  grow i f  t h e  degree-days a re  l e s s  than 3686 o f  
g r e a t e r  than  10347. 



where 

S(BAR) = compe t i t i on  fac to r ,  
BAR = basal area on t h e  p l o t ,  and 

SOILQ = maximum basal area t h e  p l o t  can sus ta in .  

A p l o t  o f  S(BAR) i s  shown i n  F igure 13. 

The l a s t  f a c t o r  modifying t r e e  growth, s o i l  moisture, was added t o  
FORAR when i t  was found t h a t  p r imar i l y -bo t tomland species were compris- 
i n g  t o o  much biomass on the  p l o t .  For s i m p l i c i t y ,  SOIM was assumed t o  
be a cons tant  f a c t o r  reduc ing  (usua l l y )  the growth o f  a species on an 
l ip land s i t e .  A more r e a l  i s t i c  approach would be t o  use moisture as 
another  d r i v i n g  v a r i a b l e  o f  the  model. This, however, would add drrultier 
l e v e l  o f  r e s o l u t i o n  t o  an a1 ready complex program. Species t h a t  a re  
found p r i m a r i l y  on dry,  poor s o i l s  have values o f  SOIM near 1 .O; where- 
as species t h a t  commonly grow we1 l i n  bottomlands and gruw ~ ~ ~ u c l s  inore 
p o o r l y  on upland s i t e s  may have values o f  SOIM around 0.5. 

The f i n a l  growth equat ion f o r  the model i s  thus: 

1 - D H 

6 D = G D  Dmax Hmax r (AL)  T(DEGD) S(BAR) S O I M  . (13) 
274 + 3820 - 4 ~ 3 ~ '  

OUTPUT 

A sample ou tpu t  o f  FORAR i s  shown i n  Appendix A-4. Normal ou tpu t  
o f  FORAR shows, f o r  each species, the  nmber  o f  t fees  on the  p l u l ,  
t h e i r  dbh's,  and the  biomass. Tota l  biomass and l e a f  area on the p l o t  
a r e  a l s o  given a t  t h e  end o f  the  species l i s t .  Output frequency (KPNT) 
i s  spec i f i ed  by the  u s e r  i n  subrout ine DATA. The model has an o p t i o n  
t o  1 i s t  a1 1 the t rees  t h a t  have d ied  from random causes since Lhe l d b l  

p r i n t o u t ,  a1 1 t h e  t rees  t h a t  have been removed by loggSng and the  d.ia- 
meter  l i m i t s  f o r  each species, and a l l  the  t rees  t h a t  have been k i l l e d  
by f i r e .  
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F ig .  13. L i n e a r  f u n c t i o n  r e l a t i n g  basal  area on t he  1/12 ha p l o t  
(BAR) t o  a  general  compe t i t i on  f a c t o r  S(BAR) . The maximum basal  area 
t h e  p l o t  can ma in ta i n  i s  from D ick  W i l l i ams  (persona l  communication 1975). 
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Appendix A-1 

Program DATGEN calculates annual degree-days from January, and 
July mean temperatures. A slne function i s  used to estimate average 
daily temperature, with the minimum and maximum values equal to  the 
January and July means, respectively. The area under the sine curve 
and above the 4Z°F l ine  i s  then determined by integration and scaled 
to the proper value for degree-days. 

In the 1 i s t ing  shown, the degree-days a re  calculated and printed 
out for  the matrix of January mean temperatures from 0" t o  70" and 
July mean temperatures from 60" to 90". 



1SY 0 0 0 2  
I J Y  0 0 0 3  
I S N  0 0 0 4  
I S Y  0 0 0 5  
I S N  0 0 0 6  
I b N  0 0 0 7  
I S Y  0 0 0 8  
I S N  0009 
I S V  0 0 1 1  
I S Y  0 0 1 2  
I S Y  0 0 1 3  
I S V  0 0 1 4  
I S Y  0 0 1 5  
I S Y  0 0 1 6  
I S N  0 0 1 9  
I S N  0 0 1 9  
I S Y  0 0 2 0  
I S Y  0 0 2 1  
I S N  0 0 2 3  
I S H  0024  
I S V  0025 
I S Y  0 0 2 6  
I S Y  0 0 2 7  
I S Y  0 0 2 8  
I S Y  0029 
I S N  0 0 3 0  
ISN 0 0 3 1  
I S V  0 0 3 2  
I S Y  0 0 3 3  
I S Y  0 0 3 4  
I S N  0 0 3 5  

D I M E N S I O N  DE;D( 1 O O r L O 0 )  
DO 6 I = l r 7 1  95 

X I = I - A  
DO 4 J = 6 0 . 9 0 r S  
K K = l  
X J = J  

A VE=( X J + X I  / Z  
I F ( X 1  oCEIXJ) S O  T O  39 
R =X J- X i  

R =  5 * R  
DO 11 JJ=l 9342 

X J J = J J  
HEAT=R*SI  N( o , O L 7 2 1 4 * ( X  J J - 9 1 - 2 5 )  ) + A Y E  
I F ( K K r E O m  loAPJDoHEAToGEo42o)  GO r0 9 
GO TO 1 0  

S ! D l = X J J  
K K=2 

t; 0 I F  ( K K o E Q e 2 o k M 3 e r l E A T . L T o 4 2 e  1 GO T O  15: 
60 TO 11 

E 2  D 2 = X J J  
K K = 1  

11 Z O N T I N U E  
D G D (  1. J ) = C O S ( . - O 1 7 2 1 4 * ( D 1 - 9 1  0 2 5 )  1-COSC.3 1 7 2 1 4 * ( D 2 - 9 1 - 2 5 )  1 

3EGD( 11 J ) = 0 3 1 8 3 1  * D E G D ( I  9 J I t ( D 2 - D l  I * R - ( D 2 - D 1 ) * ( 4 2 - - A V E )  
5 0  TO 4 

3 4  ~ E G D ( I ~ J ) = 1 0 0 0 3 0 0 0 .  
4  0 tONTI  NUE 
c j  TYPk.  7 * ( 3 E ( ; 3 ( . I r J )  ~ J ' = G o . ' ? o ~ > )  
7 F O C ~ M A T ( / , ~ ( #  ".FB.OI) 

STOP 
E NO, 



Appendix A-2 

Program GFIX i te ra t ive ly  determines the value of G ,  the growth 
constant, for each t ree  species. G i s  calculated using the optimum 
growth function developed by Botkin e t  a1 . (1972a, 1972b) and the 
assumption that a t ree  will a t t a in  213 of i t s  maximum dbh a t  112 i t s  
maximum age: 

and 

D = 2/3 Dmax when t = AGEMXI2 . 

Any interactive computer system can be used to  r u n  t h i s  program. The 
values for  DMAX, HMAX,.  B2, B3, and AGEMX for  the species and the i n i t i a l  
guess for  G are entered i n .  The value of DBH typed out can then be 
compared to  213 hax, and a bet ter  guess for  G can be entered for the 
next i te ra t ion .  This i s  repeated until DBH becomes suff ic ient ly  close 
t.0 2/3 r)max. 



I S N  0 0 0 2  
I S N  0 0 0 3  
ISN 0 0 0 4  
i 3 N  0 0 d 5  
I S N  0 0 0 6  
I S N  0 0 0 7  
I S N  0 0 0 8  
I S N  0 0 0 9  
I S N  0 0 1 0  
I S N  0 0 1 1  
13N 0 0 1 2  
I S N  0 0 1 3  
I S N  0 0 1 4  
I S N  0 0 1 5  
I S N  0 0 1 6  
I S N  0 0 1 7  
I S N  0 0 1 8  
I S N  0 0 1 9  

I S N  0 0 2 0  
I S N  0 0 2 1  
I S N  0 0 2 2  
I S N  0 0 2 3  
I S N  0 0 2 4  

1 N TEGER AGEMAX 
TYPE 1 

1 FORMAT t2A. ' T Y P E  I N  3 M A X , H M A X r 8 2 * B 3 . A G E M & X r 4 F 1 0 0 3 r  15'  ) 
- - -  

2 FORMAT < 4 ~ 1 0 0 3 ~ 1 5 )  
3 TYPE 4  
4 FORMAT (2X.*TYPE I N  G. F l O o J * )  

ACCEPT 5.G 
5 F O R M A T  4 FA 0.36 

D = o 5  
J=IF1 X (  AGEMAX/2o 3 
DO 1 0 '  i = l . J  
H = 1 3 7 0  +82*D-83 *D * *2  
D E L D = ( G * D * ( l 0 - ( 0 - H ) / ( O M A X * H M A X )  ) ) / ( 2 7 4 . + 3 . * 8 2 * 0 - 4 o * B 3 * D * * 2 )  
D=D+DELD 

I C CONTINCE 
TYPE l l r D M A X . H N A X . 8 2 r S 3 . A G E M A ~  

:I 1 FORMAT 4 5X. 'OMAX * .5X 9 'HMAX" . 7 X r a B 2 *  .9XsC 83* . 4Xr  
A a A G E M A X * r 4 X r * G ~ ~ / . 4 F 1 0 m 3 . I 5 r F 1 0 o 3 )  

T Y P E  12 b l l  

IS F b R M A T  4 6 X .  'L)dH=* . F 1 0 0 4 )  
GO TO 3 
STOP 
END 



Appendix A-3 

L i s t i n g  o f  Program FORAR 

C STAN0 SIMULATOR MOD I F I E D  FROM: 

BOTKIN.D.B..J.F.JANAK.~.RRWALLIS. 1970 .  A SIMULATOR FOR 
NORTHEASTERN FOREST GROWTH. A CONTRIBUTION OF THE HUBBARD BROOK 
ECOSYSTEM S T ~ Y  AND IBM RESEARCH. RC 3140. IBM T m w s  J. WATSON 
RESEARCH CENTER. VORKTOWN HEIGHTS. NEW VORK. 21P. 

I S N  0 0 0 2  
I S N  OCO3 
ISM 0 0 0 4  
ISM 0 0 0 5  
I S N  0 0 0 6  
I S N  0 0 0 7  
ISM 0 0 0 8  
I S N  0 0 0 9  
I S N  0 0 1 0  
I S N  0 0 1 1  
I S N  0 0 1 2  
I S N  0 0 1 3  
ISN 0 0 1 4  

D IMENSION DBH(70Ol .NTREES(351 
DIMENSION DBHK(2501 .NTREEK(351 
COMMON I F D A T A /  F A ~ A M ~ 5 O O l ~ A L I M I T ( 3 5 ~ ~ B L I M I T ( 3 5 l ~ I M V R  
LOGICAL  SWITCH(51 .S(35.51 .LOGS 
DIYFNSICIN K T I Y f  35) - - . -. . - - - . . . . - . - - - - . 
COMMON /LOGBLW SW1TCH.KT 1ME.S 
COMMON /RUNNR/ NVRI INVR .KPNT .KAGE .KT I YES. KLAST 
COMMON /HDATA/ B 2 ( 3 5 1  . 8 3 ( 3 5 1  .PHI .SOILO~DEGO 

C A L L  DATA 
IPLOT=O 
CONTINUE 
C A L L  PLOTIN(  I R O T  .DBH.NTREES) 
I MVR=O 
INVRZO 
C A L L  OUTPUT( DB(.NTREESl 
DO 9 J=l 9KTIYES 

isN oois  
I S N  0 0 1 6  
I S N  0 0 1 7  
I S N  0 0 1 8  
I S N  0 0 1 9  
I S N  0 0 2 1  
ISM 0 0 2 2  
I S N  0 0 2 3  
I S N  C 0 2 4  
I S N  0 0 2 5  
ISM 0 0 2 6  
I S N  0 0 2 7  
I S N  OC28 
ISM 0 0 2 9  

I NV RE I 
C A L L  GAUSS( I X.700.0.8700.0 IDEGDI 

CALL  K I L L (  DBH.NTREES.IX 1 
CALL  B IRTH(  IX.NTREES .OBH I 

C A L L  GROW(DBH.NTREES1 
I F  (R.LTe.0481 C A U  F I R E  (OBHeNTREES 
IF  ( I  .NE.351 GO TO 5 
C A L L  LOGING (LOGS) 
C A L L  CUT (DBH.NTREES.LOGS I 
I F (  I-KPNT*( I/KPNT).EQ.OI CALL  OUTPUT 
CDNTI  NUE 
CONTI  NUE 
I F (  I P L O T  .EQ. K L A S T I  GO TO 9 9  

ISM 0 0 3 0  
I S N  0 0 3 2  

I S M  0 0 3 3  
I S N  0 0 3 5  
I S N  0 0 3 6  
I S N  0 0 3 7  
I S N  0 0 3 9  
I S N  0 0 4 0  
I S N  0 0 4 1  
I S N  0 0 4 2  

8 NTREES 1 

GO~TO-11  
CONT I NUE 
STOP 
E NO 

I S N  0 0 0 2  
I S N  0 0 0 3  
I S N  0 0 0 4  
I S N  0 0 0 5  

SUBROUTINE LOAD( 0BH.NTREES) 
D IMENSION OBH(7OOl.NTREES ( 2 5 1  
COMMON / IRUN/  INDEX 
DO 1 I t 1  .INDEX 

1 NTREESCI l=O. 
RE TURN 
END 

I S N  0 0 0 2  
1SN 0 0 0 3  

S ~ R O U T I N E  LOGING (LOGS) 
COMMON /[RUN/ INDEX 

i 5 ~  0 0 0 i  
I S N  0 0 0 5  
I S N  0 0 0 6  
I S N  0 0 0 7  
I S N  OC08 

LOGICAL LOGS 
COMMON /FDATL/ F 
DO 1 0  J= l . INoEX  
A L I M I T (  J1=25.4 
BL IM IT ( . J l =ZOO.  
CONTINUE 
LOGS=. TRUE. 
RETURN 
END 

. I M I T ( I S I r  IMVR 

XSN 0 0 0 9  
I S N  0 0 1 0  
I S N  0 0 1 1  
ISM 0 0 1 2  



I S N  
I SN 
I SN 
I S N  
I S N  

I SN 
I SN 
I SN 
I SN 
I SN 
I S N  
I SN 
I S N  
I SN 
1 SN 
I SN - - 
I S N  
I S N  
I SN 
I SN 
I S N  
1 SN 
I S N  
1 SN 

:I:: 
asrl 
IS13 
I S N  
I SN 
I S N  
I SY 

I S N  
I SN 
I SN 
I SN 
I S N  
I S N  
I SN 
I SN 
I SN 
I S N  
I S N  
I SN 
I S N  
I SN 
I SN 
I SN 
?SN 
I SN 
I S N  

SUBROUT~NE SPROUT(~X.NTREES~OBH) 
COMMON /SOAT*/ KSPRT(35 )  * STEND( 3 5 )  eSPTMIN( 39) .SPTMAX( 3 5 )  
COMMON /[RUN/ INDEX 
O IMENSION NTREES(3S) ~ A N E W ( 7 O O ) e D 8 H ~ 7 O O ~ ~ N A G E ~ 7 O O l  
OIMENSION NEW(35)  
COMMON /TRACE/ I G E S ( 7 0 0 ) .  IOGE(500 )  

C SMALLEST STUMP SPROUT I S  .I CM ON THE AVERAGE- 
SxZE=.l 

. . - . . . . - . . - - 
K U ( N I X ) = L  
CONTINUE 
I F  (NIX-.EO.O) GO 
00 2 J=l .KENO 
N h 4 E I  J J = 1 9 E 9 (  1) 

eNFi!l dt:De"' J' 
Ghhh RANDOM( 1U.R I 

. . - - . . . 
00 5 1  I = l . N  

5 1  KSUM=KSUM+NTREES( I )  
C STEND( I) I S  THE T E N O E K V  FOR THE lm SPECIES  TO STUMP 
C OR ROOT SWOUT. THE VALUE OF STENO(1) I S  THE AVERAGE 
C NUMBER OF SPROUTS ( V  I A B L E I  THAT MIGHT OCCUR W I T H  A G IVEN TaEE 

C A L L  RANDOM ( 1X.R 
M=R*STENO(N)+l 

IF(M*EQ.O) 0 0  TO 74 

111 I 
ANEW( I l=OBH( 1-11 
NAG€( I ) m I G E S ( I - I  ) 

6 0  CONTINUE 
IF( UEYD e L T . 7 0 l )  GO TO 6 1  
P R I  NT 9 8  
STOP 

I S N  0 0 6 0  6 1  CONTINUE 
I S N  O C 6 I  9 8  FORMAT ( *  <<<<<<<<<<<(LOOK OUT THE NTREES VECTOR GOT TQQ BIG>>> 

. > > > * r  1 3 1 4 / '  <<<<<<<<<<<<1'&1 CUMPA1 I B L E  SPECIES AND & IMATE>>>>>>' 1 
1SN 0062 00 65 1-1  *KENO 
I C N  0 0 6 3  I Q E 9 i  1 ) -NAbC(1)  
I S N  0 0 6 4  6 5  O 8 H t  I )=ANEW( I) 
I S N  0 0 6 5  7 0  CONTINUE 
I S N  0 0 6 6  N=O 
I S N  C 0 6 7  7 4  CONTINUE 
I S N  OC68 00 9 8 9 8  I = l . I H ) E X  
I S N  0 0 6 9  9 9 9 8  K S P R T ( I ) = l  
I S N  0 0 7 0  RETURN 
I S N  0 0 7 1  E NO 



SUBROUT1 NE CUT( OBH; NTREES .LOGS) 
D I M E N S I O N  o ~ H ~ ~ O O ~ ~ N T R E E S ~ ~ ~ ~ ~ A N E W ~ ~ O O ~  
COMMON /FOATA/ ~ ~ ~ ~ ~ ( 5 0 0 1  . A L I M I T ( ~ ~ ) ~ B L I M I T ( ~ S ) O  
D I M E N S I O N  KAGESC 1 0 0 )  . N C U T ( ~ S I . O B I ( C U T ( ~ O ~ )  .KKAGE(I  
COMMON /SOATA/ KSPRT( 3 5 )  .STEND( 3 5 )  .SPTMIN(35)  .SP1 
COMMON / T R I G € /  I G E S ( 7 0 0 1 .  I O G E ( 5 0 0  1 
C O Y I O N  / I P U Y /  1 N D F X  - -. . . . - . - - - . . - . . - . . - -. . 
COMMON / T I T L E /  AAA(35.61 
L O G I C A L  CUTT.CUTSP.LOGS 
I T O T - 0  
DO-i i=l .INDEX 
NTOT=NTOT+NTREES ( I 1  

1 CONTINUE 
I F  (NTOT.EQ.01 RETURN 
CUTT=.FALSE. 
NEWmO 
NFW=O 
K B E G = l  

FOR LOGGING. 
(JI.J=l. INDEX 

5 CONTINUE 
I F  (CUTSP.EO.(.FALSE. ) )  GO T O  7 2  

CS P R I N T  7 l r I I r k F W ~ ( M A ( I ~ L ) . L = l . 6 1  
7 1  FORMAT ( / r12X. *SPEC1ES *. 12.2X.e 13.2X.6A4/.X.* OBI4 TREES BURNED* / )  
7 4  P R I N T  29.CDBMCVTo() .K=l  .NFW) 

CONTINUE 
U F U r O  

- - 

PR I 
FOR 
00 
D e n  
I GE 
CON 
RE T 
CON 
PR I 
FOR 
U U  
oen 
I GE 
CON 
RE T 

~ A T - ~ S X , * N O  TREES 
I=I .NEW 
I )=ANEW( I I 

I( 1 )=KAGES(I  ) 
'I NUE 
!R N 
I NUE 

I T  1 1  
IAT ( I O X ~ / I O X I ' A L L  
2 J=l. I U U  
J )=O*O 

it J l = O  
1 NUE 
m N 

CUT ' 

- TRE WERE CUT 



I S Y  0 0 0 2  
I S N  0 0 0 3  
I S N  0 0 0 4  
I S N  0 0 0 5  
I S N  0 0 0 6  
I S N  0 0 0 7  
I S M  0 0 0 8  
I S N  0 0 0 9  
I S N  OC lO  
I S N  0 0 1 1  

SUBROUTINE OUTPUT (DBH .NTREES) 
COMMON / T I T L E /  AAA(35.6) 
D IMENSION DBH(700) .8DH(500)  . N T R E E S ( ~ S ) . ~ O M ( ~ O O )  oBAR(35 )  
COMMON / K I L O /  N O G m ( 1 0 0 )  .DOeH(500) . ~ 0 E A 0 ( 3 5 ) .  AREAsKO 
COMMON /TRAGE/ I G E S ( 7 0 0 ) .  IOGE(500 )  
COMMON /RUNNR/ NYR. I NVR. KPNT .KAGE.KT I MESS KLAST 
COMMON /HOATA/ 8 2 ( 3 5 )  .83( 3 5 )  .PHI.SOILOoOEGD 
COMMON / IRUN/  INOEX 

D P I N T  11 . . - - . - - - - 
FORMAT( / / *  YEAR SPEC. NUM. NAME 

7 2 C *  L 

I S M  0 0 1 2  
I S N  0 0 1 3  
I S N  0 0 1 4  
I S N  0 0 1 5  
I S N  0 0 1 6  

-..- ~ R I A ~  21.  INYR 
2 1  FORMAT( I S )  
9 6  NDEADrO 

NTOT= 0 
00 1 I=1 .INDEX 
NDE AD=NOEAO+KOEAD( I ) 

1 NTOT=NTOT + NTREES( I) 
IF(NTOT.EO.0) GO TO 1 0 0  
N= 1 

~ S N  ooir 
I S N  0 0 1 8  
I S N  0 0 1 9  
I S N  0 0 2 1  
I S N  0 0 2 2  
I S N  0 0 2 3  
I S N  0 0 2 4  
rsn 0 0 2 s  

A R ~ A = O . O  
TBAR=O.O 
00 2 0  I I=l. INDEX 

I S N  OC26 
I S N  0 0 2 7  
I S N  0 0 2 9  

CONTINUE 
TBAR=TBAR+BAR( I I 
N ~ = M ~ N ~ ( ~ Z ~ N I )  
P R I N T  2. I . N T R E S ( I ) . ( A A A ( I ~ I o r K = 1 . 6 ) . 8 A R ( I ) ~ ( 8 0 n (  
I F (N l .GT .12 )  P R I N T  5.(8OH(J).J=13.N1) 

5 FORMAT(2OX. 4F8.3./ .20X.bF0.3./ .20X.4F8.3) 
F(=N+NTREES( I ) 

2 0  CONTINUE 

i S i  oci i  
I S 9  0 0 4 2  
I S N  0 0 4 4  
I S N  0 0 4 5  
I S N  0 0 4 6  
I S N  OC47 
I S N  0 0 4 8  
I S N  0 0 4 9  
I S N  0 0 5 0  

TBARITBAR*. 012  
P R I N T  7. NTOT.TBAR.AREA 

7 FORMAT( 1 0 X / l O X . I 7 ~ E 1 2 . 3 1 ~  METRIC TON/HA. LEAF  ARE4 
2 FORMAT(/.SX. IS.' ' e I 3 . '  '.6A4.* 'rE9.3.' 

Z(/./. lSX.*OBH * .4F8.3r / r  20X.4F8.3./.2OX.4F8.3)) 
c-.n m 9 0 0  I S N  0 0 5 1  

I S N  0 0 5 2  
I S N  OCS3 
I S N  0 0 5 4  
I S N  OC55 
I S N  n O 5 7  
I S N  OC58 

1 0 0  661G ~ ; ~ N Y R  
3 FORMAT( lOX~. 'VEAR' .15~*  NO TREES L IV !NGW)  

TWEENO=IBlO. 
I F  (DEGO .GT. THEEND) GO TO 2 9 6  
Q q l  NT a 9 7  

2 9 7  FORMAT(lOX.*NONE OF THE SPECIES YOU ARE US ING CAN 
* I S  CLIMATE'  ) 

s T n n  

E X I S T  

I S N  OC59 
I S N  0 0 6 0  
I S N  0 0 6 1  
I SN ' 0 0 6 3  
I S N  0664 
I S N  0 0 6 6  
I S N  nnR7 
1SN 0 0 6 8  
I S N  0069 
1SN 0 @ 7 0  

2 9 6  THE END=^ 3395 .  
I F  (DEGD.6T.TtEENO) GO TO 2 9 8  

2 0 0  KO= 1 
IF(  NOEAD . B 0 * 0 )  R R W n N  
P R I N T  2 0 1  

a m  FORMAT(* DEAD T n c c t  ~ I N C C  LAST PRINTOUT*) 

. - 
I SN 
I S N  
I S N  
I SN 
I SN 
I S N  
I SN 
I SW 
I S N  
I S N  
I S N  
I S N  

06% 
0 0 7 7  
0 0 7 8  
OOTP L U N l  I N U E  

N2=MINO(T.N1 ) 
P R I N T  4. I.KDEAO( 
IF(  N l  .GT.7) P R I  h 
FORMAT(27X.F9.3. I 

*.14) 
FORMAT(SX.15.17.1 
N-ldiKDCn0( 1 b 
CONTINUE 
00 2PP I - l , I r ( O S X  
KUEAD(1  ) = O  
CONTINUE 
RETURN 
E N 0  

OOA A 



I SN 
ISN 
ISN 
I SN 
I SN 

SUeROUTINE GROW( D&.NTREES) 
DIMENSION D B H ( ~ O O ) . N T R E E S ( ~ ~ ) V P R O F ( ~ O ~ O )  
rnmunu / r m 1 1 u 1  runFr ----.-.. . ...-... -.---.. 
COMMON /TOATA/ G(351~C(35).ITIPE(351~AGEMX(35I~SOIM(3S) 
COMMON /K ILO/  NOGROt 100) .  ODBH(~OO) .KOEAO(35). AREAeKD 
COMMON /HOATA/ 8 2 ( 3 5 )  ~ 0 3 ( 3 5 ) ~ P H I ~ S O I L 0 ~ 0 E G O  
COMMON /CL I  MCT/ OMIN( 351  .OMAX(35) 

. - 
I SN 
ISN 
ISN NTOT=O 

REOUIRES EACH TREE TO ADO A  1.0 MY GROWTH RING EACH YEAR 
AINCs0. l  1SN 

I SN 
I S N  
ISN 

- - . . - - - - 
ISN 0 0 2 1  DO ~-LL=I. I NOEX 
I S N  0 0 2 2  L a L  L  
1SN 0 0 2 3  IF(NTREES(L).EO.OI GO TO 8  
ISN 0 0 2 5  NS=NZ+NTREES(L)-I 
I S N  0 0 2 6  00 7  KM=N2.N3 
ISN 0 0 2 7  K=KM 
ISN 0 0 2 8  _ BAR=BAR+.785* (DBH(K)**2 )  

L 

C THE HEIGHT PROFILE I S  CALCULATE0 I N  -1 METER U N I T S  
L 

I S N  0 0 2 9  - I H T ~ I F I X ( ~ B 2 ( L ~ * D B ~ ( K l - B 3 ~ L ~ * O B H ~ K l * * 2 ~ / l O ~ + 1 ~ ~  

1SN 
I SN 
I SN 
I S N  
1  SN 
I SN 
ISN 
I SN 
ISN 
ISN 
I SN 
ISN 
ISN 
I SN 

PROF(IHTl=PROF(IHT1+1~928329SE-4*DBH~K~**2~129 
CONTI NUE 
NZ=NP+NTREES(L) 
BAR=BAR/lOOOO. 

0 0  9 9 9 7  MN=1.999 
M N ~ = ~ O O O - M N  
PROF(MN1 )=PROFCMNl I+PROF(MNl+l )  
CONTZ NUE 
N= 1  
LI= 1 
DO 1 0  I = l . I N D U  
IF(NTREES(1 ).EO.O) GO TO 1 0  
NN=N+NTREES( 11-1 
DO 9 KK=N.NN - - 

ISN 0 0 4 5  
ISN 0 0 4 6  

J=KK 
HT=B2(I )*OBH( J l -B3 (  I I * D B H (  J1**2 

SAME SCALE F K T O R  AS ABOVE 
IHT=IFIX(HT/10.+2.1 
SLArPROF ( I H T )  
AL=PHI*EXP(-SU*.  25)  
cC=(137.*0.25.B2(I1**2/83(I~~*~0*5*B2~1 
DINC=G( I  ) * O B H ( J ) * ( 1 . 0 - ( 1 3 7 . 0 * D B H ~ J ~ + B 2 (  

* ) * *3 ) /CC) / ( 274 .+3 .0 *BZ(  I )*DBH(J)  

I S N  0 0 4 7  
ISN 6 0 4 8  
I S N  0 0 4 9  
I S N  C050 

- * . 0 * 8 3 ( I ) * O W (  J ) * * 2 ) * (  1.0-BAR/SOILO)*SOIM(I 1*4.O*(DEGD-OMIN( I 
t l n M A I I 1  I - n F G n I / l n M A X I  I I - n M I N f I ~ ~ * d ~  

I F  ( I T I P E ( I  b.EO.3) O I N t = 2 ~ 2 4 * ~ 1 ~ O - E X P ~ - 1 ~ 1 3 6 * ~ A L - O ~ O 8 ~ ~ ~ * D I N t  
I F ( I T I P E ( I I . E O . 2 )  D I N C = ~ 5 * D I N C * ( 2 ~ 2 4 * ( I ~ O - E X P ~ - 1 ~ 1 3 6 * ~ A L - ~ O 8 ~ )  
*(I .O-EXP(-4.64*(M-.05) 1 )  
I F (  l T V P E ( I 1  .EQ. 1  DING=( I .O-EXP(-4.64*(AL-.OS) I l * D I N C  
I F ( O I N C . L T . A I K 1  OINC=O.O 
IF(OINC.GT.5.01 PRINT 6 s J r l . D B H (  J l  :OINC 

6 FORMAT(* OINC I S  .GT. 5.0 FOR TREE .IS.* SPEClES'eI3. '  DBH*.F6. 
*I.' OINCa eF8.3) 

IF(DINC.NE.O.01 GO TO 9 1  

I S N  0 0 5 2  

ISM 0 0 6 4  
I S N  0 0 5 6  
I S N  OC58 
I S N  0 0 6 0  

I S N  0 0 6 1  
ISH 0 0 6 3  
1SN 0 0 6 4  
I S N  OC6S 
ISN 0 0 6 6  
ISN 0 0 6 7  
ISN 0 0 6 8  
ISN 0 0 6 9  

M=M+l 
9 1  OBH(J)=OBH( J )+DINC 
9 CONTINUE 

1 0  N=N+NTREES( I ) 
RETURN 



1SN 0 0 0 2  
I S N  0 0 0 3  
ISM 0 0 0 4  
I S N  COOS 
1SN 0 0 0 6  

SUBROUTINE B I R T H (  IX*NTREES.D8H) 
L O G I C A L  SWITCH(5)  .S(35.5) 
D I M E N S I O N  K T I Y (  3 5 )  
COMMON /FDATA/ FAFOAM(500)  . A L I M I T ( 3 5 )  . B L I M I T ( 3 5 ) .  IMVR 
COMMON /RUNNR/ NYR. INYRsKPNT .KAGE.KTI MESeKLAST 
COMMON /LOGBLW SWITCH.KT I M E S  ~ S N  ooo? 

I S N  0 0 0 8  
I S N  0 0 0 9  
ISM 0 0 1 0  
I S N  0 0 1  1 
I S N  0 0 1 2  

. - 
COMMON  RUN/ INDEX 
D IMENSION NTREES(35)  .ANEW(700) .DBH(7OO)sNAGE 
D I M E N S I O N  NEW(35) 
COMMON /TRACE/ I G E S ( 7 0 0 ) .  I D G E ( 5 0 0 )  
COMMON /HOATA/ 8 2 ( 3 5 )  .B3(3S)  .PHI.SOILO.DEGD 

SMALLEST TREE I S  1.27 CM OR - 5  INCHES 
I S N  0 0 1 3  
I S N  0 0 1 4  
ISM 0 6 1 5  
I S M  0 0 1 6  
I S N  0 0 1 7  
I S N  0 0 1 8  
I S N  0 0 1 9  
I S N  0 0 2 0  

S I Z E = l . 2 7  
C A L L  RANDOM( 1X.R ) 
C A L L  RANDOM( IXmRATI  

I S N  0 0 2 1  
I S N  OP22 
I S N  0 0 2 4  
1SN 0 0 2 5  

i g ~  665+ 8 1  OU=1.9283295E-4*DBH(M)**2 - 1 2 9  
I S N  0 0 2 8  2 2 0  WE IGHT=WEIGHTMIOM 

I- FOLIATICINS F[1? LEAF CUSS FROM S O L L I N ' S  
I S N  OC29 2 3 0  NU=NU+NTREE S (  L) 

1 SN 
I S N  
1 3 t 4  

N I  XmO 
DO 44 J K L = l  .5 
6WIT r !4 (  . jK l . . r= -TRl lF -  
GWI ~ 6 1 1  I CSTB LOWIF! ~ l r ( ! T  sno iii AYIS NFEDING L I T T E R  
IF (  YE IGHT.GE..l) SWITCH( 1 )=.FALSE. 
SWITCH 2 SETS UPPER L I M I T  FOR TREES NEEDING MINERAL 
IF (  WE 1GHT.LE. .2.AH). I Y T R e L E  . l o o )  SWITCH(2)=.FALSE. 
SWITCH 3 E L I M I N A T E S  DROUGHT S E N S I T I V E  SPECIES  
IF(DEGD.LE.8700.0) SWITCH(3)=.FALSE. 
C A L L  RANDOM( 1X.R I 

SWITCH 5 R E D U E S  SEEDING RATE OF OESIRABLE MAST 

I S N  

ISN 0 0 4 8  
I S N  0 0 4 9  

I S H  C O S l  

DO 4 4 4  JKL=1.5 
IF( S(LL.JKL) .AND.SW I T c n (  JKL)) GO T O  2 0 5  
T H I S  SECTION RESTRICTS THE PLANTING OF CERTAIN  TREE SPECIES  

THAT T Y P I C A L L I  ARE ASSOCIATED WITH OLD F I a O  SUCCESSION. 
K T I M E ( 1 )  I S  W E  LAST  YEAR S INCE A CLEARING THAT THE I T n  
SPECIES  CAN BE EXPECTED TO SEED IN.  S I N C E  THE L I M I T I N G  FACTOR 
I S  POSTULATED 10 BE A SEED S W R C E  PROBLEM* WE ALLOW SEEDING I N  
LP TneRe  IS A PARENT TRIIC Ot4 T n E  -01. 

I F  ( (  IMYR.GT. ) (T IME(LL) ) .ANO.(NTREES(LL) .LE.O))  GO TO 2 0 5  
0 0 5 3  N I X = N I X + l  
0 0 5 4  NEW(NIX )=L  
0 0 5 5  2 C 5  CONTINUE 
0 0 5 6  IF (NIX r ~ ~ b ~ )  00 TO 7 4  
0 0 5 8  DO 2 J z l * K E N O  
0 0 5 9  NACI!( J ) = I a C S (  J )  
0 0 6 0  ANEW( J)=OBH( J)  
0 0 6 1  2 CONTINUE 
0 0 6 2  C A L L  RANDOM( I X - R )  

C VALUE OF 5.0 ASSUMES AN AVERAGE OF 1 2 8 4  SEE&INGS/HA. 
0 0 6 3  Ll=8aO*R 
0 0 6 4  C A L L  RANDOM ( 1X.R 
0 0 6 5  N I X = N I X * R + I  - 0  
0 0 6 6  N=NEW(NI X) 
0 0 6 7  KSUMnO 
0 0 6 8  DO 5 1  I=l .N 

889% 5 1  KSUM=KSUM+NTReES( I )  
00 7 0  J.1.l 

0 0 7  1 KSUM=KSUM+ 1 
CC72 NTREES(N)  =NTREES( N ) + l  
CO73 

.OC74  
COTS 

K E f 8 3 # 8 h ; ? ~ x . ~  I 
ANEW( KSUM)=SI  E + O  .3*( 1.0-R)**3 

0 0 7 6  KENDaKEND+l  
0 0 7 7  K I=KSUM+l  
0 0 7 8  DO 6 0  I I = K l  .KENO 
0 0 7 9  In1 I 
OOBO ANEW( I )UPEM( I - 1 )  
0 0 8  1 NAG€( 1 )= ICES(  1-1 ) 
COB2 6 0  CONTINUE 
0 0 8 3  IF(  KENO .LT.?Ol) GO TO 6 1  
0 0 8 5  P R I N T  9 8  
OC86 STOP 
0 0 8 7  6 1  CONTINUE 
0 0 8 8  98 FORMAT ( *  <<<<<<<<<<<<LOOK OUT THE NTREES VECT(YI GOT TOO BIG>>> 

*>>>'* l 3 1 4 / *  <<<<<<<<<<<<TRY COMPAT I B L E  SPECtES  AND CL IYATE>>>>>>' I 



I S N  
I SN 
I S N  
I SN - -  - 
I SN 
I SN 
I SN 
I S N  
I SN 
I SY 

I S N  0 0 0 2  
I S Y  0 0 0 3  
I S N  0 0 0 4  
I S Y  0 0 0 5  
I S M  COO6 
I S M  0 0 0 7  
~ S N  0 1 0 8  
I S N  O C 0 9  
I S M  0 0 1 0  
I S M  0 0 1  1  
I S N  OC12 
I S N  0 0 1 3  
I S N  0 0 1 4  
I S M  0 0 1 5  
rsn 0016 
I S M  C C l 7  
I S N  0 0 1 8  
I S N  O C I P  - - 
ISM o c i o  
I S N  0 0 2 1  
I S M  O C 2 2  

I S M  0 0 2 3  
I S N  @ 0 2 4  

I S N  C C 2 6  
I S N  0 0 2 7  

DO 65 I=~.KENO 
I C E S (  I I = N A G E (  I) 
OBH( I )=ANEW( I I 
C O N T I N U E  
N = o  
C O N T I  NUE 

C A L L  SPROUT(IX.NTREES.OBH) 
I F (  EIGMT.LT.O.2)  GO TO 2 1 0  
00 1 0 0  I = l . K E F O  
I G E S (  I I = I G E S (  I)+l 
C O N T I  NUE 
C O N T I  NU€ 
RETURN 
END 

SUBROUT1 N E  DATA 
COMMON / T I T L E /  AAA(3S.6 )  
L O G I C A L  S I I T C M I S )  .S(35.5)  
D I M E N S I O N  K T I K ( ' 3 S )  
COMMON /LOG8LK/ S I I T C H . K T  I M E v S  
COMMON /SOATA/ K S P R T ( 3 5 )  *STENO( 3 5 ) . S P T M 1 ~ ( 3 5 )  s S P T M A X ( 3 5 )  
COMMON /[RUN/ INDEX 
COMMON /TOATA/ G ( 3 5 )  . C ( 3 5 ) .  I l Y P E ( 3 . 5 )  oAGEMX(35)  
COMMON /RUNNR/ N I R ~ I N Y R . K P N T * K A G E . K T I M E S * K L A S T  
COMMON /MOATA/ e 2 c 3 s 1  . e 3 c 3 s 1  ~ P H I ~ S O I L O ~ O E C O  
COMMON / C L I M I T /  O M I N ( 3 5 )  .DMAX(35).  
I N O E X = 3 3  
I X = 7 6 1 2 3  
K T I M E S = l  
K L A  ST-3  

- - . - - - . . - 
OEGO=8700. 

VALUE FOR S O I L 0  FROM MAX VALUE C I T E 0  B I  D I C K  W I L L I A M S .  GP FORESTER 
DO 2 3  J=l .I NOEX 

2 3  R E A O ( 5 . 2 4 l ( A A A (  J .11)~ I I = 1 . 6 l ~ O M A X (  J l ~ O M I N ( J l . B 3 ( J ) * B 2 ( J ) e I T W E (  J I e  
AAGEMX(J)  . C ( J I * G (  J l * S T E N O ( J l  . S P T M I N ( J l . S P T M A X ( J ) ~  
B ( S ( J ~ J I ) ~ J I ~ l . 5 ) ~ I C T I M E ( J ) ~ S O 1 M ( J ~  

2 4  F O R M A T ( 6 A 4 ~ F 6 ~ O ~ F 5 ~ O ~ F 4 ~ 3 ~ F 5 ~ 2 ~ I l ~ F 4 ~ O ~ F 2 ~ O ~ F 5 ~ I ~ F 2 ~ O ~ F 4 ~ 1 ~ F 4 ~ O ~  
A S L l * I 4 . F 3 . 1  I 

3 0  RETURN 
END 



I S N  0002 
I S N  0003 
I S N  0004 
I S N  0005 

SUBROUTINE R A H ) O Y ( I X . Q )  
R=FLTRN(  I X) 
R E T U R N  
E N 0  

SUBROUTINE GAUSS( IX.S.AY.DEGD) 
z = o  .o 
D O  s 1 = 1 . 1 2  

S Z=Z+FLTRN(DUM) 
Z=Z-6 .  
DEGD=AM+S*Z 
R E T U R N  
END 



ISM 0 0 t 2  
I S N  0 0 0 3  
I S Y  0 0 @ 4  - - . - - - . 
ISM OCOS 
ISM OOC6 
ISM 0 0 0 7  
ISM 0 0 0 8  
ISM OC09 

ISM O C l l  
ISM OC12 
ISM CC13 
ISM OE14  
ISN oois 
ISM 0 0 1 6  
ISM 0 0 1 8  
ISM 0 0 1 9  
I S N  0 0 2 0  
ISM 0 0 2 1  

ISM COO2 
ISM CC03 
ISM 0 0 0 4  
I S N  0 0 0 5  
ISM 0 0 0 6  
1SN 0 0 0 7  
ISM 0 0 0 8  
ISM COO9 
I S M  OClO 
ISM O C l l  
ISM 0 0 1 2  
I S N  0 0 1 3  
ISM CC14  
ISM 0 0 1 5  
ISM 0 0 1 6  
ISM OC17 
ISM 0 0 1 0  

SUBROUTINE INST(  O~.NTREES.O8W.NTREEK.JJ 8 
CDMMDN / IRUN/  INDEX 

IDGE(  J)=O 
CONTINUE 
DO 11 J=1.100 
NOGROt J)=O 
DO 1 3  J=l.INOEX 
KSPRT(  J ) = l  
IF (JJ .GT. 1) GO m I 
00 2 J=l .INDEX 
NTREEKt  J) = N T R E S (  41 
DO 3 K=l.100 
DBHK( KI=DBH(K)  
RETURN 
CONTINUE 
DO 4 J=l .INDEX 
NTREESt J) =NTREEK( J l  
DO 5 K = l . l o o  
OBH(K)=DBHK(Kl 
RETURN 
END 

SUBROUTINE PLU~I  N(IPLOT. DB~.NTREES 1 
COMMON /TRACE/ ICES(  TOO ). IOGE(SO0 ) 
COMMON / K I L O /  ~ o G R O ( 1 0 0 )  ~ O D 8 H ( S 6 0 l ~ K O E A D ( 3 5 ~ ~ A R E A ~ K D  
DIMENSION DBH(70O).NTREES(35) 
DO 1 J01.35 
KOEAD( J ) = 0  
OBH(J)=O.O 
IGESC J )  =O- 

1 NTREES(J) -0  
00 2 J136.700 
I C E S (  J)=O 

e oencJ)=a.o 
I P L O T = I P L O T + l  
P R I N T  13. IPLOT 

13 FORMAT (1.' a o T  NUMBER #.I*), 
PFTUPN 
E NO 



I S N  
I S N  
I SN 
I S N  

. I S M  
ISN 
I SN 
I S N  
I SN 
I SN 
I SN 
I S N  

I S N  
I SN 
I S N  
I S N  
I SN 
I SN 
I SN 
I SN 
I SN 
I SY 
! SN 
I SN 
I SY 
1 5 N  

If! 
I SN 
I SN 
I SN 
I SN 
I S N  
I S Y  
I S N  
I S N  
I S M  
I S N  
I S N  
I SN 
I S N  
I S N  
I sv 
I SN 
I SN 
I SN 
I SN 

I 3 N  
I SN 
I SN 
I S N  
I SN 
I SN 
1 SN 
I SN 
I +N 
I S H  
i 3ri 
I SN 
I SN 
I SN 
I S N  
I S N  
I SN 
1 SN 
I S N  

S U B R O U T I N E  K I L L 1  OBH.NTREESIIX) 
D I M E N S I O N  O B H l 7 O O  ) . N T R E E S ( 3 5 l  
COMMON /FOATA/  F A R O A M ( 5 0 0 )  ~ A L I M I T l 3 5 ) ~ 8 L I M I T l 3 5 l ~  IMYR 
COMMON / (RUN/  I N O E X  
COMMON / S O A T A /  K S P R T (  3 5 )  r S T E N D 1  3 5 )  . S P T n I I N 1 3 5 )  .SPTMAX( 3 5 )  
COMMON / T O A T L /  G ( 3 5 )  .C(35).ITYPE(3Sl~AGEMXl35).SOIMl35) 
COMMON / K I L D /  NOGRO(1 CO) .ODBHl5OO)  .KOEAOl35).AREA.KD 
COMMON /TRAGE/ I GES( 7 0 0  1. I O G E I  5 0 0  ) 
COMMON /RUNNU/ NYR. I NYRIKPNT .KAGE, KT I MESeKLAST 
I 0  = I 
I OF =o 
N = o  
NB= 0 
DO 1 0 0  J = l . I N D E X  
NB=NB+KOEAO ( J) 
I F ( N T R E E S ( J )  .EO.O) GO TO 1 0 0  
N A = N + I  
NN = N T R E E S ( J )  + N 
DO 8 0  I I = N A . N N  
I=I 1 
C A L L  RANDOM1 I X s R I  ) 
I F  (FAROAM(  I D F )  .EO. I ) GO TO 42 
I F ( R I . L E . ( 4 . 6 6 5 / A G E I Y ( J ) ) )  G O T 0  5 0  ' 
GO T O . 4 4  

42 ~ ~ F = ~ O F + I  
I F  ( R I e L E .  . 2 7 5 )  GO T O  5 0  

44 I F (  NOGROI I D ) . € d . I )  GO TO 4 0  
40 TO 80 

4C 1 0 = 1 0  + I 
C A L L  UANUUMI 1X.RL) 
I F 1  R2.GT.0.368) GO TO 8 0  

5 0  I F 1  KAGE.LT.0) GO TO 7 0  
K O E A O I  J )=KDEAO(  J) +1 
N O = N B W i  
NUP=KO-NB 
I F (  NUP.EQ.0) GO T O  5 6  
0 0  55 K K I l  r N U P  
K=KK 
I J=KO-K+ I 
I F I I J  .GT.500)  GO T O  9 9  
OOBHc I J ) = O O B H t I J - l )  
I O G E I  I J ) = I O C E ( I J - 1 )  

5 5  C O N T I N U E  
56 O O B H ( N B ) = O B H l  I) 

I O G E ( N B ) = I G E S I I )  
KO=KO+l  
GO T O  7 0  

99 P R I N T  9: 
9 8  F O R M A T 1  OEAO TREES VECTOR F I L L E D .  RERUN W I T H  SMALLER P E R I O D  

*TWEEN P R I N T O U T S  I K P N T ) ' )  
KAGE=-1 

7 0  N T R E E S I  J I = N T R E E S (  Jl-1 
T H I S  I S  T H E  SWI TCH T O  STUMP SPROUT TREES. 
I F ( O 8 H l  I) .GT.SPTMINl J l  .ANO.OBH( I) .LT.SPTMAX J I K S P R T ( J ) = - 1  

D H H l l # =  -1.U 
BC C Q N T I p V E  

N = N N  
1 CO C O N T I N U E  

0 0  2 0 0  11=1 ,700  
l a 1 1  
I F (  O B H I  I ) .EO.O.O) RETURN 
I k l U U H I l l  .GT.  0 . 0 )  d 0  T O  2 0 0  

I I C  00 1 2 0  KK = 1.699 
I ~ P H H  .. .... 
O B H ( K )  = O B H ( K t 1 )  
I G E S ( K ) = I G E S ( K + l )  
C O N T I N U E  
O B H l 7 0 0 )  = 0.0 
I F 1  O B H I I )  .LT.O.OI 
C O N T I N U E  



ISN 0 0 0 2  
ISN CC03 
ISN OC04 
I S N  0 0 0 5  
ISN OC06 
ISN 0 0 0 7  

ISN 0 0 0 8  
ISN 0 0 0 9  
ISN 0 0 1 1  
I S N  6 0 1 2  
ISN 0 0 1 3  
ISM 0 0 1 4  
ISN OC15 
1 S N  0016 
~ S N  o o i f  
ISN o o l e  
ISN 0 0 1 9  
ISM 0 0 2 1  
ISN OC22 
ISN 0 0 2 3  
ISN 0 0 2 4  
I S N  0C25 

ISN 0 0 2 6  
ISN 0 0 2 7  
ISN OC28 
ISN 0 0 2 9  
1SN 0 0 3 0  
I S N  OC31 
ISN 0 0 3 2  
I S N  0 0 3 3  
I S N  0 0 3 4  
I S M  0035 . - . . . - - 
ISN 0 0 3 6  
ISN 0 0 3 7  
ISM 0 0 3 8  

I S N  OC39 
ISN 0 0 4 0  
I S N  C041 
1SN OF42 
ISN 0 0 4 3  
I S N  0 0 4 4  
ISN 0 0 4 5  
ISN 0 0 4 6  
ISN OC47 
ISN OC48 
ISN 0 0 5 0  
ISN 0 0 5 1  
ISN OC52 
1SN 0 0 5 3  
1SN OC54 
ISN 0 0 5 5  
ISN CC56 
1SN OC57 
ISN CC58 
ISN 0 0 5 9  

SUBROUTINE F I E  (DBH. NTREES) 
DIMENSION DBH(7OO ).NTREES(35) 
COMMON /FDATA/ FARDAM(5OO) e A L I M I T ( 3 5 )  .BLIMIT(3§) .  IMVR 
COMMON /SOATA/ KSPRT(35) rSTEND(35) .SPTMIN(35) eSPTMAX(35) 
COMMON /[RUN/ INDEX 
LOGICAL LOGS 

C R=O. 
LOGS=.FALSE. 
I F  (R.GE.e828) GO TO 20 
PRINT 1 2  

1 2  FORMAT ( 5 x 1  *LIGHT F I R E ' / )  
0 0 .  1 5  J=l. INDEX 
A L I  MIT(J)=O. 
B L I M I T ( J ) = l 2 . 7  

1 5  CONTINUE 
CALL CUT (DBH.NTREES.LOGS ) 
RETURN 

2 0  I F  (R-GE. - 9 6 6 )  GO TO 3 0  
PRINT 21  

2 1  FORMAT (SX.' MEDIUM F I R E * / )  
0 0  2 5  J=l .INDEX 
A L I  MIT (  J)=O. 
GO TO ( 2 2 . 2 2 . 2 3 . 2 3 . 2 2 . 2 2 . 2 3 1 2 2 ~ 2 3 ~ 2 2 . 2 2 ~ 2 4 ~ 2 2 ~ 2 3 e 2 2 ~ 2 4 a 2 2 . 2 3 ~ 2 2 . 2 3  

A.22.24r24.22.23.23.23.23.24~24~23.23.231.J 
2 2  B L I  H I T (  J)=500. 

GO TO 2 5  
2 3  B L I M I T ( J ) = 2 5 . 4  

GO TO 2 5  
2 4  B L I M I T (  J ) = l I . B  
25 CONTINUE 

CALL CUT (DBHeNTREES .LOGS ) 

N=NN 
CONTINUE 
IMrRnO 
RETURN 
0 0  3 6  J=l .I NDEX 
I F  (NTREESt J) .EQ. 
KSPRTC J )= - I  
NTREESC J)=O 
CONTINUE 
DO 3 7  J=1.700 
OBH(J)=O. 
CONTINUE 
PRINT 3 8  
FORMAT (SX. 'SEVER 
RETURN 
END 

TREES WERE 
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Appendix A-4 

Sample Output  o f  Program FORAR 

SAHKE OUTPUT OF HlOCRAM F(RAR 

R O T  NUMBER 1 

YEAR SPEC. NUN. 
0 

VEAR 0 

NAME 

NO T R E E S  L I V I N G  

B I O M A S S  

YEAR SPEC. 
5 0  

5 

NAME B I O M A S S  

O.674E 0 0  CARVA L A C I N I O S A  

1 .270  1 3 6 4  1.271 

CARVA OVATA 

9 . 2 6 0  1 . 4 7 2  1 . 2 8 9  

CORNUS F L O R I D A  

9 . 3 8 5  9 . 3 7 8  

D I O S P V R O S  V I R G I N I A N *  

F A G U S  G R A N D I F O L I A  

1 . 3 8 3  1 .27C 1 . 2 7 6  
1 . 3 6 2  1 . 4 5 1  

F R A X I  N U S  AMERICANA 

3 .  

D e n  

11 

O B H  

I L E X  O P A C I  0 .  ? 0 3 E - 0 2  

L I O U 1  OAMBAR STVRAC I R U A  0 . 4 5 E E  0 3  

MORUS RUBRA 

6 . 2 6 5  

P I N U S  TAEOA 0 . 6 9 2 E  0 4  

PRUNUS S E R O T I N A  0 . 7 5 2 E  0 3  

2 5  3 

D e n  

2 6  17 

O B H  

O l E R C U S  ALBA 0 . 7 0 8 E  0 0  

2 7  1 

O B H  

2 8  7 

oen 

O l E R C U S  Y A R I L A N O I C A  0 . 2 2 6 E  0 1  

3 . 4 1 8  

O I E R C U S  SHUMAROI  I 0 . 1 7 0 E  0 3  

1 0 . 1 4 3  1 1 . 4 3 2  1 0 . 4 2 9  1 0 . 1 4 3  
1 0 . 7 0 8  1 . 3 7 1  1.458 

SASSAFRAS A L B  1 O W  0 - 2 2 4 E  0 2  

8.677 1 . 5 0 3  1 .301  0 . 1 1 3  
0 . 1 9 2  1 . 4 3 7  1 . 3 8 9  1.399 

31 8 

oen 



U M U S  ACATA 0 . 6 2 8 E  0 3  

U M U S  AMERICANA 0.56OE 0 2  

0.124E 0 3  M E T R I C  T O N M A .  L E A F  AREA 7 . 1 7 1  

VEAR SPEC.  
1 0 0  

NUM e NAME B I O M A S S  

3 

oen 
2 

D B H  

a 
D B H  

C R T I  S L A E V I G A T A  O.773E 0 0  

1 . 2 7 1  1 . 3 6 8  1.487 

L I Q U I D A M B A R  S T V W C  I F L U A  0 . 4 6 0 E  0 0  

1 . 2 7 1  1 . 3 5 9  

0 3 2 ~ ~ 1  V l R O f N I A t U  O * I O l E  3 1  

i . 3 t 6  1.272 1 .287  1 . 3 0 2  
1.519 1 . 2 8 1  1 .299  1 . 3 0 5  

5 

D B H  

QLERCUS F A L C A T A  0 . 5 7 5 E  0 3  

2 

D B H  

1 

D B H  

2 7 

QCERCUS M A R I L A N D I C A  0 . 5 5 3 E  0 0  

1 . 5 1 7  1.316 

U M U S  A L A T A  0 . 2 1 1 E  0 0  

1 .270  

0 - 1 4 8 E  03 METRIC TON/HA. L E A F  AREA = 6 . 9 0 4  

*EAR SPEC. 
1 5 0  

2 

NAME L I Q M A S S  

I 

Den 

i 

D e n  

I 

D B H  

3 

b B l l  

9 

D e n  

6 

D B H  

C A R P I  NUS C A R O L I N I A N A  0 . 3 2 3 C  0 0  

1.516 

CARVA L A C I N I O S A  0 . 2 3 1 C  0 0  

1 . 3 1 7  

. L I Q U I  DAMBAR S T V R A C I R U A  0 -2L4E 0 0  

1 . 2 7 6  

OSTRVA V I R G I  N I  AN4 O.768E 0 0  

11 

D B H  

5 

D B H  

Q I E R C U S  F A L C A T A  0 . 3 9 1 E  0 3  

U M U S  A L A T A  0 . 1 4 2 E  01 

ULMUS A M E R I C A N A  0.472.E 0 0  

1 .367  1 . 2 9 2  

O e l 6 l E  0 3  M E T R I C  TON/HA. L E A F  AREA = 6 . 7 7 4  



VEAR SPEC. 
200 

2 

NAME BIOMASS 

CARP1 NUS CAROLINIANA 0.534E 00 

1.502 1.286 

CARVA TEXAN* 0.442E 00 

1.316 1.270 

CELT1 5 LAEVIGATA 0.168E 01  

1.270 1.327 1.288 1.465 
1.289 1.439 1.270 

OSTRVA VIRGINIAW 0.264E 00 

1 a394 

PINUS TAEDA 0.157E 05 

125.903 69.541 

OERCUS FALCATA 

QlERCUS STELLATA 0.174E 01 

UYUS ALATA 0 -902E 00 

1.331 1.270 1.303 1.313 

0.197E 03 METRIC TONAiA. LEAF AREA = 7.786 

VEAR SPEC. 
250 

6 CARVA OVATA 0.832E 01 

CARYA TOMENTOSA 0.260E 01 

CELT1 S LACVISATA 0.4766 01 

ILEX OPACA 0.148C 02 

OSTRVA VIRGI NIAW 0 . 5 3 2 ~  01 

QUERCUS FALCATA 

51.207 4.339 



2 6 7 6  2.363 2.429 2.417. 
2.001 2.299 2.035 2.340 
1.582 1.534 1.641 1.753 
1 6 5 6  1.534 1.549 

QERCUS STELLATA O.377E 01 

4.234 

U Y U S  ALATA 0.31 1E 02 

29 1 

DBH 

32 6 

DBH 

0.188E 02 METRIC TDN/HA. LEAF AREA 0.954 

YEM SPEC. NUY. 
300 

2 4 

DBH 

NAY E 81 OMASS 

CARPI NUS CAROLINIAN& 0.103E 01 

1.569 1.386 1.270 1.270 

5 3 

DBH 

6 16 

DBH 

CARVA LACINInSA 0 ,6928  00 

1.376 1.279' 1.293 

CARIA OVATA 3.283E 03 

7 2' 

DBH 

8 10  

DBH 

CARYA TEXANA 

1.431 1.Q71 

CARYA TOYENTOSA 

10 I I 

DBH 

13 1 

DBH 

15 6 

DBH 

ILEX OPACA 

2 1 2 

DBH 

25 5 

, DBH 

OSTRYA VIRGINIAN* 

QERCUS ALBA 

11.629 11.258 2.438 
1 .*77 

OllERCUS FALCATA 0.482E 04 



27 3 

DBH 

29 20 

D BH 

32 1 I 

DBH 

33 1 

DBH 

154 

YEAR SPEC. MJM. 
350 

2 2 

DBH 

5 1 

DBH 

6 16 . 
DBH 

7 3 

DBH 

8 7 

DBH 

10 3 

D8H 

11 3 

DBH 

15 1 

Den 

18 I 1  

D BH 

21 2 

DBH 

26 18 

DBH 

27 .2  

DBH 

29 5 

DOH 

32 1 

DBH 

OUERCUS MARILANDICA O.659E 02 

9.811 8.891 7.628 

OCERC US STELLATA O.799E 03 

UMUS ALATA 0.446E 03 

ULMUS AMERICANA 0.224E 00 

1.300 

O.931E 02 METRIC TON/HA. LEAF AREA r 5.125 

NAME ~ I O M A S S  

CARPI NUS CAROLINI ANA 0.430E 00 

CARYA LACINIDSA 0.223E 00 

CARYA OVATA 0 -792E 03 

CARYA TEXANA O.675E 00 

1.284 1 3 0 6  1.320 

CARYA TOMENTOSA O.349E 03 

28.040 1.464 1.452 1.347 
1.366 1.270 1.493 

CELT1 S LAEVIGATA 0.399e 03 

19.806 20.004 16.148 

CWNUS FLORIDA n.rn@E 00 

1.288 1.349 1.521 

~ L E X  ~ P A C A  o !34a~ oo 

1.553 

L I Q U I  DAMBAR STYRAC IFLUA 0.192E 04 

QUERCUS FALCATA 0.386C 04 

OUERCUS MARILANDICA 0.450E 00 

1.332 1.274 

OlERCUS STELLATA 0.147E 04 

36.984 25.341 24.921 24.983 
0.100 

WMUS ALATA 0.565E 03 



6 

D B H  

0 . 1 1 2 E  03 M E T R I C  T O N M A .  L E A F  AREA = 6.327 

V E A R  SPEC. 
4 0 0  

5 

NUM. NAME B I O M A S S  

CARVA L A C I N I O S A  0 . 6 4 1 E  0 0  

1 . 2 7 0  1.281 1 .276  

CARVA OVATA 0 . 2 6 3 E  0 3  

24.955 1 . 2 7 1  

CARVA TEXANA 0 . 1 1 3 E  0 1  

1 . 4 0 8  1.491 1.271 1.553 

4 

D B H  

CARVA TOMENTOSA 0 .902E 0 0  

1 . 2 7 0  1 . 2 7 0  1 . 3 2 6  1 . 3 5 0  

C E L T 1  S L A E V I G A T A  0 . 2 3 9 E  0 3  

F A G U S  G R A N D I F O L I A  0 . 2 1 6 E  0 0  

1 e 2 8 2  

O E R C U S  F A L C A T A  0 . 8 E 3 E  0 4  

OUERCUS M A R I L A N D I C A  0 .132E 0 1  

1 . 2 7 1  1.392 1.510 1 . 4 7 3  
1.296 

OUERCUS S T E L L A T A  0 . 7 3 2 E  0 3  

U M U S  A L A T A  0 . 2 1 8 E  0 0  

1 . 2 8 7  

0.114E 0 3  M E T R I C  T O N M A .  L E A F  AREA = 5.819 

YEAR SPEC. 
450 

NUM. NAME B I O M A S S  

2 3 

08n 

6 I 

D B H  

7 1 

08n 

8 4 

D R H  

C A R P I  N U S  C A R O L 1  N I  ANA 

1 . 4 2 2  1 . 2 7 1  1 . 4 1 8  

CARVA OVATA 

3 6 . 0 6 2  

CARVA TCXANA 

1 . 2 7 8  

CARVA TOMENTOSA 

la275 l r P 8 5  1 . 3 8 2  

C E L T I  S L A E V I G A T A  

3 2 . 6 4 3  

l u x  W A C A  

1.325 1.319 

OUERCUS ALBA 



OUERCUS FALCATA 0.799E 04 

1 

Den 

1 

OBH 

3 

Den 

2 

Den 

3 

Dan 

8 

DBh 

QWRCUS MARILANDICA 0 .754E 00 

1.475 1.270 1.338 

UWUS ALATA 0 .793E 00 

1.384 1.305 1.486 

C.11OE 03 METRIC TONAiA. LEAF AREA = 5.177 

NAME BIOMASS 

CARPI NUS CAROLINIAN& 0.22-E 00 

1.309 

CARVA OVATA 0.121E 04 

47 2 32 

CARYA TEXANA 0.848E 00 

1.271 1 4 6 1  1.551 

CELT1 S LAEVIGATA C -877E 03 

4 1 2 6 6  1.278 

FAGUS GRAND1 FOLIA O.780E 00 

1.540 1.271 1.323 

ILEX OPACA 0.189E 01 

1.272 1.565 1.275 1.360 
1.2'85 1.270 1.306 1.282 

OSTRVA VIRCI N I  A M  0.990E 00 

1.511 . 1.274 1.349 1.272 

OWRCUS FALCATA 0.119E 05 

81.316 88.389 58.141 

UMUS ALATA 0.188E 01 

1.288 1.429 1.335 1.519 
1.374 1.559 1.293 

O.lC7E 03 PlEm16 TOHAA. LEAF AREA - 7.104 
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