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Preface 

Conservat ion r a t h e r  than l i q u i d a t i o n  i s  t h e  
theme o f  f o r e s t r y .  Scheduled removals o f  game 
and t imbe r  are f o r  t h e  purpose of having food, 
s h e l t e r ,  heat, and o the r  b e n e f i t s  i n  pe rpe tu i t y ,  
From t h i s  theme came t h e  r a l l y i n g  phrases f o r  
f o r e s t r y :  "susta ined yield,'"%he g rea tes t  good 
f o r  t h e  g rea tes t  number ," "mu1 t i p l e  bene f i t s , "  
"even f low,"  " regu la ted  f o res t s , "  and "1 i v i n g  i n  
harmony w i t h  natrlre." The i d e a l s  expressed by 
these phrases are simple and appeal i ng ;  implemen- 
t a t i o n  i s  very d i f f i c u l t *  

Th i s  book descr ibes a  new d i  r e c t i o n  f o r  
implement ing t h e  theme o f  f o r e s t r y .  The sched- 
u l i n g  o f  harvest  and c u l t u r e  found so use fu l  i s  
preserved, What i s  new i s  t h e  quest ion t h a t  leads 
t o  dec is ions  and t o  c o n t r o l  o f  t he  f o res t s .  I n -  
s tead o f  asking, "'How much game, t imber ,  t h i s ,  and 
t h a t  do we want t o  produce?," we ask, "'If we do 
t h i s ,  what w i l l  we have?" Decisions are answers 
t o  t h e  quest ions:  Wow w i l l  t h i s  o r  t h a t  schedule 
o f  c u l t u r e  change t h e  f o r e s t  over t ime? What 
monetary re tu rns  w i f  l we have? What w i l l  be t h e  
stream o f  b e n e f i t s ?  What w i  11 be t h e  p o t e n t i a l  
p r o d u e i v i t y  o f  t he  f o r e s t ?  

Th i s  s imple change i n  ques t ion ing  t he  choice 
o f  dec is ions  and t h e  use s f  c o n t r o l s  changes t h e  
way we view a  f o r e s t *  Rather than viewing a  f o r -  
e s t  as a manufactur ing p l a n t  p u t t i n g  toge ther  
t imber ,  game, and o ther  b e n e f i t s  a t  t h e  w i l l  o f  
managers, a  f o r e s t  i s  viewed as a b i o l o g i c a l  sys- 
tem t h a t  sel  f -organizes i n  response t o  cu l t u re .  
Cont ro l  becomes a  process o f  us i ng  c u l t u r e  t o  d i  - 
r e c t  t h e  se l  f - o rgan i z i ng  fo rces  t o  t rans fo rm t h e  
f o r e s t  f rom the  present s t a t e  through a  stream o f  
des i r ed  f u t u r e  s ta tes,  Each s t a t e  o f  f o r e s t  o r -  
gani z a t i o n  prov ides some combi n a t i  on o f  mater i  a l  s  
f o r  harvest  and some phys ica l  s t r u c t u r e  f o r  non- 
harves tah le  bene f i t s .  



Th i s  new d i r e c t i o n  i s  t h e  bas is  f o r  p r o v i d i n g  
game and nongame animals; t r e e s  f o r  t imber ;  shrubs 
and herbaceous p l a n t s ;  and, p o s s i b l y  most impor- 
t a n t ,  conserva t ion  o f  a  wide v a r i e t y  o f  germ plasm 
f o r  t h e  l i v e l i h o o d  o f  man. Th is  new d i r e c t i o n  
depends on t h e  concept t h a t  behavior  o f  complex 
ecosystems, such as f o res t s ,  i s  p r i  n c i  pa l  l y  caused 
by structure--how t h e  component p a r t s  are con- 
nected. These connect ions d i  r e c t  t h e  f lows o f  
in fo rmat ion ,  energy, and ma te r i a l s  through feed- 
back loops t o  i n t e g r a t e  t h e  behavior  o f  t he  sys- 
tems' elements. The r e s u l t  i s  a  dec i s i on  and 
c o n t r o l  procedure t h a t  crosses f o r e s t r y  d i  s c i  - 
p l  i nes w i t hou t  conf 1  i c t  . 

Optimal s t r a tegy  i s  der i ved  by sub jec t i ve  
dec is ions  determined by i n s i  ghts, vnl  ue judgments, 
exper ience, and acumen o f  i n t e r e s t e d  pa r t i es .  The 
responsi  b i  1  i t  i es o f  admi n i  s t  r a t o r s  are not usurped 
i n  mathematical expressions; mental models and 
s c i e n t i f i c a l  l y  der i ved  r e l a t i o n s h i p s  are communi - 
cated expl  i c i  t l y ;  people make t h e  dec is ions.  

Many people con t r i bu ted  t o  my ideas and 
concepts, which evolved over f i v e  decades o f  
observing, pos ing quest ions, and searching f o r  
answers. The thoughts,  percept ions,  and i n s i g h t s  
o f  Professor  Bertram W. We1 1  s, North Caro l ina 
S ta te  Un i ve rs i t y ,  are worthy o f  spec ia l  note. It 
was Professor Wells who suggested i n  1951 t h a t  t h e  
dynamics o f  coas ta l  vege ta t ion  under t he  i n f  1  uence 
o f  s a l t  spray may be i n t e r p r e t e d  w i t h i n  the  frame- 
work o f  cyberne t i cs  (Wiener 1961). From these 
d iscuss ions  t he  f o u r  bionomic t heo r i es  were 
d r a f t e d  i n  1951, and t h e  f a l s i f i c a t i o n  hypotheses 
f o r  t he  t h e o r i e s  guided my s tud ies  o f  p l a n t  r e -  
sponses t o  s a l t  spray (Boyce 1954) and many l a t e r  
s tud ies.  The t heo r i es  were formal l y  pub1 i shed 26 
years l a t e r  and are t h e  foundat ion f o r  t h i s  book 
(Boyce 1977, 1978b). 



M y  s incere  apprec ia t ion  i s  extended t o  my 
s tuden ts  and t o  m n y  people who posed quest ions,  
chal  lenges,  and suggestions ; t o l e r a t e d  ny ques- 
t i o n s ;  and helped me t o  s t r u c t u r e  t h e  i n f o r m a t i o n  
I p resen t  i n  t h i s  book. 

Stephen G. Royce 
August 1985 
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Chapter 1 

I n t  roduc t  i on 

The Human Use o f  Forests  

T h i s  book t e l l s  how t o  use f o res t s .  I t s  
focus i s  on p r o v i d i n g  m u l t i p l e  b e n e f i t s  w i t h i n  t h e  
b i o l o g i  c a l  l i m i t s  f o r  s u s t a i n i n g  p roduc t i  v i  t y  o f  
t h e  f o r e s t  and land. The chore i s  t o  use c u l t u r a l  
p r a c t i c e s ,  c a l l e d  s i l v i c u l t u r e ,  t o  d i r e c t  t h e  
behav io r  o f  b i o l o g i c a l  systems and b r i n g  about a 
d e s i r e d  s t a t e  o f  o rgan i za t i on  o f  the  f o r e s t .  Th is  
process i s  t he  s i  l v i c u l t u r a l  a p p l i c a t i o n  o f  eco- 
system dynami cs . 

The purpose o f  t h e  process descr ibed here i s  
t o  h e l p  p a r t i e s  i d e n t i f y  a l t e r n a t i v e  combinat ions 
o f  uses and he lp  them choose a  combinat ion o f  uses 
accep tab le  t o  t h e i r  best  i n t e r e s t .  The method i s  
t o  d i  s p l a y  t h e  dynami cs o f  se lec ted  combi n a t  i ons 
o f  b e n e f i t s ,  impacts, and cos ts  i n  s imple c h a r t s  
and t a b l e s  and t o  a l l ow  people t o  use judgment, 
i n s i g h t ,  and exper ience t o  make s u b j e c t i  ve deci  - 
sions. Decis ions are f o r  a  decade o r  l ess ;  
c o n t r o l  i s  through s i  1  v i c u l  t u re .  Cybernet ic  t ech -  
n iques keep p lans dynamic and congruent w i t h  t h e  
r e a l  f o r e s t  and w i t h  t h e  percep t ions  o f  i n t e r e s t e d  
p a r t i e s .  The s imu la t i ons  i nco rpo ra te  t h e  r e s u l t s  
o f  i n v e n t o r i e s ,  research, and moni t o r i  ngs ; l i m i t  
t h e  d i  sp lays  t o  h i  01 og i  c a l  l y  possi  b l  e  comhi na t i ons  
o f  b e n e f i t s ;  and r e l a t e  each combinat ion o f  bene- 
f i t s  t o  t h e  s i l v i c u l t u r a l  cost .  

The ques t ion  asked i s :  To what dynamic s t a t e  
o f  o rgan i za t i on  do t h e  i n t e r e s t e d  p a r t i e s  want t o  
b r i n g  t h i s  f o r e s t ?  The answer, der i ved  from each 
p a r t y ' s  percep t ions  o f  best i n t e r e s t ,  i s  a  s t a t e  
o f  f o r e s t  o rgan i za t i on  toward which a1 1  s i  l v i  - 
c u l t w e  i s  d i r e c t e d *  Bene f i t s ,  costs,  and impacts 
a re  re l a ted ,  independent ly  o f  each other ,  t o  



o r d e r l y  changes i n  s ta tes  o f  f o r e s t  o rgan iza t ion ,  
C u l t u r a l  ac t ions  are harmonized t o  modify t h e  
na tu ra l  ecosystem dynamics and thus d i r e c t  t h e  
f o r e s t  toward t h e  chosen s ta te .  

Near t he  end o f  each p lann ing  per iod,  t h e  
ent  i r e  dec i  s i  on and c o n t r o l  process i s  repeated, 
New i n f o r m a t i o n  i s  added t o  t h e  s imu la t ions ;  d i f -  
f e r e n t  percep t ions  and possi  b l y  d i f f e r e n t  i n t e r -  
ested p a r t i e s  are used i n  t h e  sub jec t i ve  cho ice  o f  
an ad jus ted  goal . I n  t h i s  manner, a new s t r u c t u r e  
f o r  managing t h e  f o r e s t  i s  der ived. 

Fo res t s  are viewed as nonequi 1  i b r i  um, dynami c  
systems cons tan t l y  t rans fo rming  from one s t a t e  o f  
o r g a n i z a t i o n  t o  another (Boyce 1978b). These aim- 
l ess  t rans fo rmat ions ,  mod i f ied  by s i  l v i c u l t u r e  and 
use, b r i n g  about t h e  communities o f  p l a n t s  and 
animals we c a l l  stands. They are d r i ven  by 
n a t u r a l  sources o f  energy and ma te r i a l  and have 
p rov ided  food, she l t e r ,  c l o t h i n g ,  and o ther  bene- 
f i t s  t o  man f o r  thousands o f  years ( f i g .  1). The 
bene f i t s ,  produced w i t hou t  s i  1 v i c u l t u r e ,  are 
e s s e n t i a l l y  f r e e  except f o r  t h e  costs  i nvo l ved  i n  
owning, harves t ing ,  and p r o t e c t i n g  t h e  f o res t s .  
It i s  l i k e l y  t h a t  most o f  t he  b e n e f i t s  f rom t h e  
w o r l d ' s  f o r e s t s  r e s u l t  from l i t t l e  o r  no i n v e s t -  
ment i n  s i l v i c u l t u r e .  

Many f o r e s t s  are converted t o  homes and h igh -  
ways--uses t h a t  are considered t o  be more va luab le  
than t h e  b e n e f i t s  de r i ved  from na tu ra l  ecosystems. 
I have no t  inc luded  conversion o f  f o r e s t s  t o  non- 
f o r e s t  uses i n  t h i s  book. My pr imary concern i s  
t h e  purposefu l  and systemat ic  m d i f i c a t i o n  o f  
f o r e s t s  w i t hou t  d e s t r u c t i o n  o f  t he  na tu ra l  eco- 
system dynamics t h a t  have been going on f o r  
m i  1  l i o n s  o f  years.  

S i l v i c u l t u r e  i s  viewed as t h e  c u l t u r e  o f  
f o r e s t s  f o r  any and a1 1  bene f i t s ,  s i n g l y  and i n  
d i f f e r e n t  combinations. S i  f v i c u l  t a r e  i s  used t o  
d i  r e c t  ecosystem dynamics f o r  increased amounts 



ai l4  irqproved q u a l i t y  of b e n e f i t s  ( f i g ,  2).  It 
r e q u i  r e s  deci  s ions  t o  i n v e s t  management r e s o u r c e s  
such a s  labor ,  c a p i t a l ,  and knowledge. A l t h o u g h  
t h e s e  inves tmen ts  a r e  expected t o  improve human 
henef  i t s, t h e  most i m p o r t a n t  const  r a i  n t  on s i  1  v i  - 
c r ~ l t u r e  i s  b io logy ,  I t  i s  apparent  t h a t  d e c i s i o n  
and c o n t r o l  techn iques a r e  r e q u i  r e d  t o  p r o v i d e  
b e n e f i t s  w i t h i n  t h e  b i o l o g i c a l  l i m i t s  f o r  st is-  
t a i  n i  n g  long- term p r o d u c t i  v i  t y  o f  t h e  f o r e s t  and 
1  and. 

T h i s  book desc r ibes  a  c y b e r n e t i c  d e c i s i o n  and 
c o n t r o l  system. The system i s  guided toward  a  
goal  by feedback processes, and i t  i s  based on a  
s i m u l a t i o n  o f  t h e  managed f o r e s t .  The t i m b e r  h a r -  
ves t  i s  r e g u l a t e d  t o  gu ide  t h e  f o r e s t  toward a  
s t e a d y - s t a t e  d i s t r i b u t i o n  o f  h a b i t a t s  y i e l d i n g  a  
c o n s t a n t  annual f l o w  o f  ha rves ted  t i m b e r  and o t h e r  
b e n e f i t s .  The c y b e r n e t i c  method i s  used t o  
p e r i o d i c a l  l y  ad j u s t  t h e  goal , w i t h i n  t h e  b i  01 o g i  - 
ca7 l i m i t s ,  i n  r e l a t i o n  t o  changes i n  s o c i a l ,  eco- 
nomi c, and p o l  i t  i c a l  f o r c e s .  

B e n e f i t s  a re  d e f i n e d  by people i n  r e l a t i o n  t o  
p e r s o n a l  i n t e r e s t .  The d e f i n i t i o n  i n c l u d e s  t h e  
s a t i s f a c t i o n  o f  v iew ing  a  f o r e s t e d  scene f r o m  a  
r o a d s i d e  over look ;  making a  l i v e l i h o o d  by h a r -  
v e s t i n g ,  process ing,  and marke t ing  t i m b e r ;  u s i n g  
wooden f u r n i t u r e  and a  newspaper; and e n j o y i n g  a  
pane led  w a l l  and a  p l e a s a n t  h i ke .  Percep t ions  o f  
b e n e f i t s  change f a s t e r  t h a n  f o r e s t s  can t r a n s f o r m  
f r o m  s t a t e  t o  s t a t e .  I n  o t h e r  words, techno logy  
f o r  p r o c e s s i n g  t a n g i b l e  b e n e f i t s  changes f a s t e r  
t h a n  f o r e s t  managers can g e n e t i c a l  l y  and p h y s i o -  
l o g i c a l l y  modi fy  t h e  p h y s i c a l  p r o p e r t i e s  o f  h i o -  
mass. Economic c y c l e s  and s o c i a l  a t t i t u d e s  change 
f a s t e r  than  f o r e s t  managers can t r a n s f o r m  f o r e s t  
s t a t e s .  Thus, t h e  use o f  s i l v i c u l t u r e  t o  match 
combi n a t i o n s  o f  b e n e f i t s  w i t h  p e r c e p t i o n s  o f  p e r -  
sonal  i n t e r e s t s  r e q u i  r e s  dynamic p l a n s  t h a t  a r e  
des igned w i t h  c y b e r n e t i c  p r i n c i p l e s  t o  i n t e g r a t e  
persona1 p e r c e p t i o n s  of i n t e r e s t e d  p a r t i e s  w i t h  
ecosystem dynami cs  . 



F igu re  1.--Human benefits derived from forest 
ecosystems without silviculture. 



NATURAL INPUTS 

radiant energy 

organic matter 

NA TURAL OUTPUTS DISSIPA TED . 
Figure 2.--The use o f  si  1 v icu l tu re  t o  d i r e c t  ecosystem 
dynamics f o r  more and b e t t e r  benef i ts .  



Ecosystem dynamics inc ludes  t r ans fo rm i  ng com- 
m u n i t i e s  o f  organisms from one s t a t e  o f  o rgan iza-  
t i o n  t o  another and t h e  behavior,  evo lu t i on ,  and 
e x t i n c t i  on o f  l a r g e  numbers o f  p l a n t s  and animal s. 
A 1  though these t rans fo rmat ions  are aimless, obser-  
va t i ons  o f  repeated changes from s t a t e  t o  s t a t e  
p rov ide  i n fo rma t i on  f o r  p r o j e c t i n g  t r ans fo rma t i ons  
f o r  s h o r t  t ime per iods. For  example, we may ob- 
serve t h a t  most stands whose- t rees now average 4 
inches i n  diameter w i l l  t r ans fo rm  t o  stands whose 
t r e e s  average 6 inches i n  diameter du r i ng  t h e  nex t  
10 years .  It i s  u n l i k e l y  t h a t  t h e  4- inch s tands 
w i l l  t r a n s f o r m  du r i ng  t h e  next  10 years t o  seed- 
l i n g s  o r  sap1 i n g ~  o r  t o  stands whose t r ees  average 
20 inches  i n  diameter. Observing t h e  most f r e -  
quent t r ans fo rma t i ons  o f  p l a n t  and animal cam- 
mun i t i es  from one s t a t e  t o  another l e d  e c o l o g i s t s  
t o  t h e  concept o f  succession. 

Succession i s  viewed here as a  spec ia l  case 
o f  t r a n s f o r m a t i o n  o f  p l a n t  and animal communities 
f rom one s t a t e  t o  another. The impor tant  p o i n t  i s  
t h a t  many f o r e s t  t rans fo rmat ions  can be p r e d i c t e d  
w i t h  an acceptabf e accuracy f o r  one o r  more dec- 
ades. The v a l i d i t y  s f  these p r e d i c t i o n s  i s  used 
t o  d i  r e c t  ecosystem dynamics. The approach p re -  
sented here i s  t o  use knowledge o f  ecosystem dy- 
namics t o  p r e d i c t  t r ans fo rma t i ons  a f t e r  biomass 
i s  removed. Biomass i s  removed, u s u a l l y  by t imbe r  
harves t ing ,  t o  b r i n g  t h e  f o r e s t  t o  a  c e r t a i n  s t a t e  
o f  o rgan i za t i on ,  which i s  de f ined  as t he  d i s t r i  bu- 
t i o n  o f  stands by stand c o n d i t i o n  classes, Stand 
c o n d i t i o n  c lasses a re  de f i ned  by age and area 
c lasses and by f o r e s t  types. 

Managers and management teams, however organ- 
i zed ,  a re  prov ided a  s imple and e f f e c t i v e  t o o l  t o  
systemat i  c a l  l y  p rov ide  b e n e f i t s  s i n g l y  and i n  d i  f - 
f e r e n t  combinations. The new d i  r e c t i  on uses con- 
ven t i ona l  s i  1  v i c u l t u r a l  techniques, some o f  which 
were developed more than a  hundred years ago, The 
method i s  not r a d i c a l l y  new; i t  i s  a  r e s t r u c t u r i n g  
o f  knowledge and technology*  



The Mew Dl r e c t i o n  

The new d i r e c t i o n  i s  t o  ask and t o  answer t h e  
ques t i on :  What s t a t e  o f  o rgan i za t i on  do we want 
f o r  t h i s  f o r e s t ?  

Order  i n  f o r e s t s ,  a l so  c a l l e d  s t r u c t u r e ,  i s  
t h e  way p l a n t s  and animals are arranged and con- 
nected t o  each o t h e r  and t o  t h e  environment. The 
concept o f  o rgan i za t i ona l  s t a t e  inc ludes  t hese  
arrangements, d i s t r i b u t i o n s ,  and connect ions. 

A c e r t a i n  s t a t e  o f  o rgan i za t i on  i s  descr ibed  
by a  s p e c i f i e d  d i s t r i b u t i o n  o f  component p a r t s  
t h a t  a r e  mainta ined as a  dynamic system. For  
example, a  f o r e s t  may be kept i n  a  s t a t e  t h a t  i s  
d e f i n e d  by t h e  p r o p o r t i o n  o f  stands i n  c e r t a i n  
type, age, and area classes. The stands a re  dyna- 
mic i n  t h a t  they  a re  cons tan t l y  changing f rom one 
condi t i  on c l  ass t o  ano ther *  

Consider a  steam engine ope ra t i ng  a t  a  con- 
s t a n t  speed. The s t a t e  o f  o rgan i za t i on  i s  de f i ned  
by t h e  p r o p o r t i o n  o f  f u e l ,  water,  and steam i n  t h e  
engine. Th is  s t a t e  o f  t h e  engine may he r e t a i n e d  
f o r  a  l ong .  t ime on l y  by t h e  constant  t ransforma-  
t i o n  c f  t h e  f u e l ,  water, and steam from s t a t e  t o  
s ta te .  

The bene f i t s ,  p o s s i b l y  power, der i ved  from 
t h e  steam engine a re  determined by t h e  s t a t e  o f  
organi  za t i on .  Changing t h e  oryani  z a t i o n a l  s t a t e - -  
t h e  p ropo r t i ons  o f  f u e l ,  water,  and steam--changes 
t h e  a v a i l a b i l i t y  o f  t h e  b e n e f i t s *  Unpred ic tab le  
o r  uncon t ro l  1 ab le  o rgan i za t i ona l  s t a tes  o f  t h e  
steam engi ne--and o f  f o r e s t  systems--resul t i n  
unp red i c tab le  k inds  and amounts o f  b e n e f i t s  

The new d i r e c t i o n  f a r  f o r e s t r y  i s  t o  c o n t r o l  
o r g a n i z a t i o n a l  s t a t e s  o f  a f o r e s t  t o  p rov ide  human 
b e n e f i t s *  The s t a t e  o f  o rgan i za t i on  determines 
t h e  b i o l o g i c a l  p o t e n t i  a1 f o r  ha rves t i ng  tl'mber; 
f o r  hunt ing,  h i k i n g ,  f i s h i n g ,  camping, en joy ing  



w i  1 derness condi t i  ons ; and f o r  conserv i  ng endemic 
genotypes. The new d i r e c t i o n  uses a  knowledge o f  
t h e  dynamics o f  Forest  o rgan i za t i on  t o  d i r e c t  o r -  
gani sm behav io r  and prov ide human b e n e f i t s  . 

F o r  management purposes, opera t iona l  c r i  t e r i  a  
a re  used t o  descr ibe  t h e  o rgan i za t i on  o f  f o r e s t s .  
"Operat i  onal " mans  t h a t  t he  c r i t e r i a  can be read- 
i 1y de f ined ,  measured, and r e l a t e d  t o  management 
dec i s i ons .  C r i t e r i a  t h a t  have been used f o r  many 
years  for both n a t u r a l  and a r t i f i c i a l  stands a re  
f o r e s t s  types, t h e  age classes o f  stands, and t h e  
area c lasses  o f  stands. The d i s t r i b u t i o n  o f  
stands by these stand cond i t i ons  descr ibes, f o r  
p r a c t i c a l  purposes, t h e  f o r e s t ' s  o r g a n i z a t i o n a l  
s t a te .  

S t r u c t u r e  o r  o rgan i za t i on  may be viewed as 
t h e  way p a r t s  o f  a  system are connected. The 
w a l l  s  o f  a  bu i  I d i n g  are connected t o  form spaces 
f o r  working, cooking, ea t ing ,  p lay ing ,  r e s t i n g ,  
and s leeping.  The values o f  t h e  b e n e f i t s  d e r i  ved 
f rom a  bu i  l d i  ng a re  determined by t h e  arrangement, 
t h e  i n t e r r e l a t i o n ,  and t h e  l i nkage  o f  t he  wa l l s ,  
f l o o r s ,  doors, windows, and o the r  par ts .  D i f f e r -  
e n t  hu i  l d i  ngs p rov ide  d i  f f e r e n t  cornbi na t i ons  o f  
b e n e f i t s ,  p r i m a r i  l y  because d i f f e r e n t  k inds  o f  
p a r t s  a r e  s t r u c t u r e d  i n  d i f f e r e n t  ways. The com- 
b i n a t i o n s  o f  b e n e f i t s  a v a i l a b l e  f rom both 
b u i l d i n g s  and f o r e s t s  are determined by s t r uc tu re .  

D i f f e r e n t  f o r e s t s  p rov ide  d i  f f e r e n t  combi - 
na t i ons  o f  b e n e f i t s  because d i f f e r e n t  k inds o f  
p l a n t s  and animals are arranged and connected i n  
d i f f e r e n t  ways t o  form d i f f e r e n t  k inds  o f  stands. 
Furthermore, f o r e s t s  are dynamic r a t h e r  than 
s t a t i c .  The dynamic s t r u c t u r e  i s  d r i v e n  by mor- 
t a l i t y ,  which r e s u l t s  p r i m a r i l y  f rom t h e  mecha- 
nisms o f  na tu ra l  se lec t i on .  Phys ica l  m o r t a l i t y  
assoc ia ted  w i t h  n a t u r a l  s e l e c t i o n  i s  caused hy t h e  
i n a b i l i t y  o f  i n d i v i d u a l s  t o  ma in ta i n  some essen- 
t i a l  v a r i a b l e  w i t h i n  t h e  l i m i t s  f o r  l i f e .  



Essent i  a1 var iab t  es i nc l ude  water content,  photo-  
syn thes i s  r a te ,  n u t r i e n t  absorpt ion,  food cap- 
t u r e ,  b lood  sugar content ,  and t h e  body's p h y s i c a l  
i n t e g r i t y .  Genet ic m o r t a l i t y  occurs when s u r v i -  
vors f a i l  t o  t r ansm i t  genes t o  t h e  next genera- 
t i o n s *  Both phys i ca l  and genet ic  m o r t a l i t y  a re  
consequences of t h e  phys i ca l  and chemi ca 1 behav io r  
o f  each organism as c o n t r o l  l e d  by a  s p e c i f i c  
gene t i c  code being t r a n s l a t e d  i n  a  s p e c i f i c  e n v i -  
ronment. Phys ica l  and genet ic  m o r t a l i t y  no t  o n l y  
i n f l u e n c e  t h e  k inds  and p ropo r t i ons  o f  genes 
t r a n s m i t t e d  t o  t h e  next  generat ion bu t  a l s o  orga- 
n i z e  t h e  s t r u c t u r e  o f  communities. Once t h e  
gene t i c  code i s  f i x e d  by asexual o r  sexual repro -  
duc t i on ,  phys ica l  m r t a l  i t y  s t r u c t u r e s  t he  f o r e s t s  
and determines t h e  avai  f ab i  l i t y  o f  human b e n e f i t s  
f o r  some pe r i od  o f  t ime. 

Thus, t h e  b i  01 og i  c a l  s t r u c t u r e  o f  unmanaged 
f o r e s t s  and t h e  dynamics o f  t h i s  s t r u c t u r e  a re  
determi  ned by t h e  processes o f  gene t i c  mutat ion,  
recombi n a t i o n  o f  t h e  gene t i c  code, and n a t u r a l  
s e l e c t i o n  o f  phenotypes. Both t h e  s t r u c t u r e  o f  
unmanaged f o r e s t s  and o rgan ic  e v o l u t i o n  are d r i  ven 
by t h e  same b i o l o g i c a l  mechanisms. For t h e  same 
reasons t h a t  organic  e v o l u t i o n  i s  aimless, t h e  
n a t u r a l ,  unmanaged f o r e s t  i s  a l so  aimless, I n  
unmanaged f o res t s ,  Future s ta tes  o f  o rgan i za t i on  
a r e  uncon t ro l  1  ed; p roduc t ions  o f  b e n e f i t s  a re  not  
d i  rec led .  Th is  r e l a t i o n s h i p  i s  impor tant  f o r  
making dec is ions  and t a k i n g  ac t i ons  t o  d i r e c t  t h e  
o r g a n i z a t i o n a l  s t a tes  o f  a  f o r e s t  toward a des i r ed  
s t a t e  and f o r  produc ing b i o l o g i c a l  l y  poss ib l e  and 
des i  r e d  combinations o f  bene f i t s .  

Decis ion and Contro l  

The t y p i c a l  ques t ion  f o r e s t  managers at tempt 
t o  answer i s ,  "How much t imber ,  water, w i l d l i f e ,  
r ec rea t i on ,  and w i  1  derness shoul d  be made avai  l - 
ab le  t o  users?"  Th i s  ques t ion  i s  d i f f i c u l t  t o  
answer because o f  t h e  complex i ty  o f  i n t e g r a t i n g  



and p r o j e c t i n g  more than t h ree  o r  f o u r  b e n e f i t s  
w i t h  an equal number o f  management ac t ions  and 
because s f  the  d i f f i c u l t y  o f  p r e d i c t i n g  s o c i a l  , 
economic , and pol  i t  i cat changes. 

The new d i  r e c t i o n  poses d i f f e r e n t  k inds  o f  
ques t i ons :  To what dynamic s t a t e  o f  o r g a n i z a t i o n  
do t h e  i n t e r e s t e d  p a r t i e s  want t h e  manager t o  
b r i n g  a  f o r e s t ?  What s ta tes  are b i o l o g i c a l  l y  
p o s s i b l e  and desi  r a b l e ?  What combinations o f  
b e n e f i t s  are poss ib l e?  The answer i s  a  s i n g l e  
goal toward  which a l l  c u l t u r a l  ac t ions  are 
d i  r ec ted .  Complexi t y  i s  const ra ined.  Now t h e  
manager can schedule an o r d e r l y  change i n  t h e  
f o r e s t ' s  o rgan i za t i ona l  s ta tes ,  and t h e  b i o l o g i  - 
c a l l y  p o s s i b l e  combinations o f  b e n e f i t s  can be 
p r o j e c t e d  f o r  many decades* 

Dec i s i on  and c o n t r o l  uses s i  1  v i c u l t u r e  as 
p a r t  o f  a  l a r g e r  management system. Regardless o f  
t h e  i n t e r e s t e d  pa r t i es - -a  l a r g e  corpora te  s t  r uc -  
t u re ,  a  landowner w i t h  l ess  than 100 acres o f  
f o r e s t ,  o r  a  pub1 i c  agency d i  r e c t i n g  t h e  use o f  
m i l l i o n s  o f  acres o f  p u b l i c  land-- the ques t ion  i s  
always, "To what s t a t e  do I want t o  b r i n g  t h i s  
f o r e s t ? "  Implementing t h e  answer requi  res i n v e s t -  
ments and d i  r e c t i  on o f  management resources. The 
resources used by s i l v i c u l t u r e  are on ly  a  p o r t i o n  
o f  t h e  l a r g e r  management system. 

The d i  s t  i n c t  i on i s  not a1 ways c l  ear between 
d i r e c t i n g  t o  achieve a  s i l v i c u l t u r a l  response and 
d i r e c t i n g  t o  achieve goals o f  t h e  l a r g e r  manage- 
ment system. I n  p rac t i ce ,  s i l v i c u l t u r e  must be 
congruent w i t h  t he  l a r g e r  management system. The 
new d i  r e c t i o n  achieves t h i s  by i n t e g r a t i n g  dec i  - 
s i o n  and c o n t r o l  loops ( f i g *  3) .  The p a r t i c u l a r  
management p r o j e c t i o n s  se lec ted  become t h e  dynamic 
p l  an. 

S ta tes  o f  a f o r e s t  are p ro jec ted  by t he  
DYNAST s imu la to r  from t h e  present s t a t e  o f  t he  
f o r e s t ,  through many t rans fo rmat ions ,  toward a  
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s o c i a l ,  economic, and p o l i t i c a l  fo rces  whi l e  
s u s t a i  n i  ng t h e  bas i c  resource values. DYNAST sim- 
u l a t e s  annual changes and long- term e f f e c t s  f o r  
t h e  a l t e r n a t i v e s  be ing  considered. 

DYNAST s imu la tes  t rans fo rmat ions  from s t a t e  
t o  s t a t e  f o r  any f o r e s t  t h a t  can be descr ibed by 
s p a t i a l  and temporal changes i n  stands by age 
c l a s s  and f o r e s t  type. The s i m u l a t i o n  model 
t rans fo rms a  f o r e s t  t o  a  f u t u r e  s t a t e  i n  r e l a t i o n  
t o  a  mode o f  s i l v i c u l t u r e .  The model i s  an ana ly -  
t i c  technique t h a t  enhances t h e  d e c i s i o n  and 
c o n t r o l  process. The simul a t i s n  uses i n f o r m a t i  on 
about ecosystem dynamics and s i  1  v i c u l  t u r e  t o  
t r ans fo rm  t h e  present  s t a t e  o f  t h e  f o r e s t  t o  t h e  
nex t  most probable s l a t e .  

Th i s  a n a l y t i c  technique i n t e r r e l a t e s  quan- 
t i f i a b l e  va r i ab les  o f  s i l v i c u l t u r e ,  i nven to r i es ,  
moni t o r i n g s ,  and research w i t h  t h e  s u b j e c t i v e  
v a r i a b l e s  f o r  dec i s i ons *  Consciously o r  uncon- 
s c i o u s l y  a l l  i n t e r e s t e d  p a r t i e s  are engaged i n  
s u b j e c t i  ve l y  perce i  v i  ng some f u t u r e  b e n e f i t s  f rom 
t h e  f o r e s t .  It i s  on t h e  bas is  o f  these percep- 
t i o n s  t h a t  commitments are made t o  i n v e s t  labor ,  
f o r e s t  land, c a p i t a l ,  energy, and mater i  d l  s  t o  
implement s i  1  v i c u l  t u r e ,  The ac t i ons  are designed 
t o  t r ans fo rm  t h e  f o r e s t  toward a c e r t a i n  s t a t e  o f  
o rgan iza t ion .  

When t h e  management team i s  g iven responsi  - 
b i l i t y  t o  implement s i  l v i c u l t u r e  f o r  t he  manage- 
ment mode se lected,  then land, labor ,  c a p i t a l ,  
energy, and m a t e r i a l s  are committed f o r  a  sho r t  
t ime. 7he progress r a t e  i n  app l y i ng  s i l v i c u l t u r e  
i s  monitored aga ins t  t h e  r a t e  used i n  t h e  DYNAST 
s imu la t ion .  Transformat ions i n  t h e  f o r e s t ' s  orga- 
n i z a t i o n a l  s t a t e  are i nven to r i ed .  Research adds 
new knowledge, data, and i n s i g h t s  about ecosystem 
dynamics and about t h e  f o r e s t ' s  responses t o  
s i l v i c u l t u r e ,  Th is  i n fo rma t i on  i s  used t o  keep 
t h e  model, DYNAST, congruent w i t h  t h e  r e a l  f o r e s t .  
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F igure 4.--Consequences o f  regulat ing the 
B ig  I vy  forest  (described i n  ch. 8) w i th  
an 80-year ro ta t ion  period. 
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r o t a t e d  through an 80-year per iod and 20 
percent through a 200-year period. 



Also, t he  management mode may he changed a t  t h e  
end of each p lann ing  per iod,  o r  be fo re  i f  a  major 
change has taken place. For such a  change, t h e  
s imu la t i ons  p rov ide  i n fo rma t i on  about expec ta t ions  
and consequences be fo re  a1 te r i ' ng  t h e  r e a l  f o r e s t .  

Management percept  i ons change i n  re1 a t  i on t o  
s o c i a l  and economic forces,  t h e  avai  l a b i  l i t y  o f  
management resources, and f o r e s t  t rans fo rmat ions .  
The s i t u a t i o n  i s  con t i nua l  l y  eva luated by manage- 
ment and i n t e r e s t e d  p a r t i e s .  The combinat ions o f  
b e n e f i t s  prov ided and t h e  k inds  and ra tes  o f  
investments are adjusted. The two c losed loops 
(Cont ro l  and Dec is ion)  are coord inated and i n t e -  
g ra ted  by a  dynamic p l an  t h a t  i s  se lec ted  from t h e  
s i m u l a t i o n  a l t e r n a t i v e s  ( f i g s .  4, 5, 6). Ad jus t -  
ments o f  t he  dynamic p lan  keep t h e  loops respon- 
s i v e  t o  new i n f o r m a t i o n  about s o c i a l  and economic 
f o r ces  and ecosystem dynamics. 

The p a r t i c i p a t i o n  o f  a1 1  i n t e r e s t e d  p a r t i e s  
depends on communication o f  expl  i c i  t i n fo rma t i on  
about t h e  dec i s i on  and c o n t r o l  process. The simu- 
l a t i o n s  o f  a l t e r n a t i v e s  are presented i n  e x p l i c i t  
c h a r t s  and tab les .  The a v a i l a b i l i t i e s  o f  b e n e f i t s  
and amounts o f  impacts are p l o t t e d  on a  common 
sca le  o f  0 t o  1. D i f f e rences  are apparent f rom 
v i s u a l  examinations. The DYNAST programs are 
documented. The equat ions are easy t o  understand. 
The r e l a t i o n s  f o r  b e n e f i t s  are expressed v e r b a l l y  
and i n  s imple t a b l e s  and char ts .  These r e l a t i o n s  
can e a s i l y  be changed as new i n f o r m a t i o n  becomes 
ava i l ab le .  There a re  no complex mat r i ces  and no 
a r b i t r a r y  i n t e r a c t i o n  c o e f f i c i e n t s .  The process 
can be made e x p l i c i t  t o  a1 1  i n t e r e s t e d  p a r t i e s  and 
a l l  p a r t i e s  can p a r t i c i p a t e  i n  us ing  and choosing 
a1 t e r n a t i  ves. 

The choice o f  a  management mode, one o f  t h e  
s imu la ted  plans, i s  s u b j e c t i v e l y  determined by t h e  
knowledge, i n s i g h t s ,  value judgments, and exper i  - 
ence o f  each i n t e r e s t e d  par ty .  Answers t o  t h e  
quest ion,  "Are p r o j e c t i o n s  acceptable?"  ( f i g s .  4, 
5, 6) are der i ved  i n  t h e  same way t h a t  we choose 



f o o d  o r  a new p a i r  o f  shoes* Gmpromise i s  an 
e s s e n t i a l  p a r t  o f  t h e  dec is ion  process. S t rong  
d i f f e r e n c e s  o f  op in i on  may no t  be e a s i l y  compro- 
mised, but t h e  p o s s i b i l i t y  For compromise i s  
enhanced by a1 1  i n t e r e s t e d  p a r t i e s  p a r t i c i p a t i n g  
i n  pos i  ng and choosi ng a1 t e r n a t i  ves. The b i  01 o g i  - 
c a l  c o n s t r a i n t s  i n  t h e  c o n t r o l  loop keep t h e  con- 
s i d e r a t i o n s  w i t h i n  t h e  l i m i t s  o f  b i o l o g i c a l  
p o s s i b i l i t y .  

B y  us ing  t h i s  method, c u l t u r a l  p r a c t i c e s  can 
be scheduled t o  p rov ide  f o r e s t  b e n e f i t s  f o r  many 
decades. The new d i  r e c t i o n  prov ides f o r  compro- 
m i  se o f  s t rong  d i  f f erences o f  op i  n i  on ; the  
i n t e g r a t i o n  o f  data and op in ion ;  t h e  use o f  i n t e r -  
d i s c i p l i n a r y  knowledge and technology; t h e  use o f  
a dynamic p l an  t h a t  i s  responsive do changes i n  
s o c i a l  , economic, and p o l i t i c a l  fo rces ;  and con- 
s t r a i n t  o f  complex i ty  i n  t h e  dec i s i on  and c o n t r o l  
process. 

The dec i s i on  and c o n t r o l  process i s  a  c y c l e  
o f  t h r e e  events:  ( 1 )  assembling i n fo rma t i on  about 
t h e  s t a t e  o f  t h e  f o r e s t ;  ( 2 )  us i ng  mental models 
t o  make dec is ions ;  and ( 3 )  app l y i ng  c u l t u r a l  
a c t i o n s  ( f i g .  3). An impor tant  d i f f i c u l t y  i s  t h a t  
i nfo rmat ien  can pro1 i f e r a t e  t o  unmanageable p ro -  
p o r t i o n s  i n  a1 7 t h r e e  events. 

F i  r s t  event. Assembling i n fo rma t i on  about 
f o r e s t  types, s tand c o n d i t i o n  classes, age 
c lasses,  t r o p h i c  c lasses, biomass classes, s o i l  
c lasses,  product i v i  t y  c l  asses, and s i  m i  l a r  e l  e- 
ments increases t h e  complex i ty  f o r  dec i s i on  and 
c o n t r o l .  The amount o f  t ime, e f f o r t ,  and cos t  
r equ i  r ed  t o  sys temat ica l  l y  assemble an enormous 
v a r i e t y  o f  i n f o r m a t i o n  on t h e  s ta tes  o f  a f o r e s t  
and then t o  cons ider  t h e  ecosystem dynamics i n  
r e l a t i o n  d o  a l t e r n a t i v e  c u l t u r a l  ac t i ons  i s  an 
appaf f j n g  challenge, The way to reduce comp lex i t y  
i s  to l i m i t  the number o f  inventory and rnonitoriwj 



v a r i a b l e s  admi t ted t o  t h e  dec i s i on  and c o n t r o l  
cyc le .  The c r i t e r i o n  i s  t o  admit on l y  va r i ab les  
t h a t  r e f  1  e c t  t h e  t rans fo rmat ions  i n  s ta tes  o f  
f o r e s t  o rgan iza t ion .  Research techniques a re  
used t o  i d e n t i f y  t h e  essen t i a l  va r i ab les  t h a t  
desc r i be  t h e  ecosystem dynamics, develop new 
c u l t u r a l  p rac t i ces ,  and p rov ide  knowledge t o  
e x p l a i n  r e l a t i o n s h i p s .  

No s i n g l e  r u l e  o r  guide e x i s t s  f o r  l i m i t i n g  
t h e  amount and k i n d  o f  i n f o rma t i on  admi t ted t o  t h e  
d e c i s i o n  and c o n t r o l  cyc le .  I n  general, t h e  
s h o r t e r  t h e  cyc le ,  t h e  less  data requ i red  t o  keep 
t h e  dynamic p l an  congruent w i t h  t h e  f o r e s t  a 

Second event . The second event i s  t r o u b l e -  
some because o f  t h e  d i f f i c u l t y  o f  keeping mental 
models f o r  t h e  behavior  o f  eco log i ca l  systems 
congruent w i t h  t h e  r e a l  f o r e s t  and w i t h  responses 
t o  c u l t u r a l  ac t ions .  Mental models are b u i l t  f rom 
experience, i n s i g h t s ,  persona1 percept ions,  and 
p r i n c i  p1 es--re1 a t i o n s  t y p i c a l  l y  der i ved  from a  
systemat ic  assembly o f  knowledgee Mental models 
a re  communicated i n  var ious ways among managers, 
i n t e r d i s c i p l i n a r y  s t a f f s ,  and o the r  i n t e r e s t e d  
p a r t i e s .  Communication mod i f ies  mental models o f  
p a r t i c i p a n t s .  Major d i f f i c u l t i e s  among p a r t i c i -  
pants  a re  t o  know what va r i ab les  t o  i nc l ude  i n  
e x p l i c i t  models, how t o  s t r u c t u r e  t h e  va r i ab les  t o  
be congruent w i t h  t h e  rea l  f o r e s t ,  how t o  ma in ta i n  
dynamic plans, and how do i d e n t i f y  and overcome 
l i m i t a t i o n s  r e s u l t i n g  from t h e  absence o f  i n f o r -  
mation. 

Research, imag ina t i ve l y  conceived t o  answer 
fundamental quest ions about ecosystem dynamics, i s  
apparen t l y  t h e  most e f f e c t i v e  way t o  l i m i t  
complex i t y  i n  t h e  second event Re la t ions  t h a t  
can be o p e r a t i o n a l l y  s t r u c t u r e d  and has ic  p r i n -  
c i p l e s  t h a t  apply t o  an a r ray  o f  l i f e  forms can 
c o n t r i b u t e  t o  mental models and lead  t o  simple, 
e x p l i c i t  models t h a t  l i m i t  t h e  number o f  c o n t r o l  
va r iab les ,  



DYNAST i s  an a i d  f o r  t h e  second event. Large 
amounts o f  i n f o rma t i on  are reduced t o  e x p l i c i t  , 
simple cha r t s  and tab les .  These cha r t s  and 
t ab les ,  which represent  p r o j e c t i o n s  i n  r e l a t i o n  t o  
ac t i ons ,  he lp  each p a r t i c i p a n t  1  i m i  t t h e  complex- 
i t y  ~f b u i l d i n g  mental models and communicating 
these models i n  some e x p l i c i t  form. The a c t i v e  
p a r t i c i p a t i o n  o f  a1 1  i n t e r e s t e d  p a r t i e s  i n  
changing t h e  c o n t r o l  va r i ab les  permi ts  i n d i  v i d u a l  s  
t o  communicate w i t h  o thers  ( f i g .  3). Man ipu la t i ng  
t h e  DYNAST c o n t r o l s  i s  a  good way t o  a i d  t h e  
s t r u c t u r i n g  o f  mental models. 

Th i rd  event. The t h i  r d  event i s  t roublesome 
because t he  complex i ty  o f  s i  1  v i c u l t u r e  i s  i n -  
creased by constant  changes i n  c u l t u r a l  ac t i ons  
caused by soc i  a1 , economic, and po l  i t i c a l  fo rces .  
New knowledge from research, moni t o r i  ngs, and 
i n v e n t o r i e s  must be i n t e g r a t e d  w i t h  s i l v i c u l t u r e .  
S o r t i n g  and us ing  new knowledge and technology are 
d i  f f i  c u l  t chores. Attempts t o  match responses 
one-to-one w i t h  c u l t u r a l  ac t i ons  can p r o l i f e r a t e  
compl e x i  t y  t o  unmanageabl e  p ropor t ions .  A c u l -  
t u r a l  scheme i s  used here t o  l i m i t  both complex i t y  
and t h e  number o f  c u l t u r a l  ac t i ons  t h a t  must be 
harmonized i n  t h e  appl i c a t i o n s .  

The DYNAST technique i s  t o  sys tema t i ca l l y  
use t h r e e  c o n t r o l  va r i ab les - - ra tes  o f  t imber  har -  
vest ,  s i zes  o f  openings formed by t imber  harvest ,  
and t h e  conversions o f  f o r e s t  types. These a re  
t h e  pr imary c o n t r o l s  used t o  order  t h e  ecosystem 
dynamics o f  f o res t s .  Th is  o r d e r l y  way t o  t r a n s -  
form t h e  f o r e s t  f rom one s t a t e  o f  o rgan i za t i on  t o  
another  prov ides p r e d i c t a b l e  var iab les - - the  tem- 
p o r a l  and s p a t i a l  d i spe rs i on  o f  habi t a l s - - t h a t  can 
be used t o  p r o j e c t  t h e  p o t e n t i a l  f o r  a l l  f o r e s t  
bene f i t s  s i n g l y  and i n  combinat ions ( f i g s .  4, 5, 
6 ) .  

The DYNAST method i s  use fu l  because values 
f o r  on l y  a  few va r i ab les  are needed t o  p r e d i c t  
m u l t i p l e  b e n e f i t s  f o r  a l t e r n a t i v e  c u l t u r a l  ac t ions .  





Chapter 2 

S t r u c t u r e  sf  t h e  Dec is ion  and Cont ro l  System 

Overview 

S t ruc tu re ,  t h e  way t h e  component p a r t s  a re  
connected, determines t h e  dynamics o f  t he  d e c i s i o n  
and c o n t r o l  system. For  s i  l v i c u l t u r a l  app l i ca -  
t i o n s ,  t he  managers i n  t h e  dec i s i on  and c o n t r o l  
system must he ab le  t o  a n t i c i p a t e  o rgan i za t i ona l  
s t a t e s  o f  a  f o r e s t  f o r  a yea r  up t o  many decades. 
Th is  i s  achieved w i t h  a  feed- forward loop l i n k e d  
w i t h  a  number o f  nega t i ve  and p o s i t i v e  feedback 
1  oops * These connect ions o r i e n t  and schedule 
i nforrnat ion f lows  t h a t  operate through delays, 
amp1 i f i ers,  and t ransducers t o  s i  mu1 a t e  s ta tes  o f  
organi  n a t i o n  o f  t h e  managed f o r e s t .  B e n e f i t s  a re  
p r o j e c t e d  by r e l a t i n g  each b e n e f i t  t o  an organiza-  
t i o n a l  s ta te .  The s i  1  v i c u l t u r a l  app l i ca t i ons ,  
i nven to r i  es, research, mon i to r ing ,  management, and 
b i o l o g i c a l  c o n s t r a i n t s  are a l l  forms o f  delays, 
amp1 i f i ers  , and t ransducers (Mi l sum 1966). A1 1  o f  
these elements are components o f  t h e  dec i s i on  and 
c o n t r o l  process. 

Cont ro l   loo^ 

The c o n t r o l  l oop  i s  s t r u c t u r e d  t o  g ive  p r e f -  
erence t o  t h e  b i o l o g i c a l  c o n s t r a i n t s  ( f i g .  3). 
Th is  s t r u c t u r e  i s  e s s e n t i a l  i f  t h e  focus i s  t o  be 
on uses w i t h i n  t h e  b i o l o g i c a l  l i m i t s  f o r  sus- 
t a i  n i  ng bas ic  resources. For  example, investments 
o f  money and l abo r  can on l y  p a r t i a l l y  c o n t r o l  pho- 
t o s y n t h e t i c  ra tes ,  m o r t a l i t y ,  convers ion o f  ca r -  
bohydrates t o  marketable forms o f  c e l l u l o s e  and 
game, delays i n  growth and reproduc t ion  ra tes ,  and 
many o ther  elements o f  ecosystem dynamics. I n  
manmade manufactur ing systems, c o n s t r a i n t s  such as 
marg ina l  costs,  market ing, and supply and demand 
func t i ons  can be c o n t r o l l e d  more than  i n  b i o l o g i -  
c a l  Systems. When t h e  p roduc t ion  f unc t i ons  are 



based p r i m a r i  l y  on ecosystem dynamics, the b i  01 og- 
i c a l  c o n s t r a i n t s  must be g iven preference i n  t h e  
c o n t r o l  loop, 

The c o n t r o l  loop must be kept  simple. It i s  
no t  p o s s i b l e  t o  i nco rpo ra te  t h e  behavior  o f  every  
organism i n t o  con t ro l s .  It i s  p o s s i b l e  t o  i n c o r -  
po ra te  elements, such as de lays and i nven to ry  
i n fo rma t i on ,  t h a t  cons t ra i  n  t h e  simul a t i ons  t o  
r e f l e c t  t h e  behavior  o f  t h e  r e a l  f o r e s t .  Once 
these c o n s t r a i n t s  are pu t  i n t o  DYNAST, a l l  o f  t h e  
s imu la t i ons  are considered t o  be b i o l o g i c a l  l y  
p o s s i b l e  and w i t h i n  t h e  b i o l o g i c a l  l i m i t s  f o r  sus- 
t a i n i n g  bas i c  resource values. 

B i o l o g i c a l  t heo r i es ,  hypotheses, and a1 go- 
r i t hms  a r e  ad jus ted  w i t h  r e s u l t s  f rom research, 
mon i to r ing ,  and i nven to r i es .  Th is  k i n d  o f  new 
i n f o r m a t i o n  must c o n t i n u a l l y  f l o w  i n t o  t he  c o n t r o l  
1  oop. 

Deci s i  on LOOD 

A  management dec i s i on  i s  a  s u b j e c t i v e  cho ice  
o f  one p l a n  f o r  some pe r i od  o f  t ime  from two o r  
more a l t e r n a t i v e  p lans ( f i g s .  4, 5, 6). We do no t  
know how t o  q u a n t i f y  t h e  choosing process because 
i t  i n v o l  ves i n t e g r a t i o n  o f  data w i t h  experience, 
i n s i g h t s ,  and value judgments. We can q u a n t i f y  
and manipu la te t h e  data components o f  t he  process. 
Our i n a b i l i t y  t o  q u a n t i f y  t h e  s u b j e c t i v e  com- 
ponents o f  t h e  dec i s i on  process i s  t h e  pr imary 
reason f o r  t h e  "Yes" o r  "No" ques t ion  f o l l o w i n g  
t h e  DYNAST p r o j e c t i o n s  ( f i g .  3). These k inds  o f  
dec i s i ons  are taken by mental processes s i m i l a r  t o  
those used f o r  purchas ing a p a i r  o f  shoes, a  coat ,  
and food. These mental processes cannot be 
modeled and p red i c ted  by mathematical techniques 
such as cos t  -benef i t ana l ys i  s  and 1  i near pro- 
g ram ing .  The dec i s i on  loop  must p rov ide  f o r  t h e  
i n t e g r a t  i on o f  these sub j e c t i  ve deci  s i  ons based on 
an i n d i v i d u a l  ' s  mental percep t ions  o f  personal 
i n t e r e s t .  The i n t e g r a t i o n  r e s u l t s  f rom d i  r e c t i  ng 



t h e  d e c i s i o n  toward t h e  choice o f  on€ dynamic 
plan, making t h e  cos t  and b e n e f i t s  o f  each o p t i o n  
e x p l i c i t ,  and g i v i n g  each p a r t y  an o p p o r t u n i t y  t o  
p a r t i c i p a t e  i n  develop ing plans. 

Dec is ions  are o f t e n  conceived as l i m i t e d  by 
f l ows  o f  money, labor ,  ma te r i a l s ,  equipment, and 
c a p i t a l .  These va r i ab les  are impor tant ,  b u t  t h e  
process o f  choosing uses i n s i g h t s ,  value j udg -  
ments, acumen, exper ience, and f l a i  r e  I n f o r m a t i o n  
t h a t  may pass as f a c t  and marketplace va lues 
almost i n v a r i a b l y  a re  i n t e g r a t i o n s  o f  data and 
s p e c i f i c a t i o n s  r e s u l t i n g  from value judgments. 
The da ta  a re  de r i ved  f rom research, i n v e n t o r i e s ,  
and moni t o r i  ngs. The va lue judgments are d e r i  ved 
f rom i n f o r m a t i  on t h a t  o r i g i n a t e s  i n  soc ia l  , eco- 
nomi c, spec ia l  i n t e r e s t ,  and governmental a c t i  v i  - 
t i e s .  These a c t i v i t i e s  p rov ide  t h e  bas is  f o r  
op in ion ,  fashion, r epu ta t i on ,  a t t i t u d e s ,  and pe r -  
c e p t i  ons o f  s e l f - i n t e r e s t ,  

The i n t e r e s t e d  p a r t i e s ,  one o r  more people,  
sh i  f t  t h e i  r va lue judgments about f o r e s t r y  goods 
and s e r v i c e s *  As d i f f e r e n t  s o c i a l  and economic 
f o r ces  i n t e r a c t  i n  t h e  l a r g e r  s o c i a l  system, 
i n f o r m a t i o n  f rom o u t s i d e  t h e  boundary o f  f o r e s t r y  
changes percep t ions  o f  se l  f -1 n t e r e s t  . For 
example, changes i n  t r a n s p o r t a t i o n  cos t  change t h e  
values t h a t  h i ke rs ,  lumbermen, and hunters  p l ace  
on a  p a r t i c u l a r  f o r e s t .  C r i t e r i a  f o r  dec i s i ons  
rece i ved  by f o r e s t  managers change because new 
spec i  a l  -i n t e r e s t  groups a r i  se and o thers  dec l  i nee 
L e g i s l a t i v e  a c t i v i t i e s  change d i r e c t i v e s  f o r  t h e  
managers, change pub1 i c a t t i t u d e s ,  c o n s t r a i  n  
p u b l i c  expendi tures,  and d i r e c t l y  and i n d i r e c t l y  
change t h e  "Yes" o r  "No" answers f o r  both p r i v a t e  
and p u b l i c  f o r e s t s *  

Choosing a f o r e s t r y  goal , a dynamic p l an  t o  
move t h e  f o r e s t  toward a  s t a t e  o f  o rgan iza t ion ,  i s  
more l i k e  s o l v i n g  a  problem i n  s o c i a l  dynamics 
than  s o l v i n g  a problem i n  s i l v i c u l t u r e .  The dec i -  
s i o n  taken s u b j e c t i v e l y  i n t e g r a t e s  t h e  con- 
s t r a i  n t s ,  expressed as vaf ue judgments, o f  t h e  



socicleconomic s i t u a t i o n  a t  t h a t  moment. I n  a  few 
years,  even months, a  d i f f e r e n t  dec is ion  may be 
taken, n o t  because s ta tes  o f  t h e  f o r e s t  changed 
r a p i d l y  bu t  because t h e  s t a t e  o f  t h e  e x t e r n a l ,  
soc ia l ,  economic, and l e g i s l a t i v e  systems changed 
r a p i d l y .  

It has been argued t h a t  t h e  d ispass iona te  
a n a l y s i s  o f  data, t h e  ha l lmark o f  s c i e n t i s t s ,  
should e l e v a t e  management deci  s i  ons above t h e  
u n c e r t a i  n t i e s  o f  u n t r i e d  mental percep t ions  and 
value judgments (E i  l o n  1980). Attempts t o  d e r i v e  
"Yes" o r  "No" answers w i t h  a n a l y t i c  techniques 
have been unsuccessful  f o r  s p e c i f i c  segments o f  
some management systems. For example, maximiz ing 
o r  m i n i m i z i n g  a  s i n g l e  v a r i a b l e  such as p resen t  
value i s  app rop r i a te l y  determined w i t h  1 i  near  
programming techniques and i s  appropr ia te  f o r  
d e c i s i o n s  about investments i n  land, labor ,  
energy, and mater i  a1 s. 

L i n e a r  programming can be used t o  l o c a t e  roads 
f o r  h a r v e s t i n g  t imber ,  t o  minimize cos t  f o r  a  
t e c h n i c a l  s t ra tegy ,  and t o  maximize values f rom a  
t h i n n i n g  and harvest  schedule. I n  p r a c t i c a l  l y  a1 1  
o rgan i za t i ons ,  these k i  nds o f  analyses concent ra te  
on t e c h n i c a l  s t r a tegy  (E i  1  on 1980). Th is  s t r a t e g y  
i s  based on t h e  use o f  t e c h n i c a l  knowledge t b  
ach ieve d e f i n e d  goals 

Science makes s i  gni  f i c a n t  and e s s e n t i a l  
c o n t r i b u t i o n s  t o  t h e  dec i s i on  and c o n t r o l  system 
( f i g .  3). The choice "Yes" o r  "No" r e s u l t s  f rom 
mental i n t e g r a t i o n  o f  s c i e n t i f i c a l l y  and subjec-  
t i  ve l y  d e r i  ved know1 edge. The s c i  en t  i f i c  
v a r i a b l e s  a i d  t h e  choice by reduc ing cornplexi ty, 
e x p l i c i t l y  communicating a1 t e r n a t i  ves f o r  con- 
s i d e r a t i o n ,  and keeping t h e  a l t e r n a t i v e s  congruent 
w i t h  t h e  r e a l  f o r e s t .  

A bas ic  concept o f  t h e  dec i s i on  and c o n t r o l  
l oop  ( f i g .  3)  i s  t o  recognize t h e  s u b j e c t i v e l y  
chosen p lan  as a  r e f l e c t i o n  o f  t h e  a s p i r a t i o n s  o f  



t h e  i n t e r e s t e d  p a r t i e s  f o r  f o r e s t  goods and se r -  
v ices. Th is  approach compl i cates t h e  s i  1  v i  - 
c u l t u r a l  chore because these aspi  r a t i o n s  requ i  r e  
c u l t u r e  f o r  m u l t i p l e  bene f i t s .  Yet, c u l t u r e  f o r  
m u l t i p l e  b e n e f i t s  appears e s s e n t i a l  f o r  most 
i n d u s t r i a l  f o r e s t s  t o  produce p r o f i t s ,  f o r  non- 
i n d u s t r i  a1 p r i v a t e  owners t o  achieve personal 
gains,  and f o r  p u b l i c l y  owned f o r e s t s  t o  p r o v i d e  
d i v e r s e  goods and serv ices.  For example, a p r i -  
va te  co rpo ra t i on  seeks shor t - te rm p r o f i t ,  b u t  
r a r e l y  a t  t h e  expense o f  long- term disadvantage. 
A compromise by t h e  co rpo ra t i on  i s  t o  p rov ide  
m u l t i p l e  f o r e s t  b e n e f i t s  i n  response t o  t h e  va lue  
judgments, op in ions,  and fash ions  o f  i n t e r e s t e d  
p a r t i e s  but  w i t h  due regard t o  t h e  i n t e r e s t  o f  t h e  
shareholders.  A f o r e s t  may be managed f o r  raw 
ma te r i  a1 s, i n d u s t r i  a1 jobs, and woody products,  
b u t  l e g i s l a t i v e  concerns may i n c l u d e  c o n s t r a i n t s  
f o r  t h e  i n t e r e s t  o f  hunters,  r e c r e a t i o n i s t s ,  and 
o t h e r  s p e c i a l - i n t e r e s t  groups. 

Another bas i c  concept o f  t h e  dec i s i on  and 
c o n t r o l  loop i s :  f o r  every statement o f  a  s i n g l e  
d e s i r e  t h e r e  i s  a  counter  d e s i r e  o r  b i o l o g i c a l  
c o n s t r a i n t  t h a t  prevents  t h e  f i r s t  f rom being 
maximized o r  minimized. For  example, a  manager 
can inc rease  t o t a l  water y i e l d  by removing a1 1  o f  
t h e  f o r e s t ,  bu t  t h e  cos t  o f  eros ion,  f loods,  and 
wate r  d u r i n g  droughts can be g rea te r  than ac- 
c e p t i n g  a  f o r e s t  cover and a  more moderate amount 
o f  water  i n  t h e  management scheme. Accumulated 
volumes o f  t imber  can be r a p i d l y  harvested w i t hou t  
concern f o r  sus ta i  ned p roduc t i  v i  ty, bu t  t h e  depre- 
c i a t e d  cos t  f o r  t h e  long r e s t o r a t i o n  pe r i od  can be 
g r e a t e r  than t h e  ga in  f rom r a p i d  t imber  harvest .  

The s i t u a t i o n  i s  t h i s .  B i o l o g i c a l  con- 
s t r a i n t s  a re  uscd i n  t h e  dec i s i on  and c o n t r o l  loop 
t o  assure t h a t  b i o l o g i c a l  l y  p o s s i b l e  a l t e r n a t i v e s  
a re  considered; bas ic  resources are sustained; 
m u l t i p l e  b e n e f i t s  and impacts a re  i n t e g r a t e d  i n  
b i o l o g i c a l  l y  poss ib l e  combinat ions ; t h e  choice o f  
a  goal i s  congruent w i t h  t h e  r e a l  f o r e s t ;  and 



v a r i a b l e s  o f  t h e  DYNAST model, espec ia l  l y  delays 
and a lgo r i t hms  f o r  bene f i t s ,  are cons tan t l y  up- 
dated as new research and i nven to ry  i n fo rma t i on  
becomes avai  1  able. 

Cvberneti  c Foundation 

Cont ro l  and communication i n  h i  01 og i  ca l  
systems are  poss ib l e  because o f  s t r uc tu re - - t he  way 
t h e  component p a r t s  a re  connected. There are many 
k i nds  o f  s t r u c t u r e ;  one type  forms feedback loops 
t h a t  d i r e c t  t h e  behavior  o f  t h e  system t o  achieve 
o r  ma in ta i n  some goal, such as keeping t he  l e v e l  
o f  b lood sugar w i t h i n  t h e  l i m i t s  f o r  l i f e .  These 
loops a re  nega t i ve  feedback loops w i t h  goals. A 
nega t i ve  feedback process i s  one i n  which a  
decis ion-maki ng process regu la tes  t h e  system by 
comparing t h e  immediate past  cond i t i ons  w i t h  a 
s tandard o r  goal and making adjustments t o  achieve 
a  steady s t a t e  (Wiener 1961). 

Negat ive feedback loops make t h e  system aware 
f i t s  own performance by us ing  ou tpu ts  t o  regu- 
a t e  inpu ts .  A lgebra ic  s igns can reverse i n  t h e  

dec i s i on  process. I f  t h e r e  i s  t o o  much, a  quan- 
t i t y  w i l l  be reduced; i f  t he re  i s  t o o  l i t t l e ,  i t  
w i l l  be increased. When t h i s  k i n d  o f  system i s  
d is tu rbed ,  i t  t y p i c a l l y  reac ts  w i t h  a  ser ies  o f  
d i m i n i  sh ing  osc i  1  l a t i o n s .  A hand reaching f o r  an 
o b j e c t  moves through such o s c i l l a t i o n s  on a  nea r l y  
i n v i s i b l e  scale. These o s c i l l a t i o n s  i l l u s t r a t e  
reve rsa l s  o f  a l geb ra i c  s i gn  by which a  dec i s i on  
process a l t e r s  s t a t e s  t o  approach t h e  goal 
( F o r r e s t e r  1968; Milsum 1966). 

Other k inds o f  s t r u c t u r e  may have no feedback 
loops o r  t h e  loops may be p o s i t i v e  r a t h e r  than 
negat ive.  P o s i t i v e  feedback loops, such as i n t e r -  
e s t  r a te ,  tend on l y  i n  one d i r e c t i o n  and have no 
mechanism f o r  r eve rs i ng  an a1 gebra ic  s ign. Sys- 
tems w i t h  on ly  p o s i t i v e  feedback loops cannot take  
c o r r e c t i v e  a c t i o n  i n  p u r s u i t  o f  a  goal o r  t o  main- 
t a i n  a  standard. I n  such systems coun te rac t ions  



may achieve a  s o r t  o f  balance. For example, t h e  
i n t e r a c t i o n  o f  death r a t e  and b i r t h  r a t e  may tend  
t o  ma in ta i n  a  popu la t i on  w i t h i n  some l i m i t s .  
However, a  system w i t hou t  a  goal does not  move 
toward a  p r e d i c t a b l e  steady s ta te .  

Some concepts f o r  c o n t r o l  w i t h  nega t i ve  and 
p o s i t i v e  feedback loops .  have been known f o r  hun- 
dreds o f  years (Wiener 1961). I n  t h e  1940's, 
t h e  word "cyberne t i cs "  was app l i ed  t o  these k inds  
o f  dec i s i on  and c o n t r o l  mechanisms i n  both o rgan ic  
and i no rgan i c  systems. Dur ing t h e  1950's t h e  cy-  
b e r n e t i c  p r i n c i p l e s ,  p r i m a r i  1y f rom examples i n  
e l e c t r i c a l  eng ineer i  ng, were broadened t o  form 
a  system dynamics ph i  1  osophy f o r  management 
( F o r r e s t e r  1961). Th is  ph i losophy p rov ides  t h e  
method01 ogy needed f o r  t h e  new d i  r e c t i  on i n  f o r e s t  
management because o f  i t s  cyberne t i c  o r i e n t a t i o n  
t o  a  system's behavior  and i t s  use o f  dynamic 
models t o  search f o r  f l aws  i n  a l t e r n a t i v e s  be fo re  
implementat ion. 

The most e f f e c t i v e  dec i s i on  and c o n t r o l  
systems i nc l ude  one o r  more negat i ve  feedback 
loops, p o s i t i v e  feedback loops, and feed-forward 
loops (Ashby 1973; Beer 1966; M i  lsum 1966). These 
loops may he viewed as i n fo rma t i on  networks t h a t  
1  i n k  t h e  components o f  a system t o  form a  c e r t a i n  
o rgan i za t i ona l  s t r u c t u r e .  According t o  t h e  system 
dynamics phi losophy, t h i s  s t r u c t u r e  i s  t h e  p r i n -  
c i p a l  cause o f  t h e  system's behavior.  The s t r u c -  
t u r e  inc ludes  t h e  phys i ca l  components, such as 
those i n  t h e  c o n t r o l  loop ( f i g .  3) ,  and t h e  i n t a n -  
g i b l e  p o l i c i e s ,  des i res,  percept ions,  i n s i g h t s ,  
and acumen inc luded  i n  t h e  dec i s i on  loop. These 
s t r u c t u r e s  con ta in  sources o f  delays, amp1 i f i c a -  
t i  ons, and t rans fo rmat ions  t h a t  generate complex, 
non l i nea r  responses t o  s imple i n p u t  changes. The 
a n a l y s i s  o f  these k i nds  o f  l a r g e  non l i nea r  systems 
and t h e  design o f  dec i s i on  and c o n t r o l  methods i s  
t h e  pr imary use o f  t h e  system dynamics ph i  losophy. 

The a n a l y t i c  approach i n  system dynamics 
views o rgan i za t i ona l  behavior  i n  terms o f  t h e  



f lows o f  in fo rmat ion ,  energy, and ma te r i a l  s  r a t h e r  
than  i n  terms o f  f unc t i ona l  u n i t s .  The f lows  o f  
stands th rough age classes i n  a  fo res t ,  t h e  f l ows  
of t i m b e r  volumes, t he  f lows o f  w i l d l i f e  h a b i t a t s ,  
and t h e  f lows o f  water and n u t r i e n t s  are known t o  
f o r e s t  managers. The f lows o f  labor ,  money, mate- 
r i a l s ,  energy, c a p i t a l  investments, and markets 
can be i d e n t i f i e d  i n  a1 1  management o rgan i za t i ons .  
I n  t h e  system dynamics model, DYNAST, t he  i n t e -  
g r a t i n g  f lows o f  i n f o rma t i on  l i n k  these components 
t o  form a  t ime-vary ing  f l ow  s t ruc tu re .  Th i s  f l o w  
s t r u c t u r e  crosses f unc t i ona l  , academic, and mana- 
g e r i a l  d i s c i p l i n e s  w i t hou t  c o n f l i c t .  Th is  
approach d i  spel  s  t h e  f unc t  i on const r a i  n t  s  t o  
d e c i s i o n s  and promotes i n t e r d i s c i p l  i n a r y  harmony. 
A1 1  areas c o n t r i b u t e  equal l y  t o  t h e  dec i s i on  and 
c o n t r o l  process . 

Recent developments have increased t h e  a p p l i -  
c a t i o n  o f  cyberne t i c  concepts f o r  dec is ion  and 
c o n t r o l  i n  management and have improved t h e  quan- 
t i t a t i v e  ana l ys i s  o f  t h e  f lows o f  i n f o r m a t i o n  and 
management resources i n  organi  z a t i  ons . F l  aws i n  
t h e  p l a n s  may be i d e n t i f i e d  by system dynamics 
models, such as DYNAST, and by t he  research, 
i n v e n t o r y ,  and moni t o r i  ngs t h a t  keep DYNAST 
congruent  w i t h  t h e  f o r e s t .  S imulat ions may be 
cons t ra i ned  by 1  i m i t e d  i n fo rma t i on  and by 
i ncomp le te l y  va l  i d a t e d  data. These c o n s t r a i n t s  
a re  i n h e r e n t  i n  a1 1  dec i s i on  and c o n t r o l  proce-  
dures, espec ia l  l y  f o r  b i o l o g i c a l  systems. They 
cause i n e f f i c i e n c e s  t h a t  are reduced i n  DYNAST by 
r e c u r s i v e  examinat ion o f  t h e  data, supposi t ions,  
and dec is ions .  What i s  impor tant  i s  t he  general  
use fu lness  o f  t h e  i n t e r a c t i v e ,  cyberne t i c  approach 
t o  p o l i c y  des ign*  This  i s  t h e  conceptual frame- 
work f o r  t he  new d i r e c t i o n -  

The i n i t i a l  assumptions and t h e  i n i t i a l  data 
used i n  t h e  f i r s t  DYNAST p r o j e c t i o n s  are de r i ved  
f rom t h e  l i t e r a t u r e ,  personal exper ience o f  f o r e s t  
managers, and d iscuss ions  w i t h  persons i n  many 
d i  s c i  p l  i nes. A f t e r  imp1 ementi ng t h e  p lan,  r e -  
peated i nven to r i es ,  mon i to r ings ,  and research 



e f f o r t s  a re  used t o  make DYNAST congruent w i t h  t h e  
f o r e s t  and t o  make t h e  management p l  an desc r i  p t i  ve 
o f  pas t  exper i  ences and p rob l  ems. 

Negat i ve Feedback Loop 

By  definition,^ c o n t r o l  i s  ev iden t  i n  bo th  
b i o l o g i c a l  and inanimate systems. The mechanism 
i n  dynamic c o n t r o l  systems always inc ludes  i n f o r -  
mat ion networks s t r u c t u r e d  t o  form one o r  more 
nega t i ve  feedback loops. These k inds  o f  i n f o r -  
mat ion loops d i r e c t  t h e  behavior  o f  t h e  system 
toward a  goal t h a t  o r i g i n a t e s  ou t s i de  t h e  i n f o r -  
mat ion loops ( f i g .  7) .  
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Figure 7.--A negative feedback loop illustrating the structure and 
flow of  information (dotted lines) and materials (solid lines). 



I n f o rma t i on  rece ived  by t h e  dec i s i on  mecha- 
nism i s  compared w i t h  a  standard o r  goal t h a t  
o r i g i n a t e s  from ou t s i de  t h e  i n fo rma t i on  loop, 
Once t h e  dec i s i on  mechanism makes t h e  compari son 
between t h e  incoming i n f o r m a t i o n  and i n fo rma t  i o n  
f rom t h e  goal, t h e  mechanism generates new i n f o r -  
mat ion t h a t  i s  t r a n s m i t t e d  as s i gna l s  t o  e f f e c -  
t o r s ,  The dec i s i on  ope ra t i ng  through t h e  
e f f e c t o r s  may cont inue o r  reverse t h e  behavior  o f  
t h e  system, For example, i f  a  d r i v e r  f i n d s  t h e  
automobi i e  i s  headed o f f  t h e  h i  ghway, t h e  d e c i s i o n  
may he t o  change t h e  d i  r e c t i o n  o f  t h e  f r o n t  
wheels, change t h e  speed o f  t h e  car, o r  r e v e r t  t o  
a  number o f  o the r  forms o f  behavior,  The end 
r e s u l t  o f  dec is ions  i s  t o  d i r e c t  t h e  organiza-  
t i o n a l  s t a t e  o f  t h e  system r e l a t i v e  t o  i t s  p re -  
ceding s ta te .  The f l o w  o f  i n f o r m a t i o n  may 
con t inue  o r  reverse t h e  behavior  o f  t h e  system t o  
achieve a  goal. These k inds  o f  c losed loops t h a t  
con t inue  o r  reverse behavior  are c a l l e d  nega t i ve  
feedback c o n t r o l  systems, 

I n fo rma t i on  d i r e c t s  e f f e c t o r s  o f  t h e  system 
t o  do something, Th is  i s  achieved most o f t e n  by 
ampl i f i e r s  t h a t  increase t h e  force,  t h e  f low o f  
energy, and t h e  amount and du ra t i on  o f  change i n  
r e l a t i o n  t o  t he  very smal l  amount o f  energy 
c a r r i e d  by t h e  f l ow  o f  in fo rmat ion .  The ampl i -  
f i e r s  r a i s e  t h e  amount o f  energy used i n  t h e  
system by us ing  another energy source. Muscles 
a re  examples o f  b i o l o g i c a l  ampl i f i e r s ,  The auto-  
mobi l e  d r i  ver  implements deci  s ions t o  change t h e  
c a r ' s  d i r e c t i o n  by us ing  i n fo rma t i on  f lows t o  t h e  
muscles t o  amp l i f y  t h e  f o r c e  on t h e  s t e e r i n g  
wheel. Mechanical ampl i f i e r s  on t he  car,  such as 
l e v e r s  and power s teer ing ,  f u r t h e r  increase t h e  
f o r ces  exer ted  on t h e  wheels, 

Transducers, which conver t  energy from one 
form t o  another, are impor tan t  p a r t s  o f  the  i n f o r -  
mat i  on networks. An ampl i f y i  ng t ransducer  con- 
v e r t s  energy and ra i ses  i t  t o  a  h igher  l e v e l  by 



u t i  1  i z i  ng  another energy source, The photosynthe- 
t i c  mechanism i s  an amp1 i f y i n g  t ransducer  t h a t  
conver ts  and r a i s e s  d i f f u s e  r a d i a n t  energy t o  a  
h i g h e r  l e v e l  o f  chemical energy. I n  organisms, 
c e l l s  i n  sense organs a re  u s u a l l y  a m p l i f y i n g  
t ransducers.  For  example, i n  o l f a c t o r y  organs a  
few molecules o f  a  f o r e i g n  chemical a re  s i g n a l s  
f o r  a  c e l l  t o  use l a r g e r  amounts o f  energy t o  
ampl i fy and t r ans fo rm  t h e  i n f o r m a t i o n  f o r  t r a n s -  
mi s s i  on through t h e  c e n t r a l  nervous system. 

Energy en te rs  t h e  c o n t r o l  process as s i g n a l s  
and as t h e  capac i ty  t o  do work. Small amounts o f  
energy c a r r y  s i g n a l s  throughout  t h e  i n f o r m a t i o n  
network. The amount o f  work done by these s i g n a l s  
i s  n e g l i g i b l e .  Al though s i g n a l s  may f l o w  w i t h  
l a r g e  forces,  i t  i s  t h e  e f f e c t o r s  t h a t  amp l i f y  t h e  
s i g n a l s  w i t h  l a r g e  amounts o f  energy from o u t s i d e  
t h e  i n fo rma t i on  network t o  change t h e  s t a t e  o f  
o r g a n i z a t i o n  o f  t h e  system. The t o t a l  amount o f  
energy present  i s  no t  r e l a t e d  t o  c o n t r o l  i n  t h e  
system, Yet, some minimum amount o f  energy i s  
necessary f o r  t h e  e f f e c t o r s  t o  ampl i f y  t h e  s i  gnal s  
and change t h e  s t a t e  o f  t h e  system. It i s  t h e  
presence and t h e  s t r u c t u r e  o f  t h e  i n f o r m a t i o n  n e t -  
work t h a t  d i r e c t s  t h e  system's behavior  toward 
achi  evement o f  goal s  . 

I n  t he  automobile, c o n t r o l  i s  a t t a i n e d  by 
shaping and connect ing t h e  component p a r t s  t o  
develop a  c e r t a i n  s t r uc tu re .  The p a r t i c u l a r  
s t r u c t u r e  i s  designed t o  convey i n fo rma t i on  and 
energy from the  d r i v e r  t o  t h e  wheels and thus 
ma in ta i n  t he  automobi le on t h e  highway, From a  
c o n t r o l  p o i n t  o f  view, however, energy i n  t h e  f u e l  
i s  recognized simply as another component such as 
brake l i n i n g s ,  axles,  b a l l  bear ings, nuts,  and 
b o l t s .  Cont ro l  i s  always determined by t h e  s t r u c -  
t u r e  o f  i n f o rma t i on  channels t h a t  d i r e c t  t h e  
f l ows  o f  i n f o rma t i on  and energy w i t h i n  t h e  system 
t o  achieve a  goal. 



The f l o w  o f  i n f o r m a t i o n  i n  a nega t i ve  feedback 
system i s  through a  c losed loop. The s i gna l s  may 
be forms o f  r a d i a t i o n ,  e l e c t r i c  put s e s ,  force 
exer ted  on a  s t e e r i n g  wheel, and o the r  forms o f  
communication and work. Regardless o f  the  k i n d  o f  
s i gna l ,  an essen t i a l  requi  rement i s  t h e  ex i  s tence 
o f  phys i ca l  communication channels t o  t r ansm i t  t h e  
s-r 'gnals* 

A d r i v e r  must have access t o  phys ica l  chan- 
n e l s  o f  communication t h a t  t ransmi  t s i gna l s  about 
t h e  l o c a t i o n  and speed o f  t h e  automobile, t h e  con- 
d i t i o n  o f  t he  highways, and t h e  l o c a t i o n  o f  o t h e r  
automobi 1  es. The sensi  ng mechani sms i n  t he  human 
body c o n s t a n t l y  feed i n f o r m a t i o n  t o  t h e  c e n t r a l  
nervous system, which i s  t h e  dec i s i on  mechanism. 
The c e n t r a l  nervous system compares t h e  incomi ng 
i n f o r m a t i o n  w i t h  a  number o f  standards and goals 
such as t h e  de lay f a r  s topp ing  t h e  ca r  and t h e  
speeds f o r  n e g o t i a t i n g  curves. Many negat i ve  
feedback loops a re  i nvo l ved  i n  t h i s  process. 
Decis ions produce i n f o r m a t i o n  t h a t  i s  channeled t o  
t h e  e f f e c t o r s  such as muscles i n  t h e  d r i v e r ' s  
body, t h e  s t e e r i n g  wheel, t h e  f o o t  pedals, and 
o t h e r  components o f  t h e  automobile. Cont ro l  o f  
t h e  automobi le i s  brought about by t h e  f l ow  o f  
i n f o r m a t i o n  through s t r u c t u r e d  networks w i t h i n  
t h e  d r i  ver-automobi l e  system. A goal, such as t o  
t r a v e l  f rom one p lace  t o  another,  o r i g i n a t e s  ou t -  
s i d e  o f  t h e  c o n t r o l  systemo 

The sensing mechanisms are not  a p a r t  o f  t h e  
c o n t r o l  system, The i n f o r m a t i  on sensed and 
t r a n s m i t t e d  always descr ibes t h e  immediate past,  
no t  t h e  f u t u r e  o rgan i za t i ona l  s t a t e  of t he  system. 
The f u t u r e  s t a t e  i s  perce ived i n  t h e  dec i s i on  
mechanism, The automobi le d r i v e r  knows about a  
h o l e  i n  t h e  h i  ghway because o f  cu r ren t  i n f o rma t  i on 
rece ived  by t h e  eye. It i s  very impor tan t  f o r  t h e  
des ign o f  mon i t o r i ng  and i nven to ry  methods t o  have 
c u r r e n t  i n f o rma t i on  used i n  c o n t r o l  systems. 
Delays i n  i n fo rm ing  t h e  dec i s i on  mechanism o f  t h e  
system's present  o rgan i za t i ona l  s t a t e  may cause 
t h e  system t o  f a i l .  



The dynami c behavi  o r  o f  n e g a t i  ve feedback 
systems compensates, w i t h i n  p e r i o d s  o f  d e l  ay ,  f o r  
d e v i a t i o n s  o f  t h e  system f rom t h e  d e s i r e d  goa l .  
The c u r r e n t  s t a t e  o f  t h e  system i s  compared w i t h  
t h e  d e s i r e d  s t a t e  and t h e  e f f e c t o r s  a r e  i n s t r u c t e d  
t o  b r i n g  performance c l o s e r  t o  t h e  goal i n  t h e  
n e x t  t i m e  i n t e r v a l .  The a v a i l a b l e  i n f o r m a t i o n  
about t h e  system's p resen t  s t a t e  i s  t h e  b a s i s  f o r  
t h e  c u r r e n t  d e c i s i o n  t h a t  c o n t r o l s  t h e  s y s t e m ' s  
b e h a v i o r  d u r i n g  t h e  nex t  moment o f  t ime.  These 
k i n d s  o f  systems a c t i v e l y  compensate t o  m a i n t a i n  a 
p a r t i c t r l a r  s t a t e  o f  o r g a n i z a t i o n ,  a  goal ,  i n  r e l a -  
t i o n  t o  d i s r u p t i n g  f o r c e s  f r o m  t h e  e x t e r n a l  
e n v i  ronrnent . 

Feed- forward loops a r e  c h a r a c t e r i s t i c  o f  
a n t i c i p a t o r y  c o n t r o l  systems ( f i g .  8). Au to -  
m o b i l e  and t r u c k  d r i v e r s  use feed- fo rward  d e c i  - 
s i o n s  i n  a t tempts  t o  m a i n t a i n  a  d e s i r e d  highway 
speed. Consider a  h e a v i l y  loaded t r u c k  g o i n g  down 
a h i  1  1  on an open h i  ghway . The d r i  ve r  can see i n  
t h e  d i s t a n c e ,  o r  remembers f rom p a s t  t r a v e l ,  t h a t  
soon t h e  grade w i l l  change and t h e  loaded t r u c k  
w i l l  be c l i m b i n g  a  s teep h i l l ,  The d r i v e r  presses 
t h e  a c c e l e r a t o r  and feeds f o r w a r d  i n f o r m a t i o n  d o  
t h e  eng ine  b e f o r e  t h e  t r u c k  begins t o  c l i m b  the 
h i l l .  The d r i v e r  a n t i c i p a t e s  t h e  need t o  make a 
c o n t r o l  d e c i s i o n  b e f o r e  t h e  t r u c k  i s  slowed on t h e  
upgrade*  Wi th  feed- fo rward  deei  s ions ,  a  more 
d e s i r a b l e  speed i s  ma in ta ined  t h a n  w i t h  t h e  nega- 
t i v e  feedback h o p  on ly ,  Thus, d e c i s i o n s  i n  feed-  
f o r w a r d  systems a r e  based on p r e d i c t i o n s  o f  f u t u r e  
s t a t e s  r a t h e r  than  on i n f o r m a t i o n  sensed f r o m  
p r e s e n t  s t a t e s  as i n  n e g a t i v e  feedback loops.  

Feed- forward loops  r e q u i r e  humanl ike i n t e l -  
l i g e n c e ,  They have mechanisms and processes t o  
p r o j e c t  f u t u r e  s t a t e s  and t o  a d j u s t  behav io r  
aceord i  n g l y .  S i m u l a t i o n s  a r e  o f t e n  u s e f u l  b o t h  
f o r  p r o j e c t i n g  and f o r  d e t e r m i n i n g  a p p r o p r i a t e  
response. 
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F i g u r e  8.--A feed-forward loop i l l u s t r a t i n g  t h e  s t r u c r u r e  and 
f l o w  o f  i n fo rma t i 00  (do t ted  l i n e s )  and m a t e r i a l s  ( s o l i d  l i n e s ) .  

Feed-forward loops are l i m i t e d  by human abi  1  - 
i t i e s  t o  p r o j e c t  t h e  dynamics o f  systems i n t o  t h e  
f u t u r e .  Pro jec ted  f u t u r e  s ta tes  o f  t h e  system are  
used t o  make dec is ions  and t o  take  ac t ions  f o r  
c o n t r o l  severa l  years i n t o  t h e  fu tu re .  Feed- 
forward loops a re  a  p a r t  o f  t h e  s t r u c t u r e  f o r  t h e  
dec i s i on  and c o n t r o l  process ( f i g .  3 ) .  

The DYNAST model i s  formulated t o  s imu la te  
f u t u r e  s t a t e s  o f  f o r e s t  o rgan i za t i on  i n  r e l a t i o n  
t o  s i l v i c u l t u r e .  Th is  model inc ludes  non l inear  
t ime -va ry i ng  func t ions ,  c o n t r o l  func t ions ,  and 



v e c t o r s  f o r  age and area c l a s s e s  o f  stands by 
f o r e s t  t y a e s -  

A l g o r i t h m s  f o r  b e n e f i t s  and impacts a r e  
l i n k e d  t o  t h e  s i m u l a t e d  o r g a n i z a t i o n a l  s t a t e s ,  
wh ich a r e  t h e  co re  o f  t h e  model, As t h e  s i m u l a t e d  
f o r e s t  t r a n s f o r m s  f rom s t a t e  t o  s t a t e ,  t h e  f u t u r e  
a v a i l a b i l i t y  o f  b e n e f i t s  and t h e  p o t e n t i a l  f o r  
impacts  a r e  computed* A d i s p l a y  o f  these  po ten -  
t i a l  b e n e f i t s  and impacts i s  used t o  choose the  
goa l ,  wh ich i s  a p a r t i c u f  a r  o r g a n i z a t i o n a l  s t a t e .  
The DYNASP model i s  t h e  mechanism t h a t  a i d s  
i n t e r e s t e d  p a r t i e s  t o  p e r c e i v e  f u t u r e  s t a t e s  i n  
t h e  feed- fo rward  l o o p  ( f i g .  8). 

When the p r e d i c t e d  b e n e f i t s  and impacts a r e  
undes i  r a b t  e ,  a d i f f e r e n t  o r g a n i z a t i o n a l  s t a t e  i s  
cons idered,  T h i s  i s  done by changing t h e  r a t e  o f  
h a r v e s t ,  t h e  s i z e  o f  openings formed by h a r v e s t ,  
the spec ies ,  o r  a1 7 of these.  

A p r o h l  e n  o f  feed- fo rward  loops  r e s u l t s  f rom 
e r r o r s  i n t r o d u c e d  i n t o  t h e  dec i  s i s n  mechani srn by 
i n a c c u r a t e  p e r c e p t i o n s  o f  f u t u r e  s t a t e s  ( f i g .  8). 
These e r r o r s  a re  k e p t  t o  a minimum hy f r e q u e n t  
moni t o r i  ngs, p e r i o d i c  i n v e n t o r i e s ,  and cons tan t  
research.  T h i s  i n t e r a c ' t i  ve procedure i s  an impor-  
t a n t  p a r t  o f  t h e  d e c i s i o n  and c o n t r o l  s L r u c t u r e  
( f i g .  3 ) .  

C o n t r o l  systems may i n c l u d e  i n f o r m a t i  on n e t -  
works s t r u c t u r e d  t o  fo rm one o r  more p o s i t i v e  
feedhack loops, These loops d- i f fe r  f r o m  n e g a t i v e  
a n d  feed- forward loops i n  t h a t  change i s  a lways  i n  
oqe d i r e c t i o n ,  P o s i t i v e  feedback loops a r e  o f t e n  
called d e n s i t y  dependent because t h e  loop has no 
goal  and t h e  response rate i s  r e l a t e d  t o  an 
e x i s t i n g  amoiint o f  something ( f i g .  9 ) .  
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Figure 9.--A posi t ive feedback loop i l l u s t r a t i n g  the s t ruc tu re  and 
flow of  information (dotted l i n e s )  and mater ia ls  (sol i d  l i n e s ) *  

Compound i n t e r e s t  on funds i n  a savings 
account i s  an example o f  a p o s i t i v e  feedback 
system. Assume a constant  i n t e r e s t  r a t e ;  t h e  
l a r g e r  t h e  amount o f  t h e  fund, t h e  more i n t e r e s t  
i s  p a i d  a t  succeeding t ime  i n t e r v a l s .  The p o s i -  
t i v e  feedback loop does not  change t h e  i n t e r e s t  
r a t e  o r  t h e  o rgan i za t i ona l  s t a t e  o f  t h e  system t o  
ach ieve some goal. 

P o s i t i v e  feedback loops have no goal. Such 
systems con t inue  t o  inc rease  o r  decrease some- 
t h i n g ,  always i n  one d i r e c t i o n ,  u n t i l  some f o r c e  
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f u t u r e  s ta tes ,  even though t h e  s ta tes  ( p o s i t i o n s  
o f  t h e  hands) a re  r e p e t i t i v e .  The c lock  becomes a  
p a r t  o f  a  negat ive feedback process when a  person 
a d j u s t s  t h e  speed c o n t r o l  device. A person com- 
pares t h e  c l o c k ' s  performance w i t h  a  s tandard and 
decides t o  take  c o r r e c t i v e  a c t i o n  by r e t a r d i n g  t h e  
speed. Later ,  t h e  person evaluates t h e  per form- 
ance aga in  and takes f u r t h e r  ac t ion ,  probably  
making smal l  e r  co r rec t ions .  The system--composed 
o f  a c l  ock and a  person--osci 11 a tes  and gradual l y  
reaches t h e  goal, which i s  t h e  d i s p l a y  o f  t i m e  
w i t h i n  acceptable l i m i t s  o f  e r r o r .  

Cyberne t i c  S t r u c t u r e  f o r  Di  r ec ted  Systems 

An automobi le and a  d r i v e r  form a  d i r e c t e d  
system t h a t  responds t o  changes i n  t h e  environment 
( f i g .  10). The mechanical pa r t s ,  energy source, 
and d r i v e r  are s t r u c t u r e d  t o  form a  p h y s i c a l l y  
i d e n t i f i a b l e  and f u n c t i o n i n g  system d i r e c t e d  
toward a s p e c i f i c  goal. The genera l ized goal i s  
s u r v i v a l  i n  moving from p lace  t o  place. The 
system t rans fo rms from s t a t e  t o  s t a t e  i n  r e l a t i o n  
t o  t h e  ex te rna l  environment. For example, t h e  
speed o f  t h e  automobi le changes i n  r e l a t i o n  t o  
curves, holes,  and o the r  cars  on t h e  road. The 
t h i ckness  o f  t h e  t i r e s ,  t h e  f r i c t i o q  o f  t h e  moving 
pa r t s ,  t h e  a t t i t u d e  o f  t he  d r i v e r ,  and t he  env i -  
ronment are c o n s t a n t l y  changing. 

The system's environment cons i s t s  o f  t h e  
forms o f  energy, ma te r i a l s ,  and i n fo rma t i on  t h a t  
i n f l u e n c e  t rans fo rmat ions  i n  i t s  s ta tes .  Radiant 
energy from t h e  sun may change t h e  temperature o f  
t h e  car  and t h e  d r i v e r ;  a  n a i l  may d e f l a t e  a t i r e ;  
and water i n  t h e  c o o l i n g  system and water as r a i n  
may i n f l u e n c e  t h e  temperature o f  t he  engine, t he  
d r i v e r ,  and t h e  car .  An i n t e r n a l  and  ex te rna l  
environment may be de f ined  f o r  convenience. I n  
r e a l i t y  t h e  environment i s  an inseparable p a r t  o f  
t h e  system. Operat ional  d e f i n i t i o n s  are used t o  
c l a s s i f y  s i t u a t i o n s  such as determin ing when a 
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Figure 10.--The s t ruc tu re  o f  the information network far  a d i r e c t e d  
system f o r  a  d r i ve r ,  car, and highway. (Dashed l i n e s  represent t he  
in fo rmat ion  loops.) 

m o l e c u l e  o f  carbon d i o x i d e  i s  p a r t  o f  an organism, 
p a r t  o f  t h e  i n t e r n a l  environment,  o r  p a r t  o f  t h e  
e x t e r n a l  e n v i  ronment . Energy, m a t e r i  a1 s, and 
i nfo rmat  i on n o t  known t o  i n f  1 uence t h e  dynamics o f  
t h e  system a r e  o f t e n  n o t  cons ide red  p a r t s  o f  t h e  
env i ronment  o f  t h e  system, 

A goal i s  p a r t  o f  t h e  c y b e r n e t i c  s t r u c t u r e  o f  
a  d i r e c t e d  system* Goals a r e  a d j u s t e d  w i t h  
changes i n  t h e  environment o f  t h e  d i r e c t e d  system, 
Thus, t h e  dynamics o f  systems cannst  be pre- 
c i s e l y  p r o j e c t e d  i n t o  t h e  f u t u r e .  Fo r  example, 
t h e  d r i v e r  can i d e n t i f y  a  d e s t i n a t i o n  and even t h e  
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Inventories, Monitorings, Research 

F i g u r e  11.--The s t r u c t u r e  o f  the  in format ion network f o r  a managed 
f o r e s t  system f o r  f o r e s t  managers, t h e  f o r e s t ,  and t h e  environment. 

i nvento r ies  and moni t o r i  ngs f o r  c o n t r o l  should 
i n c l u d e  on ly  t h e  elements requ i red  t o  descr i  he 
impor tan t  t rans fo rmat ions  o f  t h e  system. A 
l i m i t e d  v a r i e t y  o f  i n f o r m a t i o n  should be admi t ted 
t o  t h e  communication channels f o r  dec is ions  and 
c o n t r o l .  In  t h i s  way t h e  c o n t r o l  v a r i a b l e  f o r  
t h e  f o r e s t  can he l i m i t e d  t o  a small number o f  
s i l v i c u l t u r a l  ac t ions ,  such as ha rves t i ng  t imber ,  
con t  r o l l  i n g  t h e  s i  ze o f  openi ngs, regenera t ing  
openi ngs, and changing f o r e s t  types. 

Many s i  1 v i c u l  t u r a l  ac t i ons  t o  enhance t h e  
s t r u c t l t r e  o f  speci f i c  stands a re  most e f f e c t i v e l y  



planned and app l i ed  as h e u r i s t i c  dec is ions.  Be- 
cause o f  many unce r ta i  n t  i es ,  automobi l e  d r i  ve rs  
cannot p l a n  t h e  t imes t o  apply  t h e  brakes and t h e  
a c c e l e r a t o r  f o r  a l  1  s t o p l i g h t s  expected on a  t r i p .  
L ikewise ,  u n c e r t a i n t i e s  l i m i t  t h e  p lann ing  f o r  
many c u l t u r a l  ac t i ons  such as t h i nn ing ,  weeding, 
prun ing,  and f e r t i l i z i n g .  These k inds  o f  c u l t u r a l  
a c t i o n s  are heur i  s t i  c a l  l y  adapted t o  speci f i c  
stands and a re  i nco rpo ra ted  i n t o  t h e  cybe rne t i c  
s t r u c t u r e  f o r  i n - p l  ace dec i s i on  and c o n t r o l  ( f i g .  
3 )  * 

D i r e c t  c o n t r o l s  f o r  t h e  car  are t h e  s t e e r i n g  
wheel, brakes, and acce le ra to r .  A c t i v i t i e s  such 
as changing t h e  o i l ,  a d j u s t i n g  t h e  carbure to r ,  and 
i n f l a t i n g  t h e  t i r e s  are secondary con t ro l s .  D i -  
r e c t  c o n t r o l s  f o r  a  f o r e s t  i n f l u e n c e  t he  d i f f e r e n -  
t i a l  m o r t a l i t y  r a t e  by species, s ize,  and age 
c lasses.  The most impor tant  d i r e c t  c o n t r o l s  a re  
h a r v e s t i n g  some form o f  biomass, r e g u l a t i n g  
openi ng s i z e ,  and changi ng species composi t ion * 
Secondary c o n t r o l s  are m o d i f i c a t i o n s  o f  t h e  en- 
v i  ronment, such as adding f e r t i  1  i zers and d r a i  n i  ng 
wet areas. 

I n t e r a c t i o n s  between t h e  automobi le and t h e  
environment and between t h e  f o r e s t  and t h e  
env i  ronment are impor tan t  consi  be ra t  i ons. The 
temperature o f  t h e  environment a f f e c t s  s t a r t i n g  
and c o o l i n g  ra tes  o f  t h e  automobile, which i n  t u r n  
a f f e c t  t h e  env i  ronment by r a d i a t i n g  heat and 
e m i t t i n g  compounds o f  carbon and n i t rogen .  
S i m i l a r l y  t h e  environment a f f e c t s  t h e  phys io logy  
o f  f o r e s t  organisms. These organisms, through 
t h e i r  behavior,  change t h e  environment by p ro -  
duc ing dead o rgan ic  mat te r  and e m i t t i n g  compounds 
such as water, oxygen, organics,  and carbon 
d iox ide .  

I n t e r a c t i o n s  between t h e  environment and t h e  
f o r e s t  are ou t s i de  t h e  dynamics o f  t h e  system. 
They are not c o n t r o l l e d  by f lows o f  in fo rmat ion ,  
dec i s i on  mechanisms, and goals. There are no 



known p h y s i c a l ,  i n f o r m a t i o n  channels  s t r u c t u r e d  as 
n e g a t i v e  feedhack loops  t h a t  d i r e c t  t h e  e n v i r o n -  
ment t o  p r o v i d e  r a d i a n t  energy, n u t r i e n t s ,  r a i n ,  
and o t h e r  m a t e r i a l s  i n  r e l a t i o n  t o  t h e  s t a t e  o f  
f o r e s t  o r g a n i z a t i o n .  No i n f o r m a t i o n  networks 
e x i s t  t h a t  r e g u l a t e  emiss ions o f  p l  a n t  and animal  
compounds th rough  n e g a t i v e  feedback loops t o  b r i n g  
t h e  environment t o  a  c e r t a i n  s t a t e .  

The human element p l a y s  ano the r  impor tan t  
p a r t  i n  c y b e r n e t i c  s t r u c t u r e  f o r  t h e  d i  r e c t e d  
f o r e s t - - t h e  development o f  a  p l a n  ( f i g .  11). The 
dynamic p l a n  desc r ibes  t h e  goal and t h e  purpose o f  
management. It o r i g i n a t e s  o u t s i d e  t h e  system as 
do goa ls  f o r  a1 1  n e g a t i v e  feedback loops.  
E x t e r n a l  fo rces ,  espec i  a1 l y  those  re1 a t e d  t o  eco- 
nomic, s o c i a l ,  and p o l i t i c a l  s i t u a t i o n s ,  determine 
and modi fy  t h e  goa ls  f o r  f o r e s t  management. 

Concept o f  Dynamic P l  ans , 

The word "dynamic" i s  used i n  t h e  sense o f  
changing. Th is  d e f i n i t i o n  i s  n o t  f a r  removed f rom 
t h e  o r i g i n a l  meaning o f  power because systems 
t y p i c a l  l y  change o n l y  as a  r e s u l t  o f  f o r c e s  a c t i n g  
upon them, A l l  b i o l o g i c a l  systems a r e  dynamic 
because o f  t h e  noneyui 1  i b r i  urn, e n e r g y - s o r t i  ng, and 
e n e r g y - d i s s i p a t i n g  a c t i v i t i e s  t h a t  m a i n t a i n  l i f e .  
B i o l o g i c a l  systems, whether o f  f o r e s t s  o r  orga- 
nisms, do no t  change t o  a  cons tan t  l e v e l  i n s t a n -  
t a n e o u s l y  a f t e r  a  sudden " s t e p "  change such as t h e  
death  o r  ha rves t  o f  dominant t r e e s .  A f t e r  a  sud- 
den "s tep"  change, t h e  c h a r a c t e r i s t i c  dynamics of 
l i v i n g  systems i s  a  p e r c e p t i b l e  d e l a y  f o l l o w e d  by 
t r a n s i t i o n s  t o  a  new s t a t e .  

B i o l o g i c a l  systems o f  b o t h  i n d i v i d u a l s  and 
communit ies have i r r e v e r s i  h l e  dynamics. Step 
changes, such as h a r v e s t i n g  a  stand,  change t h e  
p l a n t  and animal community t o  a  d i f f e r e n t  s tand  
cond i  t i o q  c l a s s .  A f t e r  a  r e l a t i  v e l y  s h o r t  p e r i o d  
o f  t ime,  a  n a t u r 3 l  success ion t h r o u g h  a  s e r i e s  of 



stand c o n d i t i o n  c lasses t rans fo rms t h e  area. 
These t r a n s i e n t  changes c rea te  c lasses  t h a t  may be 
c a l  l e d  successional  stages. Such changes may 
b r i n g  a  stand now c lassed as "mature" t o  a  
seed l i ng  srrccessional stage a f t e r  t h e  stand i s  
harvested. Th is  new stand w i  11 d i f f e r  from t h e  
o r i g i n a l  i n  t h e  p r o p o r t i o n a l  d i s t r i b u t i o n  o f  i n d i -  
v i d u a l s  by species, i n  t h e  l o c a t i o n  and s i ze  o f  
i n d i v i d u a l s  by species,  and i n  t h e  genet ic  com- 
p o s i t i o n  of genotypes. The new stand may approx i  - 
mate t h e  harvested stand i n  many s u p e r f i c i a l  ways, 
bu t  t h e  o r i g i n a l  s tand i s  not  repeated. Repet i -  
t i o n  does not  occur because t h e r e  a re  no negat i ve  
feedback loops, a t  l e a s t  t he re  i s  no evidence f o r  
them, w i t h  goal s  f o r  h r i  ng i  ng ecosystem dynamics 
and n a t u r a l  e v o l u t i o n  t o  some steady s ta te ,  

Exact p r o j e c t i o n s  of s t r u c t u r e  and behavior  
a re  not  poss ib le .  Nevertheless, repeated obser- 
va t i ons  o f  t h e  t rans fo rmat ions  f rom one s t a t e  t o  
another  can lead  t o  some l i k e l y  suppos i t ions  about 
t h e  f u tu re .  Me know what k inds  o f  t rans fo rmat ions  
have t h e  h ighes t  probabi 1  i t y  o f  occurrence and can 
be most easi  1y d i r ec ted .  For example, when a  
s tand o f  hardwoods i s  harvested, t h e  area w i l l  
normal l y  regenerate i n  hardwoods t h a t  w i  1  1  t r a n s -  
form through s i z e  c lasses a t  a  r a t e  t h a t  can be 
es t imated  on t h e  bas is  o f  experience. 

B i o l o g i c a l  systems t y p i c a l  l y  d i  sp lay compl i - 
ca ted  response pa t t e rns  t o  s imple management 
a c t i o n s  such as t imber  harves t ing .  I f  we are t o  
change a  f o r e s t  f rom some o r i g i n a l  s t a t e  t o  some 
des i red  s t a t e  a t  a  f u t u r e  t ime, i t  i s  necessary t o  
develop dynamic p lans i n  which s imple management 
a c t i o n s  can d i  r e c t  t h e  dynamics o f  t h e  system. 
The dynamic p l an  i s  examined a t  l e a s t  every 
decade. Harvest ra tes ,  expressed as r o t a t i  on 
per iods,  are changed i n  r e l a t i o n  t o  t h e  organiza-  
t i o n a l  s t a t e  o f  t h e  f o r e s t ,  t h e  uses des i red,  and 
t h e  s o c i a l ,  economic, and p o l i t i c a l  s i t u a t i o n .  The 
goal i s  a  des i red  s t a t e  o f  f o r e s t  o rgan iza t ion ,  
which may o r  may no t  be achieved. 



Dynamic c o n t r o l  requ i  res  t h a t  t imber  harves t  
he scheduled each yea r  f o r  t h e  p lann ing  per iod,  
u s u a l l y  one decade. Each y e a r ' s  narvest  i s  
r e l a t e d  t o  t h e  r a t e s  o f  dynamic change of t h e  
h a b i t a t s  as determined by delays f o r  b i o l o g i c a l  
changes. As t h e  f o r e s t  approaches a des i red  s t a t e  
o f  o rgan iza t ion ,  t h e  annual harvest  r a tes  may 
approach a steady s ta te .  

Wi th  dynamic p lanning,  dec is ions  are used 
t o  guide t h e  f o r e s t  toward a goal. For example, 
we can i d e n t i f y  a  d i s t r i b u t i o n  o f  h a b i t a t s  as a 
goal many decades i n t o  t h e  f u tu re .  We cannot 
s p e c i f y  where each h a b i t a t  w i  1  l be o r  t h e  number 
o f  each k i n d  o f  p l a n t  and animal i n  each h a b i t a t .  
We can i d e n t i f y  an amount o f  t imber  expected t o  be 
harvested i n  t h e  nex t  decade, bu t  we cannot spec- 
i f y  how much t imber  wi 11 be harvested. The method 
f o r  dynamic p lans i s  t o  make dec is ions,  i .e., 
change t h e  goal ( f i g .  3 )  a t  5- t o  10-year i n t e r -  
va l s  i n  r e l a t i o n  t o  changes i n  s o c i a l ,  economic, 
and po l  i t i c a l  s i t u a t i o n s .  Behav io r -cor rec t ing  
feedback loops keep t h e  manager and f o r e s t  system 
o r i e n t e d  toward t h e  goal whi l e c u r r e n t l y  produc i  ng 
bene f i t s .  



Chapter  3 

Ecosystem Dynamics 

Overview 

A knowledge o f  ecosystem dynamics i s  impor -  
t a n t  f o r  p r e d i c t i n g  f o r e s t  t r a n s f o r m a t i o n s  f r o m  
s t a t e  t o  s t a t e  i n  r e l a t i o n  t o  s i l v i c u l t u r e  ( f i g s .  
4, 5, 6). I n  t h i s  chap te r ,  o p e r a t i o n a l  c r i t e r i a  
(Ben jamin 1955; Bridgman 1927) a re  used t o  deve lop  
f o u r  b i  onomi c  t h e o r i e s  (Boyce 1978b ) , The 
t h e o r i e s  a r e  used t o  f rame t h e  mental  and p h y s i c a l  
models, wh ich a r e  t h e  bases For  d e c i s i o n  and 
c o n t r o l  The models a r e  d e r i v e d  f rom f l o w s  o f  
i n f o r m a t i o n  sensed f rom t h e  r e a l  wor ld ,  A p p l i -  
c a t i o n  and v a l i d i t y  o f  t h e  t h e o r i e s  and the models 
a r e  fottnd hy an a n a l y s i s  o f  t h e  o p e r a t i o n s  p e r -  
farmed i n  c o n c r e w  ss'i;tua"iions, Fo r  example, t h e  
a p p l i c a t i o n  and v a l i d i t y  o f  a  measure o f  dempera- 
t r r r s  i s  determined by t h e  sequence o f  o p e r a t i o n s  
t h a t  m a n i p u l a t e  t h e  thermometer. Wi th  o p e r a t i o n a l  
c r i t e r i a  and t h e o r y  f rom phys ics ,  t h e  f l o w s  o f  
i n f o r m a t i o n  sensed w i t h  t h e  thermometer may he 
~rf;;ed t o  form a model f o r  e x p l a i n i n g  tempera tu re  
changese  The hionomic t h e o r i e s  reduce t h e  dynam- 
i c s  nf ecosystems t o  a d e s c r i p t i o n  o f  human p e r -  
c e p t i o n s  o f  t h e  a c t u a l  happenings, g i v e  t h e  menta l  
p e r c e p t i o n s  o f  one person a frame f o r  compar ison 
w i t h  exper ience  hy o t h e r s ,  and h e l p  t o  reduce 
m y s t i c i s m  i n  bo th  exper iences and mental models. 
The t h e o r i e s  a r e  a frame o f  r e f e r e n c e  f o r  m n t a l  
model s . 

Menta i  models a r e  dynamic p e r c e p t i o n s  o f  t h e  
immediate pas t  s t a t e s  o f  a system and mental p r o -  
j e c t i o n s  o f  f u t u r e  s t a t e s  i n  r e l a t i o n  t o  i n f o r -  
ma t ioo  f l ows .  Mental  models a r e  v a l i d a t e d  by a 
frarne o f  r e f e r e n c e  t o  what i s  accepted t o  he 
" t r u e , "  t o  p a s t  exper iences,  t o  i n f o r m a t i o n  
d e r i v e d  by o t h e r s ,  and t o  imp1 i e d  and e x p l i c i t  
t h e o r i e s  f o r  behav io r  o f  t h e  system i n  ques t ion .  
The hascs f o r  d e c i s i o n s  are one 's  mental models, 
w h i c h  are dynamical  l y  adj i is i ted t o  the i n f o r m a t i o r l  



f lows.  Thus, most w n t a f  models, c;ilch as "ham 
hungry," are t r a n s i e n t  bases f o r  dec isons,  such as 
"purchase t h i s  food." Ra t iona l  dec is ions,  those 
t h a t  ma in ta i n  essen t i a l  va r i ab les  w i t h i n  t h e  
bounds o f  a goal, are guided by a frsrne o f  r e f e r -  
ence f o r  v a l i d a t i n g  t h e  mental model ( f i g .  7 ) .  
Mental models are communicated i n  phys ica l  forms 
such as diagrams, equat ions, words, maps, and 
o t h e r  s i gna l s ,  It i s  t h i s  frame o f  re fe rence  i n  
t h e  cybe rne t i c  s t r u c t u r e  (see ch. 2 )  t h a t  d e t e r -  
mines t h e  behavior o f  d i  r ec ted  systems. The b i o -  
nomic t h e o r i e s  are t h e  frames o f  re ference t h a t  
(1) a i d  our understanding o f  ecosystem dynamics 
a ~ d  (2 )  guide t h e  use o f  i n f o rma t i on  f o r  dec i s i ons .  

The operat i o n a l  approach prov ides f o r  theo-  
r i e s  t h a t  are cons tan t l y  chal lenged by app l y i ng  
t h e  opera t ions  and by hypotheses f o r  f a l s i f i c a -  
t i o n .  Theories are mod i f i ed  by each a d d i t i o n a l  
element o f  knowledge t h a t  meets t h e  ope ra t i ona l  
c r i t e r i a  o f  be ing phys ica l  l y  i d e n t i f i a b l e ,  measur- 
able,  and meaningful f o r  dec i s i on  and c o n t r o l .  
The t h e o r i e s  are r e s t a t e d  from Boyce (1977): 

1. Each ' l i v i n g  organism and i t s  envi ror~ment 
fo rm an i n d i v i d u a l  i s t i c  system w i t h  t h e  
goal o f  s u r v i v a l  and t h e  dynamics o f  
systems w i t h  nega t i ve  feedback loops. 

2. The mor ta l  i t y  o f  incl i  v id i ra l  i s t i c  systems 
organizes s u r v i  vors i n t o  communities 
w i t h o u t  goals and w i t h  t h e  dynamics o f  
systems w i t hou t  nega t i ve  feedkack loops. 

3. The f lows o f  energy, n u t r i e n t s ,  carbon 
d iox ide ,  water, and organic  ma te r i a l  s  a re  
u n i d i r e c t i o n a l  and have t h e  dynamics o f  
systems w i t hou t  goals and w i t hou t  nega- 
t i  ve feedback loops. 

4, The s ta tes  o f  f o r e s t  o rgan i za t i on  de te r -  
mine t he  k inds  and p ropo r t i ons  o f  mu1 - 
t i p l e  b e n e f i t s  a v a i l a b l e  f rom a  f o r e s t .  



The p r a c t i c a l  use of the t h e o r i e s  i s  t o  
d e s i  gn mnagenen t  schemes t h a t  w i  11 d i  r e c t  s e l  f - 
o r g a n i z i n g ,  i ~ d i v i d u a l i s t i c  systems t o  b r i n g  about 
d e s i  r e d  s t a t e s  o f  f o r e s t  o rgaq i  z a t i o n ,  

The word "ecosystem" was d e f i n e d  by i4.G. 
Tans1 ey (1935).  The concept "ecosystem" i s  
appeal i n y  because i t  i s  h o l i s t i c  and i n c l u d e s  a1 1  
o f  t h e  p h y s i c a l ,  chemical  , and b i o l  o g i  c a l  e lements 
o f  t h e  un ive rse .  Tans ley  s a i d  t h a t  ecosystems ". . . a r e  o f  t h e  most v a r i o u s  k i n d s  and s i z e s .  
They f o r m  one ca tegory  o f  t h e  m u l t i t u d i n o u s  p h y s i -  
c a l  systems o f  t h e  un ive rse ,  wh ich range f rom t h e  
u n i v e r s e  as a whole down t o  t h e  atome' '  

T a n s l e y ' s  o p e r a t i o n a l  method was ". . . t o  
i s o l a t e  systems m e n t a l l y  f o r  t h e  purposes o f  
s tudy ,  . . . whether t h e  i s o l a t e  be a s o l a r  
system, a  p l a n e t ,  a  c l i m a t i c  r e g i o n ,  a  p l a n t  o r  
animal  community, an i n d i v i d u a l  organism, an o r -  
g a n i c  molecule,  o r  an atom. A c t u a l l y  t h e  systems 
we i s o l a t e  m e n t a l l y  a r e  n o t  o n l y  i n c l u d e d  as 
p a r t s  o f  l a r g e r  ones, b u t  t h e y  a l s o  ove r lap ,  
i n t e r l o c k  and i n t e r a c t  w i t h  one another . "  Thus, 
t h e  words "organism," "community," " f o r e s t , "  and 
'%and" a r e  o p e r a t i o n a l  d e f i n i t i o n s  o f  ecosystems 
as used by Tansley. A s p e c i f i c  community, o rgan-  
ism, f o r e s t ,  and s tand a r e  i s o l a t e s  t h a t  we can 
i d e n t i f y  t o  s tudy and manage. These u n i t s  i n c l u d e  
a l l  o f  t h e  organisms and t h e  o r g a n i c  and i n o r g a n i c  
components of t h e  communit ies and t h e  i n d i v i d u a l  
and i t s  environment.  Accord ing  t o  Tansley, t h e  
ecosystem i n c l u d e s  "cons tan t  i n t e r c h a n g e  o f  t h e  
most v a r i o u s  k i n d s  w i t h i n  each system, n o t  o n l y  
between t h e  organisms, b u t  between t h e  o r g a n i c  and 
i n o r g a n i c , "  These in te rchanges  and f l o w s  o f  
energy,  m a t e r i  a1 s  , and o rgan i  sms a r e  t h e  dynamics 
o f  t h e  ecosys tem*  



Tans ley ' s  (1935) o p e r a t i o n a l  a n a l y s i s  reduces 
ecosystem dynamics t o  a  d e s c r i p t i o n  o f  human obser-  
va t ions ,  measurements, and opera t ions .  Th is  ap- 
proach avo ids  g i v i n g  ecosystems metaphysical  and 
i d e a l i z e d  p r o p e r t i e s ,  such as i n d i c a t e d  by t h e  t e r m  
"complex o rgan i  sin." Terms such as "species," "suc- 
cc?ssion," " h a b i t a t  ," "cl imax,"  " s t a b i l i t y , "  " b i  - 
ome,'"Yorest," and "stand" a r e  d e f i n e d  by t h e  use 
t o  which t h e  terms can be put .  For  example, Tans- 
l e y  (1929) d e f i n e d  succession r e l a t i v e  t o  use: ". . . t h e  ac tua l  va lue  . . . o f  t h e  concept o f  
success ion . . . i s  measured by t h e  rrse t o  which i t  
can he pu t ,  t o  i t s  success i n  e n a b l i n g  us t o  focus  
on phenomena more s u c c e s s f u l l y ,  and thus  t o  d i s -  
cover  new s t a r t i n g  p o i n t s  f o r  f r e s h  inves t iga t ion . "  

Another  advantage o f  t h e  o p e r a t i o n a l  approach 
i s  t h a t  i t  reduces ecosystem dynamics t o  hrninan 
p e r c e p t i o n s  o f  a c t u a l  happeni ngs and p rov ides  f o r  
v a l i d a t i n g  a c t u a l  exper iences by r e p e a t i n g  t h e  
o p e r a t i o n s  used t o  d e f i n e  a  te rm o r  concept. 
Organisms were observed by Tansley (1914) t o  l i v e  
as i n d i v i d u a l s  and as p a r t  o f  a  system c o n s i s t i n g  
o f  a1 1 those  elements, p h y s i c a l  and b i o l o g i c a l  , 
t h a t  c o u l d  concei  v a b l y  a f f e c t  t h e  organisms. 
Cowles (1901) took t h i s  same view when he 
d e s c r i b e d  succession on sand dunes near Lake 
Michigan. Succession i s  t h e  change Cowles 
measured (Cowles 1901:108). 

Adams (1908) used Cowles' o p e r a t i o n a l  
approach t o  de f  i ne eco l  o g i  c a l  successi  on o f  b i  r d s  
and o t h e r  animals. Cooper (1926) a l s o  used t h i s  
method t o  document observa t ions  of e c o l o g i c a l  suc- 
cess ion  f o r  l o n g  p e r i o d s  o f  cont inuous change. 
Cooper (19261, Gleason (19391, and o t h e r s  (May 
1976) have a l s o  used t h i s  approach t o  d e s c r i b e  t h e  
i n d i v i d u a l i s t i c  concept o f  p l a n t  and animal com- 
m u n i t i e s .  And t h i s  o p e r a t i o n a l  approach 1 ~ d  t o  
r a p i d  advances i n  q u a n t i t a t i v e  methods (Southwood 
1978) ,  



En science, t h e  changes from u s i  ng p r o p e r t  i es 
t o  u s i n g  opera t ions  f o r  d e f i n i n g  terms and con- 
cepts  was apparen t l y  brought about by a  change 
f rom a Newtonian do an E i n s t e i n i a n  approach 
(Benjamin 1955) ,  The convent ion i s  t h a t  terms and 
concepts be de f ined  hy phys ica l  nperat ions r a t h e r  
than  by p rope r t i es .  Th is  v iewpoint  i s  accepted 
by most s c i e n t i s t s -  For example, accord ing t o  
Newton, simrll t a n e i  t y  was an ahsof u t e  p rope r t y  
o f  t ime,  which he de f i ned  as t h a t  which has t h e  
p r o p e r t y  o f  f l o w i n g  un i f o rm ly  independent o f  mate- 
r i a l  happenings. E i  n s t e i  n  in t roduced the  idea  
t h a t  s i m u l t a n e i t y  i n  a  system, and t ime, i s  r e l a -  
t i v e  t o  the  operat ions o f  t h e  observer r a t h e r  than  
a p rope r t y  o f  t h e  system (Bridgman 1927). 

For  ecosystem dynamics t h e  change i s  f rom 
s tudy ing  p l a n t  and animal communities as de f i ned  
hy i d e a l  i zed p rope r t i es ,  such as t h e  organi  smal 
concept descr ibed by P h i l  l i p s  (1934, 1935),  t o  
s tudy ing  ope ra t i  onaf l y  t h e  dynamics o f  s t r u c t u r e  
and t h e  f u n c t i o n i n g  o f  i n d i v i d u a l s  i n  t h e i r  
n a t u r a l  sur roundi  ngs as descr ibed by Tansley 
(1935) and Evans (1976).  The change i s  f rom 
d e f i n i n g  organisms and communities i n  terms o f  
p r o p e r t i e s ,  such as a k i n d  o f  s t r a tegy  t h a t  
d i  r e c t s  behavior toward a  predetermined s t a t e  o r  
s t r u c t u r e ,  t o  d e f i n i n g  organisms, communities, and 
behavior  i n  terms o f  t h e  operat ions o f  t h e  
observer.  

Ecosystem dynamics are t h e  t i me-changi ng 
f 1  ows o f  organi  sms, mater i  a1 s, and energy t h a t  
fo rm t h e  u n i t s  He o p e r a t i o n a l l y  i s o l a t e  t o  study 
and manage. Organisms, t h e i  r inseparable env i  ran- 
nents,  and aggregates o f  these systems are opera- 
t i o n a l l y  c a l  l e d  ecosystems as de f i ned  by Tansley 
(1935). These i n d i v i d u a l i s t i c  systems, popula- 
t i o n s ,  stands, and communities a re  t h e  u n i t s  most 
f requent  1  y de1 i m i  t e d  as ecosystems f o r  management. 



Three k i  n d s  o f  observations based on e x p e r i  - 
ences o f  many peopf e a r e  the primary sogrces o f  
i n f o r m a t i o n  f o r  developing t h ~  f au r  b ionsmic  
t h e o r i e s  used i n  DYNASP. T h e w  are observations 
o f  t h e  continuity o f  b i o f  ogica9 c h a n g e ,  the i r r e -  
versi b i  1 i t y  o f  b i o l o g i c a l  changes, a n d  t h e  re1  a -  
t i o n  o f  these changes to the s t ructw-3 o f  the 
o r g a n i  5ms and the  ~ n v i  ronment , 

Continuity 

The continuity o f  kiological dynamics i s  so 
much a p a r t  o f  our everyday ope rad ioos  it i s  d i f -  
f i c u l t  to b e l i e v e  we are  experiencing a n y t h i n g  
s i g n i f i c a n r ,  From exper ience  we accep t  t he  t r a n s -  
formation s f  bab ies  i n t o  a d u l t s  and aco rns  i n t o  
oak t rees  rather t h a n  i n t o  c h i c k e n s s  Iqportant 
imp1 i c a t i o n s  a r e  i n  the  o b s e r v a t i o n :  a b i o l o g i c a f  
system cannot  pass f r o m  one s t a t e  to a n o t h e r  
without p a s s i n g  t h r o u g h  31 1 t h e  intermed-late 
s ta tes  t h a t  a r e  subjec t  to the same processes of 
growth  and rnortal i t y ,  

T h i s  o h s e r v a t  i on o f  b i  01 o g i  c a l  dynami cs  known 
as the law o f  continuity i s  restated i n  mathema- 
t i c s ,  An impneatant s%a,racteris"e; ie o f  continuity 
i n  b o t h  mather i ia t ics and  b - i a l s g i c a l  systerris i s  t h a t  
each succeeding s t a t e  i s  dependen t  or: the  p r e -  
ceding s t a t e -  Forest seands a n d  organ isms do n o t  
randomly jump from s t a t e  to s l a t e ;  each succeeding 
s t a t e  i s  dependent on t h e  preceding s ta te ,  

Through the use o f  operational d e f i n i t i o n s  
a n d  measurements, we can project the d i r e c t i o q  and  
o f t e n  the r a t e  o f  t r a n s f o r m a t i o n ,  For example, if 
a t ree has a diameter a t  breast h e i g h t  (d .b .n . )  o f  
6 inches, t h e  p r o j e c t e d  transformations are f o r  
the  t ree  to e i t h e r  d i e  or  increase i n  diameter, 
The t ree  i s  no t  expected to shrink,  



P r o j e c t i  c n  i s e r i e s  o f  success i  o n a i  s ts tes  
f r o m  rets'ri.4 e ~ . o p l a a d  to fo res t  depends on "Lhe 
continuity of ~ o s y s t e r n  dynam-i cs.  The measured 
species cornonsi t ion o f  one s t a t e  o f  2 community 
car) he used to suggest and p o s s i b l y  project  t h e  
n e x t  s t a t e  o f  species composition. O b s e r v a t i o n s  
o f  t h e  c o n t i n u i t y  o f  b i o l o g i c a l  change are used t o  
p r o j e c t  fu tukc  s t a t e s  o f  ecosys temss 

Few people expec t  to f i n d  Ponce de ie6n's 
Fouccain  o f  Youth, Feople do n o t  t r a n s f o r m  from 
a d l r l t s  t e  children "c bab ies .  The p h s t ~ s y n t h e t i e  
pracess i n  green p l a n t s  i s  n o t  reve rsed  by t u r n i n g  
o f f  the l ights or l i m i t i n g  t h e  amounts 0% carbon 
d i o x i d e  a n d  w a t e r ,  R e s p i r a t i o n  i s  no t  t h e  reverse 
o f  photosyn thes i s .  Reproduction i s  not t h e  
r e v e r s e  o f  d e a t h ,  Regenerating a f o r e s t  s t a n d  i s  
n o t  the reverse o f  h a r v e s t i n g *  Ecosystem dynamics 
a r e  i r revers ible ,  

The natural succession o f  set i  red cropla~d 
f r o m  g r a s s  to F o r e s t  js irreversible, Should t h e  
l a n d  be c o n v e r t e d  a g a i n  from f o r e s t  to cultivated 
l a n d  f o r  food crops and be r e t i r e d  aga in  from 
a g r i c u l  t u r e p  t h e  b i o l o g i c a l  systeq w o u l d  no t  
r e v e r s e  but would a g a i n  t r a n s f o r m  f rom g rass  to 
foresc.  The second s e r i e s  o f  transformations 
would not be ide~tical to t hose  o f  the f i r s t *  
The s p e c k s  compos-it ion, gene frczijt iencfes, and  
components s f  the e n v i  ronment are d i  f f e r e n t  f o r  
each s t a t e  i n  b o t h  ser ics  s f  t r a n s f o r m a t i o n s .  

S t r u c t u r e  

A t h l e t e s  change t h e i r  bod ies  f r o m  s ta te  to 
state to o u t p l a y  others because s f  t h e  way bones, 
muscles, nerves, a n d  other components are con- 
~ e c t e d ,  S t r u c t u r e  s f  h u m a n  hands rJermi t s  behav io r  
d i f f e r e n t  f r o m  the feet of monkeys, I n j u r i e s  and 
diseases, especially those t h a t  change linkages in 
t h e  cent ra l  nervous system, l i m i t  behav io r ,  
Structure determi  nes ecosystem dynamics, 



Organisms a r e  typi  saf l y  d e f i n e d  by d iscon-  
L j n u i t i e s ,  Genet ic d i s c o n t i n u i t i e s ,  such as t h o s e  
w i t h i n  and between i n t e r b r e e d 3  ng  popui a t i o n s ,  may 
be o p e r a t i o n a l l y  measured by d i f f e r e n c e s  i n  t h e  
chemical  and p h y s i c a l  s t r u c t u r e  o f  genes and 
chromosomes, Morpho log ica l  d i s c o n G i n u i t i e s  a r e  
c r i t e r i a  For  a s s i g n i n g  a p l a n t  o r  animal  to a spe- 
c i e s ,  The taxonomic d e c i s i o n s  r e s u l t  f rom t h e  
o p e r a t i o n s  one per forms ts m a s u r e  mokphol a g i  c a l  
and g e n e t i c  d i f f e r e n c e s .  A s s i g n i n g  two i n d i v i d -  
u a l s  t o  t h e  same spec ies  i s  r e l a t i v e  t a  t h e  
o b s e r v i n g  system, a person t r a i n e d  i n  sys temat i cs ,  

O p e r a t i o n a l  c r i t e r i a  a r e  a l s o  used do d e f i n e  
and measure f o r e s t  types,  communit ies, s i d e s ,  
stands, and o t h e r  aggregates  s f  p l a n t s  and a n i -  
mals, The d i  s c o n t i n u i t i e s  For these  c l a s s i f i c a -  
t i o n s  a r e  determined by s t r u c t u r a l  d i f f e r e n c e s ,  
C l  assi F i c a t i o n s  based on s t ruc tu ra l  d i  f f e r e n c e s  
a r e  meani n g f u l  because s t r u c t u r e  determines eco- 
system dynamics, F o r  example, t h e  behav io r  o f  a 
f ood  chain  depends on s t r u c t u r e  t h a t  i s  de f i ned  by 
t h e  prspor"cion s f  i n d i v i d u a l s  by spec ies ,  t h e i r  
environments,  and how these  component p a r t s  a r e  
l i n k e d ,  

S t r u c t u r a l  changes i n  an ecosystem wi ll 
change behav io r :  t h i n n i n g  a f o r e s t  usual  l y  
changes growth r a t e s  o f  r e s i d u a l  t r e e s  ; changes i n  
t h e  spec ies  compos i t i on  o f  a s tand  change t h e  
h a b i t a t  f o r  some p l a n t s  and an imals ;  and changes 
i n  t h e  age c lasses  o f  s tands change t h e  p o t e n t i a l  
l i v e l i h o o d  f o r  some p l a n t s  and an imal  s, Changing 
gene f requenc ies  hy a r t i  f i c i  al sel ec&i on changes 
p l a n t  and animal s t r u c t u r e  f o r  a g r i c u l t u r e ,  pets, 
and s p o r t s  , Changi n g  t h e  ecosystem s t ructure  
d i  r e c t s  ecosystem dynami cs f o r  human b e n e f i t s  . 

I f  F o r e s t s  are d o  provi ide sustained m t r l t i p f  e 
b e n e f i t s ,  t hey  must be managed as n e g a t i v e  feed-  
back systems w i t h  a goal and w i t h  the p o t e n t i a l  
f o r  one o r  more steady s t a t e s .  To a t t a i n  t h i s ,  
f o r e s t  management must be compat ible  w i t h  t he  



dynamics o f  n a t u r a l  fo res ts .  Theories,  v a l i d a t e d  
by p o t e n t i a l  fa1 s i  f i c a t i o n  (Becht 1974; Popper 
1962), can descr ibe  t h e  s t r u c t u r e  o f  t h e  b i o l o g i -  
c a l  system and thus p rov ide  t h e  standards, t h e  
p r i  n c i  pf es, and t h e  guides f o r  ana lyz ing  s i  1 v i  - 
c u l t u r a l  opt ions. Such t h e o r i e s  a re  t h e  frame- 
works f o r  r a t i o n a l  dec is ions.  Fo l l ow ing  i s  a  
d i  scuss i on o f  four  b i  onomi c t h e o r i e s  . 

Four B i  onomic Theories 

Individualistic S y s t e m  

Each l i v i n g  organism and i t s  envi - 
ronment form an i n d i  v i dua l  i s t i c  
system wFth t h e  goal o f  s u r v i v a l  and 
the  dynamics o f  systems w i t h  nega- 
t i v e  feedback loops. 

The goal o f  s u r v i v a l  i s  descr ibed by 
S lobodk in  (1975) as " p e r m i t t i n g  t h e  organism t o  
con t i nue  i n  t h e  game." The analogy i s  t o  t h e  
gambler 's  " r u i n  game" i n  which t h e  payo f f  i s  t o  
con t i nue  i n  t h e  game as Tong as poss ib le .  The 
p laye rs  se l f -o rgan ize  i n  r e l a t i o n  t o  t h e  s t a t e  o f  
t h e  game; each p l a y e r  i s  an i n d i v i d u a l i s t i c  
system. 

Behavior  i s  d i r e c t e d  by a d e c i s i o n  mechanism. 
Thi  s  mechani sm i s  gene t i ca l  l y  and env i  ronmental l y  
determined and i s  p a r t  o f  t h e  phys i  01 o g i c a l  , ana- 
t om ica l  , and morpholog ica l  s t r u c t u r e  o f  t h e  i n d i  - 
v i dua l  i s t i c  system. Each i n d i  v iduaf  i s t i c  system 
senses a n d  reac ts  t o  i t s  own s t a t e  and uses past  
o r  p resen t  s ta tes  t o  i n f l u e n c e  ac t i ons  t o  adapt t o  
t h e  env i  ronment . 

Conrad (1979) de f ines  adaptabi  l i t y  as 
' "bi t  i t y  t o  con t inue  t o  f u n c t i o n  i n  the  face o f  
u n c e r t a i n t y  e ' Y ~ o n r a d  proposes t h a t  a reasonably 
o b j e c t i  ve measure s f  maximum, a1 lowable,  envi  ron-  
mental u n c e r t a i n t y  f o r  i n d i  v i dua l  organi  sms i s  



death. Th is  i s  another way t o  say t h a t  death 
occurs when a  feedback loop f a i l s  t o  ma in ta in  an 
e s s e n t i a l  v a r i a b l e  w i t h i n  t h e  l i m i t s  f o r  l i f e .  

The ep ic  o f  adapt ion p lays i t s e l f  out, 
accord ing  t o  Swartzman (1975), i n  a  m u l t i  - 
d i  mensi oned envi ronment , The frame o f  re ference 
For i n d i v i d u a l s  must he t h e  se t  o f  envi  ronmentaf 
va r i ab les ,  t h e  everyday va r i a t i ons ,  and t h e  uncer- 
t a i n t y  o f  pe r t u rba t i ons ,  S e l f  -o rga , l i za t ion  i n  
unpred ic tab le ,  mul t id imensioned environments i s  
t h e  way organisms attempt t o  ma in ta i n  e s s e n t i a l  
v a r i a b l e s  w i t h i n  t h e  l i m i t s  f o r  l i f e  through a l l  
stages o f  development, Those i n d i  v i dua l  i s t i c  
systems t h a t  s u r v i v e  through t h e  rep roduc t i ve  
stage may t r ansm i t  genes t o  succeeding genera- 
t i o n s *  The ac tua l  r a t e  o f  gene t ransmiss ion  may 
be mod i f i ed  by f e c u n d i t y  and unce r ta i n  events 
d u r i  ng t h e  reproduct  i ve s tage*  

For  a l  l i n d i v i d u a l i s t i c  systems, i n c l u d i n g  
t h e  l a r g e  numbers t h a t  d i e  be fo re  t h e  rep roduc t i ve  
stage, t h e  negat i ve  feedback loops se l r - o rgan i  ze 
t h e  system i n  accordance w i t h  t h e  goal o f  sur-  
v i  va l  . This  i s  not  a  new theosy bu t  a very much 
condensed restatement o f  t he  model o f  organisms 
developed by Darwin and mod i f ied  by o thers  (Becht 
1974; Gleason 1939; Machin 1964; Tansley 1914, 
1935; Waddington 1970). This  theory  i s  t h e  foun- 
d a t i o n  o f  t h e  o the r  t h r e e  b ionon ic  theor ies .  The 
dynamic behavior o f  i n d i v i d u a l  i s t i c ,  goal -seeking 
organisms o f  d i  verse s t r u c t u r e  determines t h e  
organi  r a t i o n  o f  t h e  f o r e s t  communities and t h e  
t r ans fo rma t i ons  o f  these communities f rom s t a t e  t o  
s t a t e ,  The i n d i v i d u a l i t y  o f  these systems and 
t h e i  r goal -seeking behavior  cause every i n d i  v i d -  
u a l i s t i c  system t o  develop d i f f e r e n t l y  f rom every 
o the r  i n d i v i d u a l  i s t i c  system. Thus, i n  f o r e s t r y ,  
t r e e  mor ta l  i ty cannot be p red i c ted  except as a  
s t a t i s t i c a l  p r o b a b i l i t y  f o r  a  popu fa t ion  i n  some 
s p e c i f i e d  s t a t e  o r  community o rgan iza t ion .  It i s  
d i f f i c u l t  t o  p r e d i c t  which i n d i v i d u a l  seed1 i ngs 
w i  11 li ve i n  succeeding s t a t e s *  



M o r t a l i t y ,  l i k e  o the r  forms o f  behavior,  
r e s u l t s  f rom t h e  dynamics of i n d i v i d u a l i s t i c  
systemse Death occurs when a  feedback loop f a i l s  
t o  ma in ta i n  one o r  more e s s e n t i a l  func t ions ,  such 
as r e s p i  r a t i o n ,  c i  r c u l a t i o n ,  food consumption, 
hyd ra t i on ,  o r  phys ica l  i n t e g r i t y ,  w i t h i n  t h e  
l i m i t s  f o r  s u r v i v a l .  F a i l u r e  i n  a  feedback loop  
may r e s u l t  from changes i n  t h e  environment o r  
f a i l u r e  i n  t he  s t r u c t u r e  o f  t h e  i n d i v i d u a l i s t i c  
system. This  m o r t a l i t y ,  r e s u l t i n g  from t h e  dy- 
namics o f  i n d i v i d u a l i s t i c  systems, organizes t h e  
f o r e s t  community. I n  t h e  words o f  Tansley (1935), 
'Though t h e  organisms may c l a i m  our pr imary 
i n t e r e s t ,  . . . we cannot separate them from t h e i r  
spec ia l  environment, w i t h  which they form one 
phys i ca l  system." Each organism and i t s  insep-  
a r a b l e  and spec ia l  env i  ronment i s  viewed as an 
i n d i v i d u a l  i s t i c  system un ique ly  d i f f e r e n t  f rom a1 1 
o the r  i n d i v i d u a l i s t i c  systems. And t h e  s t a t e  o f  
each system changes w i t h  m ig ra t ion ,  age o f  t h e  
organi  sm, and changes i n  t h e  organi  sm's envi  ron-  
ment . 

Each t r e e  and i t s  environment i s  an i n d i v i d -  
ua l  i s t i  c  system t h a t  i s  s e l f  -organi  z i  ng. S e l f  - 
o r g a n i z a t i o n  r e s u l t s  f rom negat i ve  feedback loops 
f u n c t i o n i n g  t o  ma in ta i n  e s s e n t i a l  va r i ab les  w i t h i n  
t h e  l i m i t s  f o r  l i f e .  However, t h e  p r o p e r i t e s  o f  
t h e  o l d  and new environment may be used w i t h  
ope ra t i ona l  measurements t o  he1 p  e x p l a i n  why the  
t r e e s  behaved as they  d i d  (Evans 1976). Numerous 
examples o f  unexpected behavior  o f  re1 ocated t r e e s  
a re  g iven  by Dorman (1976) and Wr ight  (1976). The 
exper ience i s  t h a t  behavior  and responses o f  i n d i  - 
v i dua l  i s t i c  systems a re  not  p r o p e r t i e s  f l o w i n g  
independent ly  o f  m a t e r i a l  happenings. Thus, t r e e  
r i  ngs may r e f  1  e c t  past  env i  ronment . 

The ope ra t i ona l  d e f i n i t i o n  o f  i n d i v i d u a l i s t i c  
systems i s  t h e  measurement used t o  i d e n t i f y  t h e  
d i s c o n t i n u i t i e s ,  Sys temat is ts  may use these 
measurements t o  p lace  t h e  i n d i v i d u a l  i s t i c  system 



i n  a  spec ies ,  G e n e t i c i s t s  may use t h e  measure- 
ments t o  p l a c e  t h e  i n d i v i d u a l  i s t i c  system i n  an 
i n t e r b r e e d i n g  p o p u l a t i o n ,  These two types o f  
c l  a s s i  f i c a t  i o n s  a r e  based on t h e  observed b i  o l  a g i  - 
c a l  c h a r a c t e r i s t i c s  o f  c o n t i n u i t y ,  i r r e v e r s i  - 
h i l i t y ,  and s t r u c t u r e  o f  t h e  measured elements. 

I n d i v i d u a l i s t i c  systems a r p  s t r u c t u r e d  t o  he 
s e l f - o r g a n i z i n g .  They do n o t  respond i n  e x a c t l y  
t h e  same way t o  t h e  same env i ronmenta l  change 
every  t i m e  t h e  change i s  encountered.  For  
example, peop le  r e a c t  d i f f e r e n t l y  t o  a  sudden, 
l o u d  n o i s e  i f  i t i s  expected t h a n  i f  i t  i s  unex- 
pected,  P l a n t s  respond t o  a  r a p i d  decrease i n  
tempera tu re  i n  r e l a t i o n  t o  t h e  p reced ing  tem- 
p e r a t u r e  regime, Organi  sms have p a r t s  connected 
t o  p h y s i c a l  channels t h a t  t r a n s m i t  i n f o r m a t i o n  i n  
t h e  fo rm o f  energy and m a t t e r  t o  d i r e c t  t h e  
responses o f  t h e  system i n  r e l a t i o n  t o  t h e  s t a t e  
o f  t h e  system, 

I n  c o n t r a s t  t o  s e l f - o r g a n i z a t i o n ,  o t h e r  
systems a r e  d e t e r m i n i s t i c .  Fo r  example, a  watch 
responds r e p e t i  t i  v e l y  t o  t h e  same e n v i  ronmental  
change, such as w i n d i n g  and s e t t i n g ,  every  t i m e  
t h e  change occurs.  The p a r t s  o f  t h e  watch a r e  
connected t o  t r a n s m i t  i n f o r m a t i o n  about t i m e  as 
reco rded  d e t e r m i n i s t i c a l l y .  Watches do no t  s e l f -  
o r g a n i  ze re1  a t  i ve t o  u n c e r t a i  n  e n v i  ronments. A 
watch cannot sense when i t  i s  keep ing  i n c o r r e c t  
t i m e  and s e l  f - o r g a n i z e  i t s e l f  t o  make c o r r e c t i o n s ,  
The watch system, t h e r e f o r e ,  i s  d e t e r m i n i s t i c  
because t h e  s t r u c t u r e  does n o t  i n c l u d e  d e c i s i o n  
mechanisms f o r  s e l  f -o rgan i  z a t  i on ; t h e  watch cannot 
change t h e  i n f o r m a t i o n  f l o w s  across t h e  wheels as 
t h e  e x t e r n a l  env i  ronment changes , 

D e c i s i o n  mechanisms i n  organisms i n c l u d e  n o t  
o n l y  t h e  c e n t r a l  nervous system i n  h i g h e r  an imals  
h u t  a1 so t h e  anatomic, p h y s i o l o g i c a l ,  and g e n e t i c  
mechanisms. D e c i s i o n  mechanisms a r e  observed i n  
b o t h  s i n g l e  (Koshland 1977) and i n u l t i c e l  l e d  o rga -  
nisms ( H o r r i d g e  1977). The d e c i s i o n  procedures 



are  mechanical o r  chemical . The evidence i s  t h a t  
organisms are ab le  t o  se l f -o rgan ize ,  t o  change 
behav io r  i n  r e l a t i o n  t o  t h e  goal f o r  s u r v i v a l ,  t o  
change i n f o r m a t i o n  f lows  i n t e r n a l l y ,  and thus  
change s t a t e s  o f  o rgan i za t i on  i n  an unce r ta i n  
env i  ronment . These deci  s i  on mechanisms are 
exp la i ned  by cybe rne t i c  concepts (Am. Soc. Cybern. 
1972; Ashhy 1973; Becht 1974; F o r r e s t e r  1961; 
George 1977; K l i r  1969; Kogan 1975; Milsurn 1966; 
Wiener 1961) as discussed i n  chapter 2. 

Deci s i  on mechani sms , sensors, and physi  c a l  
i n f o r m a t i o n  c a r r i e r s  i n  organisms i nc l ude  mern- 
branes i n  s i n g l e  c e l l s ,  chemical compounds, and 
phys i ca l  s t r uc tu re .  E f f e c t o r s  ( f i  g. 7 )  i n c l u d e  
mt~sc l  es , membranes, biochemical  reac t ions ,  water  
movement, i o n  t r a n s f e r ,  and c e l l  movement. 

The dec i s i on  mechanism decides what i s  t o  
f o l l o w  i n  r e l a t i o n  t o  a  goal b u i l t  i n t o  t he  orga- 
nism by genet ics ,  phys io logy,  and anatomy. The 
o v e r a l l  goal (see f i g .  7 )  b u i l t  i n t o  a1 1  organisms 
i s  s u r v i v a l .  O f  course, t h i s  goal i s  composed o f  
many d i  f f e r e n t  subgoal s and feedback loops. 
Examples are t he  negat i ve  feedback loops t h a t  
ma in ta i n  l e v e l s  o f  b lood sugar, balance i n  a n i -  
mals, and openings and c l os i ngs  o f  stomata i n  
p l an t s .  Organisms w i t hou t  t h e  o v e r a l l  goal o f  
stnrvi va l  do not  l i v e  l ong  errough t o  p l ay  s i g n i f i  - 
cant  r o l e s  i n  t he  s t r u c t u r e  o f  communities, i n  
reproduc t ion ,  and i n  e v o l u t i o n  (Dobzhansky and 
o the rs  1977; Simpson 1969; Stebbins 1974). 
Fa i  l u r e  o f  on ly  one o f  t h e  e s s e n t i a l  feedback 
loops r e s u l t s  i n  death. "Cor rec t "  dec is ions  are 
those t h a t  change t h e  s t a t e  o f  t h e  organism t o  
ma in ta i n  l i f e .  Dec is ions r e s u l t  i n  many k inds  o f  
a c t  ion,  such as movement f rom i rr i  t a t i  ng sub- 
stances, feeding,  and a  change i n  e l  e c t r o p o t e n t i  a1 
o f  a  membrane. Most s u r v i v a l  dec is ions  are de te r -  
mined no t  hy c r i s e s ,  such as escaping from a  
p reda to r ,  hu t  by goals t o  ma in ta in  essen t i a l  v a r i -  
ab les,  such as t he  amount o f  water i n  leaves, 
w i t h i n  t h e  l i m i t s  f o r  l i f e .  



k c i s i o n  and c o n t r o l  hetween t w n  c l o s e l y  
arranged organi  sms b o t h  respondi ng t o  approxi  - 
mato ly  t h e  same environment can now he examined 
( f i g .  12). The env i  ronment d i  r e c t l y  a f f e c t s  t h e  
s t a t e  o f  each organism and i n d i r e c t l y  a f f e c t s  t h e  
k inds  of decis ions.  Changes i n  environmental f a c -  
t o r s - - l i g h t  i n t e q s i t y ,  day leng th ,  ions around a  
p l a n t  r o o t ,  and temperature--change t he  s t a t e  o f  
t h e  organisms. When t h e  i n f o r m a t i o n  about t h e  

GOAL OF 
SURVIVAL - 

i 

GOAL OF 
SURVIVAL 

ENVIRONMENT 

F igu re  12, --Decision and control between two cf osely arranged 
organisms both responding to approximately the same environment. 
(The lines connecting the organism and the environment are wavy 
to indicate the unplanned effects between the two.) 
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n ism,  a n o t h e r  change usually occ r i r s  i n  t h e  s t d t e  
o f  the o r g a n i s m *  The o r g a n i s m  chaqges i t s e l f  
i n  r e l a t i o n  t o  t h e  e n v i r o n m e n t .  Ksmoving o n e ' s  
f i n g e r  f rom a  h o t  s t o v e  i r f l r i ~ e i i i a t e l y  r a t h e r  t h a n  
w a i t i n g  u n t i l  t h e  s t a t e  o f  t h e  environment i s  
changed f r o m  " h o t "  t o  " c o o l "  i s  an example o f  
how e n v i  r on~ r l en t  a f f e c t s  t h e  o r g a n i s i n ' s  s e l f -  
o r g a n i z a t i o n .  The env i ronr l jen t  i s  n o t  a  p a r t  o f  
t h e  n e g a t i v e  feedback  l o o p ,  h u t  t h e  e n v i  ronrnent  
may change t h e  b e h a v i o r  o f  t h e  o r g a n i s m  by i n -  
d i r e c t l y  a f f e c t i n g  t h e  k i n d s  o f  d e c i s i o n s .  

The e n v i  ronrnent i s  chdngcllrl i n c i d e n t a l  l y  t o  
t h e  b e h a v i o r  o f  t h e  o rgan isms.  We have no e v i -  
dence  t h a t  t r e e s  l o s e  t h e i r  l e a v e s  i n  o r d e r  t o  
m a i n t a i n  some amount o f  o r g a n i c  m a t t e r  and nu -  
t r i e n t s  i n  t h e  s o i l  * Stomata open and c l o s e  i n  
r e l a t i o n  t o  t h e   stat^ o f  t h o  p l a n t  and n o t  t o  
m a i n t a i n  some amount o f  w a t e r ,  oxygen, and c a r b o n  
d i o x i d e  i n  t h e  s u r r o u n d i n g  a i  r e  Conve rse l y ,  t h e  
amounts of o r g a n i c  m a t t e r  and n u t r i e n t s  i n  t h e  
s o i l  a r e  unp lanned  consequences o f  t h e  s t a t e s  o f  
o r g a n i z a t i o n .  R i  r d  n e s t s ,  t e r m i t e  n e s t s ,  and 
o t h e r  s t  r u c t r r r e s  b u i  1  t by o r g a n i  sms change t h e  
e n v i r o n m e n t .  T h i s  k i n d  o f  dynamic change by o r g a -  
n i sms  i s  s e l f - o r g a n i z a t i o n ;  t h a t  i s ,  a  change i s  
made i n  t h e  chem ica l  and p h y s i c a l  s t a t e  o f  t h e  
o r g a n i  sm i n  r e l a t i o n  t o  e n v i  r onmen ta l  changes t o  
m a i n t a i n  e s s e n t i a l  v a r i a b l e s  w i t h i n  t h e  l i m i t s  o f  
l i f e .  

Some components o f  env i r on rnen t s  such as h e a t ,  
w a t e r ,  and oxygen seem t o  i n f l u e n c e  a l l  o rgan i sms .  
O t h e r  e l e m e n t s  i n  t h e  e n v i r o n m e n t  a f f e c t  o n l y  
c e r t a i n  o rgan i sms .  Whether  o r  n o t  t h e  e l emen t  i s  
an e n v i  r on inen ta l  f a c t o r  depends on t h e  p h y s i c a l  
and c h e m i c a l  s t a t e  o f  i n d i v i d u a l  o rgan isms.  F o r  
example,  c o l  o r b 1  i nd p e o p l e  respond t o  wave1 e n g t h s  
o f  l i g h t  d i f f e r e n t l y  f rom norma l  - s i g h t e d  peop le .  
Sharks  and r e l a t e d  a n i m a l s  r espond  t o  l o w -  
f r e q u e n c y ,  feehle ,  v o l t a g e  g r a d i e n t s  t h a t  a r e  n o t  
d e t e c t e d  by o t h e r  o r g a n i  srns (Ka lm i  j n  1977) .  C e r -  
t a i  n w a v e l e n g t h s  and p e r i o d s  o f  r a d i a t i o n  a r e  



e n v i  ronmenta l  f a c t o r s  f o r  some o rgan i  sms b u t  n o t  
f o r  o the rs .  Each organism and i t s  s p e c i a l  e n v i -  
ronment i s  d i  f f e r e n t  f rom every  o t h e r  o rgan i  sm 
and i t s  spec i  a1 e n v i  ronment . 

It i s  t h e  i n d i v i d u a l  i s t i c  system t h a t  s e l f -  
o rgan izes  and d i e s  o r  s u r v i v e s ,  c o n t r i b u t e s  t o  
community s t r u c t u r e ,  and t r a n s m i t s  genes t o  t h e  
n e x t  genera t ion .  Sel f - o r g a n i z a t i o n  i s  f o r  t h e  
p resen t  s t a t e  o f  t h e  organism. The p h y s i o l o g i c a l  
mechanisms a r e  n e g a t i v e  feedback loops  and no t  
feed- fo rward  loops (see ch. 2). Sel  f - o r g a n i z a t i o n  
i s  d i r e c t e d  toward keep ing e s s e n t i a l  v a r i a b l e s  
w i t h i n  t h e  l i m i t s  f o r  l i f e  now and no t  toward 
o r g a n i z i n g  f o r  some optimum s t r a t e g y  (Lewont i  n  
1979). When i n d i  v i  dua l  i s t  i c  systems s e l  f - 
o rgan ize ,  t h e i  r communit ies t r a n s f o r m  a i m l e s s l y ,  
M i  t h o u t  a  s t r u c t u r e  t h a t  c o n t a i n s  n e g a t i  ve feed-  
back loops  t o  d i r e c t  members toward  a  common goa l ,  
communit ies do no t  have a  s t r a t e g y  t o  p a r t i t i o n  
e n v i  ronmental  resources,  t o  mai n t a i  n  a  c e r t a i  n  
community s t r u c t u r e ,  t o  occupy a  c e r t a i n  h a b i t a t ,  
o r  t o  f o r m  a  c e r t a i n  gene poo l .  

The i n d i v i d u a l  i s t i c  systems t h a t  se1 f -  
o r g a n i z e  th rough  a l l  s tages o f  development and i n  
r e l a t i o n  t o  a1 1  env i  ronmental  changes a re  t h e  ones 
most 1  i k e l y  t o  t r a n s m i t  genes t o  succeeding 
genera t ions .  Those i n d i v i d u a l  s  t h a t  t r a n s m i t  
genes t o  t h e  n e x t  g e n e r a t i  on a r e  " n a t u r a l  l y  
s e l e c t e d " ;  by d e f i n i t i o n  those  i n d i v i d u a l s  have 
t h e  h i g h e s t  Darw in ian  f i t n e s s  i n  t h e  p o p u l a t i o n *  
N a t u r a l  s e l e c t i o n  i s  viewed as s e l f - o r g a n i z a t i o n  
o f  i n d i v i d u a l  i s t i c  systems d i r e c t e d  by g e n e t i c  and 
deve l  opmental processes.  

A c l e a r  unders tand ing  o f  t h i s  d e f i n i t i o n  of 
" n a t u r a l  s e l e c t i o n "  i s  i m p o r t a n t  f o r  d i  r e c t i n y  t h e  
s t a t e s  o f  f o r e s t  o r g a n i z a t i o n  t o  p r o v i d e  des i  r e d  
human b e n e f i t s .  No e x t e r n a l  c o n t r o l  mechani sms 
n a t u r a l l y  s e l e c t  wh ich organisms a r e  t o  d i e  and 



which a r e  t o  s u r v i v e .  Rarwinian f i t n e s s  
(Dobzhansky and others 1977 )  and adaptabi l i ty 
(Conrad 1979) result  f r om s e l f - o r g a n i z a t i o n  o f  
i n d i v i d u a l  i s t i c  systems* 

Because of s e l f - o r g a n i z i n g  c a p a b i l i t i e s ,  
the i n d i v i d u a l  i s t i c  system f unc t i ons  i n  u n c e r t a i n  
environments, Conrad? ((1979) d e f i n i t i o n  o f  
a d a p t a b i l i t y  i s :  The a b i l i t y  t o  f u n c t i o n  i n  t h e  
f a c e  s f  environmental  unce r ta i n t y .  Th is  d e f i n i  - 
t i o n  i m p l i e s  nega t i ve  feedhack loops  t h a t  s e l f -  
o rgan ize  the system For t h e  present  environment 
and ad jus t  t h e  organism's s t r u c t i ~ r e  as the env i -  
ronment changes, 

Conrad"  ((1979) d e f i n i t i o n  can be expressed 
mathemat ica l ly ,  Communities o f  i n d i v i d u a l i s t i c  
sy%tems cons i s t  of ensembles o f  d i  s t i ngu i shab le  
s t a t e s  w i t h  the behavior  o f  t h e  former represented 
by a  set  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 s  These Craw- 
s i t i o n  probabi l i t i e s  a r e  recognized as stages o f  
succession. Conrad (1979) expresses t h i s  mental 
model i n  mathematical symbol s  and demonstrates a 
s imul a & i  on o f  envi  ronmental uncesta i  nty a DYNAST 
i s  a mod i f i ed  system dynamics vers ion  o f  t h i s  men- 
t a t  model. 

The concept s f  t h e  i n d i  v i  d u a l  i sd i  c system 
p laces t h e  dynamics of a l l  ecosystems trn a phys i -  
c a l  b a s i s .  It requ i res  t h a t  i n te rchanges  and 
i n t e r a c t i o n s  w i t h i n  ecosystems be phys ica l  l y  
descr ibed  i n  terms o f  the structure f o r  t r a n s f e r  
o f  energy, in fo rmat ion ,  and ma te r i a l s .  For an 
ecosystem t o  exh i  b i t  goal - s t  r i  v i  ng behav io r ,  t h e r e  
must be physical  i n f o rma t i on  networks t h a t  im l  ude 
sensors, e f f e c t o r s ,  and dec i s i on  mechanisms t h a t  
f u n c t i o n  by compar ing t h e  s t a g e  o f  the ecosystem 
t o  a goal .  Also,  c o r r e c t i v e  a c t i o n s  must d i r e c t  
b e h a v i o r  o f  t h e  ecosystem toward t h e  goal. 



Organization oh Forest Cornunities 

The m o r t a l i t y  o f  i n d i v i d u a l i s t i c  
systems o r g a n i z e s  s u r v i v o r s  i n t o  
communi t ies w i t h o u t  goa ls  and w i t h  
t h e  dynami c s  o f  systems w i  t h o u t  
nega t i ve  feedback loops,  

barge numbers o f  seeds and o t h e r  propagu les ,  wh ich  
a r e  i n d i v i d u a l i s t i c  systems, d i e  hy t h e i r  own 
dynamics T h i s  m o r t a l  i ty organ izes  t h e  s u r v i  v o r s  
i n t o  success i ve  s t a t e s ,  

These success i  ve s f  a t e s  have dynamics s i  mi l a r  
t o  t h o s e  o f  t h e  wa tch  p r e v i o u s l y  desc r ibed ,  Rut  
b i o l o g i c a l  communi t ies have ;-9, ma jo r  d i f f e r e n c e ,  
Watch hands  e x a c t l y  repeat  fo rmer  s t a t e s ,  whereas 
b i o l o g i c a l  communi t ies do not ,  I f  t h e  genotypes 
a n d  env i ronments  a r e  s i m i l a r  t o  comb ina t ions  i n  
p r e c e d i n g  f o r e s t s ,  t h e  k i n d s  o f  s t a t e s  and i n d i -  
v i d u a l i s t i c  systems w i l l  be s i m i l a r  b u t  no t  i d e n -  
t i c a l  t o  those  o f  t h e  p reced ing  f o r e s t .  The 
success i  ve o rgan i  z a t i o n a l  s t a t e s  a r e  i r s e v e r s i  b i e  
and may appear t o  be r e p e t i t i  ve, These a p p a r e n t l y  
r e p e t i t i v e  o rgan i  z a t  i ona l  s t a t e s  a r e  known as 
s tages  o f  success ion,  

F o r e s t  csmmuni t i e s  a r e  o r g a n i z a t i o n a l  Sy 
u n s t a b l e  because the s u r v i v i n g  i n d i v i d u a l  i s t i c  
systems a r e  j o i  ned w i t h o u t  community goal  s 
d i r e c t i n g  n e g a t i v e  feedback loops.  I n  t h e  absence 
o f  such feedback loops,  t h e  community cannot  sense 
i d s  own o r g a n i z a t i o n a l  s t a t e  and cannot  use p a s t  
s t a t e s  t o  i n f l u e n c e  f u t u r e  a c t i o n s  do ach ieve  a 
goa l  f o r  t h e  community, The community has no 
d e c i s i o n  mechanisms t o  d i  r e c t  t h e  li f e ,  death,  
r e p r o d u c t i o n ,  and r e p ?  acement o f  i n d i  v i d u a l  i s t i c  
systems t o  ach ieve  a  community g o a l *  The f o r e s t  
community i s  an a g g r e g a t i o n  o f  s r r rv i  vors ,  and ~o 
spec ies  i s  e s s e n t i a l  f o r  community o r g a n i z a t i o n  
because t h e r e  i s  no common goal  t oward  wh ich  a1 7 
d i r e c t  t h e i  r behav io r ,  Fo r  example, t h e  l o s s  o f  



t h e  Ameri can chestnut  (Castanea den ta ta  (Marsh. ) 
Borkh.) d i d  not  d e s t r o y e a s t e r n  f o r e s t s .  
The ches tnu t  t r e e s  were rep laced by o the r  i n d i v i d -  
u a l i s t i c  systems. 

Successi ve generat ions o f  i nd i  v i  dual i s t  i c 
systems are gene t i ca l  l y  and envi  ronmental l y  d i  f - 
f e r e n t  f rom preceding generat ions and w i  11 never 
again he e x a c t l y  repeated, I n  t h e  absence o f  com- 
muni t y  sensing and deci  s i  on mechani sms, f o r e s t s  
con t i nue  w i t hou t  goals. 

Th i  s  theory  f o r  community o rgan i za t i on  means 
t h a t  unmanaged f o r e s t s  never come t o  a  steady 
s ta te .  I n  t h e  words o f  Gaylord Simpson (1969), ". . . i f  indeed t h e  e a r t h ' s  ecosystems are 
t end ing  toward lung-range s t a b i l i z a t i o n  o r  s t a t i c  
equi l ibr ic rm,  3.5 b i l l i o n  years has been t o o  s h o r t  
a  t ime t o  reach t h a t  cond i t ion . "  

Dur ing  t h e  100-year l i f e  o f  dominant t r e e s  i n  
a f o r e s t ,  m i  11 i ons  o f  seeds and o the r  propagules 
d i e .  Th is  o rgan i z i ng  mechanism f o r  communities i s  
d i f f e r e n t  from t h a t  o f  i n d i  v i dua l  i s t i c  systems. 
Communities have no phys ica l  communication chan- 
n e l s  t h a t  l i n k  t h e  i n d i v i d u a l i s t i c  systems t o  a  
d e c i s i o n  mchanism. Therefore,  t h e  f o r e s t  has no 
c e n t r a l i z e d  dec i s i on  mechanism t h a t  decides which 
spec ies are t o  s u r v i v e  and which are t o  d ie .  
There i s  no goal f o r  a  c e r t a i n  assoc ia t i on  o r  f o r  
a  c e r t a i n  d i s t r i b u t i o n  o f  species. Thus, t h e r e  
cannot be na tu ra l  steady s ta tes ,  e q u i l i b r i a ,  o r  
c l  imax f o res t s .  

I n d i v i d u a l  i s t i c  systems i n  a  community are 
1 i nked on ly  through t h e  envi  ronment ( f i  g. 12) 
and not through a communication network t o  a  
d e c i s i o n  mechani srn t h a t  coord inates behavior,  
s u r v i  va1 , and m o r t d  i t y .  Coordi nated behavior  
r e s u l t s  from s imi  1  a r  genotypes responding t o  
s i m i l a r  environments. 



The t h e o r y  f o r  o r g a n i z a t i o n  o f  f o r e s t  com- 
m u n i t i e s  s t a t e s  t h a t  o r d e r  i n  n a t u r a l  communi t ies 
r e s u l t s  f rom t h e  m o r t a l i t y  o f  i n d i v i d u a l  i s t i c  
systems, M o r t a l i t y  occurs  when t h e  i n d i v i d u a l -  
i s t i c  system f a t  1s t o  m a i n t a i n  some e s s e n t i a l  
v a r i a b l e  w i t h i n  t h e  l i m i t s  o f  l i f e ,  The dynamics 
o f  t h i  s  o r g a n i  z i  ng mechanism f o r  cornmuni t i e s  a r e  
s i m i l a r  t o  t h o s e  o f  systems w i t h o u t  n e g a t i v e  feed -  
back loops.  

Aim1 ess systems a r e  o p e r a t i o n a l  1 y de f  i ned as 
t h o s e  w i t h o u t  i n f o r m a t i o n  networks  t h a t  l i n k  sen- 
so rs ,  e f f e c t o r s ,  d e c i s i o n  mechanisms, and goa ls .  
A watch i s  such an a im less  system. I n f o r m a t i o n ,  
energy,  and m a t e r i a l s  may f l o w  t h r o u g h  t h e  system, 
and t r a n s f o r m a t i o n s  f r o m  s t a t e  t o  s t a t e  may be 
p r e d i c t a b l e ,  However, no d e c i s i o n  and c o n t r o l  
s t r u c t u r e  can be p h y s i c a l  l y  i d e n t i f i e d ,  measured, 
and r e l a t e d  t o  a  goal  f o r  t h e  t r a n s f o r m a t i o n s .  

F o r e s t  communi t ies a r e  a im less  systems 
because no i n f o r m a t i o n  networks  have been s t  r u c -  
t u r e d  f o r  d e c i s i o n  and c o n t r o l .  Communities a r e  
a g g r e g a t i o n s  o f  i n d i v i d u a l  i s t i c  systems t h a t  we 
i d e n t i f y  and measure i n  te rms o f  t h e  d i s t r i b u t i o n  
o f  species,  The s t r u c t u r e  o f  communi t ies i s  
d e f  i ned by t h e  morphol o g i  c, chemi c a l  , and genet  i c  
measures t h a t  a r e  mean ing fu l  f o r  ou r  purposes, 
These measures d e s c r i b e  t h e  community i n  te rms o f  
human p e r c e p t  i ons o f  a c t u a l  e x p e r i  ence ; t h e  
s i m u l t a n e i t y  o f  communi t ies i s  d e s c r i b e d  r e l a t i v e  
t o  t h e  o p e r a t i o n s  f o r  t a k i n g  t h e  measurements. It 
i s  t h e  a c t u a l  exper iences  o f  d i f f e r e n t  peop le  t h a t  
make t h e  concept  o f  communi t ies u s e f u l  f o r  
f o r e s t r y .  

The terms " n a t u r a l  s e l e c t i o n , "  "success ion, "  
and " c o m p e t i t i o n , "  i m p l y  o p t i m i z a t i o n ,  d i  r e c t i o n ,  
purpose,  d e c i s i o n ,  and c o n t r o l  i n  t h e  t r a n s f o r -  
ma t ions  o f  communi t ies.  Tans ley  (1935)  p resen ted  
ev idence  f o r  r e j e c t i n g  t h e  "o rgan i  smal concept," 
wh ich  proposes s e l f - o r g a n i z i n g  qua1 i t i e s  f o r  corn- 
m u n i t i e s ,  The i d e a  t h a t  ecosystem dynamics i s  an 



ordered,  d i r e c t e d  process t h a t  l eads  t o  p r e d e t e r -  
mined community process c h a r a c t e r i s t i c s ,  such as 
s t a b i  l i ty, i s  an a p p e a l i n g  human p e r c e p t i o n  t h a t  
i s  n o t  suppor ted by o p e r a t i o n a l  d e f i n i t i o n s ,  

Success ion i s  sometimes desc r ibed  as an 
o r d e r l y  process,  reasonably  d i  r e c t i o n a l  , community 
c o n t r o l l e d ,  and c u l m i n a t i n g  i n  a s t a b i l i z e d  eco- 
system (Odum 1975). Bo th  communit ies and o rga -  
n i  sms a r e  g i  ven s t r a t e g i e s .  The success ion 
s t r a t e g y  i s  i n c r e a s e d  c o n t r o l  o f  t h e  p h y s i c a l  
e n v i  ronment t o  ach i  eve maxi mum p r o t e c t  i on f r o m  
e n v i  ronmentaf p e r t u r b a t i o n s ,  Another view 
i n t e r p r e t s  behavi  o r  o f  i n d i  v i  dua l  s as mechani sms 
t h a t  i n c r e a s e  t he  r e p r e s e n t a t i o n  s f  t h e i  r genes i n  
subsequent genera t ions  (Wi lson 1975). The concept  
o f  s t r a t e g y  i s  d e f i n e d  as group ings o f  s i m i l a r  
g e n e t i c  c h a r a c t e r i  s t i c s  t h a t  r e c u r  w i d e l y  among 
s p e c i e s  and cause them to eexhi b i t  s i m i  l a r  b e h a v i o r  
(Gr ime 1979), Medawar (1982) proposed t h a t  many 
people have a deep-seated sense o f  purpose of 
t h i n g s ,  e s p e c i a l l y  o f  n a t u r a l  communit ies* T h i s  
sense 06 purpose, s t r a t e g y ,  and s t a b i f  i t y  i n  eco- 
systems seems t o  be suppor ted hy b e l i e f s  t h a t  an 
o r g a n i  sm "s b e h a v i o r  shou ld  c o n t r i b u t e  t o  the 
i n h e r i  t a n c e  o f  progeny. 

" O p t i m i z a t i o n "  i s  isth j a r g o n  f o r  d e s c r i b i n g  
t h e  o rgan i  smal concept.  Lewont i  n (1979) suggests 
t h a t  o p t i m i z a t i o n  i s  2 conven ient  way t o  e x p l a i n  
ecosystem dynamics i n  terms o f  prob lem s o l v i n g  and 
popu l  a t  i on s t  r a t e y y  Some arguments postu f  a t e  
t h a t  organisms, p o p u l a t i o n s ,  o r  communit ies t r a n s -  
f e r  genes t o  t h e  n e x t  g e n e r a t i o n  th rough  evo lved  
pheno typ ic  mechanisms* These arguments e x p l a i n  
e v o l u t i o n  i n  terms o f  i d e a l i z e d  p r o p e r t i e s ,  wh ich 
a r e  n o t  d e s c r i b e d  by o p e r a t i o n s  performed i n  
c o n c r e t e  s i t u a t i o n s  t o  measure t h e  a c t u a l  hap- 
penings.  I n  t h i s  approach, e v o l u t i o n  i s  d e s c r i b e d  
a s  an a im less  process i n  ecosystem dynamics 
(Dohzhansky and o t h e r s  1977), 



T h e  aimless dynamics o f  t h e  f o r e s t  cornrr~unlty 
r e s u l t  f rom the a g g r e g a t e  b e h a v i o r  of i n d i v i d u a l  - 
i s t i c  systems t h a t ,  as populations, a r e  a imless ly  
e v o l v i n g .  T h e  phrases " n a t u r a l  s e l e c t i o n , "  
8 t ~ c c e ~ i ~ n  "and ""competit ion" ddescsi be measured 
changes i n  ecosystem dynamics, 

F l o w s  of Energy and H a t e r i a l s  

The f l o w s  oF energy, n u t r i e n t s ,  
carbon d i  o x i  de, water,  and s r g a n i  G 
mater i  a t  s a re  u n i  d i  r e c t  i ana l  and 
have t h e  dynamics o f  systems w i t h o u t  
goals and w i t h o u t  n e g a t l v e  feedback 
1 oaps 0 

The flows of energy and  m a t e r i a l s  t h r o u g h  t h e  
f andscape a r e  delayed by the i c d i v i b l _ i a l  i s t i c  
systems t h a t  conpose t h e  f o r e s t s .  F1ol.r r a t e s  
a r e  m o d i f i e d  by changes i n  the s t a t e s  o f  community 
o r g a n i z a t i o n .  Gycl i n g  i s  viewed as an a d d ?  t i o n a l  
d e l a y  u l t i m a t e l y  determined hy t h e  dynamics o f  
i n d i  v i  dua l  s ,  

The s i g n i f i c a n c e  o f  t h i s  t h e o r y  i s  t h a t  t h e  
de lays  i n  f l o w s  o f  energy a n d  m a t e r i a l s  are  
b rough t  t o  a steady s t a t e  when t h e  s t a t e  o f  f o r e s t  
o r g a n i z a t i o n  i s  brought  t o  a s teady s t a t e  (see 
ch. 1). There are many such s t a t e s  and an equal 
number o f  f l o w  combinat ions f o r  energy and mate -  
r i a l s ,  Perhaps an i n v e n t o r y  o f  t h e  o r g a n i z a t i o n a l  
s t a t e s  o f  t he  f o r e s t ,  such as t h a t  supplied by t h e  
model (see f i g s .  4, 5, 6 ) ,  can e v e n t u a l l y  he used 
t o  i n d i c a t e  t h e  de lays  i n  t h e  energy and m a t e r i a l  
f l o w s .  One a p p f i c a t i o v  would be t o  e s t i m a t e  t h e  
n u t r i e n t  f l o w  i n t o  streams. T h i s  i n f o r m a t i o n  
c o u l d  c o n t r i b u t e  t o  an index  f o r  b i o l o g i c a l  p r o -  
d u c t  i v i  ty o f  s t  reams, 

T h i s  t h e o r y  i s  suppor ted by i n f o r m a t i o n  f rom 
many sources. Consider,  f o r  example, t h e  f l o w  o f  
r a d i a v t  energy t o  t h e  e a r t h  and i t s  even tua l  d i s -  
s i p a t i o n  t o  t h e  u n i v e r s e  ( f i g .  1). The f o r e s t  



ecosystem t r a p s  small amounts o f  t h i s  energy  and 
delays t h e  r a t e s  o f  f l o w s  for v a r y i n g  amounts o f  
t i m e -  Regardless of t h e  d e l a y  per-iods and t h e  
hierarchy o f  organisms i n  the communicat ion chan- 
ne l ,  the  d i r e c t i o n  of f l o w  i s  always i n  one d i r e c -  
t i o n - - 4 a ' s s i  p a t i s n  t s  the un ive rse ,  

Cycles, such as the  " n i t r o g e n  cycle,"  can be 
concei ved  for m a t e r i a l s  that are n o t  d i s s i p a t e d  t o  
t h e  un i ve r se .  However, t h e  f l o w  o f  n i t r o g e n  
t h r o i l g h  t h e  f o r e s t  ecosystem i s  always i n  one 
d i  r e c t  i 00. The h i e r a r c h y  o f  organisms t h r o u g h  
which n i t r o g e n  f l o w s  delays the f l o w  re la t ive  t o  
t h e  sel f v -o rgan iz ing  capab i  1 . i t i p s  o f  t h e  i n d i  v f  d-  
u a l  i s t i c  systems. 

The delay and the d i s s i p a t s o n  of energy and 
m a t e r i a l s  by o rgan isms i s  not e a s i l y  exp la jnee '  by 
t h e o r i e s  or equ i  l i k r i  urn thermodynami cs ,  T h e  d i  f - 
f i cirl ty i s  we1 1 s ta ted  by Spanner (1964). I n  an 
c p i  l o g  to h i s  book he notes t h a t  l i f e  as we k n o w  
i t  i s  a l w a y s  assocSaled w i t h  t h e  delay and t h e  
d i s s i p a t i o n  o f  matter and energy, t h e  two e n t i t i e s  
w i t h  w h i c h  t h e  second l a w  o f  thermodynamics i s  
concerned a t  equi l i brm urn c o n d i t i o n s  * Then he 
p o i n t s  o u t  t h a t  eveky aspect o f  f i f e  t u r n s  on the 
e x i s t e n c e  o f  a. Tack o f  e q u i l i b r i u m ;  f o r  i n s t a n c e ,  
t h e  ah i  l i t y  to see presupposes nonequi l i h r i u m  be- 
tween t h e  r a d i a t i o n  t h e  eye i s  e m i t t i n g  and the 
r a d i a t i o n  i t  i s  r e c e i v i n g  f r o m  t h e  outside, He 
observed that i f  the u n i  verse i s  moving i n e v i t a b l y  
toward  thermodynamic e q u i l i b r i u m ,  t h e n  as fa r  as 
t h e  b i o l o g i s t  i s  concerned, a1 1 organisms wi l f  
d i e a  

R i  o l  o g i  c d  processes l e a d  t o  evo l  u t i  on, 
m i g r a t i o n ,  and e x t i n c t i o n  o f  l i f e  forms w i t h  no 
g e n e t i c  and e n v i  ronmental  s t a h i  1 i ty (Dobzhansky 
and o t h e r s  1977; Simpson 1969; Spurr  and Barnes 
f 9 7 3 ) ,  A new s t a n d  o f  t r e e s  i s  no t  u s u a l l y  t h e  
r e p e t  i t i on of a precedi ng s tand,  a1 though r e p e t  i - 
t i v e  s tands may be p h y s i c a l l y  c l a s s i f i e d  as 
seedl i ngs, sap1 - i n g s ,  p o l e t i m b e r ,  mature Limber,  



and o l d  growth. It i s  a  remote p r o b a b i l i t y  t h a t  
env i  ronments and spec ies  w i  11 be r e p e t i t i v e  f o r  
two c o n s e c u t i v e  100- t o  300-year pe r iods ,  The 
p robab i  1  i t y  t h a t  newly e s t a b l  i shed seed1 i rigs w i  11 
have t h e  same yenotype d i s t r i b u t i o n  changes w i t h  
m o r t a l i t y  as t h e  s tands t r a n s f o r m  f rom s e e d l i n g  t o  
o l d - g r o w t h  s t a t e s  (Boyce and Cost 1978). 

Phenomena t h a t  do no t  pass th rough  success ive  
e q u d l i  b r i u m  s t a t e s  a r e  cons idered i n  s t u d i e s  o f  
nonequi 1  i b r i  urn thermodynami cs. Thi  s  area o f  
i n v e s t i g a t i o n  i s  a l s o  ca1 l e d  t h e  thermodynamics o f  
i r r e v e r s i  b l e  processes (Wi2niewski  and o t h e r s  
1976). Nonequi 1  i b r i u m  phenomena a r e  d e s c r i  bed by 
modern n o n e q u i l i h r i u m  thermodynamics, Th is  sec- 
t i o n  re1 i e s  on t h e  monographs by G l a n s d o r f f  and 
P r i  gogi  ne (1971) and N i c o l  i s and P r i  gogi  ne (1977 )  
f o r  most oF t h e  ideas  a p p l i e d  t o  n o n e q u i l i b r i u m  
f o r e s t  s t a t e s *  F o r  a d d i t i o n a l  i n f o r m a t i o n ,  exam- 
i n e  t h e  works o f  Groot  and Mazur (1962), 

I f  t h e  amount o f  l i v i n g  biomass comes t o  
some s teady  s t a t e ,  t h e  ou tpu ts  o f  energy and 
m a t e r i  a1 s  equal t h e  i n p u t s  (V i  tousek and Rei n e r s  
1975). N a t u r a l  m o r t a l i t y  and t r e e  ha rves t  tem- 
p o r a r i  l y  i n c r e a s e  f l o w  r a t e s  o f  water ,  n u t r i e n t s ,  
and energy. As s tands succeed t o  t h e  o ld-age 
o r g a n i z a t i o n a l  s t a t e ,  i nc reased  m o r t a l  i ty  r a t e s  
cause i n c r e a s e d  energy and m a t e r i a l s  f l ow .  
Var ious forms of p e r t u r b a t i o n ,  such as storms, 
i n s e c t s ,  d iseases,  f i r e ,  s i l v i c u l t u r e ,  and h a r -  
ves t ,  i n c r e a s e  t h e  m o r t a l i t y  r a t e s *  The r e s u l t  
i s  t o  speed t h e  n a t u r a l ,  a imless t r a n s f o r m a t i o n  
o f  t h e  f o r e s t  th rough  a  s e r i e s  o f  success ive new 
s t a t e s  (Smi th  1977). But ,  t h e  s t a t e s  a r e  i n  
n o n e q u i l i b r i u m  as a r e  t h e  f l o w s  o f  energy and 
m a t e r i  a1 s  . 

Tf a  smal l  open ing i s  formed i n  a  f o r e s t  ky 
t h e  death  o f  a  s i n g l e ,  dominant t r e e ,  s e e d l i n g  
growth may i n c r e a s e  and new propagules  may he 
e s t a b l i s h e d ,  However, an u n d e r s t o r y  s e e d l i n g  o r  



s a p l i n g  may not f i l l  t h e  space l e f t  by t h e  t r e e  
t h a t  d i e d ;  more o f t e n ,  su r round ing  t r e e s  grow 
u n t i l  t h e i r  crowns and r o o t s  fill t h e  vacated 
space (Roach and G i  n g r i c h  1968). The f o r e s t  has 
nod r e t u r n e d  do t h e  p r e v i o u s  s t a t e  bu t  has 
s h i f t e d  t o  a new s t a t e ,  

The s imul taneous death o f  c o n t i  guous, domi - 
nan t  t r e e s  c r e a t e s  l a r g e  openings t h a t  may he 
fi7 l e d  by i n g r o w t h  f rom t h e  unders to ry ,  I n  t h i s  
case, t h e  s p r o u t s  and seed l ings  i n  t h e  under-  
s t o r y  may beg in  t o  grow r a p i d l y  but e v e n t u a l l y  
d i e ,  New propagules  may he e s t a b l i s h e d  bu t  many 
o f  them d i e a  M o r t a l i t y  accentuates  the f l u c -  
t u a t i o n s  i n  numbers o f  s u r v i v o r s ,  S u r v i v o r s  i n  
l a r g e  open ings  c o n t i n u e  t o  grow, o f t e n  a t  an 
i v c r e a s i n g  r a t e ,  2nd may f i  I 1  t h e  space vacated 
by the dominant t r e e s  t h a t  d ied,  The r e s u l t  i s  
t h e  t r a n s f o r m a t i o n  o f  the stands f rom one o rga -  
qizational state t o  another .  Spec ies  composi- 
t i o n  i s  t r a n s f o r m i n g  th rough  n o n e q u i l i b r i u m  
s t a t e s ;  s p e c i e s  compos i t i on  and f l o w s  o f  energy 
and m a t e r i a l  s  do not  reverse,  

Noneqr i  l i b r i u n  c o n d i t i o n s  r e s u l t i n g  f rom 
m o r t a l i t y  l e a d  t o  u n i d i r e c t i o n a l  energy and 
mate r i a l s  f l ows ,  The f l o w s  th rough  t h e  f o r e s t  
conmuni t y  a r e  da'ssi pad i  ve r a t h e r  than  conser-  
v a t i  ve and a r e  toward  increased entrophy, The 
dynamics o f  t hese  flows t h r o r ~ g h  t h e  f o r e s t  a r e  
wi t h s u t  goa l s  o r  n e g a t i v e  feedback loops,  
Conservati ve P I  ows occur  i q  the n e g a t i  ve feed- 
back l oops  o f  t h e  i n d i v i d u a l i s t i c  systems. F o r  
example, i o n s  i n  many p l a n t s  move f rom t h e  leaves  
t o  t he  stems b e f o r e  t h e  leaves f a l l ,  B u t  t h i s  
movement o f  i o n s  w i t h i n  t h e  p l a n t  i s  n o t  d e t e r -  
mined by t h e  p l a n t  behav ing t o  ach ieve a g o d  
f o r  t h e  f o r e s t .  The n e g a t i v e  feedback loops 
f u n c t i o n  w i t h i n  t h e  p l a n t  t o  m a i n t a i n  c e r t a i n  
v a r i a b l e s ,  such as  i o n  c o n c e n t r a t i o n s ,  w i t h i n  
c ~ r t a i n  l imits,  We have no ev idence t h a t  p l a n t s  
s t o r e  and  re fease  ions t o  ach ieve an i o n -  
c o n c e n t r a t i o n  goal f o r  t h e  f o r e s t  s Organisms 



d e l a y  and d i s s i p a t e  hut do n o t  r e g u l a t e  f l o w s  o f  
energy and m a t e r i a l s  t o  ach ieve a goat f o r  the 
f o r e s t  , 

Some a u t h o r s  (Dobzhansky and o t h e r s  3977; 
Simpson 1969) e s t i m a t e  t h a t  99 p e r c e q t  o f  a l l  
spec ies  t h a t  ever  ex is ted  a r e  e x t i n c t *  As o rga -  
 isms e v o l v e ,  m i g r a t e ,  and hecome e x t i n c t ,  t h e  
c o e x i s t e n t  spec ies  t h a t  fo rm a s t a t e  o f  f o r e s t  
o r g a n i z a t i o n  changee Changes i n  b o t h  env i  r o n -  
nlents and i n  genotypes cause each succeeding 
f o r e s t  s t a n d  t o  d i f f e r  f r o m  t h e  p r e c e d i n g  one, 
Thus, the dynamics o f  f o r e s t s  m a y  he r e a d i  l y 
unders tood  and e x p l a i n e d  by t h e  p r i n c i p l e s  o f  
n o n e q u i l i b r i u m  phenomena. 

T h i s  bionornic t h e o r y  f o r  f l o w s  o f  energy 
and m a t e r i a l s  i s  s imp ly  a s ta tement  o f  oh5erved 
phenomena t h a t  r e l a t e s  t h e  b e h a v i o r  of oryan i  sms 
and communi t ies t o  t h e  thermodynamic p r i  n c i  p l  e 
o f  i n c r e a s i n g  e n t r o p y  o f  t h e  u n i v e r s e ,  

M u l t i p l e  Benef i ts  

The s t a t e s  o f  f o k e s t  organ1 z a t  i on 
determine t h e  k i n d s  and  propor-  
t i o n s  s f  m u l t i p l e  benefits a v a i l -  
a b l e  f r o m  a f o r e s t o  

Many v a r i a b l e s  d e f i n e  t h e  p h y s i c a l  o r g a n i z a t i o n  o f  
a f o r e s t  a rea:  p l a n t  and animal  spec-ies, aye and 
s i z e  o f  t h e  dominant p l a n t s ,  amount of shrubs and 
herbaceous p l a n t s ,  d e p t h  o f  the li t t e r ,  volume o f  
accumulated wood, amount and p r o p o r t i o n a l  d i  s t r i  - 
b u t i o n  sf n u t r i e n t s ,  physl'cal s t r u c h u r e  o f  t h e  
s o i l ,  biomass, and t h e  f l o w  s f  n u t r i e n t s  and wa te r  
t h r o u g h  t h e  f o r e s t .  D i f f e r e n t  comb ina t ions  p r o -  
duce a  l a r g e  v a r i e t y  o f  h a b i t a t s  Fo r  p l a o t s  and 
an ima ls  and a m r r e s p o n d i n g l y  l a r g e  v a r i e t y  o f  
p o t e n t i a l  h u m a n  henef i " i  i includ-ing s c e n i c  v a l u e s ,  
ha r t t i ng ,  h i k i n g ,  t i m b e r ,  and strearnf fow. It i s  
t h e  p r o p o r t i o n a l  d i s t r i b u t i o n  o f  h a b i t a t  type t h a t  
p r o v i d e s  a p a r t i c u f  a r  cornhi n a t  i o n  o f  b e n e f i t s ,  



T h e  s i g q i f i c a ~ c e  of t h i s  theory i s :  changes 
i n  o r g a n i z a t i o n a l  s t a t e s  o f  a f o r e s t  de te rm ine  the 
p a r t i c t l f  a r  combinat ions  o f  s u s t a i n e d  h e n e f i  t s  p r o -  
duced, There a r p  as many p a t t e r n s  o f  b e n e f i t s  as 
t h e r e  a r e  p a t t e r n s  o f  p h y s i c a l  o rgan i  z a t i o n  

S t a t e s  o f  f o r e s t  o r g a n i z a t i o n  a r e  opera-  
t i o n a l l y  d e s c r i b e d  i n  te rms o f  s t a n d  type, s i z e ,  
and age c l a s s ,  We can r e c o g n i z e  and measure 
s tands  o f  seed l i ngs ,  s a p l i n g s ,  p o l e t i m b e r ,  mature  
t i m b e r ,  and o l d  growth by f o r e s t  t ypes ,  And we 
can measure t h e  areas and t h e  ages s f  t h e  s tands,  
wh ich  a r e  dependent on t h e  t i m e  and t h e  s i z e  o f  
openi  ngs formed by n a t u r a l  m o r t a l  i t y  and t i m b e r  
h a r v e s t .  Fo r  convenience,  we c a l l  t h e s e  s t a l e s  
h a b i t a t s  ( E l t o n  1949), 

Seedl i ng s tands p r o v i d e  a  p o t e n t i a l  li v e l  i - 
hood f o r  p l a n t s  and an imals  t h a t  do n a t  occur  i n  
o lde r  s t a n d s -  Old  s tands p r o v i d e  f o r  t h e  l i v e l i -  
hood s f  p l a n t s  and an ima ls  t h a t  do n o t  e x i s t  i n  
younger  s tands.  Yet, some organisms e x i s t  i n  a1 1  
s t a t e s  of  f o r e s t  o r g 2 n i z a t i o n e  Fur thermore,  t h e  
a rea  and t h e  d i s p e r s i o n  o f  s tand  t y p e s  i n f l u e n c e  
t h e  q u a l i t y  o f  t h e  h a b i t a t s  f o r  p l a n t s  and a n i -  
mals, For a  g i v e n  f o r e s t  a rea,  t h e  d i s t r i b u t i o n  
and t h e  areas o f  s e e d l i n g ,  s a p l i n g ,  po le ,  mature, 
and o l  d -growth  s tands deterrn i  ne t h e  p o t e n t i a l  f o r  
a  l i v e 1  i hood o f  most endemic p l a n t s  and animals.  

N o n e q u i l i b r i u m  env i ronmen ta l  c o n d i t i o n s  
appear conduc ive  t o  a d i v e r s i t y  o f  genotypes and 
t o  t h e  c o n t i n u e d  n a t u r a l  e v o l u t i o n  o f  t h e  l a r g e s t  
number o f  endemic spec ies .  A h i g h l y  c o n s t r a i n e d  
and u n i f o r m  environment l i m i t s  t h e  number o f  spe- 
c i e s ,  l i m i t s  t h e  range o f  v a r i a t i o n  f o r  s e l f -  
o r g a n i z a t i o n ,  and may speed t h e  n a t u r a l  r a t e s  o f  
e x t i n c t i o n ,  

The m u l t i p l e  b e n e f i t s  t h e o r y  d e s c r i b e s  
n a t u r a l  r a t e s  o f  e v o l u t i o n ,  m i g r a t i o n ,  and 
e x t i n c t i o n  i n  r e l a t i o n  t o  t h e  o r g a n i z a t i o n  o f  



h a b i t a t s .  Each h a b i t a t  combi n a t i o n  prov ides par -  
t i c u l a r  human bene f i t s ,  such as t imber ,  water, s r  
hun t i ng  oppo r tun i t i es ,  

V a l i d a t i o n  o f  t h e  Bionomic Theories 

One way t o  v a l i d a t e  t h e  bionomic t h e o r i e s  
i s  t o  p u t  them t o  p r a c t i c a l  uses t h a t  w i  11 e i t h e r  
c o n f i r m  o r  deny them, I n  f o r e s t r y ,  t h i s  method 
requ i res  a  l a r g e  number o f  p e r i o d i c  observat ions.  
It i s  incorpora ted  i n t o  t h e  management system 
through mon i to r ing ,  research, and i n v e n t o r i e s  
( f i g .  3). S t a t i s t i c a l  methods and emp i r i ca l  
research are used t o  eva lua te  re f  a t  i onshi ps 
descr ibed  by t he  t heo r i es .  Thus, t h e  value o f  t h e  
t heos i  es and t h e  management s t r u c t u r e  i s  exami ned 
by day-ts-day exper ience as we1 l as by s p e c i a l i z e d  
s c i  en t  i f i c  and techno1 og i  c a l  methods , Constant 
i t e r a t i o n  o f  t h e  c o n t r o l  l oop  ( f i g .  3 )  helps t o  
app ly  technology, va l  i d a t e  t heo r i es ,  and improve 
dec i  s i  ons, 

The d i  r e c t  method f o r  mai n t a i  n i  ng congruence 
o f  t h e  mental models w i t h  t h e  r e a l  f o r e s t  r equ i res  
r e f  a t  i ng t h e  t h e o r i  es t o  changes i n  macroscopi c  
phenomena such as p l  an t  and an i  ma1 reproduct ion,  
growth, and mor ta l  i t y .  Model p r e d i c t i o n s  a re  com- 
pared w i t h  changes i n  t h e  r e a l  f o r e s t .  Fo l l ow ing  
t h e  comparison, t h e  t h e o r i e s  a re  accepted, 
r e j ec ted ,  o r  modi f ied,  The d i r e c t  method i s  t r a -  
d i t i o n a l  f o r  p r a c t i c a l l y  a1 1  methods o f  f o r e s t  
management* 

Th i s  approach reduces t h e  dynamics o f  f o r e s t  
ecosystems t o  a d e s c r i p t i o n  o f  human percep t ions  
o f  t h e  ac tua l  happenings, g ives t h e  mental models 
t h e  v a l i d i t y  o f  ac tua l  exper ience hy d i f f e r e n t  
people, and reduces mys t i c i sm i n  both t h e  phys i ca l  
and mental models, 



Another way t h e o r i e s  are v a l i d a t e d  i s  t o  
s t a t e  a c r i t i c a l  hypothes is  t h a t  would f a l s i f y  t h e  
t heo ry  i f  found t o  be t r u e  (Becht 1974; Popper 
1959, 1952), Examples o f  such k~ypotheses are 
s ta ted  f o r  each o f  t h e  bisnomic t heo r i es ,  U n t i l  a  
c r i t i c a l  hypothes is  i s  found t o  be true, t h e  f o u r  
t h e o r i e s  are not  F a l s i f i e d  and can be used t o  
cons t ruc t  f o r e s t  management systems ( f i g .  3). 

Individualistic Theory 

T h e  theory  Psr i n d i  v idua l i s t i c  systems wauld 
be f a 1  s i  f ied by b i  scovery t h a t  any i n d i v i d u a l  i s t i  c 
system? existence, m o r t a l i t y ,  or behavior i s  f o r  
t h e  exc lus i ve  achievement s f  a goal f o r  the f o r e s t  
community * Proof o f  "ti s hypothesis requ i  res e v i  - 
deuce Par a c e n t r a l  i zed, comun i  t y  deci  s i  an mcha-  
n i  srn and communication channels t o  c o n t r o l  and 
4 i  r e c t  the behavior  o f  each i n d i v i d u a l  t o  b e n e f i t  
t h e  e n t i  r e  community, 

Organization Theory 

The theory  f o r  o rgan i za t i on  o f  f o r e s t s  would 
bc fa1 s i  P ied by d i  scove r j~  o f  a c o n t r o l  and cnm- 
mun ica t ion  mechanism t h a t  senses t h e  s ta tes  o f  
conimurrity o rgan iza t ion ,  makes deci  s ians,  and d i  r -  
ects the mortal 5 l y  and b e h a v i o ~  s f  organisms to 
achieve o rgan i za t i ona l  goals f o r  f o r e s t  corn- 
%un i t y .  Th is  cr i " lca1 i ~ypa t i j es i s  i s  "Ltle same as 
f o r  f a l s i f i c a t i s n  o f  tke i n d i v i d u a l i s t i c  t heo ryD  
Th is  hypo lkes is ,  however, emphasizes an i n f o r -  
i ~ a t i o n  network t h a t  senses t h e  o r g a n i z a t i o n a l  
s t a t e  sf t h e  forest,  whereas t he  preceding !;y- 
po thes i s  emphasizes an informatino network t h a t  
senses the  behavior o f  individualsl Proo f  o f  bo th  
hypotheses depends  on d i  scovery  o f  physical corn- 
m u n i  c a t i  on networks and deci  s i  on mechani sms t h a t  
d i r e c t  the behavior  s f  each i n d i v i d u a l  t o  b e n e f i t  
the enti  r e  f o r e s t ,  



Flotrrs  Theory 

The theo ry  would be f a l s i f i e d  by d iscovery s f  
sens ing and dec i s i on  mechanisms i n  the  community 
t h a t  r e g u l a t e  t h e  i n f l ows ,  i n t e r n a l  s ta tus,  and 
ou t f l ows  o f  energy and m t e r i a l s  t o  achieve orga- 
n i z a t i o n a l  goals f o r  t h e  f o r e s t  community. Th is  
hypothes is  depends on t h e  d iscovery  o f  an i n f o r -  
mat ion network t h a t  moni tors  t h e  energy and 
m a t e r i a l s  f l ows  and a dec i s i on  mechanism t h a t  
d i r e c t s  behavior  o f  t h e  i n d i v i d u a l i s t i c  systems t o  
r e g u l a t e  t h e  f lows  t o  achieve a  goal * 

Hultiple Benefits Theory 

The theory  f o r  m u l t i p l e  b e n e f i t s  would be 
f a l s i f i e d  by d iscovery  t h a t  a1 1 p o t e n t i a l  b e n e f i t s  
a re  s imul taneously  a v a i l a b l e  f rom a  s i n g l e  s t a t e  
o f  community o rgan iza t ion ,  Th is  hypothesis r e -  
q u i  res proof  t h a t  any s i  ngf e hahi  t a t  coal  d p rov ide  
a l l  p o t e n t i a l  bene f i t s ,  



Silviculturaf Applications 

Overview 

Fores ts  are c u l t u r e d  t o  p rov ide  from one t o  
many henef i  t s  s i n g l y  and i n  d i f f e r e n t  combina- 
t i o n ~ ~  S i l v i c u l t u r e ,  based on s c i e n t i f i c  i n f a r -  
mat ioa and experience, i s  t he  use o f  cut t u r d  
p r a c t i c e s  t o  enhance t h e  b e n e f i t s  perce ived t o  be 
i n  the  sel f - i n t e r e s t  o f  t h e  interested p a r t i e s ,  
" I n t e r e s t e d  p a r t i e s "  i n c l  udes a1 l people who are  
i n t e r e s t e d  i n  how a  f o r e s t  i s  cu l tu red- - f rom j o i n t  
l andowners, a landowner and a  t imber  buyer, a 
management team f o r  a  f o r e s t  i ndus t r y ,  a f o r e s t  
supe rv i so r  and t h e  s t a f f ,  Forest  users, pub1 i c  
f o r e s t  managers, a board s f  d i r e c t o r s ,  t o  a 
f o r e s t r y  consu l tan t  and a c7 ien t .  Bencf i  t s  
i n c l u d e  commodity i tems used i n  commerce, such as 
t imber ,  and noncommodity i tems not used i n  corn- 
rnerce, sucll as I r i k i ng  and bi r d  watching, The 
k i nds  s f  b e n e f i t s  expected may i n c f  u d e  w i  lderness 
exper iences on ly ,  t imber  on ly ,  h a b i t a t  f o r  a 
s i n g l e  game animal, o r  any number s f  c o m b i n a t i o ~ s ~  

S i l v i c u l t u r e  i s  t h e  use o f  knowledge and 
technology t o  d i r e c t  the behavior  o f  t he  s e l f -  
o rgan iz ing ,  i n d i  v i dua l  i s t i c  systems t h a t  make up a 
f o r e s t ,  The d i r e c t i n g  ac t i ons  o r  c u l t u r a l  prac-  
t i c e s  are designed t o  g u i d e  t h e  ecosystem and 
o rder  t h e  f o r e s t  t o  produce b i o l o g i c a l  f y  possi  b?  e 
and desi  red  bene f i t s ,  

I n  t h i s  chapter f examine some concepts oF 
Lhe s i  l v i c u t u r a l  app l  i c a l i o n  o f  ecosystem 
dy nami cs a 

Bionomic Theories T h a t  Under1 i e  S i  l viculture 

Fores t  ecosystems are  enormously corn- 
plex  because l a r g e  numbers o f  va r i ab les  change 



s imul taneously  Yet because o f  sel f -organi za t  i on 
o f  i n d i v i d u a l  i s t i c  systems, on l y  t h ree  c o n t r o l  
v a r i a b l e s  are requ i red  t o  sys tema t i ca l l y  order  
ecoqystem dynamics o f  fo res ts - -convers i  on o f  
f o r e s t  types,  rates o f  t imber  harves t ,  and s izes  
of openings formed hy harves t ing ,  I b i s  o r d e r l y  
way t o  t raos fo rm the  f o r e s t  From o w  s t a t e  o f  
o r g a n i z a t i o n  t o  another creates p red i c tab le ,  t ime-  
changing s ta tes .  The s ta tes  are temporal and spa- 
t i a l  d i spe rs i on  of h a b i t a t s  t h a t  can be used t o  
p r o j e c t  t h e  p o t e n t i a l  For any and a1 l f o r e s t  bene- 
f i t s ,  s i n g l y  and i n  combination. 

The theory  o f  m u l t i p l e  b e n e f i t s  (see ch*  3 )  
r e l a t e s  b e n e f i t s  t o  s ta tes  o f  f o r e s t  o rgan iza t ion .  
The t heo ry  o f  o rgan i za t i on  o f  f o r e s t  corilmuni t i es 
r e l a t e s  s ta tes  o f  f o r e s t  o rgan i za t i on  and stand 
s t r u c t u r e  t o  m o r t a l i t y *  M o r t a l i t y  i s  r e l a t e d  t o  
se l  f -o rgan i za t i on  o f  t h e  i n d i  v i dua l  i s t i c  systems 
theory.  Cont ro l  l i n g  t imber  harvests,  openi ng 
s izes ,  and conversions o f  types are e f f e c t i v e  ways 
t o  d i  r e c t  ecosystem dynami cs and achi eve desi  r ed  
s t a t e s  o f  f o r e s t  o r g a n i z a t i o n *  This  approach i s  a  
modificatispm of many s i  l v i c i a f t u r a l  p rac t i ces  used 
f o r  hundreds o f  yea rs -  The new approach i s  more 
responsive t o  s o c i a l  and economic changes and i s  
s imp le r  do use than past  p rac t i ces ,  It prov ides a  
way t o  p l an  the f u t u r e  avai  l a b i  f i t y  o f  b e n e f i t s  
s i n g l y  and i n  d i f f e r e n t  combinations, a way  t o  
i n t e g r a t e  the knowledge of ecosystem dynamics 
and the technology f o r  s i l v i c u l t u r e ,  and a  way 
t o  p r o j e c t  b i o l  o g i c a l  fy poss i  h l e  combinations o f  
benef i t s  

The uniqueness o f  the bionomic t heo r i es  i s  
t h a t  they are opera t iona l ,  The t heo r i es  are 
s t a t e d  i n  terms of c o n t r o l  and communication mech- 
an i  sms f o r  organi  sms and comnuni t i es o f  nrgani  sms 
The t h e o r i e s  descr i  he cyberne t i c  r e l a t i o n s  w i t h i n  
and among organisms and p rov ide  t h e  bas is  f o r  
1 s g i c a l  s i  l v i c u l  t u r a l  a c t i o n s .  Management deci - 
s ions founded on t h i s  approach t o  s i l v i c u l t u r e  
conver t  "ce a i  in1 ess dynamics o f  unmanaged f o r e s t s  
t o  a goa l -o r ien ted  management system, 
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Figure ~ ~ . - - H O W  a state of forest organization is made a single 
goal for silvicultural applications (Boyce 1978b)- 

The management goal ( f i g .  13)  i s  determined 
by consensus o f  a1 1  i n t e r e s t e d  p a r t i e s  (see a l s o  
f i g .  3). The p a r t i c u l a r  combinat ion o f  bene f i t s ,  
those p ro jec ted  by t he  DYNAST model and chosen by 
t h e  i n t e r e s t e d  p a r t i e s ,  determines t h e  organiza-  
t i o n a l  s t a t e  toward which t he  f o r e s t  i s  t o  be 
moved. Th is  p a r t i c u l a r  s t a t e  i s  the  management 
goal f o r  t h e  next p lann ing  per iod,  about 10 years.  
Once t h e  i n t e r e s t e d  p a r t i e s  reach a consensus, t h e  
c o n t r o l  loop i s  a c t i v a t e d  ( f i g .  3).  Then manage- 
ment o f  a s p e c i f i c  f o r e s t  becomes the respons- 
i b i l i t y  o f  persons t r a i n e d  i n  t h e  var ious f o r e s t r y  
d i s c i p l i n e s  such as hydrology, w i  I d1  i Fe b io logy ,  
s i ?  v i c u l t u r e ,  s o i l s ,  engineer ing, pathof ogy, ento-  
mol ogy, rec rea t ion ,  and landscape a r c h i t e c t u r e .  
These s p e c i a l i s t s  are inc luded  under t h e  word 
"managers. 'I 



The c o n t r o l  l oop  i s  a  c y b e r n e t i c  system t h a t  
f u n c t i o n s  f o r  a p l a n n i n g  p e r i o d  o r  u n t i l  some un- 
usua l  e v e n t ,  such as w i  l d f i  r e  o r  storm, r e q u i r e s  a 
new d e c i s i o n ,  Managers use t h e i r  p r o f e s s i o n a l  
knowledge, exper ience,  and i n s i g h t  t o  choose spe- 
c i f i c  s t a n d s  f o r  ha rves t ,  t o  shape openings, t o  
i d e n t i f y  s tand areas t h a t  do no t  exceed t h e  range 
o f  open ing  s i z e s  used i n  t h e  s e l e c t e d  DYNAST s imu- 
l a t i o n ,  and t o  implement i n - p l a c e  enhancements. 
The h a r v e s t  r a t e s  and opening s i z e s  p r o j e c t e d  by 
DYNAST a r e  p a r t s  o f  a  dynamic p l a n  t h a t  gu ide  t h e  
d e c i s i o n s  o f  managers t o  app ly  t h e  s i  1  v i c u l  t u r a l  
p r a c t i c e s  needed t o  b r i n g  t h e  f o r e s t  t o  a s i n g l e  
goa l ,  whi ck i s  t h e  d e s i r e d  o r g a n i z a t i o n a l  s t a t e ,  

S i  l v i c u l t u r a l  a p p l i c a t i o n s  modi fy  bo th  t h e  
s t a t e  o f  t h e  f o r e s t  and t h e  environinent ( f i g .  13). 
Sef f -organiza"cisn o f  t h e  i n d i  v idua!  i s t i c  systems 
i n  r e l a t i o n  t o  d i r e c t  and i n c i i r e c t  e f f e c t s  o f  
s i l v i c u l t u r e  c o n t r i b u t e  t o  changes i n  t h e  f o r e s t  Is 
o r g a n i z a t i o n a l  s t a t e .  Research, moni t o r i n g s ,  and 
i n v e n t o r i  es i n f o r m  managers how t h e  f o r e s t  i s  
t r a n s f o r m i n g .  Th is  i n f o r m a t i o n  i s  used t o  a d j u s t  
t h e  s i l v i c u l t u r a l  a p p l i c a t i o n s  t h a t  keep t h e  
f o r e s t  t r a n s f o r m i n g  toward t h e  goa l .  

S t e a d y - S t a t e  and a R e g u l a t e d  Forest 

A f o r e s t  i s  i n  a s t e a d y - s t a t e  whenever t h e  
d i s t r i b u t i o n  o f  stands by f o r e s t  type,  age, and 
area c l a s s e s  i s  c o n s t a n t *  The f o r e s t  i s  dynamic 
i n  t h a t  each age c l a s s  t rans fo rms  t o  an o l d e r  
c l a s s  and t h e  o l d e s t  c l a s s  t r a n s f o r m s  t o  t h e  
youngest  c l a s s ,  Such a c o n d i t i o n  i s  ma in ta ined  
by a  cons tan t  t i m b e r  ha rves t  r a t e  and an e q u a l l y  
cons tan t  r e g e n e r a t i o n  r a t e ,  As t i m e  approaches 
i n f i n i t y ,  o s c i l l a t i o n s  i n  t h e  d i s t r i b u t i o n  o f  
s tands by age and area c lasses  a r e  i n s i g n i f i c a n t .  
The s t e a d y - s t a t e  c o n d i t i o n  does n o t  occur  i n  r e a l  
f o r e s t s  because o f  d i  f f e r i  ng h a r v e s t  and regenera- 
t i o n  r a t e s  and unp l  anned d i s tu rbances  such as f i r e  
and i n s e c t  a t t a c k s .  



A t y p i c a l  s i l v i c r l l t u r a l  problem i s  t o  b r i n g  
t h e  d i s t r i b u t i o n  o f  age c lasses  toward a  d e s i  r e d  
s t e a d y - s t a t e .  When a t  t h e  s teady -s ta te ,  a  f o r e s t  
i s  s a i d  t o  be r e g u l a t e d  (Ford-Robertson 1971).  
Most f o r e s t s  d e v i a t e  f rom t h e  des i  r e d  s t e a d y - s t a t e  
because o f  inadequate t i m e  under management, 
c a t a s t r o p h i c  events,  l a n d  use changes, r e v i s e d  
management o b j e c t i v e s ,  o r  c h a ~ g e s  i n  s o c i a l  and 
economic fo rces .  The s t e a d y - s t a t e  i s  a  goa l  f o r  
p l a n n i n g  purposes. It i s  a  goal toward wh ich  
s i l v i c u l t u r a l  a c t i o n s  a r e  d i r e c t e d  b u t  one t h a t  i s  
r a r e l y  ach ieved  i n  a r e a l  f o r e s t  ( f i g .  13). 

S u s t a i n e d  Benefits 

The q u a n t i t y  o f  t i m b e r  t h a t  can be removed 
y e a r  a f t e r  y e a r  f rom a  f o r e s t  i s  determined opera-  
t i o n a l l y  by t h e  d i s t r i b u t i o n  o f  stands by f o r e s t  
t ype ,  age, and area. An enormous number o f  
poss i  h l e  s tand d i s t r i b u t i o n s  w i  11 p r o v i d e  a sus- 
t a i n e d ,  annual removal o f  a  q u a n t i t y  o f  t i m b e r .  

A c h i e v i n g  t h e  s u s t a i n e d  ha rves t  goal i s  d e t e r -  
mined by success: (1) i n  b r i n g i n g  t h e  s tands t o  
t h e  r e q t ~ i  r e d  p h y s i c a l  d i s t r i b u t i o n  o f  age c l a s s e s  
and ( 2 )  i n  b r i n g i n g  about ha rves t  and r e g e n e r a t i o n  
r a t e s  t h a t  mai n t a i  n  t h e  age c lasses  w i t h i n  accep t -  
a b l e  l i m i t s  o f  t h e  r e q u i r e d  d i s t r i b u t i o n .  The 
l a t t e r  c o n d i t i o n  i s  a  s t e a d y - s t a t e  d i s t r i b u t i o n  o f  
age c l a s s e s  t h a t  i s  r a r e l y  achieved and d i f f i c u l t  
t o  m a i n t a i n ,  I n  r e a l i t y  t h e  age c l a s s  d i s t r i b u -  
t i o n  o s c i  l l a t e s  as management d e c i s i o n s  respond 
t o  t h e  e f f e c t s  o f  w i l d f i r e ,  i n s e c t s ,  d iseases,  
weather,  and s o c i a l  and economic changes. 

The va lue o f  t h e  s u s t a i n e d  b e n e f i t s  con- 
c e p t  i s  t o  s e t  a s i n g l e  goal f o r  t h e  nex t  p l a n -  
n i n g  p e r i o d  toward which c u l t u r a l  a c t i o n s  a r e  
harmonized. 

When t h e  h a r v e s t  r a t e  i s  se t ,  t h e  p h y s i c a l  
d i s t r i b u t i o n  s f  s tands by age c lasses  i s  a l s o  se t .  



I n  o rder  t o  have harves tab le  stands a v a i l a b l e  f o r  
a  sus ta ined  t imher  y i e l d ,  a  minimum amount o f  area 
must be kept  i n  younger aged stands. Th is  minimum 
d i s t r i b u t i o n  o f  age classes f o r  annual ly  har -  
v e s t i n g  a  q u a n t i t y  o f  t imber  i s  determined b i o l o g -  
i c a l l y  by t h e  t r e e  species, t h e  so i  1  p r o d u c t i v i t y ,  
t h e  geographic area, t h e  c u l t u r a l  p rac t i ces ,  and 
t h e  c l imate .  

The minimum d i s t r i b u t i o n  o f  age classes 
requ i red  and t h e  q u a n t i t y  o f  t imber  t h a t  can be 
removed annual l y  determi nes t h e  r a t e  o f  t r a n s f o r -  
mat ion from t h e  present s t a t e  o f  f o r e s t  organiza-  
t i o n  toward t h e  des i red  s ta te ,  It i s  t h i s  "near 
f u t u r e "  t r a n s h r m a t i o n  pe r i od  t h a t  determines t h e  
a v a i l a b i l i t y  o f  t imber  and o ther  bene f i t s ,  And i t  
i s  t h i s  next decade o f  t rans fo rmat ions ,  d i r e c t e d  
toward a d i s t a n t  goal, t h a t  i s  o f  spec ia l  i n t e r e s t  
f o r  choosing c u l t u r a l  ac t i ons  and f o r  de te rmin ing  
t h e  a v a i l a b i l i t y  o f  bene f i t s .  

Transformat ions toward t he  s teady-s tate 
determine not on ly  t h e  q u a n t i t y  o f  t imber  bu t  a l so  
t h e  q u a n t i t i e s  o f  a11 o the r  f o r e s t  h e n e f i t s  t h a t  
can be enjoyed and con t inuous ly  removed from a  
f o r e s t .  The combinations o f  h a b i t a t s  f o r  a1 1  
p l a n t s  and animal s, changes i n  s t  reamf l ow, move- 
ments o f  sediment and n u t r i e n t s ,  and a1 1  o the r  
b e n e f i t s  i n c l u d i n g  t h e  q u a n t i t y  and k inds o f  
t imber  are f unc t i ons  o f  t h e  harvest  and regenera- 
t i o n  ra tes  (a rea l yea r )  and t h e  s izes  o f  openings 
(a rea)  formed by harvest ,  

Th i s  r e l a t i o n  i s  t h e  common denominator f o r  
produc ing any des i  red  combinat ion o f  benef i  t s .  
The s t a t e  o f  o rgan i za t i on  i s  the  o b j e c t i v e  iden-  
t i f i e d  i n  a  land management plan, The o b j e c t i v e  
i s a  goal , a  rea l  i s t i  c  way, t o  p l an  f o r  cont inued 
b e n e f i t s ,  But t h e  combinat ion o f  b e n e f i t s  ac tu -  
a l l y  a v a i l a b l e  i n  t h e  near f u t u r e  i s  determined by 
t h e  i n i t i a l  s t a t e  and t h e  t rans fo rmat ions  through 
which t h e  f o r e s t  must pass i n  t h e  next Few years 
t o  achieve t h e  goal. 



The choice o f  a management mode f o r  t he  nex t  
p l ann ing  pe r i od  i s  in f luenced  by the b e n e f i t s  
expected i n  t h e  d i s t a n t  f u tu re ,  the  goal, and t h e  
b e n e f i t s  expected i n  the near fu tu re ,  The l a t t e r  
combinat ions o f  bene f i t s ,  which may dominate the  
dec is ion ,  are determined hy t he  essen t i a l  t r a n s -  
f o r ~ n a t i o n s  f rom the  present s t a t e  (ch. 3) .  The 
e x p l i c i t  model must and  should d i sp lay  these 
t r ans fo rma t i ons  and t h e  assoc ia ted b e n e f i t s  

Selective Msrtal it y 

Mor ta l  i t y  i s  t h e  pr imary mechani sm t h a t  
b r i n g s  about t h e  t r ans fo rma t i on  o f  genet ic  and 
e c o l o g i c a l  s t r uc tu re ,  Se lec t i ve  m o r t a l i t y  i s  used 
i n  s i  1  v i c u l t u r e  t o  d i r e c t  o r d e r l y  changes i n  t h e  
s t a t e s  o f  f o r e s t  o rgan iza t ion ,  

Stand dynamics i s  d r i ven  by m o r t a l i t y ,  which 
r e s u l t s  p r i m a r i  l y  f rom t h e  mechanisms o f  s e l f -  
o rgan i za t i on .  Mor ta l  i t y  may r e s u l t  from human 
plans, n a t u r a l  d e s t r u c t i v e  forces,  o r  t h e  i n a b i  1  - 
i t y  o f  t h e  organisms t o  ma in ta in  some e s s e n t i a l  
v a r i a b l e  w i t h i n  t h e  l i m i t s  f o r  l i f e ,  M o r t a l i t y  
no t  on l y  i n f l uences  t he  k inds and p ropo r t i ons  o f  
genes t r a n s m i t t e d  t o  t he  next generat ion bu t  a l s o  
organizes t h e  stands and t h e  f o res t s .  

The most e f f e c t i v e  c u l t u r a l  technique i s  t o  
s e l e c t i v e l y  change mor ta l  i t y  r a t e s  o f  f o r e s t  orga- 
nisms, Thi s  p r a c t i c e  mod i f i es  mor ta l  i t y  asso- 
c i a t e d  w i t h  se l  f - o rgan i za t i on .  Regu la t ing  w i  i d -  
1  i f e  harvest ,  t imber  harvest ,  stand t h i nn ing ,  
removal o f  undesi r a b l e  insec ts ,  and use o f  he rb i  - 
c ides  and f ung i c i des  are a1 1  examples o f  p r a c t i c e s  
f o r  s e l e c t i  ve fy  changing m o r t a l i t y  ra tes.  These 
c u l t u r a l  techniques speed t h e  t r ans fo rma t i on  from 
one stand s t r u c t u r e  t o  another, i n i t i a t e  t h e  
beg inn ing  o f  new stands, and change t h e  species 
composi t ion o f  stands, The opera t iona l  s i g n i  f i  - 
cance o f  these r e l a t i o n s h i p s  i s  t h a t  t r a n s f o r -  
mat ions can he ordered, f u t u r e  o rgan i za t i ona l  
s t a t e s  can be planned, and t h e  f u t u r e  a v a i l a b i l i t y  
o f  b e n e f i t s  can be p ro jec ted ,  



Many h i  s t o r i  c a l  concepts o f  succession, t h e  
t r ans fo rma t i on  o f  stands frorn s t a t e  t o  s ta te ,  were 
hased on some preconceived s t a t e  o f  s t d k i i i t y  
toward which t rans fo rmat ions  i n  such t h i ngs  as 
species, h i  onlass, s o i  l development , energy e f  f i - 
c iency,  and d i v e r s i t y  were i n e v i t a b l y  moving the  
p l a n t  and animal communities. These hypotheses 
are considered improbable kecarlse we have no p v i -  
dence f o r  the  ex is tence  o f  n corrtcrrunity i n f o rn l a t i on  
network t h a t  1  i n k s  sensors, e f  fect ,ors,  and a  goal 
t o  a  dec i s i on  mechanism. The t ransfor tnat ions that 
are measured by va r i ab les  such as t imber  volumes, 
h i  omass, speci es d i  v e r s i  t y  , energy c f  f i c i  ency , and 
so i  l devel opment a re  quant i t a t i  ve l y  expl  a i  ned by 
t h e  behavior  o f  i n d i v i d u a l i s t i c  systems. I n d i v i d -  
ua l  i s t i c  systems, se l  f - o rgan i z i ng  and dy ing  i n  an 
u n c e r t a i n  environment, d r i v e  t h e  t rans fo rmat ions  
t h a t  we c a l l  succession. S i l v i c u l t u r e  can speed 
these t rans fo r rna t ion  ra tes.  

Once we i n t e r p r e t  succession as a v i s i b l e  
r e s u l t  o f  organic  e v o l u t i o n  (ch. 3 ) ,  we can bey in  
t o  e x p l a i n  observed t rans fo rmat ions  i n  terms o f  
speci  f i c phenotypes se l  f -organi  z i  ng i n  response t o  
u n c e r t a i n  environments. Th is  i s  not  t o t a l l y  new 
t o  f o r e s t r y .  Most s i l v i c u l t u r a l  p lans are hased 
on p r o j e c t i n g  t he  performance o f  phenotypes, spe- 
c i es ,  o r  improved genotypes i n  r e l a t i o n  t o  har-  
ves t ing ,  s i t e  p repara t ion ,  f e r t i  1  i z a t i o n ,  stand 
dens i ty ,  o r  some o the r  var iab le .  Gonnell and 
S l  a t y e r  (1977), f o r  example, descr ibe succession 
i n  terms o f  the  behavior  o f  i n d i v i d u a l i s t i c  
systems--phenotypes develop and d i e  i n  an und i -  
r ec ted  sequence o f  envi  ronrnental changes. Thei r 
models are made ope ra t i ona l  by p r o j e c t i n g  suc- 
cess ion i n  terms o f  species f a c i l i t a t i o n ,  t o l -  
erance, and i n h i b i t i v e  p rope r t i es .  These pheno- 
t y p i c  c h a r a c t e r i s t i c s  are f u r t h e r  subdi v ided i n t o  
a t t r i b u t e s  use fu l  f o r  p r o j e c t i n g  t rans fo rmat ions  
i n  r e l a t i o n  t o  past observations ( C a t t e l i n o  and 
o the rs  1979). Th is  opera t iona l  approach leads t o  
usefu l  p r o j e c t i o n s  o f  both s i n g l e  and mu1 t i p l e  
succession pathways. 



Once a  new s tand  i s  heyun i n  e i t h e r  unmanaged 
o r  managed f o r e s t s ,  d i f f e r e n t i a l  m o r t a l  i t y  r a t e s  
among t h e  i n d i v i d u a l i s t i c  systems determine t h e  
t r a n s f o r m a t i o n  r a t e s  o f  t h e  s tand  f rom one con- 
d i t i o n  c l a s s  t o  another .  The d i f f e r e n t i a l  mor- 
t a l  i t y  r a t e s  may r e s u l t  f rom planned s i  1  v i c u l t u r a l  
a c t i o n s ,  s e l f - o r g a n i z a t i o n  t h a t  f a i  1s t o  m a i n t a i n  
e s s e n t i a l  v a r i a b l e s  w i t h i n  t h e  l i m i t s  f o r  l i f e ,  
and env i  ron~nen ta l  u n c e r t a i  n i  t i e s  such as storms 
and droughts .  Once observed f o r  some h i s t o r i c  
p e r i o d ,  many t r a n s f o r m a t i o n s  can be p r e d i c t e d  
w i t h i n  l i m i t s  o f  e r r o r  accep tab le  f o r  d e c i s i o n  
and c o n t r o l  . Such p r e d i c t i o n s  a r e  based on t h e  
expected se l  f -organ i  z a t i o n  o f  i n d i v i d u a l i s t i c  
systems i n  an u n c e r t a i n  environment;  thus,  t h e  
p r e d i  c t  i ons a r e  n o t  de te rm i  n i  s t i  c  P e r i  o d i  c  
i n v e n t o r i e s  and rnoni t o r i  ngs, poss i  b l y  a t  5- t o  
10-year i n t e r v a l s ,  a r e  r e q u i r e d  t o  a d j u s t  t h e  p r e -  
d i c t i o n s  i n  r e l a t i o n  t o  t h e  r e a l  t r a n s f o r m a t i o n s .  

S e l e c t i v e  m o r t a l i t y  i s  t h e  most u s e f u l  and 
most e f f e c t i v e  s i  1  v i c u l  t u r a l  p r a c t i c e .  Almost 
eve ry  s i  1  v i c u l  t u r a l  a c t i o n  i n v o l v e s  s e l e c t i v e  mor- 
t a l  i t y  t o  f a v o r  o r  e l i m i n a t e  a  phenotype. T h i s  
changes t h e  r a t e s  and t h e  d i r e c t i o n s  o f  n a t u r a l  
t r a n s f o r t n a t i o n s  and changes c o m p e t i t i o n  and 
n a t u r a l  s e l e c t i o n  (ch. 3) .  The s p e c i f i c  t e c h -  
n iques  i n c l u d e  t h i n n i n g  stands,  p r e p a r i n g  
p l  a n t i  ng s i t e s ,  addi  ng f e r t  i 1  i zers ,  d r a i  n i  ng 
s o i  1  s, k i  11 i ng c e r t a i n  i n s e c t s  and d isease orga-  
n i  sms, rernovi ng and k i  11 i ng animals , h a r v e s t i n g  
game animals,  and h a r v e s t i n g  t imber .  

Timber ha rves t  i s  t h e  c u l t u r a l  p r a c t i c e  t h a t  
most e f f e c t i v e l y  and e f f i c i e n t l y  changes m o r t a l i t y  
r a t e s  and d i r e c t s  ecosystem dynamics. 

B i o l o g i c a l  P o t e n t i a l  

The b ' o l o g i c a l  p o t e n t i a l  i s  d e f i n e d  as t h e  
amount of dne o r  more b e n e f i t s  t h a t  a r e  expected 
as a  r e s u l t  o f  c e r t a i n  c u l t u r a l  p r a c t i c e s  (Royce 
1975) .  The upper l i m i t s  o f  t h e  b i o l o g i c a l  poten-  
t i a l  cannot be es t ima ted  a c c u r a t e l y .  M a n i p u l a t i n g  



genotypes and cu1 t u r a l  p r a c t i c e s  has increased t h e  
b i o l o g i c a l  p o t e n t i a l  f o r  s p e c i f i c  k inds o f  bene- 
f i t s  such as t imber ,  water, r ec rea t i on ,  and w i l d -  
1 i f e  h a b i t a t .  Knowledge ahout photosynthes is  
r a tes ,  water a v a i l a b i l i t y ,  incoming r a d i a t i o n ,  
n u t r i e n t  suppl i es, and resp i  r a t  i on ra tes  tend t o  
c o n f i r m  our i n t u i t i v e  f e e l i n g  t h a t  t he  b i o l o g i c a l  
p o t e n t i a l  has an upper l i m i t .  However, i t  i s  more 
impor tan t  f o r  t h e  p r a c t i c a l  dec i s i on  and c o n t r o l  
process t o  understand t h e  b i o l o g i c a l  p o t e n t i a l  i n  
r e l a t i o n  t o  investment and c u l t u r a l  p rac t i ces  than 
t o  at tempt t o  e s t a b l i s h  a  hypo the t i ca l  upper 
l i m i t ,  

I n  p r a c t i c e  b i  o l  og i  c a l  p roduc t ion  o f  bene- 
f i t s  i s  l i m i t e d  more o f t e n  by t h e  cost  o f  i n v e s t -  
ments f o r  man ipu la t ing  genet ic  mechani sms and 
c u l t u r a l  p r a c t i c e s  than by t he  b i o l o g i c a l  con- 
s t r a i n t s .  Most s i  1  v i c u l t u r a l  research and devel -  
opment i s  c a r r i e d  out  w i t h  t h e  expec ta t ion  t h a t  
f i n d i n g s ,  when appl ied,  w i  11 produce a  lower cos t  
b e n e f i t ,  an improved b e n e f i t ,  a new bene f i t ,  o r  
some economical ly favorab le  combinat ion o f  bene- 
f i t s .  Bas ic  research d i  r ec ted  toward i nc reas ing  
t h e  b i o l o g i c a l  p o t e n t i a l  i n  r e l a t i o n  t o  c u l t u r a l  
p r a c t i c e s  leads t he  way f o r  research and develop- 
ment t o  enhance t h e  economic e f f ec t i veness  o f  
s i l v i c u l t u r e ,  The r e s u l t  i s  an increase i n  t h e  
b i o l o g i c a l  p o t e n t i a l  r e s u l t i n g  from step-by-step 
improvement i n  the  environment o f  t he  f o res t  o r  an 
improvement i n  t h e  p l a n t  and animal genotypes. 

A pr imary concern i n  f o r e s t r y  i s  not  t o  
reduce t h e  resources t h a t  determine b i o l o g i c a l  
p o t e n t i  a1 . For example, when c u l t u r a l  p r a c t i c e s  
inc rease  s o i l  e ros ion  and n u t r i e n t  losses, t h e  
b i o l o g i c a l  p o t e n t i a l  may decl  i ne. The b i o l o g i c a l  
p o t e n t i a l  may be mai n t a i  ned by increased i nves t  - 
ments i n  mechanical ac t ions ,  f e r t i  1  i ze r s ,  and 
water, For some resources such as genet ic  d i v e r -  
s i t y  o f  p l a n t s  and animals, c u l t u r a l  p rac t i ces  a re  
designed t o  c rea te  h a b i t a t  d i v e r s i t y  i n  hope o f  
ma in ta i n i ng  t h e  p o t e n t i a l  l i v e l i h o o d  o f  a l  1  o r  
most endeni c  speci es , 
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t h e  gaps o r  openings formed i n  the canopy. The 
l a n d  area harvested f o r  t h i n n i n g s  may he est imated 
o r  i n d i c a t e d  by t h e  crown area o r  t he  basal area 
s f  t h e  stems removed, 

Areas expected t o  be harvested are e a s i l y  
p r o j e c t e d  f o r  a  few decades. These p r o j e c t i o n s  
a re  used t o  i n d i c a t e  t he  stand d i s t r i b u t i o n  by 
f o r e s t  type, age, and area classes. These p ro -  
j e c t e d  o rgan i za t i ona l  s t a tes  d e t e r n i  ne t h e  avai  la- 
b i l i t y  o f  b e n e f i t s  a t  each moment. Schedul ing t he  
harves t  r a tes  i s  t h e  pr imary c o n t r o l  v a r i a b l e  f o r  
p r o j e c t i n g  t h e  f u tu re  avai l a b i  1 i t y  o f  d i  f f e r e n t  
eombi n a t i  ons o f  benef i t s  . 

Ro ta t i on  per iods  f o r  a  f i x e d  area a re  a  con- 
ven ien t  way t o  express harvest  ra tes,  The r o t a -  
t i o n  pe r i od  i s  t h e  approximate age when t h e  stands 
o f  t r e e s  a re  scheduled f o r  harvest,  For a  g iven 
f o r e s t  t he  scheduled harvest  r a t e  i s  the  t o t a l  
f o r e s t  area d i  v i  ded by t h e  r o t a t i o n  p e r i  od 

S i n g l e  Rotation P e r i o d  

Conventional l y  , s i  ng l  e  r o t a t i o n  p e r i  ods have 
been used i n  f o r e s t r y  t o  produce d i f f e r e n t  f a r e s t  
types and d i f f e r e n t  s i t e  c lassesl  The concept was 
t o  p l an  t h e  successive t r e e  harvest  froin t h e  same 
l and a t  approximately t h e  same age. The c r i t e r i o n  
f o r  a  s i n g l e  r o t a t i o n  pe r i od  i s  t o  produce a  maxi- 
mum amount o f  t imber  f o r  a  g iven f o r e s t  t ype  and 
s i t e  c lass.  

Consider a f o r e s t  o f  one type  and w i t h  a 
narrow range o f  s i t e  Classes. From experience and 
research, 80 years i s  t h e  harvest  age known t o  
p rov ide  t he  l a r g e s t  amount o f  a  g iven k i n d  o f  
t imbe r  ( f i g .  14). That  s i n g l e  r o t a t i o n  age a t  
which a11 stands a r e  harvested determines t h e  
f u t u r e  o rgan i za t i ona l  s t a t e  o f  t he  f o r e s t  i f  the 
purpose i s  t o  produce a  c e r t a i n  k i n d  o f  t imber .  
Maturg stands o l de r  than 80 years,  o ld-growth 



stands,  and n a t u r a l  removals would no t  be p e r -  
m i t t e d .  The f o r e s t  i s  t rans fo rmed  toward a  s t a t e  
o f  o r g a n i z a t i o o  i n  which each age c l a s s  occup ies  
a n  area equal  t o  t h e  t o t a l  area a l l o c a t e d  t o  
t i m b e r  h a r v e s t  d i v i d e d  by t h e  r o t a t i o n  age. 

The s i n g l e  r o t a t i o n  method produces a c e r t a i n  
k i n d  o f  t i m b e r  i n  t h e  s h o r t e s t  p o s s i b l e  t ime. No 
c o n s i d e r a t i o n  i s  g i ven  t o  b r i n g i n g  about a  d i s p e r -  
s i o n  o f  age and area c lasses  o f  stands f o r  p r o -  
d u c i n g  a d e s i r e d  combinat ion o f  b e n e f i t s .  Each 
s t a n d  a rea  i s  scheduled t o  f l o w  through a  s i n g l e  

Years I 

I 

Harvested 
Stands 

Figure  t4 , - -A  s i n g l e  r o t a t i o n  pe r iod  i s  used when stands are har-  
vested Prom t h e  s a w  l a o d  a t  approximate ly  the same age l  D i v e r s i t y  
o f  h a b i t a t s  and b e n e f i t s  are limited ts thsse provided by stands 
younger than the r o t a t i o n  age. 



c y c l e  o f  t rans fo rmat ions  such as from seed l i ng  
stands t o  10-inch po le  stands and be harvested a t  
t h e  s i n g l e  r o t a t i o n  age. 

The c o n t r o l s  f o r  a  s i n g l e  r o t a t i o n  p e r i o d  a re  
t h e  s i n g l e  harvest  age, t h e  opening sizes, and t h e  
f o r e s t  types formed by regenerat ion. The s i n g l e  
r o t a t i o n  pe r i od  can p rov ide  f o r  a  1 i m i t e d  number 
o f  combined b e n e f i t s  (Boyce 1978a). The number 
and k i n d  o f  b e n e f i t s  a v a i l a b l e  are i n c i d e n t  t o  t h e  
p r imary  b e n e f i t ,  u s u a l l y  t imber ,  t h a t  i s  t he  bas i s  
f o r  choosing t h e  r o t a t i o n  per iod,  

Superimposed r o t a t i o n s ,  a1 so ca l  l e d  dual 
r o t a t i o n s ,  are mu1 t i p l e  r o t a t i o n  per iods f o r  
t h e  same p iece o f  land. For example, a stand 
harvested a t  age 80 w i l l  pass through seedl ing,  
sap l ing ,  and a the r  stages u n t i l  i d  reLurns t o  
t h e  80-year age c l ass  ( f i g .  15) .  A t  t h i s  t ime 
t h e  stand nay be harvested o r  pe rm i t t ed  t o  t r a n s -  
form t o  a  100- t o  200-year-old stand. A f t e r  t h e  
harvest  o f  old-growth stands, t he  next harvest  
f rom the  same area may be a t  80 years o r  even 
younger. The r o t a t i o n  per iods  are superimposed 
on t h e  same p iece o f  land  f o r  succeeding genera- 
t i o n s *  The stand ages a t  harvest  may vary f o r  
each generat ion. 

Superimposed r o t a t i o n s  a re  t h e  on ly  way t o  
c rea te  a  d i v e r s i t y  o f  age and area classes f o r  
any and a1 1 poss ib l e  b e n e f i t  combinat ions. Every 
b i o l o g i c a l l y  poss ib l e  stand age and area can be 
scheduled, and combinat ions o f  b e n e f i t s  can be 
p r o j e c t e d  i n  r e l a t i o n  t o  t h e  t r ans fo rma t i on  o f  t h e  
f o r e s t  Prom t h e  present  t o  a f u t u r e  organi  z a t  i anal  
s ta te .  

The c o n t r o l s  are:  t h e  number of super- 
imposed r o t a t i o n s ,  t h e  harvest  age f o r  each r o t a -  
t i o n ,  t he  p r o p o r t i o n  o f  area cyc l  i ng  through each 
r o t a t i o n ,  and t h e  s izes  o f  openings. For example, 
cons ider  t h ree  r o t a t i o n s  o f  80, 100, and 200 years  



( f i g .  15) .  The harvest  r a t e  f o r  these r o t a t i o n s  
can he changed hy changing t ho  p r o p c r t i o n  o f  area 
c y c l i n g  through each r o t a t i o n .  When 80 percen t  o f  
t h e  area i s  cyc led through 80 years, 10 percent  
through 100, and 10 percent through 200 years,  
most o f  t h e  h a b i t a t s  w i l l  be i n  age classes l e s s  
than 80 years.  Changing t h e  p ropor t ions  o f  t h e  
f o r e s t  c y c l  i ng through t h e  superimposed r o t a t i o n s ,  
t h e  s i z e  o f  areas harvested and t h e  r o t a t i o n  
per iods  pe rm i t s  an enormous number o f  d i f f e r e n t  
s t a tes  o f  f o r e s t  o rgan iza t ion .  

Harvested 
Stands 

Figure 15.--Superimposed rotation periods are used when stands 
are cycled through different ages for harvest on the same piece 
of taod.  Diversity o f  habitats and benefits are not limited by 
stand age. 



I n - P l  ace Enhancements 

Many c u l t l ~ r a l  a c t i o n s  req t i i  r e  d e c i s i o n s  made 
i n - p l a c e  by a  person t r a i ~ e d  i n  one o f  t h e  f o r -  
e s t r y  d i s c i p l i n e s .  These c u l t u r a l  a c t i o n s  a r e  
o p p o r t u n i s t i c  i n  t h a t  t h e y  depend upon t h e  s t a t e  
o f  t h e  f o r e s t ,  t h e  ava i  1  a b i  1  i t y  o f  investment  
funds,  l o c a l  markets,  o r  demands f o r  c e r t a i n  bene- 
f i t s .  Some examples a r e  t h i n n i n g ,  prun ing,  
l e a v i n g  den t r e e s ,  making wa te r  ho les ,  l o c a t i n g  
t r a i  1  s, a p p l y i n g  f e r t i  l i z e r s ,  and weeding. 
Heca i~se such measures a r e  planned by someone on 
t h e  scene, they  a r e  termed " in -p lace . "  These 
a c t i o n s  cannot be e a s i l y  p r e d i c t e d  and are  n o t  
i n c o r p o r a t e d  i n t o  t h e  p l  ann i  rig model . 

One impor tan t  i n - p l  ace dec i  s i  on f o r  game 
an ima ls  i s  t o  schedule annual t i m b e r  removals 
w i t h i n  t h e  range o f  t h e  a n i m a l ' s  m o b i l i t y .  The 
d i  s p e r s i  on o f  openi ngs can be somewhat c o n t r o l  l ed 
by changing t h e  h a r v e s t  r a t e s  and opening s i z e s ,  
h u t  someone who knows t h e  a r e a ' s  topography must 
r e v i e w  t h e  s p e c i f i c  s i t e s  w i t h  t h i s  p r i n c i p l e  i n  
m i  nd. 

The r e s u l t s  o f  any i n - p l a c e  enhancements 
shou ld  become r e a d i  l y  apparent  i n  t h e  i n v e n t o r i e s  
o f  h a b i t a t s  and i n  t h e  assessments of t h e  a l g o -  
r i t h m s .  Fo r  example, i f  t h i n n i n g s  i n  p o l e  s tands 
speed t h e  t r a n s i t i o n  t o  mature- t imber  h a b i t a t s ,  
t h i s  change shou ld  be apparent  i n  t h e  i n v e n t o r i e s .  
I t  i s  n o t  r e a l i s t i c  t o  p l a n  a  t h i n n i n g  schedule  
f a r  i n t o  t h e  f u t u r e  i n  hopes o f  a c h i e v i n g  some 
s p e c i f i c  goal .  Such p lans  can r a r e l y  be imp le -  
mented because o f  changes i n  s o c i a l  and economic 
f o r c e s ,  techno1 ogy , and b e n e f i  t pre ferences.  A 
b e t t e r  approach i s  t o  view those  c u l t u r a l  a c t i o n s  
o t h e r  than h a r v e s t  r a t e s  and opening s i z e s  as 
o p p o r t u n i s t i c  because i n - p l a c e  a c t i o n s  a re  taken  
t o  enhance b e n e f i t s  a l r e a d y  made a v a i l a b l e  by 
these,  



Th inn ing  i s  t h e  process o f  making openings 
smal l  enough t o  l i m i t  t h e  fo rmat ion  o f  a  new age 
c l ass  y e t  l a rge  enough t o  increase t h e  diameter 
growth o f  t h e  res idua l  t rees .  P r a c t i c a l l y  a1 1  
research and con t rovers ies  about t h i n n i n g  revo l ve  
around t h e  s i z e  and number o f  openings needed t o  
i ncrease b e n e f i t s  and t imber  val  ues . For exarnpl e, 
t h e  quest ions o f  whether t o  t h i n  f rom below o r  
above t h e  average canopy l e v e l ,  how much basal 
area t o  leave, which species t o  keep, and when t o  
t h i n  a re  concerned w i t h  t h e  monetary value o f  
t imbe r  and t he  change i n  o the r  bene f i t s .  

Th inn ing  may change b e n e f i t s  o ther  than 
t imber .  For example, i f  openings are l a r g e  i n  
t h i nned  southern p i  ne stands, understory  hardwoods 
w i l l  increase t h e i  r growth and p rov ide  more food 
and s h e l t e r  f o r  deer and o the r  animals. These 
values may he prov ided i n  ways o ther  than by t h i n -  
ning. For example, hardwood po le  stands i n t e r -  
spersed w i t h  p ine  stands cou ld  p rov ide  adequate 
feed ing  areas f o r  some k inds  o f  b i r ds ,  and hard- 
wood seed l ing  h a b i t a t s  may p rov ide  b r o ~ s e  f o r  
deer. 

A7 1  o f  these enhancements depend on a  l a r g e  
number o f  va r i  abl  es t h a t  a re  d i  f f i c u l  t t o  p r o j e c t  . 
Thus, t h e  r a t i o n a l  approach t o  t h i n n i n g  f o r  s i n g l e  
o r  m u l t i p l e  values i s  t o  use DYNAST t o  s imu la te  
t h i n n i n g s  and t o  update t h e  dynamic p l an  whenever 
moni t o r i  ngs and i n v e n t o r i e s  i n d i c a t e  an enhance- 
ment i n  henef i  t s .  

C h a n g e s  i n  G e n o t y p e s  a n d  T y p e  C o n v e r s i o n s  

I n  some areas increased p roduc t ion  o f  t imber  
and o the r  b e n e f i t s  can be achieved by changing 
genotypes and conve r t i ng  f o r e s t  types. A type 
change can r e s u l t  f rom p r a c t i c e s  t o  favor  d i f -  
f e ren t  species o r  gene t i ca l  l y  developed genotypes. 
These p rac t i ces  depend on t h e  manager's a b i l i t y  t o  
c o n t r o l  t he  k inds o f  genotypes t h a t  regenerate 



a f t e r  harvest ,  t o  increase the  m o r t a l i t y  o f  com- 
p e t i n g  species, and t o  p ro tec t  the  desi red geno- 
types f rom f i r e ,  insects,  and diseases. Oppor- 
t u n i  t i e s  f o r  making these kinds o f  investments 
t y p i c a l l y  occur on a  small p o r t i o n  o f  na tu ra l  
f o r e s t  l and t h a t  has cond i t ions  s u i t a b l  e  f o r  
cu l  t u r i  ng  improved genotypes. 

Fo res t  types are changed p r i m a r i l y  t o  enhance 
t imber values, but type changes a lso  may enhance 
o ther  benef i ts .  For example, by us ing s i l v i -  
c u l t u r e  t o  organi ze na tura l  , i n t e n s i v e l y  cu l tu red ,  
and o the r  a r t i f i c i a l  stands by type, age, and area 
classes can increase the  d i v e r s i t y  o f  h a b i t a t s  and 
t h e  p o t e n t i a l  l i v e l i h o o d  f o r  many p lan ts  and an i -  
mals. A r t i f i c i a l  l y  es tab l i sh ing  stands among 
natura l  stands i s  a way t o  mainta in borders w i t h  
d i  s t i  n c t  l y  con t ras t i ng  age and type classes, 

Natural  Reaeneratian 

Most o f  the  wor ld 's  f o res ts  r e s u l t  from 
na tu ra l  regeneration, which i s  def ined as stands 
o r i  g i  nat  i ng from propagul es formed by precedi ng 
stands and dispersed by na tura l  events. C u l t u r a l  
p rac t i ces  can modi fy natura l  regenerat ion proc- 
esses t o  favor  des i rab le  species. The most impor- 
t a n t  c u l t u r a l  p r a c t i c e  i s  t o  schedule the  opening 
s i z e  formed by harvest ing. This p r a c t i c e  and the  
many associ ated modi f i cat ions  are o f t e n  termed 
" s i  1  v i c u l  t u r a l  systems" o r  "regenerat ion systems." 

The opening s i z e  formed by harvest ing t imber 
i n f  1  uences but does not con t ro l  the  species corn- 
p o s i t i o n  o f  the  next stand, The opening s i ze  
a f f e c t s  the  p o t e n t i a l  l i v e l i h o o d  o f  d i f f e r e n t  spe- 
c ies  by changing m o r t a l i t y  ra tes  f o r  t he  propa- 
gules. For example, opening s i ze  i n  coastal  
Doug1 a s - f i  r (Pseudotsuga menzi es i  i (Mi rb. ) Franco) 
f o r e s t s  in f luences s o i l  surface temperatures, 
1  i ght , soi  1  moi sture, and f r o s t  (Hi 1 1  i amson 1973). 
A1 1  o f  these var iab les  in f luence the  m o r t a l i t y  
ra tes  f o r  the  propagules o f  Doug las- f i r  and a l l  



o the r  p lan ts .  The ra tes  cannot be p red i c ted  
w i t h i n  acceptable l i m i t s  o f  e r r o r ;  thus, i t  i s  
d i  f f i c u l t  t o  p red i  c t  t h e  species composi t i  on o f  
f u t u r e  stands o f  Doug las - f i r  i n  r e l a t i o n  t o  
openi ng s izes.  Some general i z a t i  ons about expec- 
t a t i o n s  are use fu l  when determined i n - p l  ace. 

I n  some f o r e s t s  t h e  opening s i z e  may be cho- 
sen based on anirnaf populat ions,  For example, i n  
t h e  no r the rn  hardwoods t h e  a v a i l a b i l i t y  o f  browse 
f o r  a  g iven deer popu la t i on  i n f l uences  t he  choice 
o f  t h e  opening s i z e  (Marquis 1972). 

The most obvious gene ra l i za t i on  from r e p o r t s  
f o r  each o f  37 f o r e s t s  types i s  t h a t  schedul ing 
opening s i z e  and harvest  r a tes  cannot assure a 
preconcei  ved composi t i  on o f  na tu ra l  regenerat i on 
(USDA FS 1983h). A second general i z a t i o n  i s  t h a t  
harvested f o r e s t  stands almost always n a t u r a l l y  
regenerate t o  another f o r e s t  stand r a t h e r  than t o  
a grass o r  shrub stand. The regenerat ion de lays 
and t h e  species composit ion o f  the  succeeding 
stands may be i n f l uenced  by t h e  opening s izes  and 
t h e  harvest  ra tes.  Add i t i ona l  p rac t i ces  such as 
d i s t u r b i n g  t h e  sur face  l i t t e r  and s o i l  du r i ng  har-  
vest,  p rescr ibed  burning, d i  sking, removing t h e  
s lash  a f t e r  harvest ,  and d i  r e c t  seeding o f  des i  r ed  
species can c o n t r i b u t e  t o  ach iev ing  a d e s i r a b l e  
k i n d  o f  successi ve stand, bu t  these enhancements 
a re  not d e t e r m i n i s t i c  because i n d i v i d u a l i s t i c  
systems are sel  f -o rgan i  z i  ng. 

It i s  l i k e l y  t h a t  most o f  t he  w o r l d ' s  f o r e s t s  
w i l l  cont inue t o  be n a t u r a l l y  regenerated f o r  many 
decades. Th is  s i t u a t i o n  coupled w i t h  t h e  uncer- 
t a i n t y  o f  p r e c i s e l y  p r e d i c t i n g  t h e  species corn- 
p o s i t i o n  o f  na tu ra l  l y  regenerated stands p roh i  b i t s  
t h e  use o f  dynamic p lans dependent on p r e d i c t i n g  
species composit ion f o r  successive generat ions. 
F o r  t h i s  reason t he  OYNAST p lann ing  model p r o j e c t s  
t he  d i s t r i b u t i o n  o f  stands by type, age, and area 
c lasses i n  r e l a t i o n  t o  opening s izes and harvest  
ra tes .  



I f  regenerat ion n a t u r a l l y  o r  a r t i f i c i a l  l y  
changes species composi t ion s u f f i c i e n t l y  t o  change 
t h e  f o r e s t  types, t h e  model i s  a p p r o p r i a t e l y  
ad jus ted .  Mon i to r ings  and i n v e n t o r i e s  a t  5- t o  
10-year i n t e r v a l s  a re  t h e  sources o f  i n f o r m a t i o n  
f o r  adjustments. Most o f  t h e  convent ional  
" regenera t ion  systems" and s i  1  v i c u l  t u r a l  systems 
can he expressed i n  t h e  WNAST model by harves t  
r a t e ,  openi ng s i  zes , and del  ays. These simul a t  i ons 
o f  change are not viewed as models o f  t he  
" regenera t ion  systems." 

Relation of DYNAST Model to 
Regeneration Systems 

The DYNAST model s imulates t he  c l a s s i c a l  r e -  
gene ra t i  on systems o f  s i  1 v i c u l  t u r e  (Assrnann 1970; 
Davis 1954; H i l e y  1954; Smith 1962; Troup 1952; 
USDA FS 1983b). DYNAST inc ludes  and perhaps super- 
sedes these systems. It explores t he  consequences 
o f  man ipu la t ing  t h e  r o t a t i o n  pe r i od  and opening 
s ize .  Actua l  l y ,  t h e  c l a s s i c a l  regenerat ion systems 
can be descr ibed by these two va r i ab les  as mod i f i ed  
by i n -p l ace  enhancements. Proper ly  considered, 
such apparen t l y  a n t i t h e t i c a l  methods as " c l e a r -  
c u t t i n g "  and " se lec t i on "  appear as p o i n t s  on a  con- 
t inuum. Removing a  se lec ted  l a r g e  t r e e  leaves a  
smal l  opening i n  t h e  f o r e s t ;  c l e a r c u t t i n g  a  t r a c t  
leaves a  l a rge  one. Likewise, t h e  "shel terwood" 
s i  1  v i c u l  t u r a l  system can be analyzed i n t o  harves t  
r a tes ,  opening s ize,  and removal delays. 

Other fea tu res  by which t he  c l a s s i c a l  regen- 
e r a t i o n  systems are c l a s s i f i e d  seem t o  be based on 
erroneous assumptions. We speak o f  " h i  gh - f o res t "  
methods, which are supposed t o  produce stands 
grown from seed, and "copp ice- fo res t "  methods, 
which a re  supposed t o  produce stands from sprouts.  
But i n  t h e  rea l  f o r e s t ,  n a t u r a l l y  regenerated 
stands con ta in  t r ees  o r i g i n a t i n g  from both seeds 
and sprouts.  Sprouts can grow i n t o  t a l l ,  dominant 
t r ees .  Likewise, we speak o f  "even-age" versus 
"uneven-age" management, bu t  except f o r  p l an ta -  
t i  ons, t he re  are no even-aged stands. 



The dynamica l ly  a n a l y t i c  s i l v i c u l t u r e  tech-  
n ique enhances t h e  c l a s s i c a l  systems. DYNAST i s  
no t  l i m i t e d  by a r b i t r a r y  ca tegor ies  but  can exam- 
i ne thousands o f  poss i  b1 e combi na t i ons  o f  r o t a -  
t i o n  per iods  and opening s izes,  assess t he  w ider  
range o f  b e n e f i t s  produced under a m u l t i p l e  r o t a -  
t i o n  system, and d i r e c t  a t t e n t i o n  t o  t h e  b i o l o g i  - 
cat l y  poss ib l e  combinations o f  susta ined b e n e f i t s  
t h a t  can be p rov ided  by harmonized management 
a c t  i ons 

Selection Regeneration System 

Mature and immature t r ees  a re  se lec ted  and 
harvested s i n g l y  and i n  groups t o  form openings o f  
smal l  and inde te rmina te  s ize.  The openings are 
smal l  f o r  "group s e l e c t i o n "  and o f t e n  are 
a r b i t r a r i l y  l i m i t e d  t o  5, 3, o r  2 acres. I n  
s i  n g l 6 - t r e e  s e l e c t i o n  t h e  openings are approxi  - 
mate ly  equal t o  t h e  crown area, which i s  r e l a t e d  
t o  basal area s f  t h e  harvested t r ee .  The harves t  
area i s  t h e  e n t i  r e  f o r e s t  o r  some area t h a t  i n -  
c ludes t h e  nonharvested t rees .  Harvest r a tes  a re  
c o n t r o l  l e d  and measured by t h e  t imber  volumes 
removed as r e l a t e d  t o  t h e  res idua l  volumes, by a 
l i m i t  on t h e  diameter o f  t r e e s  harvested, o r  by a 
formula,  such as "Q values" (Wenger 1984), f o r  
removing t r e e s  from a1 1 diameter c lasses t o  b r i n g  
t h e  diameter d i s t r i b u t i o n  o f  an area t o  a precon- 
c e i  ved standard. 

The mental model presumes a f o r e s t  s t r u c t u r e  
i n  which every t r e e ,  except t he  l a r g e s t  and 
t a 1  l e s t ,  i s  a candidate t o  rep lace t h e  next 
l a r g e s t  t r e e  i f  i t i s  removed. The dynamics o f  
t h e  r e a l  f o r e s t  cannot f u n c t i o n  i n  t h i s  way 
because t r ees  are roo ted  i n  place. They do no t  
move t o  f i l l  space vacated by harvest ing;  r a the r ,  
each i n d i  v i  dual i s t i  c system se l  f -organi  zes re1 a- 
t i v e  t o  whatever environmental  changes are wrought 
by harvest ing.  There are no known i n fo rma t i on  
networks and deci  s i  on w c h a n i  sms t o  s t r u c t u r e  
d iameter  and age d i s t r i b u t i o n s  f o r  success ive ly  



rep lac1  ng harvested t rees ,  Expectat ions o f  suc- 
c e s s i  ve rep1 acemend by ecosystem dynamics a r e  d i  f-. 
f i c v l t  t o  f u l f i l l  when ha rves t i ng  i s  c o n t r o l l e d  by 
vo l  ume, diameter 1 i m i  t , o r  a  preconcei ved s tandard 
f o r  d iameter  d i  s t  r i  b u t i  on . 

The s e l e c t i o n  system favors  understory  t r ees ,  
which u s u a l l y  have d i s t o r t e d  stems and crowns, as 
t h e  nex t  dominants. These understory  t r e e s  and 
t h e  seedl ings and sprouts  t h a t  have surv ived  i n  
smal l  openings are represented by a  h i gh  p ropor -  
t i o n  o f  t o l e r a n t  species. These t o l e r a n t  species, 
such as American beech (Fagus randi  f o l  i a ~ h r h .  ) , - 
sugar map1 e  (Acer saccharum M i h e a s t e r n  
hemlock (Tsuga canadensi s  (L. ) Carr. ) , can se l  f -  
organize t o  su rv i ve  per iods  o f  low l i g h t  i n t e n -  
s i t y ,  low s o i l  mois ture,  low n u t r i e n t s ,  and 
a l l e l o p a t h i c  chemicals formed by p l a n t s  o r  by 
o rgan ic  decomposi t i o n  . Some species, c lassed as 
i n t o l e r a n t  t o  t h e  cond i t i ons  o f  c losed canopy and 
smal l  openings, may s u r v i v e  t o  become dominant 
t r e e s  . 

Over several  generat ions small openi ngs wi 11 
u s u a l l y  f avo r  t h e  t o l e r a n t  t rees ,  shrubs, and her -  
baceous p lan ts .  Note t h a t  i t  i s  not  t h e  method 
f o r  c o n t r o l  1  i ng harves t  r a tes  bu t  t h e  opening s i  ze 
t h a t  i n f l uences  t h e  establ ishment,  s u r v i v a l ,  
growth, and even tua l l y  t h e  k i n d  and t h e  shape o f  
t r e e s  t h a t  occupy t h e  overstory .  Opening s i z e  i s  
an e f f e c t i v e  v a r i a b l e  f o r  p r o j e c t i n g ,  as i n  
DYNAST, f u t u r e  s t a t e s  brought about by t h e  se lec -  
t i o n  system. 

Group Selection Regeneration System 

Group se l  e c t  i o n  i s  appl i ed t o  t h e  set e c t i  on 
system when openings a re  l a r g e r  than whatever 
a r b i t r a r y  l i m i t  i s  assigned t o  t h e  " s i n g l e - t r e e "  
s e l e c t i o n  d e f i n i t i o n .  Typ ica l  ly,  g roup-se lec t ion  
openings a re  l ess  than 10 acres and may be as 
smal l  as h a l f  an acre. 



Because of t h e  r e l a t i v e l y  small openings 
formed, these s l e c t i o n  systems are o f t e n  named 
"uneven-age management." The mental model i s  a  
f o r e s t  brought t o  a s t a t e  i n  which a l l  annual age 
c lasses a re  represented i n  small stands. The 
smal l e r  t h e  stands, t h e  more d i f f i c u l t  i t  i s  t o  
achieve t h e  mental model i n  a real f o r e s t *  I n  
p r a c t i c e  t h e  s e l e c t i o n  systems represent  t he  
smal l -opening cornponent o f  a continuum o f  regen- 
e r a t i o n  systems. 10 DYNAST t h e  s e l e c t i o n  systems 
are  sirnuf a te4 as t h e  small openings i n  a continuum 
o f  opening sizes. 

Shelterwood Regeneration System 

Th is  system i s  charac te r i zed  hy tirned rernoval 
of  the overs to ry  as a way t o  p rov ide  a few years 
o f  'khhet t e r "  f o r  seedl ings and sprouts,  The over-  
s t o r y  nay be removed i n  two o r  mare successive 
harvests  a t  1- t o  several  -year i n t e r v a l s ,  The 
mental model i s  a  stand o f  des i r ab le  species i n  
which t h e  r a p i d  growth o f  seed1 i ngs  and sprouts  
begins a t  about the  same time. The term "even- 
aged" i s  app l i ed  t o  t h e  new stand, a l though t h e  
r o o t  systeins may he from 1 year  t o  more than 10 
years o l d .  

The opening s i z e  a f t e r  t f te l a s t  refnova1 
may he small but  i s  u s u a l l y  l a r g e r  than 5 acres, 
Harvest r a t e  f o r  t h e  f o r e s t  i s  c o n t r o l l e d  by t h e  
area and t h e  number of openings. The opening 
s izes  crea ted  by shel terwood systems over lap t h e  
l a r g e r  openings formed by s e l e c t i o n  systems. 
DYNAST s imulates t he  f o r e s t  s t a t e  by i n s e r t i n g  
opening s izes  (a rea ) ,  ha rves t i ng  delays (years) ,  
and harvest  r a tes  (ac res l yea r )  i n t o  t he  model. 

Seed-Tree Regeneration System 

Th is  system i n v o l  ves l e a v i n g  t h e  minimum 
nunher o f  seed-producing t r e e s  t h a t  w i  11 resuf t i n  
a new stand*  This  rnethod i s  used f o r  i n t o l e r a n t  
species-elhose i n ~ a p a b l e  of s e l f - o r g a n i z i n g  when 



under a  canopy t o  su rv i ve  per iods  o f  low l i g h t  
i n t e n s i t y ,  low s o i l  moisture,  and low n u t r i e n t s .  
The mental model i s  s i m i l a r  t o  t h a t  f o r  t h e  
shel terwood system. 

Clearcut  Regenerat ion System 

Th i s  system i d e n t i f i e s  an area from which a l l  
t r e e s  l a r g e r  than about 1  o r  2 inches d.h.h. a re  
removed o r  f e l l e d .  The opening s i z e  i s  t h e  area 
harvested. Harvest r a t e  i s  c o n t r o l l e d  by t h e  s i z e  
and number o f  openings. The mental model o f  t h e  
new s tand  i s  e s s e n t i a l l y  t h e  same as f o r  t h e  seed- 
t r e e  and t h e  she1 terwood systems. 

The new stand o r i g i n a t e s  from seed s to red  i n  
t h e  l i t t e r  o f  t h e  preceding stand, sprouts,  seed- 
l i n g s  es tab l i shed  under t h e  preceding stand, and 
seeds deposi ted on t h e  area a f t e r  harvest ing.  
I n t o l e r a n t  and fast -growing seedl i ngs  and sprou ts  
a re  usual  l y  favored. To le ran t  species may s u r v i v e  
under t h e  f a s t e r  growing i n t o l e r a n t s  and some o f  
t h e  t o l e r a n t s  may even tua l l y  become dominant 
t rees .  

Opening s i z e  may range from I t o  100 acres o r  
more. C l a s s i f y i n g  an opening by which regne ra t i on  
system was used i s  based on a r b i t r a r y  d e f i n i t i o n s  
o f  t h e  systems. The kinds, growth, and amounts o f  
seed l ings  and sprouts  a f t e r  harves t  are r e l a t e d  t o  
t h e  opening s izes  t h a t  form a continuum from t h e  
1 arges t  s i zes  formed by she1 terwood and c l e a r -  
c u t t i n g  systems t o  t h e  smal l e s t  openings formed by 
removing a s i n g l e  t ree .  The DYNAST model simu- 
l a t e s  t h e  t rans fo rmat ions  o f  o rgan i za t i ona l  s t a t e s  
based on a continuum o f  opening s izes  i n  conjunc- 
t i o n  w i t h  c l a s s i c a l  regenera t ion  systems. 

Both l a r g e  and snal 1  openings may be sched- 
u l e d  t o  c rea te  a mosaic of stands by type, age, 
and area classes, Even t h e  smaf l e s t  openings 
formed by remrav-r'ng a s i n g l e  l a r g e  t r e e  t y p i c a l l y  



r e s u l t  i n  a  new smal l  stand. These smal l  open- 
i n g s  a r e  o f t e n  c a l l e d  "gaps," e s p e c i a l l y  i f  formed 
by n a t u r a l  m o r t a l i t y .  D i f f e r e n c e s  i n  spec ies  com- 
p o s i t i o n  and growth r a t e s  a re  continuums across 
t h e  l a r g e s t  t o  t h e  s m a l l e s t  openings. C r i t e r i a  
f o r  measur ing ha rves t  openings can he based on t h e  
con t iguous  basal  area removed, t h e  cont iguous 
crown area removed, o r  t h e  con t iguous  land area 
exposed. Meani ng fu l  d i  f fe rences  among t h e  c l  asses 
o f  openings a r e  t h e  c o r r e l a t i o n s  f o r  species com- 
p o s i t i o n ,  growth r a t e s ,  hah i  t a t  p o t e n t i a l  f o r  
v a r i o u s  p l a n t s  and animals,  aqd t h e  t i m b e r  h a r -  
v e s t i n g  c o s t .  Th is  o p e r a t i o n a l  d e f i n i t i  on i s  used 
i n the DYNAST model . 

P I  anni  ng i n v o l  yes p r e d i c t i n g  t h e  dynamics o f  
a system i n  r e l a t i o n  t o  a c t i o n s .  Assumptions 
about t h e  f u t u r e  s t a t e  o f  a system c o n s t r a i n  b o t h  
t h e  number o f  v a r i a b l e s  and t h e  r a t e s  and d i r e c -  
t i o n s  o f  changeo The conven t iona l  v a r i a b l e s  o f  
f o r e s t  management a r e  market ing,  p r o d u c t i o n ,  
i nvestment, and s i  1  v i c u l  t u r e *  Addi ng vari ah1 es 
t h a t  d e s c r i b e  t h e  p o t e n t i a l  l i v e l i h s o d  o f  i n d i v i -  
dua l  game animal s, nongame w i  1  d l  i f e ,  endangered 
spec ies ,  and r e c r e a t i o n  oppor t i rn i  t i es inc reases  
t h e  c o m p l e x i t y  o f  d e c i s i o n  making. The d e c i s i o n  
may n o t  be "yesi \ r  " " n o " Y o r  d i f f e r e n t  amounts o f  
p r e s e n t  n e t  va lue  b u t  c o u l d  be a c o n f u s i n g  com- 
h i  n a t i o n  o f  m a t r i c e s  and i n t e r a c t i o n  c o e f f i c i e n t s ,  

The s o l u t i o n  i s  t o  use s i m u l a t i o n  techn iques  
t h a t  i n c o r p o r a t e  i n - p l a c e  d e c i s i o n s  i n  t h e  t a c -  
t i c a l  processes and p r o v i d e  f o r  a1 7 i n t e r e s t e d  
p a r t i e s  t o  use judgment as we1 1  as s c i e n t i f i c  da ta  
t o  make dec is ions ,  The judgment d e c i s i o n s  a r e  
de layed u n t i l  a f t e r  t h e  mathemat ical  ana lyses a r e  
completed, f h i s  approach l i m i t s  c o m p l e x i t y  i n  the 
c ~ m m u n i c a t i o n  o f  a l t e r n a t i v e s ;  a i d s  t h e  s u b j e c t i v e  
use o f  i n s i g h t s ;  speeds t h e  d i s c a r d i n g  o f  unac- 
c e p t a b l e  a1 t e r n a t i  ves ; p r o v i d e s  f o r  p e r i o d i c  
ad jus tment  o f  d e c i s i o n s  as s o c i a l  , economic, and 
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O p t i  tnal analyses based on li near programming 
concep t s  a re  l i m i h d  d i n  management sc ience by t h e  
t a c t  i ca l  p! anni ng  processes (E i  1 on 1980). What i s  
d e s i r e d  i s  an i n t e g r a t i o n  o f  q u a n t i t a t i v e  and sub- 
j e c t i  ve t echn iques  t o  ! i m i  t c o m p l e x i t y  and a i d  
dec i  s i  on and c o n t r o l  i n  t h e  s t r a t e g i c  management 
processes I 

Constraint  CP6 Complexity 

Complex i ty  i s  c o n s t r a i n e d  i n  t h e  DYNAST ap- 
proach by t h e  s u b j e c t i v e  c h o i c e  o f  a  s i n g l e  goa l ,  
namely a f o r e s t ' s  o r g a n i z a t i o n a l  s t a t e .  The enor -  
mous v a r i e t y  o f  l a r g e  numbers o f  b e n e f i t s  and 
c u l t u r a l  p r a c t i c e s  i s  absorbed hy t h e  equal v a r i  - 
e t y  o f  h a h i t a t s  t h a t  a r e  d i s p e r s e d  s p a t i a l l y  and 
t e m p o r a l l y  by the  h a r v e s t  r a t e  and t h e  opening 
s i z e .  FsanagemenL a c t i o n s  do not; a t tempt  t o  match 
b e n e f i t s  on a one-to-one b a s i s .  Rather ,  t h e y  a r e  
used ts d i r e c t  the n a t u r a l  dynamics o f  t h e  eco- 
system t o  b r i n g  about des i red  o r g a n i z a t i o n a l  
s t a t e s  . 

One impor tan t  c o n s t r a i n t  s f  comp lex i t y  i s  
t o  r e l a t e  t h e  a v a i l a b i  l i t y  o f  each b e n e f i t  i n  a  
management u n i t  t o  t h e  d i s t r i b u t i o n  o f  va r ious  
" h a b i t a t s . "  A h a b i t a t  i s  an area t h a t  possesses 
u n i f o r m  phys iography and stand condi  t i a n s  ( E l  t o n  
1949) ,  where p l a n t s  and an imals  l i v e  (Odum 1971); 
some o rgan i  sms reqd  r e  severa l  h a b i t a t s .  The 
s tages  i n  a stand" development a r e  h a b i t a t s ;  
a s imp le  c l a s s i f i c a t i o n  o f  them might  i n c l t ~ d e  
s e e d l i n g ,  sap l i ng ,  pole,  mature  t imber ,  and o l d  
growth*  Each such h a b i t a t  i s  more Favorab le  t o  
c e r t a i n  spec ies  than  t o  o t h e r s  (USDA FS 1979, USDI 
F i s h  and W i  l d l i f e  S e r v i c e  1982). The opening s i z e  
Formed by t i m b e r  harvest determines the  s i z e  o f  
the h a b i t a t  a t  a l l  stages o f  t h e  s tand"  deve lop-  
ment and a l s o  t h e  q u a l i t y  o f  t h e  h a b i t a t  For c e r -  
t a i n  p l a n t s  and an imals*  

limher harves t  p l a y s  a d u a l  r o l e  i n  t h e  
system, T h e  timber rernoved -is a her7efi t ; the 
seedling h a b i t a t  t h a t  f o l l o w s  i s  t he  beg inn ing  o f  



a  sequence of new h a b i t a t s *  Because new stands 
t r ans fo rm  a t  a p r e d i c t a b l e  ra te ,  t h e  d i s t r i b u t i o n  
and s i z e  o f  h a b i t a t s  a t  any t ime i n  t he  f u t u r e  can 
be est imated i f  t h e  t imber  ha rves t i ng  r a t e  and t h e  
opening s i z e  are known. 

Compl ex i  t y  i s  const r a i  ned. The avai 1  ab i  1  i t y  
o f  a  combinat ion o f  bene f i t s ,  i n c l u d i n g  t imber ,  i s  
determined by t he  d i s t r i b u t i o n  o f  stands by age, 
area, and type classes. The goal o f  s i l v i c u l t u r e  
i s  a  des i r ed  d i s t r i h u t i o n  o f  h a b i t a t s  on t h e  man- 
agement u n i t  . 

Recause h a b i t a t s  t r ans fo rm  autonomously f rom 
s t a t e  t o  s ta te ,  on l y  c e r t a i n  d i s t r i b u t i o n s  can be 
mainta ined by s i  1  v i c u l  t u re .  Ecosystems are never 
s t a t i c ,  It i s  imposs ib le ,  f o r  example, t o  have 
o n l y  sap1 i n g  and mature-t imber h a b i t a t s  f o r  a  l ong  
p e r i o d  o f  t ime. The sap l ings  e v e n t u a l l y  become 
poles and t he  mature t imber  rnay reach s u f f i c i e n t  
age t o  be considered o l d  growth. Changes i n  t h e  
age f o r  ha rves t i ng  and t h e  use o f  dual r o t a t i o n s  
coupled w i t h  c o n t r o l  o f  t he  opening s i z e  p rov ide  
many pess i  b l e  h a b i t a t  combinat ions , For example, 
de lays i n  ha rves t i ng  mature t imber  increase t h e  
amounts o f  t r e e  seeds, hard mast, and dens. Dual 
r o t a t i o n s  p rov ide  f a s t  r a tes  o f  t imber  harvest  
f rom some areas, l a r g e  t r e e s  f o r  h igh-va lue t imbe r  
f rom o the r  areas, and h a b i t a t s  f o r  many p l a n t s  and 
animals t h a t  l i v e  i n  both o l d  and young stands, 
The opening area determines t h e  f u t u r e  stand area 
and thus i n f l uences  t h e  q u a l i t y  o f  t h e  h a b i t a t  f o r  
bo th  p l a n t s  and animals, The t r ans fo rma t i on  ra tes  
i n  age and area c lasses are determined from h i o -  
l o g i c a l  knowiedge, Thus, t h e  d i sp lays  o f  h a b i t a t  
d i  s t r i  hu t i ons  are those t h a t  are b i o l o g i c a l  l y  
poss ib le ,  

T r a m l a t  ion Precess 

What we want i s  t o  t ranslate ,  i n  mathematical 
symbols, b i o l o g i c a l  i n f o r m a t i o n  i n t o  a new struc- 
ture  f o r  f o r e s t  management. The t r a n s l a t i o n  i s  t o  
re ta in  t h e  o r i g i n a l  b i o l o g i c a l  sense and l i m i t  t h e  



complex i t y  f o r  us i ng  t h e  i n fo rma t i on  i n  dec i s i on  
and cont  r s l  . For example, t h e  organi  z a t  i onal  
s t a t e  o f  a  f o r e s t  and t h e  assoc ia ted b e n e f i t s  can 
be expressed i n  mathematical terms, 

Consider t h e  t ime t o  be t and t h e  t ime be fo re  
i t  t o  be t-1.  The d i f f e r e n c e  i s  a  small des ig-  
nated DT i n t e r v a l  such as 1 day. A q u a n t i t y  o f  
t imbe r  and o the r  bene f i t s ,  a, cou ld  accumulate i n  
t h i s  i n t e r v a l  and a  q u a n t i t y  o f  t imber  and o t h e r  
b e n e f i t s ,  r, cou ld  be removed o r  used i n  t h e  same 
i n t e r v a l  , Each increment o r  decrement i s  de f i ned  
as an a d d i t i o n  o r  s u b t r a c t i o n  t o  t h e  cumulat ive 
q u a n t i t y  o f  t imber  and o the r  b e n e f i t s  as stands 
f l o w  through t h e  number, n, o f  DT i n t e r v a l s ,  and 
thus  through age cf  asses . M i  t h o u t  management and 
use t h e r e  i s  s t i l l  an increment and decrement 
(chs. 2, 3). For  each q u a n t i t y  o f  increment t h e r e  
i s  a  j age c lass  and an i b e n e f i t  and each add i -  
t i o n  must r e l a t e  t o  a  c e r t a i n  t ime  i n t e r v a l  DT. 
The w h d e  range o f  o s s i b t e  accumulations i s  
represented by a j  j ( . S i m i l a r l y ,  removing a 
q u a n t i t y  o f  t imber  o r  o the r  b e n e f i t  i s  s p e c i f i e d  
i n  t h e  same way ri j ( t - ' )e  The range i n  age c l ass  
d i s t r i b u t i o n  i s  h j  f o r  b e n e f i t s  i n c l u d i n g  t imber .  
The f o l  I owi ng express ion desc r i  bes the  f o r e s t  a t  a 
s teady-s ta te  d i s t r i b u t i o n  o f  age classes. The 
accumulat ions equal removal s  f o r  a1 1  b e n e f i t s  and 
a re  independent o f  t ime when DT i s  smal l .  

The accumulat ion s i g n  i n d i c a t e s  t h e  range f o r  t h e  
system o f  equat ions represented by t h i s  express ion 
f o r  a l l  poss ib l e  b e n e f i t s  f rom t h e  f o res t ,  

The d e f i n i t i o n  o f  these equat ions i s  t h e  sub- 
j e c t  o f  subsequent chapters. The unknowns t o  be 



c a l c u l a t e d  are: (1) t h e  t ransformat ions o f  t h e  
f o r e s t ' s  o rgan i za t i ona l  s t a t e  f rom t ime t o  t ime, 
and ( 2 )  t h e  b e n e f i t s  a v a i l a b l e  a t  each s t a t e  o f  
t rans fo rmat ion .  

B i  01 o g i c a l  i n f o r m a t i  on about t h e  p o t e n t i a l  
l i v e l i h o o d  o f  p l a n t s  and animals i s  t r a n s l a t e d  
i n t o  s t r uc tu res ,  such as y i e l d  tab les ,  and then 
used i n  t h e  s imu la t i on  process. These k inds o f  
t r a n s l  a t i  ons p rov ide  i n f o r m a t i  on about d i  f fe rences  
i n  b e n e f i t s  and t h e  p o t e n t i a l  l i v e l i h o o d  o f  p l a n t s  
and animals. The f u t u r e  number o f  p l a n t s  and a n i -  
mal s, t imber  volumes, and present  ne t  values a re  
p r o j e c t e d  f o r  severa l  decades. A1 1  o f  these v a r i  - 
ables are r e l a t e d  as i nd i ces  t o  changing s ta tes  o f  
f o r e s t  o rgan i za t i on  i n  r e l a t i o n  t o  s i l v i c u l t u r e .  

The o rgan i za t i ona l  s t a t e  o f  t h e  f o r e s t - -  
t h e  p r o p o r t i o n a l  d i s t r i b u t i o n  o f  stands by age, 
area, and type  c l  asses--and t h e  t rans fo rmat ions  
f rom var ious  s ta tes  determine t h e  avai  1 abi  1  i ty  o f  
b e n e f i t s .  The s t a t e  o f  f o r e s t  o rgan i za t i on  i s  
t h e  common denominator f o r  t r a n s l  a t i o n s  and f o r  
dec i  s i  on and c o n t r o l  . 





Chapter 5 

States o f  Fores t  Organ iza t ion  

Overview 

A  f o r e s t  i s  viewed as a  d i spe rs i on  o f  stands 
t h a t  can be c l a s s i f i e d  by age, area, and f o r e s t  
types. The stands t rans fo rm from s t a t e  t o  s t a t e  
n a t u r a l l y  and as d i r e c t e d  by s i l v i c u l t u r e .  These 
t rans fo rmat ions  change t h e  p ropo r t i ons  o f  t h e  
s tand c lasses and t h e  way t h e  stands are con- 
nected. For example, t h e  t r a n s i t i o n  areas between 
stands change as stands age. The d ispers ion  o f  
stands by type, age, and area classes de f ines  t h e  
o rgan i za t i ona l  s t a t e  o f  a  f o r e s t  a t  a  given t ime. 

The s t a t e  o f  o rgan i za t i on  i s  t h e  common de- 
nominator f o r  comparing t h e  amounts o f  d i f f e r e n t  
b e n e f i t s .  It i s  t h e  cornmon connect ion among bene- 
f i t s .  Th is  connect ion can be de f ined  i n  terms o f  
t h e  k inds  and p ropo r t i ons  o f  stands t h a t  p rov ide  
more o r  l e s s  o f  one b e n e f i t  i n  r e l a t i o n  t o  another  
b e n e f i t .  Bene f i t s  i n  DYNAST are not d i r e c t l y  
dependent on each other .  The model requ i res  no 
i n t e r a c t i o n  c o e f f i c i e n t s  among bene f i t s ,  B e n e f i t s  
a re  p ro jec ted  independent ly o f  each o the r  i n  re1 a- 
t i o n  t o  t rans fo rmat ions  i n  t h e  o rgan i za t i ona l  
s t a t e s  o f  a  f o res t .  

Th is  chapter descr ibes how o rgan i za t i on  and 
s t r u c t u r e  are used i n  DYNAST t o  p r o j e c t  b e n e f i t s  
i n  re1 a t  i on t o  a1 t e r n a t  i ve management modes. 

S t r u c t u r e  i s  t h e  way p a r t s  o f  a  system are 
connected. The w a l l s  o f  a  b u i l d i n g  are connected 
t o  form spaces f o r  working, cooking, ea t ing ,  
p l ay i ng ,  r es t i ng ,  and sleeping, The value o f  t h e  
bene f i t s  der i ved  from a  b u i l d i n g  are determined by 
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For  example, a  p o t e n t i a l  t imber  index may be 
developed from e x i s t i n g  y i e l d  tab les .  Mon i t o r i ng  
t h e  y i e l d s  from harvested stands and new research 
p rov ide  i n fo rma t i on  f o r  making t h e  a1 g o r i  thm more 
congruent w i t h  a speci f i c  f o res t .  Moni t o r i  ng and 
research i n  t h e  c o n t r o l  loop are impor tant  sources 
o f  i n f o r m a t i o n  f o r  improv ing t h e  a1 g o r i  thms 
( f i g .  3). 

An impor tan t  concern f o r  t h e  dec i s i on  loop i s  
t o  compare d i f f e r e n t  b e n e f i t s  and impacts i n  r e l a -  
t i o n  t o  a  common denominator ( f i g .  3).  When a1 l 
b e n e f i t s  o f  i n t e r e s t  are commodities, then d o l l a r  
values a re  es tab l i shed  and money can be t h e  common 
denomi n a t o r  f o r  dec i  s i  ons . For commodities , t h e  
amount o f  each bene f i t  m u l t i p l i e d  by t h e  market 
va lue es tab l i shes  a  bas is  f o r  choosing t h e  o rgan i -  
z a t i o n a l  s ta te .  I f  money i s  t h e  bas is  f o r  choice, 
t h e  i n t e r e s t e d  p a r t i e s  are expected t o  choose t h e  
DYNAST s i m u l a t i o n  t h a t  p r o j e c t s  t he  l a r g e s t  ne t  
p resen t  value, h ighes t  r e a l i z a b l e  r e t u r n  ra te ,  
l a r g e s t  p r o f i t a b i l i t y  index, o r  o the r  measure o f  
t h e  monetary value. 

However, many b e n e f i t s  are noncommodi t i e s - -  
b e n e f i t s  a re  used o r  enjoyed w i t hou t  hav ing an 
e s t a b l i s h e d  d o l l a r  value. These k inds  o f  bene- 
f i t s  cannot be equated w i t h  t h e  market p r i c e  o f  
1  umber. Noncommodi t i es may be p r i  ced i n  a r b i t r a r y  
ways such as e s t i m a t i  ng "money foregone"; e s t i  - 
mat ing  t h e  cos t  f o r  en joy ing  t h e  b e n e f i t  such 
as t h e  money pa id  f o r  b inocu la rs ,  c l o t h i n g ,  and 
t r a v e l  ; ass i  gn ing t h e  h i  ghest do1 l a r  values t h a t  
i n t e r e s t e d  p a r t i e s  w i l l  accept; and by f i n d i n g  out  
what some people t h i n k  a  noncomod i ty  i s  worth. 
These k inds  o f  eva lua t ions  are a r b i t r a r y  and sub- 
j e c t  t o  disagreement among t h e  i n t e r e s t e d  p a r t i e s .  
The d o l l a r  values assigned t o  t h e  d i f f e r e n t  bene- 
f i t s  predetermine t h e  choice o f  s i l v i c u l t u r e  when 
t h e  dec i s i on  i s  c o n t r o l l e d  by t he  money values 
o f  t h e  b e n e f i t s  ( f i g .  3). A lack o f  consensus 
occurs because t h e  il l u s i v e  values assigned t o  
noncommodities cannot be proved by research and 
mon i to r ing .  



An approach based on what i s  b i o t  o g i c a l  l y  
possi  b l e  prov ides a way t o  compare amounts o f  
b e n e f i t s  i n  r e l a t i o n  t o  t he  costs  f o r  a i l  bene- 
f i t s .  The bases f o r  dec i s i on  a r e  t h e  op t i ona l  
b e n e f i t  conrbi n a t i  ons t h a t  are b i  o? s g i e a l  l y  pos- 
s i b l e  r e l a t i v e  t o  aggregate costs,  F o r  t h i s  
approach, each b e n e f i t  --i n c l  ud i  ng monetary 
r e t u r n s - - i s  re1 a ted  t o  t h e  o rgan i za t i ona l  s t a t e  
o f  t h e  f o r e s t ,  The DYNAST s imu la t ions  d i s p l a y  
these amounts o f  b e n e f i t s  as i nd i ces  ranging from 
0 t o  1, This  k i n d  o f  value f u n c t i o n  i s  computed 
by t h e  app rop r i a te  a1 gorithm. 

One advantage t o  t h i s  approach i s  t h a t  
a l go r i t hms  are based on exper ience and research 
i n fo rma t i on .  The mathematical re1 a t i o n s  a re  
d i sp layed  as s imple cha r t s  e a s i l y  i n t e r p r e t e d  by 
people i n  d i  f f e r e n t  d i  s c i  p l  i nes. And, each a1 go- 
r i t h m  i s  d i  r e c t l y  dependent on an o rgan i za t i ona l  
s t a t e  o f  t h e  f o r e s t  t h a t  can be def ined,  measured, 
and manipulated. Disagreements among i n t e r e s t e d  
p a r t i e s  can be assessed, bu t  not  necessa r i l y  
resolved, by i n f o r m a t i o n  from mclinitori ng and 
research. 

Another advantage i s  t h a t  a l l  bene f i t s ,  
i n c l  u d i  ng cash f lows,  are opera t iona l  l y  re1 a ted  
t o  a  common denominator. B e n e f i t s  change due 
t o  t rans fo rmat ions  i n  o rgan i za t i ona l  s t a tes  and 
a re  on l y  i n c i d e n t  t o  changes i n  o the r  bene f i t s ,  
The s t a t e  o f  f o r e s t  o rgan i za t i on  i s  t h e  common 
denominator f o r  bo th  commodity and noncommodi t y  
bene f i t s .  

The next sec t ions  descr ibe  how i n fo rma t i on  
f rom research and exper ience i s  used t o  develop 
a l go r i t hms  t h a t  r e l a t e  amounts o f  b e n e f i t s  and 
impacts t o  s ta tes  o f  f o r e s t  organi  za l i on .  

The purpose o f  t h e  a l g o r i t h m  f o r  t imber  y i e l d  
index i s  t o  p rov ide  i n fo rma t i on  f o r  dec is ions  and 



f o r  d i r e c t i n g  t he  use o f  c o n t r o l  var iab les.  
A I  g o r i  thms are not  s u i t a b l e  f o r  accura te ly  p re -  
d i c t i n g  t imber  volumes (Avery and Burkhar t  1983; 
C l u t t e r  and o thers  1983; Husch and o thers  1972). 
What i s  des i red  i s  a  s imu la t i on  o f  d i f f e rences  i n  
t h e  amounts o f  t imber  expected under d i f f e r e n t  
management modes. Y i e l d  t a b l e s  based on age, 
s i t e ,  and stand dens i t y  are as use fu l  f o r  t h i s  
purpose as any o the r  p r e d i c t i o n  technique. A 
bas i c  assumption f o r  t h e  t imber  y i e l d  a l g o r i t h m  i s  
t h a t  e r r o r s  assoc ia ted w i t h  unexpected weather 
cond i t i ons ,  t r e e  s u r v i v a l  i n  regenerated stands, 
m o r t a l i t y  ra tes,  and changes i n  species com- 
p o s i t i o n  w i l l  have approx imate ly  t h e  same f u t u r e  
e f f e c t  f o r  a1 1  management modes* This  assumption 
i s  not always t r u e  becatlse an o l d  stand may he 
damaged by some agent more than o r  less  than a 
young stand. P ro jec t i ons  are use fu l  p r i m a r i l y  f o r  
assessi  ng a1 t e r n a t i  ve management modes, 

Once a new stand i s  i n i t i a t e d  i n  e i t h e r  
unmanaged o r  managed f o res t s ,  r e l a t i v e  ra tes  
o f  m o r t a l i t y  among t h e  species present determine 
t h e  t r ans fo rma t i on  r a t e  o f  t h e  stand from one 
c o n d i t i o n  c lass  t o  ano ther *  Because o f  t he  s im i -  
l a r i t y  o f  genet ic  codes from generat ion t o  genera- 
t i o n ,  t h e  t ransformat  i o n  ra tes  can be p ro jec ted  
w i t h i n  acceptable l i m i t s  o f  e r r o r .  

For  example, a  y i e l d  t a b l e  fo r  t imber  r e l a t e s  
an expected amount of t imber  t o  a  f u t u r e  organiza-  
t i o n a l  s ta te - - the  area and age c lass  o f  stands. 
The y i e l d  t a b l e  i s  used t o  es t imate  changes i n  
t imbe r  volumes nhen s ta tes  o f  f o r e s t  o rgan i za t i on  
change. Y i e l d  t a b l e s  and t h e i r  use are descr ibed 
i n numerous pub1 i c a t i o n s  (Avery and Burkhar t  1983; 
C l u t t e r  and o thers  1983; Husch and o thers  1972). 
A t imber  y i e l d  index i f  l u s t r a t e s  how a lgor i thms 
f o r  t imber  can be developed. 

For  example, growth culminates a t  50 years o f  
age on 211 s i t e s  f o r  mixed hardwood stands i n  t h e  
B i g  Ivy area near Barnardsv i l  l e ,  NC (Schnur 1937). 
Age 50, therefore.  i s  used as a re ference age. 



The i n d e x  i s  re fe renced  a l s o  t o  100 percent s t o c k -  
i n g  and t o  an average s i t e  i ndex  o f  70, Y i e l d s  
f o r  d i f f e r e n t  management modes a r e  compi-rted and 
compared w i t h  t h e  y i e l d  o f  100 pe rcen t  s t o c k e d ,  
50-year-old stands on areas n i t h  a s i t e  i n d e x  o f  
70, O f  course, o t h e r  ages, s t o c k i n g ,  and s i t e  
i n d i c e s  c o ~ l d  he u s ~ d  as a r e f e r e n c e  p o i n t  f o r  
maximum t i m b e r  p roduc t ion ,  

The r e f e r e n c e  y i e l d  s e l e c t e d  i s  2,680 c u b i c  
f e e t  f o r  a l l  L rees 0.6 i n c h  d , h , h .  and l a r g e r ,  
e x c l u d i n g  bark ,  age 50, d e n s i t y  c l a s s  100, s i t e  
i ndex  70 (Schnur 1937, Tab le  34)-  Th is  2,680 i s  
d i v i d e d  i n t o  t h e  va lues f o r  a l l  ages, d e n s i t y  100, 
and s i t e  i ndex  70- Th is  procedure produces i n d e x  
va lues ,  called v o l  ume f a c t o r s ,  t h a t  a r e  p l o t t e d  
ove r  age ( f i g .  16) .  

0 10 20 30 48 50 60 70 BC 90 I06 110 i20 133 140 I50 160 
AGE (Years) 

F igu re  16.--Volume f a c t o r s  ex t rapo la ted  t~ 160 years f o r  s i t e  
index class 70, densi ty  c l a s s  100 ( S c h n u r  1937, Table 341, 



A t  50 years o f  age t h e  volume f a c t o r  i s  1, 
As stands age, both t h e  y i e l d  and the  index 
inc rease  but  a t  a  decreas ing ra te .  We do no t  have 
enough i n f o r m a t i o n  t o  accu ra te l y  p r e d i c t  i n c r e -  
ments beyond 100 years.  Thus, t h e  y i e l d  index i s  
extended a t  a conserva t i ve  r a t e  t o  160 years. 

S i t e  index v a r i a t i o n s  a re  r e l a t e d  t o  t imbe r  
y i e l d s ,  The re fe rence  value, 2,680, i s  d i v i d e d  
i n t o  values f o r  s i t e  i n d i c e s  40 t o  80, f o r  age 50 
and dens i t y  100 (Schnur 1937, Table 34). The 
r e s u l t s  a re  p l o t t e d  as a s i t e  index f a c t o r  over 
s i t e  index  ( f i g .  17) .  Few areas on t h e  B i g  I v y  
area have a s i t e  index o f  90. The curve f o r  s i t e  
iqdex f a c t o r  i s  extended t o  1.4 a l though no 
research data are a v a i l a b l e  t o  support  t h i s  value. 

0 
30 40 50 60 70 80 90 

SITE iNDEX 

Figure 17.--Site index factors plotted over site index classes 
for site index 70 and density class 100 as the base (Schnur 1937, 
Table 34).  



Figure 18.--Stand density factors plotted over stand density 
index referenced to si te  index 70 and density class 100 (Schnur 
1937, Table 3 4 ) .  

Stand dens i ty  v a r i a t i o n s  are r e l a t e d  t o  
t imber  y i e l d s .  The re fe rence  value, 2,680, i s  
d i v i d e d  i n t o  values f o r  stand d e n s i t i e s  50 t o  130, 
f o r  age 50, s i t e  index 70 (Schnur 1937, Table 34). 
The r e s u l t s  are p l o t t e d  as a stand dens i t y  f a c t o r  
over s tand dens i t y  ( f i g .  18). Most stands i n  t h e  
B i g  Ivy area are i n  t h e  90 t o  100 dens i t y  c lasses 
a l though some th i nned  stands may have a  dens i t y  
c l ass  between 70 and 90, 

If we know t h e  age, s i t e  index, and dens i t y  
o f  a stand, the  t imber  volume can be est imated by 
i n t e r p o l a t i n g  t h e  f a c t o r s  f rom t h e  appropr ia te  
curves and m u l t i p l y i n g  t h e  f a c t o r s  by t h e  r e f e r -  
ence volume, 2,680. Fo r  example, t h e  volume e s t i -  
mated by t h i s  method f o r  a  stand age 80, s i t e  
index 60, and stand dens i t y  90 i s  about 3,000 
cub ic  f e e t  (1.47 x 0.81 x 0.94 x 2,680). Schnur 's 
t a b l e  value i s  3,045, D i f f e rences  between t h e  



i n t e r p o l a t e d  and t h e  t a b l e  values are due t o  
rounding and because t h e  t a b l e s  are on ly  approx i -  
mate ly  harmonic. 

The i n t e r p o l a t e d  values a re  u s u a l l y  w i t h i n  5 
percent  o f  t h e  t a b l e  values and are we l l  w i t h i n  
acceptable l i m i t s  o f  e r r o r ,  An e r r o r  o f  20 pe r -  
cent  i s  acceptable because o f  t h e  unce r ta i n  f u t u r e  
environment. It i s  l i k e l y  t h a t  t h e  rea l  e r r o r  f o r  
p r o j e c t i n g  volumes i n t o  t h e  f u t u r e  i s  as h i gh  as 
40 percent  of t he  volumes i n  t h e  y i e l d  t a b l e  
(Schnur 1337, Table 341, 

The advantage o f  t r a n s l a t i n g  t h e  y i e l d  t a b l e s  
i n t o  t he  i nd i ces  i s  t h a t  these r e l a t i o n s  can be 
used i n  t h e  con t i nua l  s i m u l a t i o n  compi ler  DYNAMO 
(Pugh 1983). Values are i n t e r p o l a t e d  between 
p o i n t s  an t he  char ts .  The re fe rence  volume, 
2,680, can be changed t o  a  d i f f e r e n t  value w i t h -  
out  changing t h e  i nd i ces  because t h e  t ab les  are 
approx imate ly  harmonic. The i n d i c e s  can be eas i  l y  
changed t o  make them congruent w i t h  a s p e c i f i c  
f o r e s t ,  Most impor tant ,  a p o t e n t i a l  t irnber index 
can be de r i ved  and r e l a t e d  t o  t h e  simulated orga- 
n i z a t i o n a l  s t a tes  o f  t h e  f o r e s t .  

Potential Tiaer Index ( B T I )  

The p o t e n t i a l  t imber  index i s  t he  r a t i o  o f  
t h e  t imber  volume p ro jec ted  f o r  harvest  hy t h e  
DYNAST s imu la t i on  and t h e  volume t h a t  would be 
expected f o r  maximum, sus ta i  ned t imber  p roduc t ion  , 
The equat ion i s :  

where: 
PTI = p o t e n t i a l  t imber  index 

(d imension less)  
VT = t imber  removed from a l l  h a b i t a t s  

(cub ic  volume) 
TIM = t imber  maximum f o r  susta ined 

annual harvest  (cubic  volume) 

t = t ime 



The p ro jec ted  t imber  volumes, VT, are de r i ved  I 

f rom t h e  DVNAST simul a t i o n  and a re  determined by 
I 

ha rves t  r a tes  used i n  t h e  management modes be ing  
considered. The general equa t ion  f o r  each h a b i t a t  
harvested i s :  

where: 
VTW = volume o f  t imber  removed from a  

h a b i t a t  (cub ic  volume) 

RML = area o f  h a b i t a t  harvested (a rea)  

YST = y i e l d  standard be ing used, i .e. 
2,680 (cub ic  volume) 

VF = volume f a c t o r ,  ( f i g .  16) 
(dimensi on1 ess)  

SIF = s i t e  index f a c t o r  ( f i g .  17) 
(d imension less)  

SDF = stand dens i t y  f a c t o r  ( f i g .  18) 
(d imension less)  

t = t ime 

The t imber  volume expected f o r  maximum, 
sus ta ined  t imber  p roduc t ion ,  TIM, i s  determined by 
t h e  f o r e s t  type area and harvest  ra te .  The har -  
v e s t  r a t e ,  measured by t h e  r o t a t i o n  per iod, de te r -  
mines t h e  y i e l d  standard, YST. For example, i f  
t h e  goal i s  t o  produce t h e  l a rges t ,  sustained 
c u b i c  v d u n e  and s i t e  index averages 70 and stand 
dens i t y  averages 100, 50 years i s  t h e  r o t a t i o n  
pe r i od  and t he  y i e l d  standard i s  2,680 cubic  f ee t .  



Vhe general  equa t ion  f o r  TIN i s :  

TIM = (TAH/TMR)*YST*VF*SIF*SDF 
where: 

TIM = t imber  maximum (cub ic  volume) 

TAH = t o t a l  area o f  h a b i t a t s  f o r  a  f o r e s t  
t ype  (area)  

TMR = t imbe r  r o t a t i o n  f o r  k i n d  of  
t imbe r  des i  r ed  (years ) 

YST = y i e l d  standard be ing used 
( cub i c  volume) 

VF = volume f a c t o r  ( f i g .  16) 
(d imension less)  

SIF = s i t e  index f a c t o r  ( f i g .  17) 
(d imension less)  

SDF = standard dens i t y  f a c t o r  ( f i g .  18) 
(dirnensi on1 ess ) 

I f  smal l  saw logs  are des i red,  t h e  t imber  
r o t a t i o n ,  TMR, i s  changed t o  80 years. The y i e l d  
s tandard then becomes 3,950 cubic  f e e t  f a r  average 
s i t e  index 70 and average s tand dens i t y  index 100 
(Schnur 1937, Table 34), 

It i s  very d i f f i c u l t  t o  p r e d i c t  which stands 
w i l l  be harvested (see ch. 4). The dynamic p l an  
p r o j e c t s  areas f o r  annual harves t  f rom each hab i -  
t a t ,  but  i n -p l ace  dec is ions  a re  made t o  choose 
stands f o r  harvest  i n  r e l a t i o n  t o  t h e  soc ia l ,  eco- 
nomic, and envi  ronmental s i t u a t i o n s ,  For p l  anni ng 
purposes values can be randomly assigned t o  har-  
vested stands f o r  t h e  s i t e  index and stand dens i t y  
f a c t o r s .  Such s t o c h a s t i c  approximat ions are no t  
expected t o  co inc ide  w i t h  t he  r e a l  values. For 
example, t h e  randomly chosen s i t e  index f a c t o r  
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SITE INDEX CLASS 

F igure  19.--The frequency o f  plots f o r  f i v e  s i t e  classes f o r  t h e  
y i e l d  tables (Schnur 1937). 

Mon i t o r i ng  and p e r i o d i c  i nven to r i es ,  however, 
p rov ide  i n fo rma t i on  ahout average stand d e n s i t i e s  
f o r  t he  stands be ing harvested, The v a r i a b l e  SDF 
i s  omi t ted  f rom t h e  a l go r i t hm*  Average stand den- 
s i t y  is inc luded  i n  t h e  c a l c u l a t i o n s  by changing 
t h e  va lue  o f  t h e  y i e l d  standard, YST, The y i e l d  
s tandard i s  2680 f o r  a f o r e s t  w i t h  average 
s t o c k i n g  i n  t h e  100 percent c lass ,  s i t e  index 70, 
and t imber  maximum r o t a t i o n  o f  5 0 y e a r s 6  I f  t h i s  
f o r e s t  i s  c o n s i s t e n t l y  t h i nned  t o  keep t h e  average 



stand d e n s i t y  near t h e  70 percent  c lass,  t h e  y i e l d  
standard would be 2135 (Schnur 1937, Table 34). 

The y i e l d  standard, VST, can be used t o  r e -  
duce complex i t y  i n  t h e  PTI a l go r i t hm*  The y i e l d  
standard se lec ted  f o r  a  p a r t i c u l a r  f o r e s t  i s  de- 
termined by t h e  ( 1 )  r o t a t i o n  per iod,  TMR, f o r  t h e  
k i n d  o f  t imbe r  desired, ( 2 )  t h e  average s i t e  index 
f o r  t h e  s p e c i f i c  f o r e s t  be ing simulated, and ( 3 )  
t h e  average dens i ty  o f  stands being harvested, 
A d d i t i o n a l  ' T i ne  t un ing "  o f  t h e  model t o  t he  f o r -  
e s t  r e s u l t s  f rom us ing  i n f o r m a t i o n  from moni - 
t o r i n g s ,  research, and i n v e n t o r i e s  t o  change t h e  
y i e l d  t ab le .  

Small Openings Affect the PTI 

The p o t e n t i  at t imber  index i s  reduced when- 
ever  t h e  average opening s i z e  i s  l ess  than 3 
acres. Th is  reduc t ion  i n  PTI compensates f o r  
reduced seed l i ng  growth; f o r  i n j u r i e s  t o  r e s i d -  
ua l ,  border  t r ees  ; and f o r  t he  h igher  costs  f o r  
h a r v e s t i n g  small areas, 

Timber harvest  f rom smal l  openings i n j u r e s  
t h e  crowns, roots ,  and t r unks  o f  surrounding 
t r ees ,  The losses may no t  be apparent a t  harvest ,  
bu t  i n  t i m e  t h e  t o t a l  y i e l d  i s  reduced (B i l t onen  
and o thers  1976; b l a n d  and o thers  1976). 

It i s  d i f f i c u l t  t o  remove a  l a r g e  t r e e  
w i t h o u t  c r e a t i n g  an opening o f  a t  l e a s t  0.2 acre. 
The n a t u r a l  f e l l i n g  o f  t r e e s  i n  old-growth stands 
forms openings o f  t h i s  s i z e  (Wi l l iamson 1973). 

Growth i s  slow f o r  seedl ings, sprouts,  and 
r e s i d u a l  t r e e s  i n  smal l  openings (Marks 1974; 
Roach and G ingr ich  1968; Tr imble 1970, 1973). 
Growth i s  a l so  re ta rded  near t h e  border o f  an 
opening. As t he  opening s i z e  decreases, t he  
r a t i o  o f  area t o  per imete r  decreases. I n  a  
3-acre, Gi r c u i  a r  openi ng, there  are 100 square 
f e e t  o f  area f o r  each f o o t  of per imeter ,  I n  a  
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Figure 20,--The small-opening fac to r ,  SOF, a d j u s t s  timber 
volumes f o r  losses when opening size i s  less than 3 acres. 

0a5-acre opening, t he  area per  per imeter  f o o t  i s  
on l y  40 square fee t .  The l i m i t a t i o n  on growing 
space caused by t h i s  border e f f e c t  i s  i n s i g n i f i -  
cant  f o r  openings l a r g e r  than 3 acres, but i t  
r a p i d l y  becomes more impor tant  f o r  smal f e r  open- 
ings.  I n  t h e  t imber  a lgor i thm,  t he  s i z e  o f  
opening f a c t o r  (SOF) ad jus t s  f o r  losses on a curve 
t h a t  approxi  mates t h e  decreases i n  per imeter  when 
opening s i z e  dec l ines  ( f i g .  20). 

The SOF f a c t o r  i s  used as a  m u l t i p l i e r  i n  the 
equat ion  f o r  computing the t imber  volume removed, 
VTH, The opening-size f a c t o r  has a value o f  1 f o r  
opening s izes  o f  3 acres and l a rge r ,  For these 
l h g e r  openings t h e  t imber  volumes are not ad- 
j u s t e d  by t h e  opening-size f ac to r .  For openiqgs 
l e s s  than 3 acres t h e  opening-size f a c t o r  reduces 
t h e  est imated volumes r e l a t i v e  t o  t h e  r a t i o  o f  
area t o  per imeter ,  

Timber volume losses assoc ia ted w i t h  openings 
l ess  than 3 acres a r e  on ly  p a r t i a l l y  measured a t  
harves t  t ime. The l a r g e s t  losses are i n  t he  ad ja -  
cent  stands. The i n j u r i e s  increase i n  s i z e  due t o  
growth o f  wood-decaying micro-organisms and s t a i n  
formationw* The a l g o r i t h m  cou ld  inc lude  these 
delays, but  they  would probably  not a f f e c t  t h e  
dec i s i on and cont r s l  process. 
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Example 2 

0 10 50 90 1 30 
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Figure 21,--Potential t imber ind ices  p ro jec ted  from t i m e  zero f o r  
two s i  l v i c u l t u r a l  modes. (Chart i s  copied from a p l o t  made by the  
DYNAMO cornpi l e r . )  

P T I  P r o  jeet ions 

P T I  i s  s imple t o  ca l cu la te .  Values can he 
computed by us ing  app rop r i a te  values from t h e  
diagrams ( f i g s .  16, 17, 18). C a l c u l a t i n g  t h e  P T I  
values by hand i s  l abo r i ous  when p ro jec ted  f o r  
many years and when severa l  d i f f e r e n t  harvest  
r a t e s  a re  considered. A computer can speed t h e  
cal  c u l  a t i  ons. 

Two exampf es o f  PHI  p r o j e c t i o n s  are i l l u s -  
t r a t e d  ( f i g .  21). The DYNAST model i s  used; t h e  



d i s p l a y s  a re  m o d i f i e d  f rom those t y p i c a l l y  p r o -  
1 

ducod by t h e  DYNAMO c o m p i l e r  (Pugh 1983). B 
I 

The f i r s t  example f o r  p r o j e c t i n g  PTI e n v i -  
s i o n s  a s i l v i c u l t u r a l  mode t o  h a r v e s t  t h e  o l d -  
growth s tands and e v e n t u a l l y  h a r v e s t  t i m b e r  o n l y  
f rom mature stands a t  80 years  o f  age. The t i m b e r  
v o l  une removed approaches t h e  maximum y i e l d  b e f o r e  
t i m e  50 years  and then  d e c l i ~ e s  t o  a  p o t e n t i a l  
t i m b e r  i ndex  of about 0.9 o f  t h e  maximum y i e l d  
t h a t  would be ob ta ined  a t  a  r o t a t i o n  p e r i o d  o f  50 
years .  The reason f o r  t h e  h i g h  index  between t i m e  
5 and 50 i s  t h a t  t h e  o ld -g rowth  stands have h i g h e r  
volumes p e r  acre  t h a n  t h e  80-year -o ld ,  mature- 

. t i m b e r  stands.  The o ld -g rowth  stands a re  h a r -  
ves ted  d u r i n g  t h e  f i r s t  50 years  a t  a  r a t e  t h a t  
w i l l  r a p i d l y  b r i n g  t h e  f o r e s t  t o  t h e  d e s i r e d  o rga -  
n i z a t i o n a l  s t a t e ,  A f t e r  5n years  t h e  s a l e  o f  o l d -  
growth t i m b e r  d e c l i n e s .  A t  t i m e  130 years ,  t h e  
h a r v e s t  i s  f rom RO-year-old, mature- t imber  stands.  
The P T I  i s  ahout 90 pe rcen t  o f  t h e  t i m b e r  volumes 
t h a t  c o u l d  be ob ta ined  by h a r v e s t i n g  when t h e  mean 
a n n l ~ a l  increment  cu lm ina tes ,  age 50, and t h e  
f o r e s t  i s  a t  a steady s t a t e .  A f t e r  about 130 
y e a r s  t h e  index approaches steady s t a t e  a t  about 
0. 9. 

The next  exanpfe f o r  p r o j e c t i n g  PTI e n v i s i o n s  
t h e  o r g a n i z a t i o n a l  s t a t e  o f  a  f o r e s t  t o  m a i n t a i n  
ahout 25 pe rcen t  o f  t h e  area i n  o ld -g rowth  s tands 
and t o  ha rves t  t i m b e r  f rom o ld -g rowth  s tands a t  
age 300 and f rom mature- t imber  stands a t  age YO. 
Fo r  t h e  f i r s t  3 0 y e a r s  t i m b e r  sa les  a r e  made o n l y  
f r o m  malure- t imber  stands. D u r i n g  t h i s  p e r i o d  t h e  
p o t e n t i a l  t i m b e r  i ndex  inc reases  t o  0.6 o f  t h e  
maximum. From t i m e  30 t o  75, sa fes  o f  o ld -g rowth  
s tands are  increased,  The t o t a l  volumes removed 
i n c r e a w  and t h e  p o t e n t i a l  t i m b e r  index i s  main- 
t a i n e d  a t  about 0.7 o f  t h e  volumes t h a t  c o u l d  be 
ohdained i f  t h e  r o t a t i o n  p e r i o d  were 50 years .  

The t i m b e r  volumes expected f o r  t h e  10-year 
p l a n n i n g  p e r i o d  a r e  much g r e a t e r  f o r  t h e  f i r s t  



than f o r  t h e  second example ( t a b l e  1). I n  t h e  
second example more l a rge -d i  ameter t r e e s  are har -  
vested a f t e r  t ime  30, The lower volumes harvested 
d u r i n g  t h e  f i r s t  decade i n  t h e  second a l t e r n a t i v e  
a re  t h e  r e s u l t  o f  o ld-growth stands be ing accumu- 
la ted .  These of d-growth stands may be des i red  f o r  
some reason as a p a r t  o f  t h e  f u t u r e  o rgan i za t i ona l  
s t a t e  o f  t h e  f o r e s t *  

What i s  impor tant  i s  no t  t h e  p red i c ted  v o l -  
umes bu t  t h e  d i f f e r e n c e s  i n  t h e  volumes. These 
d i f f e r e n c e s  are t h e  bases f o r  dec is ions,  The 
c a l c u l a t i o n s  and d i sp lays  f o r  t imber  alone would 

Table 1.--Volumes o f  t imber  expected t o  be har -  
vested d u r i n g  t h e  f i r s t  10 years f o r  two a l t e r -  
n a t i  ve management modes 

Years f rom F i  r s t  Second 
i nventory  a1 t e r n a t i  ve a1 t e r n a t i  ve 

To ta l  

Thousands o f  cubic  f e e t a  

'Cubic f e e t  t o  a  4- inch t o p  f o r  f u l  l y  stocked 
stands, s i t e  index 70 (Schnur 1337). 



l i k e l y  r e s u l t  i n  dec is ions  equ iva len t  t o  those 
de r i ved  from o the r  a n a l y t i c  mthods ,  What i s  
unique about t h e  dynamic a n a l y t i c  m t h o d  i s  t h a t  
any b e n e f i t  t h a t  can be q u a n t i t a t i v e l y  r e l a t e d  t o  
o rgan i za t i ona l  s t a tes  can be p l o t t e d  and d i r e c t l y  
compared w i t h  o the r  bene f i t s ,  i n c l u d i n g  t imber.  

Ca l cu la t i ons  o f  i nd i ces  f o r  b e n e f i t s  o the r  
than  t imber  are based on t h e  same p r i n c i p l e s  as 
those used t o  p r o j e c t  t imber  volumes. Data o r i g i  - 
na te  f rom research and m n i t o r i n g .  The data a re  
t r a n s l a t e d  i n t o  a  usable format, such as a  y i e l d  
t ab le .  For w i l d l i f e  h a b i t a t s  the format cou ld  be 
a  h a b i t a t  eva lua t i on  t ab le ,  Comparisons a re  based 
on us ing  a  common denominator--the f o r e s t ' s  orga- 
n i z a t i o n a l  state--and d i s p l a y i n g  d l  Pferences on a 
common sca le  from 0 t o  1. The next  sec t ions  ex- 
amine t h i s  t r a n s l a t i o n  process f o r  se lec ted  
va r i ab les  

Water Yie ld  A l  ao r i thm 

P red i c t i ons  o f  water y i e l d  i n  r e l a t i o n  t o  
f u t u r e  s ta tes  o f  f o r e s t  o rgan i za t i on  have uncer- 
t a i n t i e s  s i m i l a r  t o  those f o r  p r e d i c t i n g  any 
f u t u r e  event, However, i n f o r m a t i o n  from expe r i -  
mental watersheds can be used t o  p r o j e c t  d i f f e r -  
ences i n  streamf l ow expected f o r  d i  f f e r e n t  orga- 
n i  za t  i o n a l  s ta tes .  These p r o j e c t i o n s  are no t  
expected t o  be p rec i se  f o r  a  s p e c i f i c  f u t u r e  year  
because unpred ic tab le  va r i ab les  such as r a i  n f a l  1 
and r a d i a n t  energy recep t i on  due t o  v a r i a t i o n s  i n  
c loud  cover a f f e c t  t h e  est imates, What we a re  
concerned w i t h  i s  making a  choice between a l t e r -  
n a t i  ve management modes i n  r e ?  a t  i on t o  d i f f e r e n c e s  
i n  s t reamf l  ow and d i f f e r e n c e s  i n  o the r  b e n e f i t s  , 

Experience and research leads t o  t h e  mental 
model t h a t  watersheds w i t h  maximum f o r e s t  cover, 
which have h i  gh p o t e n t i  a1 s  f o r  evaporat ion and 
t r a n s p i  r a t i o n ,  have minimum water y i e l d s  r e l a t i v e  
t o  p r e c i p i t a t i o n .  Maximum water y i e l d  i s  expected 
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Dobglass and Swank (1975) equat ion t o  est imate t h e  
annual y i e l d  i n  inches o f  water, The f i r s t - y e a r  
inc rease  i s  est imated by t he  equat ion:  

Q = ~ ( B / I ) '  
where : 

= increase i n  water y i e l d  (acre- inches)  

a  = constant  w i t h  t h e  va lue 0.00224 

x  = constant  w i t h  t h e  va lue 1.4462 

€3 = p r o p o r t i o n  o f  basal area removed by 
h a r v e s t i n g  (percen t )  

I = i n s o l a t i o n  index w i t h  t h e  value 0.27 
f o r  t h e  B i g  I v y  area 

Water y i e l d  f o r  a  g iven stand area increases 
du r i ng  t h e  f i r s t  growing season a f t e r  t imber  i s  
harvested. The increase i n  water y i e l d  over t h a t  
o f  undis turbed stands dec l ines  t o  approximately 

TIME SINCE HARVEST (Years) 

F igure 22, --Accumulated increases i n  streamfl  ows estintated f o r  the 
B i g  Ivy fo res t ,  by time since harvest o f  100 percent o f  the basal 
area of a stand; average slope i s  about 14 percent and faces west. 



Table 2.--Increases i n  streamflow expected on t h e  
B i g  I v y  f o r e s t ,  Nor th  Caro l ina,  a f t e r  harvest  o f  
100 percent  o f  t h e  basal area 

Years s i nce  
harves t  Annual Accumul a ted  

zero  about 18 years a f t e r  harvest  ( tab1 e  2). For  
a  stand area i n  B i g  Ivy ,  i f  we p l o t  t h e  accumu- 
l a t e d  inc rease  per acre i n  water y i e l d  f o r  100 
percent  basal area removed by years s ince  harvest ,  
we have a  r e l a t i o n  t h a t  can be t r a n s l a t e d  i n t o  an 
a l g o r i t h m  i n  r e l a t i o n  t o  t h e  f o r e s t ' s  organiza-  
t i o n a l  s t a t e  ( f i g .  22). 

No i n fo rma t i on  i s  a v a i l a b l e  about how opening 
s i z e  a f f e c t s  water y i e l d .  The a lgo r i t hm i s  based 



on t h e  assumption t h a t  a l l  opening s i z e s  c o n t r i  b-  
ute equa l ly  t o  water y i e l d  and t h a t  t h e  a r e a  h a r -  
vested i s  t he  sum o f  t h e  opening areas formed. 
The change i n  y i e l d  f o l l o w s  the curve f o r  a B-  
value o f  100 p e r c e ~ t  ( f i g .  23). The equat ions 
are:  

MY1 = NV/ (Typ l  x MSWI) 

WY = (SEWI x A l )  + (SAWI x B l )  

SEWI = SEW/DA1 

sawr = (SAWN - SEW)/DBI 

where : 

M Y 1  = water y i e l d  index (d imension less)  

W V  = annual increase i n  water y i e l d  
f rom e n t i  r e  f o r e s t  type (acre-  
f e e t l y e a r )  

Typ l  = t h e  f o r e s t  area o f  Type 1 (ac res)  

NSWT = maximum sustainabf e increased 
water  y i e l d  (ac re - fee t /year )  ; 
t h i s  constant  f o r  t h e  B i g  Tvy 
area i s  0.417 

SEW1 = water from seed l ing  h a b i t a t s  
(ac re - fee t  / year )  

A 1  = area of seed l ing  h a b i t a t s  (ac res )  

SAWI = water f rom sap l i ng  h a b i t a t s  
(ac re - fee t  / year )  

B1= area o f  sap l i ng  h a b i t a t s  (ac res )  

SEW = water increase f o r  seed1 i n g  habi - 
t a t s ,  read f r o m  t h e  cha r t  ( f i g .  
22)  (acre- feet  /year)  



D A 1  = de lay  f o r  s e e d l i n g  h a b i t a t s  ( y e a r s )  

SAWM = maximum accumulated inc rease  f o r  
ha rves ted  areas, read from t h e  
c h a r t  ( f i g .  22) f o r  age 18 years  
( a c r e - f e e t / y e a r )  

D B 1  = de lay  f o r  s a p l i n g  h a b i t a t s  
(years  

1 .o 
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Figure 23.--Water yield i n d i c e s  projected f r o m  t ime zero for 
two s i  lvicultural modes. (Chart i s  copied from a plot made 
by the DYNAHO compiler.) 



Over t ime, mon i t o r i ng  and research data can 
f i t  t h e  a l g o r i t h m  more c l o s e l y  t o  t h e  f o r e s t ' s  
behavior  . 

The water y i e l d  index i s  s imple t o  c a l c u l a t e  
and can he done q u i c k l y  by us ing  t h e  DYNAST model 
t o  p r o j e c t  o rgan i za t i ona l  s t a tes  and t o  r e l a t e  t h e  
water  y i e l d  index t o  these s ta tes .  Two examples 
a re  i l l u s t r a t e d .  The o rgan i za t i ona l  s t a tes  a re  
those used t o  i l l u s t r a t e  t h e  p o t e n t i a l  t imber  
index ( f i g .  21). 

The increases i n  water  y i e l d  a re  r e l a t e d  p r i  - 
m a r i l y  t o  t h e  increased areas i n  seed l ing  h a b i t a t  
a s ' t h e  t imber  harvest  r a tes  increase. Both t h e  
p o t e n t i a l  t imber  index and t h e  water y i e l d  index 
a re  based on t rans fo rmat ions  i n  t h e  f o r e s t ' s  orga- 
n i z a t i o n a l  s ta tes .  Timber harvests  may be used t o  
d i r e c t  t h e  t rans fo rmat ions ,  bu t  t he  t r a n s f o r -  
mat ions and t h e  i nd i ces  change i n  r e l a t i o n  t o  t h e  
dynamics o f  t h e  ecosystem. 

Sediment Movement A1 g o r i  thm 

P a r t i c l e s  o f  sediment f l o w  through t h e  land-  
scape a t  va ry ing  ra tes ,  which are a f f e c t e d  by 
s  1 ope steepness, w i  nd, water movement above and 
be1 ow ground, and geolog ic  subst ra te .  Forests  
r e t a r d  sediment f lows. The f l ow  ra tes  o f  both 
o rgan ic  and inorgan ic  p a r t i c l e s  a re  delayed by 
t h e  m a t r i x  o f  r oo t s  and so i  1  and by t h e  p r o t e c t i v e  
l i t t e r  cover. Trees can be removed from f o r e s t s  
w i t h  small increases i n  t h e  sediment f l ow  i f  t h e  
sur face layers  o f  l i t t e r  and r o o t  m a t r i x  a re  not 
destroyed. Roadbui ld ing breaks up t h e  l i t t e r  
cover and roo t  m a t r i x  and increases sediment 
f lows. 

A p r a c t i c a l  index o f  sediment f l ow  can he 
based on t he  number o f  openings formed per square 
m i l e  o f  f o r e s t  per year.  The number o f  openings 



i s  r e l a t e d  t o  t he  numher of m i les  of roads and 
s k i d  t r a i l s  requ i red  t o  remove t he  t imber  (Nyland 
and o t h e r s  1976). As t h e  s i z e  o f  openings de- 
creases, the number of openings f o r  equal ha rves t  
areas increases.  However, when many small open- 
i ngs are Formed, s ~ h  as when s i n g l e  t rees  a r e  
removed, t h e  mi les  o f  roads and s k i d  t r i a l s  
r equ i red  per  opening may he reduced by c l u s t e r i n g  
t h e  openings* Thus, t h e  r e l a t i o n  between t h e  
openings per syuare m i  l e  and t h e  s i l t  p roduc t i on  
i s  not a s t r a i g h t  l i n e ;  sediment f low increases a t  
a d e c l i n i n g  r a t e  as t h e  number o f  openings 
i ncreases 

The sediment index has two components: a 
sediment increase based on t h e  number o f  openings 
pe r  square m i l e  per  year  and a sediment decrease 
based on average opening s i z e  whenever the  s i z e  i s  
l e s s  than 3 acres. The sediment decreases when- 
ever  opening s izes are l ess  than 3 acres because 
smal l  openings are c l u s t e r e d  t o  reduce t h e  t o t a l  
m i l e s  o f  road and s k i d  t r a i l s ,  

The r a t e  o f  sediment d e c l i n e  f o r  opening 
s i zes  l e s s  than 3 acres i s  determined by a t a h l e  
f u n c t i o n  ( f i g .  24). As t h e  average opening s i r s  
approaches zero, t h e  amount o f  roadi  ng reqri i  r e d  
f o r  c l u s t e r i n g  t he  s k i d  t r a i l s  i s  assumed t o  he 
one - th i r d  of t h a t  f o r  3-acre openings. When the 
openings a re  l a r g e r  than 3 acres, the ;a:nount o f  
sediment i s  not reduced because i t  i s  d i f f i c u l t  t o  
reduce t h e  amount of roading f o r  these opening 
s izes.  

The most important r e l d t i n n  f o r  sediment 
p roduc t i on  i s  t h e  number o f  openings created per  
square m i  l e  of f o r e s t  per  year.  As t h i s  number 
increases,  the  rni les o f  roads a n d  s k i d  t r a i  I s 
t h a t  increase sediment rnovcment inus t increase 
( f i g .  25) .  An 80-year r o t a t i o n  a t  s teady s t a t e  
r equ i res  a harvest o f  one 8-acre  opening per year 
p e r  square m i l e  i f  harvest  i s  r e s t r i c t e d  t o  a 
squar-e-tni l e  a r e a  and opening s i r e s  are l i m i t 4  t o  
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Figure 24.--Sediment decrease as a function o f  c lus te r ing  openings 
less than 3 acres. 
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Figure 25.--Sediment increase resu l t ing  from increased road and 
s k i d  t r a i l  construction as the number o f  openings per square mi le  
per year  increases, 

8 acres*  This  i s  the maximum d i spe rs i on  o f  
openings f o r  rnost management modes on t h e  B i g  I vy .  
Thus, t h e  cha r t  r e l a t e s  one opening per square 
m i l e  per year  t o  t h e  maximum amount of sediment 
f rorn road cons t ruc t ion .  The more t y p i c a l  case 
would be opening s i z e s  o f  25 t o  30 acres w i t h  l ess  



t h a n  one opening p e r  square m i le .  Large open ings  
g r e a t l y  1 i m i  t road c o n s t r u c t i o n  and sediment f l ow ,  

The o r g a n i z a t i o n a l  s t a t e s  used t o  i 1 l u s t r a t e  
t h e  p o t e n t i a l  t i m b e r  i ndex  a r e  used t o  i l l u s t r a t e  
t h e  sed iment  f l o w  index.  I n  t h e  f i r s t  example, 
25-acre openings w i t h  a random v a r i a t i o n  a r e  used 
because i t  i s  no t  p o s s i b l e  t o  rnake a1 1 open ings 
e x a c t l y  25 acres. The random v a r i a t i o n  i s  based 
on a s t a n d a r d  e r r o r  o f  2 acres ;  most openings a r e  
expected t o  be 25 + ( 2  x 2.4) acres. I n  t h e  
second example, 10-acre openi ngs w i t h  a s t a n d a r d  
e r r o r  o f  1 acre  a r e  used; most openings a r e  
expected t o  be 10 i- ( 1  x 2.4) acres. The s m a l l e s t  
openings a re  l a r g e r  t h a n  3 acres,  so t h e  sediment 
decrease f a c t o r  i s  no t  used. 

By p r o j e c t i n g  t h e  ha rves t  r a t e s  f o r  each 
example, we can p r o j e c t  t h e  number o f  openings 
formed p e r  square m i l e  pe r  year .  A random number 
t a b l e  can  be used t o  vary  t h e  opening s i z e s  
a p p r o p r i  a t e  f o r  t h e  ass igned s tandard e r r o r s .  The 
DYNAST model i s  used t o  compute and p l o t  t h e  sed i  - 
ment i n d i c e s  f o r  t h e  two examples ( f i g .  26). 
Example 2 has t h e  h i g h e r  sediment f l o w  a l t h o u g h  
l e s s  t i m b e r  i s  ha rves ted  than  f o r  Example 1. 
Example 1 has openings about 2.5 t i m e s  l a r g e r  t h a n  
t h o s e  f o r  Example 2. A l though more t i m b e r  i s  h a r -  
ves ted  f o r  Example 1, fewer roads and s k i d  t r a i l s  
a r e  r e q u i r e d  t o  connect  t h e  25-acre openings t h a n  
t h e  10-acre  openings i n  t h e  second example. The 
d i f f e r e n c e s  i n  sediment f l o w s  between Examples 1 
and 2 a r e  determined b o t h  by t h e  ha rves t  r a t e s  and 
t h e  open ing s i zes .  

s t a t  
amou 

Harvest  r a t e s  and s i z e s  o f  openi ngs de te rm ine  
es o f  f o r e s t  o r g a n i z a t i o n  and a r e  r e l a t e d  t o  
n t  o f  road c o n s t r u c t i o n ,  which i s  r e l a t e d  t o  

sediment f lows.  A h i g h  sediment f l o w  r a t e ,  r e l a -  
t i v e  t o  u n d i s t u r b e d  f o r e s t s ,  i s  an u n d e s i r a b l e  
impact ,  The o b j e c t i v e  i s  t o  l i m i t  t h e  sediment 
f l o w  index  t o  l e s s  t h a n  1, which i s  t h e  maximum 
a c c e p t a b l e  l i m i t .  A t  an index  o f  1, one open ing 
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F igu re  26.--Sediment f l ow  ind ices p ro jec ted  from t ime zero for  
two silvicultural modes. (Chart i s  copied from a p l o t  made by 
t he  DYNAMO compiler.) 

i s  formed pe r  y e a r  f o r  each 640 acres  o f  f o r e s t .  
I n  most f o r e s t  s i t u a t i o n s  more sediment i s  moved 
by c o n s t r u c t i n g  access roads t o  an open ing t h a n  by 
h a r v e s t i n g  t h e  opening. F o r  a g i ven  h a r v e s t  r a t e  
( a c r e s l y e a r ) ,  sediment f l o w  can b e s t  be reduced by 
t h e  open ing s i z e ,  t h e r e b y  r e d u c i n g  t h e  m i l e s  o f  
access roads and t r a i  I s .  

The w h i t e - t a i l e d  deer  uses many h a b i t a t s  i n  
t h e  Sauthern Appa lach ian Mountains.  The h a b i t a t  



f o r  t h i s  animal can he enhanced by b r i n g i n g  about 
an appropr ia te  d i  s t  r i  b u t i  on o f  seedl i ng, sap1 i ng, 
and mast-produei ng stands. Seed1 i ng h a b i t a t s  
p rov ide  browse, s o f t  mast, and minimum cover, 
Sap1 i ng h a b i t a t s  p rov ide  escape cover and beddi ng 
areas. I f  harvest  r a tes  ma in ta in  seed l ing  habi  - 
t a t s  adequate f o r  browse, adequate sap l i ng  hab i -  
t a t s  w i l l  be ava i l ab le .  The 10-inch pole,  mature 
t imber ,  and 01 d-growth h a b i t a t s  p rov ide  hard mast 
and cover. 

Opening s i z e  i s  impor tant  f o r  browse i n  t h e  
seed l i ng  stage, f o r  cover and bedding i n  t h e  
s a p l i n g  stage, and f o r  t h e  frequency o f  ecotone 
areas. About 1- t o  6-acre openings p rov ide  l a r g e  
amounts o f  browse and a h i gh  frequency o f  m i  xed 
vegetat ion.  Openings l a r g e r  than about 1 acre 
p rov ide  escape and bedding areas. Openings t h a t  
a re  50 acres o r  more l i m i t  t h e  u t i l i z a t i o n  o f  
browse i n  the  seed l ing  stage. Mature t imber  p ro -  
v ides hard mast and cover. 

The e f f e c t  o f  opening s i z e  on deer h a b i t a t  
can be expressed by us ing  one char t  f o r  speni ng 
s i z e  (Boyce 1977) and one f o r  frequency i n  r e l a -  
t i o n  t o  harvest  ra te .  Another way i s  t o  r e l a t e  
t h e  deer h a b i t a t  index t o  t h e  number o f  openings 
pe r  square m i l e  ( f i g .  27). 

The assumption i s  t h a t  one opening formed per  
yea r  per 1,280 acres, 2 square mi les,  prov ides t h e  
s i zes  and t h e  frequencies,  both s p a t i a l l y  and tem- 
p o r a l  l y ,  f o r  maximum use o f  s o f t  mast and browse 
by deer i n  t he  B i g  I v y  area. As t h e  number o f  
openings formed per year  per square m i  l e  dec l ines,  
t h e  use o f  browse dec l i nes ;  t h i s  number dec l ines  
as opening s i z e  increases and as t in iher  harvest  
r a t e s  dec l ine .  Deer index due t o  openings does 
no t  go t o  zero when no openings are formed, I n  
o l d  growth and und is tu rbed  f o res t  some hrowse i s  
ava i  1 ab le ,  

The t o t a l  amount o f  s o f t  mast and hrowse i s  
r e l a t e d  t o  t he  p r o p o r t i o n  of t h ~  f o r e s t  i n  seed- 
l i n g  h a h i t a t  ( f i g .  28). When no seed l ing  h a h i t a t  
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Figure 27.--Index of  so f t  mast and browse po ten t ia l  f o r  deer as a 
funct ion o f  the number o f  openings formed per square s i l e  per year, 

FRACTION OF FOREST IN 
SEEDLING HABITATS 

Figure 28.--Index o f  so f t  mast and browse po ten t ia l  f o r  deer as a 
funct ion o f  the proport ion o f  area i n  seedl ing habitats. 

i s  a v a i l a b l e ,  the amount o f  browse and s o f t  mast 
i s  a b u t  0.1 o f  t h e  maximum. As the p ropo r t i on  o f  
t h e  f o r e s t  i n  seed l ing  h a b i t a t  increases, the con- 
t r i b u t i o n  of t h i s  h a h i t a t  t o  t h e  deer index a l so  
i ncreases The maximum amount o f  seedl i ng h a b i t a t  
t h a t  cou ld  be acceptable f o r  t h e  B i g  I v y  a rea  i s  
about 5 t o  6 percent o f  t h e  forest. A t  steady 



s t a t e ,  6 percen t  o f  t h e  area i n  s e e d l i n g  h a b i t a t  
1 t o  5 y e a r s  o l d  r e q u i r e s  a  r o t a t i o n  p e r i o d  o f  83 
y e a r s ;  f o r  t h i s  r o t a t i o n  p e r i o d ,  t h e  deer i n d e x  
f o r  seed1 i n g s  i s  s e t  a t  1. S h o r t e r  r o t a t i o n s  t o  
i n c r e a s e  t h e  a m o ~ ~ n t  of browse and s o f t  mast would  
n o t  improve c o n d i t i o n s  f o r  deer i n  t h e  B i g  I v y .  

I n  d i f f e r e n t  f o r e s t s  t h e  r e l a t i o n  between t h e  
deer  browse index and s e e d l i n g s  may have a d i f -  
f e r e n t  shape f rom t h a t  il l u s t r a t e d  i n  f i g u r e  28, 
From research  m o n i t o r i n g  and exper ience,  d i f f e r e n t  
amounts o f  s e e d l i n g  h a b i t a t s  may be found t o  p r o -  
v i d e  maximum browse. Fo r  example, t h e  index  may 
be found t o  have a  va lue  o f  1 when 4 pe rcen t  o f  
t h e  area i s  i n  s e e d l i n g  h a b i t a t .  However, t h e  
d i r e c t i o n  o f  t h e  r e l a t i o n  i s  no t  l i k e l y  t o  change. 
An i n c r e a s e  i n  amount o f  seed1 i n g  h a b i t a t  f rom 
z e r o  w i l l  i nc rease  t h e  amount o f  deer browse up t o  
a l i m i t .  Wi th  no i n f o r m a t i o n  one c o u l d  draw a  
s t r a i g h t  l i n e  f rom 0.1 f o r  ze ro  seed l ings  t o  1 f o r  
4 pe rcen t  o f  t h e  area i n  seed l ings .  Even t h i s  
l i m i t e d  assumption i s  u s e f u l  f o r  t h e  d e c i s i o n  and 
c o n t r o l  process.  D e t a i  l e d  research and m o n i t o r i n g  
would  n o t  change t h i s  r e l a t i o n  bu t  would p r o v i d e  
ev idence f o r  m o d i f y i n g  t h e  shape and t h e  l i m i t  o f  
t h e  r e l a t i o n .  

F i r s t  es t ima tes  f o r  a l g o r i t h m s  can be p r o -  
duced f r o m  e x p e r i  ence and 1  i b r a r y  sources. Bu t  
new i n f o r m a t i o n  i s  o f t e n  needed t o  a d j u s t  t h e  
shape and t h e  l i m i t  o f  t h e  r e l a t i o n s h i p  t o  make 
t h e  i n d i c e s  more congruent  w i t h  a  p a r t i c u l a r  
f o r e s t .  

Hard mast may n o t  be e s s e n t i a l  f o r  deer i n  
some f o r e s t s ,  bu t  an i n c r e a s e  enhances t h e  h a b i t a t  
f o r  deer i n  many areas, When no h a b i t a t s  produce 
ha rd  mast, t h e  deer i ndex  i s  about 0.1 f o r  t h e  B i g  
I v y  ( f i g .  29). When more t h a n  70 pe rcen t  o f  t h e  
f o r e s t  i s  hard  mast h a b i t a t ,  i n c r e a s i n g  t h e  p r o -  
p o r t i o n  does no t  improve t h e  l i v e l i h o o d  for deer *  



The h a b i t a t s  produc ing hard mast are the 
areas i n  10-inch pole,  mature t imber ,  and o l d  
growth. Old-growth h a b i t a t s ,  especi a1 l y  some spe- 
c i e s  o f  oaks (USDA FS 1980), produce l ess  hard 
mast per  u n i t  o f  f o r e s t  than t h e  younger age 

FRACTION OF FOREST IN 
HARD MAST HABITATS 

Figure 29.--Increase in availability o f  hard mast with an increase 
in the proportion of forest area in hard mst-producing habitats, 
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FRACTION OF FOREST IN OLD GROWTH 

Figure 30.--Decrease in hard mast production as a portion of the 
stand advances into the old-growth age class. 



classes. When t h e  p r o p o r t i o n  o f  hard mast h a b i t a t  
c o n s i s t s  o f  more than 10 percent  o l d  growth, t h e  
hard mast p roduc t ion  index i s  decreased ( f i g .  30). 
The decrease i s  not  r a p i d  and i s  75 percent o f  t he  
maximum p o t e n t i a l  when a1 1  o f  t h e  hard mast hab i -  
t a t  i s  o l d  growth, The hard mast p roduc t ion  index 
may be used t o  es t imate  t h e  p o t e n t i a l  l i v e l i h o o d  
f o r  o the r  animals such as s q u i r r e l s  and turkeys.  

Because t h e  i n d i c e s  are a l l  on t h e  sca le  o f  0 
t o  1, values f o r  t h e  t h ree  r e l a t i o n s  can be r e -  
duced t o  a  s i n g l e  number by mu1 t i p 1  i c a t i o n .  The 
deer h a b i t a t  index i s  mathemat ica l ly  expressed: 

DEER = HTD x  OTD x  HM 

where: 

DEER = deer h a b i t a t  index 

HTD = deer h a b i t a t  due t o  seedl ings 
( f i g .  28) 

OTD = deer h a b i t a t  due t o  opening s i z e  
and frequency ( f i g .  27)  

HM = hard mast p roduc t ion  index 
( f i g s .  29, 30) 

I n fo rma t i on  f o r  t he  c a l c u l a t i o n s  may be 
de r i ved  from the  p r o j e c t i o n  o f  t h e  f o r e s t ' s  
o rgan i za t i ona l  s ta tes .  P ro jec t i ons  are p l o t t e d  
( f i g .  31) f o r  t h e  deer h a b i t a t  index f o r  the  two 
exarnpl es p rev ious l y  described. 

For  t h e  f i r s t  decade, poss ib l y  a  p lann ing  
per iod ,  t h e  deer h a b i t a t  index i s  approx imate ly  
t h e  same f o r  both examples ( f i g .  31). A f t e r  tirne 
10 t h e  h a b i t a t  index f o r  deer cont inues t o  i n -  
crease f o r  Example 2  but dec l ines  f o r  Example 1. 
A f t e r  50 years t h e  index f o r  Example 1 i s  s t i  11 
t w i c e  t h e  i n i t i a l  value a t  t ime zero. For Example 
2, t h e  index i s  about t h ree  t imes the i n i t i a l  
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F igure 31.--Deer hab i ta t  indices projected from time zero f o r  
two s i  l v i c u l t u r a l  modes. (Chart i s  copied from a p l a t  made by 
the DYNAMO compiler. f 

va lue  a t  t i m e  zero, F o r  t h e  f i r s t  10-year p l a n -  
n i n g  p e r i o d ,  e i t h e r  example i s  acceptab le .  And, 
a t  t h e  end o f  t h e  decade, a  new managenenL mode 
may be chosen t h a t  i s  d i f f e r e n t  f rom e i t h e r  
Example 1 o r  2. S i m u l a t i n g  t h e  two examples f o r  
130 y e a r s  p rov ides  some assurance t h a t  e i t h e r  one 
can m a i n t a i n  t h e  deer h a b i t a t  w e l l  above the  i n i -  
t i a l  va lue  f o r  many years .  



The dec l i ne  i n  t h e  deer h a b i t a t  index f o r  
Example 1 a f t e r  t ime 10 i s  due t o  a  reduc t ion  i n  
t h e  amount o f  h a b i t a t  produc ing hard mast as t h e  
f o r e s t  i s  t ransformed toward t h e  steady s t a t e  f o r  
a  one - ro ta t i on  pe r i od  o f  80 years. Deer h a b i t a t  
index f o r  Example 2 cont inues t o  increase a f t e r  
t i m p  10 hecairse t he  superimposed r o t a t i  on per iods  
w i t h  r o t a t i o n s  o f  90 and 300 years increase both 
t h e  amotrnt o f  browse and hard mast. Also, t h e  10- 
acre openings used f o r  Example 2 p rov ide  f o r  
b e t t e r  d i spe rs i on  and use o f  t he  browse than t h e  
25-acre openings used f o r  Example 1 ( f i g .  27). 
The number o f  openings per  square m i l e  per year  
increases as t h e  opening s i z e  changes from 25 t o  
10 acres. This change increases t he  d i spe rs i on  
o f  t he  openings, and t h e  deer are b e t t e r  ab le  
t o  use browse i n  10-acre openings than i n  25-acre 
openings. 

The h a b i t a t  f o r  p i l e a t e d  woodpeckers 
increases w i t h  an increase i n  the  p ropo r t i on  o f  
t h e  area i n  old-growth stands, These o l d  stands 
p rov ide  t r e e s  l a r g e r  than 20 inches i n  diameter 
f o r  n e s t i n g  c a v i t i e s ;  t h e  dead t rees ,  dead 
branches, and logs i n  o l d  stands are a  source o f  
i n s e c t s  f o r  t h e  b i r d .  Carpenter ants are an 
impor tan t  source o f  food f o r  t h i s  b i  rd ,  espec ia l  l y  
du r i ng  t h e  w i n t e r  when o the r  i nsec t s  and f r u i t s  
a re  not  ava i l ab le .  The most f requent  nes t i ng  
s i t e s  are i n  dense, o ld-growth stands w i t h  l a rge -  
diameter t r ees  and many s tand ing  and fa1 l e n  dead 
t r ees .  I f  no old-growth stands are present,  t h e  
p i  l e a t e d  woodpeckers w i  11 su rv i ve  i n  1  i m i  t e d  num- 
bers  i n  mature and younger t imber  stands* The 
woodpecker has been known t o  nest i n  wooded subur- 
ban areas, i n  developed r e c r e a t i o n  areas, a long 
busy highways, and i n  o the r  areas i nhab i t ed  by 
people*  However, t h e  p o t e n t i a l  h a b i t a t  o f  t h i s  



b i r d  i s  g r e a t l y  increased as t h e  p ropo r t i on  o f  
f o r e s t  area i n  old-growth stands increases 
( f i g .  32). 

The absence o f  o ld-growth stands does no t  
necessa r i l y  e l i m i n a t e  t h e  p o t e n t i a l  l i v e 1  i hood f o r  
p i l e a t e d  woodpeckers. Consequently, t h e  index i s  
0.1 a t  t h e  zero f r a c t i o n  o f  o l d  growth. The index 
increases r a p i d l y  t o  a maximum when 40 percent  o f  
t h e  area i s  i n  old-growth h a b i t a t .  Al though t h e  
number o f  p i l e a t e d  woodpeckers may increase i f  t h e  
p r o p o r t i o n  o f  old-growth area increases beyond 40 
percent,  no data are a v a i l a b l e  t o  support  t h i s  
assumpt i on. 

The h a b i t a t  f o r  p i  1  eated woodpeckers i s  
assumed t o  decrease i f  more than 20 percent o f  t h e  
area i s  i n  seed l i ng  and s a p l i n g  h a b i t a t  ( f i g .  33). 
However, p i l e a t e d  woodpeckers may be found on 
snags i n  c l e a r c u t  openings and some sap l i ng  hab i -  
t a t s *  As t h e  p r o p o r t i o n  o f  seed l ing  and s a p l i n g  
h a b i t a t s  increases t o  about 70 percent o f  t h e  
area, t h e  p i  l eated woodpecker hahi t a t  decl  i nes t o  
about 10 percent  o f  the  maximum. Th is  s i t u a t i o n  
would occur f o r  spec ia l i zed  management purposes 
such as i nc reas ing  water y i e l d  by ha rves t i ng  m s t  
o f  t h e  area a t  about 20 years o f  age wh i l e  s t i l l  
p e r m i t t i n g  some o f  t h e  stands t o  su rv i ve  t o  o l d -  
growth ages, 

The waveform o f  t h e  r e l a t i o n s  may d i f f e r  f rom 
one geographic area t o  another. The impor tant  
p o i n t  i s  t h a t  spec ia l i zed  h a b i t a t  r e l a t i o n s  can be 
expressed i n  s imple wh i t e  boxes (See ch. 6 )  and 
can be ad justed when new i n f o r m a t i o n  i s  gathered 
f rom research and exper i  ence. 

The a l  g o r i  thm f o r  p i  l e a t e d  woodpecker h a b i t a t  
i s  t h e  product  o f  t h e  c o n t r i b u t i o n s  o f  o l d  growth, 
reed1 ing ,  and sap1 i n g  hab i t a t s .  

P I L  = P L I  x PLD 

where: 
P I L  = index f o r  t h e  p o t e n t i a l  h a b i t a t  o f  

p i l e a t e d  woodpecker 
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F i g u r e  32.--The h a b i t a t  f o r  p i l e a t e d  woodpecker increases w i t h  
an i n c r e a s e  i n  t h e  propor t ion  o f  old growth. 

FRACTION OF FOREST IN 
SEEDLINGS AND SAPLINGS 

F i g u r e  33.--The h a b i t a t  f o r  p i l e a t e d  woodpecker decreases as t h e  
p r o p o r t i o n  o f  f o r e s t  i n  seedl ing  and s a p l i n g  h a b i t a t  increases  
above 10 percent.  

P L I  = h a b i t a t  increase d u e  t o  o l d  growth 
( f i g .  3 2 )  

PLD = h a b i t a t  decrease d u e  t o  seed l ing  and 
s a p l i n g  h a b i t a t s  ( f i g .  33) 



O f  t h e  two s i  I v i c u f t u r a %  modes discussed 
e a r l i e r ,  Example 2 shows increases i n  t h e  h a b i t a t  
f o r  p i  fea ted  woodpeckers ( f i g .  34). Th is  inc rease  
i s due t o  t h e  i nc rease  i n  t h e  p r o p o r t i  on o f  of d 
growth--30 percent o f  t h e  area i s  r o t a t e d  through 
300 years.  The s i n g l e  r o t a t i o n  o f  80 years, 
Example 1, decreases t h e  h a b i t a t  f o r  p i  l ea ted  
woodpecker because t h e  accumulated old-growth 
h a b i t a t s  t h a t  were found i n  t he  i n i t i a l  inventory  
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Figure 34.--Piteated woodpecker indices projected from time zero 
for two silvicultural modes. (Chart is copied from a computer 
plot made by the DYNMO cowiler.) 



a r e  harvested.  Also,  t h e  80-year r o t a t i o n  i n -  
creases t h e  p r o p o r t i o n  o f  seedl i ng and sap1 i ng 
h a h i t a t s  t o  about 40 pe rcen t  by t h e  y e a r  90. T h i s  
s t a t e  c o n t r i b u t e s  t o  t h e  d e c l i n e  i n  t h e  p o t e n t i a l  
f o r  p i l e a t e d  woodpeckers. 

Use o f  F o r e s t  O r g a n i z a t i o n  i n  Management Goals 

The bionomic t h e o r i e s  revea l  a l o g i c a l  man- 
agement s t r u c t u r e .  The new management s t r u c t u r e  
i s  t o  c o n v e r t  t h e  p o s i t i v e  feedback systern f o r  
o r g a n i z a t i o n  o f  f o r e s t  communit ies t o  a  systern 
w i t h  n e g a t i v e  feedback loops  and w i t h  a  goal o f  
b r i  n g i  ng about a  c e r t a i n  d i  s t  r i  b u t i  on o f  stands by 
f o r e s t  types,  ages, and areas. The goal i s  d e t e r -  
mined by s e l e c t i n g  a  b i o l o g i c a l l y  p o s s i b l e  o rgan i  - 
z a t i o n a l  s t a t e  o f  a  f o r e s t  on t h e  b a s i s  o f  t h e  
b e n e f i t s  i t  i s  l i k e l y  t o  produce. The s e l e c t e d  
henef  i t cornbi n a t i  ons determi  ne t h e  p r o p o r t i  ona 1  
h a b i t a t  d i s t r i b u t i o n ,  a  s i n g l e  goal ,  toward which 
management a c t i o n s  a r e  do be d i r e c t e d .  Wi th  a 
s i n g l e  goa l ,  t h e  c o m p l e x i t i e s  generated by 
a t tempts  t o  match b e n e f i t s  and a c t i o n s  on a  one- 
to-one b a s i s  a re  harmonized. 

The way t o  ach ieve a  h a b i t a t  d i s t r i d u t i o n  i s  
t o  o r g a n i z e  t h e  stands b-y age c lasses,  I f  two o r  
more r o t a t i o n  p e r i o d s  a r e  used, h a b i t a t s  can be 
p r o p o r t i o n a t e l y  d i  s t r i  bu ted  by age c lasses  t o  p r o -  
v i d e  v a r i o u s  combinat ions o f  sus ta ined  b e n e f i t s .  
I f  two o r  more r o t a t i o n  p e r i o d s  a re  superimposed 
so t h a t  no h a b i t a t  i s  a1 l o c a t e d  t o  a r o t a t i o n  
p e r i o d  u n t i l  t h e  t i m e  f o r  ha rves t  o f  stands f rom 
t h e  s h o r t e r  r o t a t i o n ,  a  l a r g e  number o f  d i f f e r e n t  
combi n a t  i ons o f  age c l  asses and b e n e f i t s  a r e  
a v a i l a b l e .  

The d e c i s i o n  and c o n t r o l  system l i n k s  t h e  
f o r e s t  yanager and a1 1 i n t e r e s t e d  p a r t i e s  t o  t h e  
b i o l o g i c a l  sjtstems o f  t h e  f o r e s t  as n e g a t i v e  feed-  
back loops ( f i g .  3 ) .  I n v e n t o r i e s  and moni t o r i n g s  
a r e  used t o  compare t h e  f o r e s t ' s  performance w i t h  
a s tandard,  which i s  t h e  o r g a n i z a t i o n a l  s t a t e  o f  
t h e  f o r e s t  and t h e  a s s o c i a t e d  combinat ions o f  



henef i t s .  P e r i o d i c  ad jus tments  a r e  m d e  i n  s i  1  v i  - 
c u l t u r a l  a p p l i c a t i o n s ,  p r i m a r i  l y  h a r v e s t  r a t e s  and 
open ing s i z e s .  The biological systems of t h e  
f o r e s t  o s c i  l 1  a t e  and gradua l  l y  approach t h e  chosen 
o r g a n i z a t i o n a l  s t a t e ,  However, t h e  more l i k e l y  
s i t u a t i o n  i s  t h a t  t h e  f o r e s t  can never  be b rough t  
t o  a  steady s t a t e  because f r e q u e n t  changes i n  
s o c i  a1 , economic, and po l  i t i c a l  f o r c e s  r e q u i  r e  
f r e q u e n t  changes i n  t h e  goal .  

The d e c i s i o n  and c o n t r o l  system uses s imu la -  
t i o n  techn iques t o  r e l a t e  t h e  a l g o r i t h m s  f o r  bene- 
f i t s  t o  s i  1  v i c u l t u r a l  a p p l i c a t i o n s .  The process 
a l l o w s  t h e  manager and o t h e r  i n t e r e s t e d  p a r t i e s  
t o  use jrrdgment, i n s i g h t ,  and exper ience f o r  
s u b j e c t i v e  dec i  s i o n s  i n  t h e  s t r a t e g i c  p l a n n i n g  
processes.  The s i m u l a t i o n s  p r o v i d e  f o r  l i m i t e d  
c o m p l e x i t y  i n  t h e  communication o f  a1 t e r n a t i  ves ; 
f o r  s u b j e c t  i v e l y  and r a p i  d l y  d i  s c a r d i  ng unaccept - 
a b l e  a1 t e r n a t i v e s ;  f o r  p e r i o d i c a l  l y  a d j u s t i n g  
d e c i 5 i o n s  as changes occur i n  s o c i a l ,  economic, 
and p o l  i t i c a l  fo rces ; f o r  independent p a r t i c i  - 
p a t i o n  o f  a1 1  f o r e s t r y  d i s c i p l i n e s ;  and f o r  rnai n-  
t a i  n i  ng t h e  p r o j e c t e d  a1 t e r n a t i  ves congruent w i t h  
t h e  r e a l  f o r e s t .  

Complex i ty  i s  l i m i t e d  by d i s p l a y s  o f  p ro -  
j e c t e d  b e n e f i t s  i n  s imp le  char t s .  Up t o  n i n e  
b e n e f i t s  can be d i s p l a y e d  on one c h a r t  and as many 
c h a r t s  as d e s i r e d  can be p r i n t e d  f o r  each s i l v i -  
c u l  t u r a f  mode. 

A1 1  o f  t h e  i n d i c e s  f o r  b e n e f i t s  a r e  i n d e -  
pendent o f  each o t h e r .  There a r e  no i n t e r a c t i o n  
c o e f f i  cen ts  among t h e  d i f f e r e n t  b e n e f i t s .  Fach 
d i  s c i  p l  i nary  area independen t l y  develops a1 go- 
r i th rns  f o r  t h e  b e n e f i t s  o f  i n t e r e s t s .  For  examplo, 
t h e  p o t ~ n t i a l  t i m b e r  i ndex  i s  developed independ- 
e n t l y  o f  t h p  game manager's i ndex  f o r  deer and t h e  
h y d r o l o g i s t ' s  i ndex  f o r  water  y i e l d .  

The mathemat i c a l  techn iques f o r  p r o j e c t i n g  
henef i  t comhi n a t i o n s  f o r  d i f f e r e n t  s i  1  v i c u l t u r a l  
modes are desc r ibed  i n  succeeding chapters .  



Chapter 6 

Cash Flows From S i l v i c u l t u r e  

Overview 

S i l v i c u l t u r a l  choices inc lude  cash f l ows  from 
t h e  c u l t u r a l  op t ions .  C u l t u r a l  op t ions  "depend on 
t h e  c h a r a c t e r i s t i c s  o f  t h e  t r e e  species t h a t  make 
up t h e  k i n d  o f  f o r e s t  type, t he  fea tu res  o f  t h e  
s i t e  on which t h e  t r e e s  are grown and t h e  ob jec -  
t i v e s  and resources o f  t h e  owner" (Soc. Am, For. 
1981 ). D i  r e c t  observat ions,  s imple i n v e n t o r i e s ,  
and r o u t i n e  compi la t ions  o f  b e n e f i t s  and cos t s  a re  
t h e  bas is  f o r  i d e n t i f y i n g  c u l t u r a l  o p p o r t u n i t i e s .  
These s imp le  k inds  o f  i n t e g r a t i o n s  t e l l  us most o f  
what we need t o  know t o  apply s i l v i c u l t u r e  t o  each 
stand. 

Complex s i t u a t i o n s  a r i s e  when s i  1  v i  c u l  t u r e  i s  
t o  d i r e c t  t h e  ecosystem dynamics o f  a  f o r e s t  f o r  
combinat ions o f  b e n e f i t s  such as t imber ,  game and 
nongame h a b i t a t s ,  water, and cash f lows. Complex- 
i t y ,  measured by t h e  number o f  p a i r s  o f  va r i ab les  
changing s imul taneously ,  increases exponent i  a1 l y  
w i t h  each a d d i t i o n  o f  a  b e n e f i t  t o  t h e  desi r ed  com- 
b i n a t i o n .  As complex i ty  grows, t h e  task o f  com- 
mun ica t ing  re l evan t  i n f o rma t i on  among t h e  i n t e r -  
es ted  p a r t i e s  becomes i n c r e a s i n g l y  d i f f i c u l t :  
A l l  va r i ab les  can no longer  be measured, coor-  
d i n a t i o n  o f  s i l v i c u l t u r e  among stands i s  almost 
imposs ib le ,  and con fus ion  a r i ses  among managers and 
o t h e r  i n t e r e s t e d  p a r t i e s .  The complex i ty  o f  com- 
p u t i n g  and d i s p l a y i n g  cash f lows j o i n t l y  w i t h  o the r  
b e n f i t s  i s  descr ibed i n  "An Assessment o f  t h e  
Fores t  and Range Land S i t u a t i o n  i n  t h e  Un i ted  
S ta tes "  (USDA FS 1980). 

Th i  s  chapter  presents  simp1 e  ways t o  compute 
and d i s p l a y  s i  1  v i c u l t u r a l  cash f lows.  A technique 
i s  descr ibed f o r  reduc ing  complex i ty  and f o r  p ro -  
v i d i  ng c l  ear  channel s  o f  communi c a t  i on when d i  r e c t  - 
i n g  f o r e s t s  t o  p rov ide  cash f lows  w i t h  o the r  
bene f i t s .  



The cash f l o w  a1 gor i thm prov ides  a  way t o  ana- 
l y z e  a l t e rnaG ive  s i l v i c u l t u r a l  modes i n  terms o f  
i n f l o w s  and ou t f lows  of money. It a l s o  prov ides  
simpl e  ways t o  p r o j e c t  percept1 ons, assumptions, 
and i n s i g h t  f o r  f u t u r e  changes i n  economic r e l a -  
t i o n s ,  These p r o j e c t i o n s  may be l i n e a r  o r  c u r v i  - 
1 i nea r ,  reqrai r e  no cornplex equat ions, and nay be 
ad jus ted  d a i l y ,  weekly, o r  a t  any t ime  i n t e r v a l  
r equ i red  t o  keep them cu r ren t  w i t h  new i n fo rma t i on .  
Common cos ts  need not  be a l  l oca ted  among b e n e f i t s ,  
b e n e f i t s  do not  have t o  be ranked i n  order  o f  t h e i r  
r e f  a t i v e  wor th  t o  soc ie ty ,  and monetary va l  ues need 
no t  be j u s t i  f i ed f o r  noncommodi t y  b e n e f i t s  

The choice o f  a  s i l v i c u l t u r a l  o p t i o n  i s  
g r e a t l y  s i m p l i f i e d  by choosing a  f l o w  o f  organiza-  
t i o n a l  s t a t e s  o f  a f o r e s t  on t h e  bas is  s f  t h e  bene- 
f i t s  l i k e l y  t a  be produced. The s i m p l i c i t y  o f  t h e  
method has severa l  inheren t  advantagesl A l l  i n t e r -  
ested p a r t i e s  are c r e a t i v e l y  i n v o l  ved i n  eva l  u a t i  ng 
s i  l v i c u l  t u r e  op t ions  by i n t e g r a t i n g  persona1 i n -  
s i gh t s ,  experiences, and s u b j e c t i v e  values w i t h  
q u a n t i t a t i v e  data. Re la t ions  and assumptions a re  
expl  i c i t l y  d isp layed  f a r  s c r u t i n y  i n  wh i t e  boxes 
(Boyce 1982b). I n fo rma t i on  i s  communicated w i t h  
s imple chasts  and tabl@s; values f o r  dec is ions  can 
be gerce i  ved qu ickay and e x p l i c i t l y ,  

The result i s  a bas is  f o r  choices when t h e  
goal i s  f o r  maximum monetary r e t u r n  o r  f o r  " the  
r e l a t i v e  values o f  t h e  var ious resources, and no t  
necessa r i l y  the combinat ion o f  uses t h a t  w i  7 1 g i ve  
t h e  g rea te r  dollar r e t u r n  o r  t h e  g rea tes t  u n i t  ou t -  
p u t "  (Mu1 t i p l e -Use  Sustai  ned-Yi e l d  Act o f  1960) 
j USOA FS l983a) ,  

The chore i s  simpl i f i ed f o r  "speci P i  c  i d e n t i  - 
f i c a t i o n  o f  program outputs,  r e s u l t s  an t i c i pa ted ,  
and b e n e f i t s  assoc ia ted w i t h  investments i n  such a  
manner t h a t  t h e  a n t i c i p a t e d  cos ts  can be d i r e c t l y  
compared w i t h  the  t o t a l  r e l a t e d  benef i ts . .  ." 
(Forest  and Rangel and Renewable Resources Pl anni ng 
Act o f  1974) (USDA FS 1983a). 



L i k e l y  t h e  most impor tant  r e s u l t  o f  a1 1  i s  
t h a t  adm in i s t r a to r s  and o the r  i n t e r e s t e d  p a r t i e s  
can i n j e c t  personal exper iences and i n s i g h t s  i n t o  
t h e  s imu la t ions .  Optimal s t r a tegy  i s  der i ved  by 
s u b j e c t i v e  dec is ions  determined by i n s i g h t s ,  va lue 
judgments, exper ience, and acumen o f  i n t e r e s t e d  
p a r t i e s .  The responsi  b i  1  i t i e s  o f  adm in i s t r a to r s  
a re  no t  usurped i n  mathematical expressions, mental 
models and s c i e n t i f i c a l  l y  d e r i  ved r e l a t i o n s  a re  
communicated expl  i c i  t ly, and people make t he  
dec is ions.  

Stand p r e s c r i p t i o n s  are used by s i  1  v i c u l  t u r -  
i s t s  t o  d i r e c t  ecosystem dynamics and achieve a  
des i r ed  o rgan i za t i ona l  s t a t e  f o r  a  stand. The 
o rgan i za t i ona l  s t a t e  o f  a  stand, o f t e n  c a l l e d  
s tand s t r uc tu re ,  i s  def ined by species composit ion, 
age, s tand area, basal area, t imber  volume, number 
o f  t r ees ,  aqd many o the r  var iab les .  The myriad 
o f  i n t e r a c t i o n s  hetween staods f o r  susta ined f lows 
o f  t imber ,  cash, water,  w i l d l i f e  h a b i t a t s ,  and 
o t h e r  b e n e f i t s  precludes a  consi s t e n t  choice o f  
s tand p r e s c r i  p t i  ons w i t hou t  d i  r e c t i  ons t o  achieve a 
s i n g l e  f o res t  goal. When the  goal f o r  t he  f o r e s t  
i s  a  s i n g l e  b e n e f i t ,  such as a k i n d  o f  w i l d l i f e  
h a b i t a t ,  o ther  b e n e f i t s  are viewed as c o n s t r a i n t s  
i n  t h e  choice of s i  1  v i  c u l  t o r e  p resc r i p t i ons .  Even 
i f  a  s i n g l e  bene f i t  i s  used as t h e  guide For stand 
p r e s c r i p t i o n s ,  v a r i a b l e  r e s u l t s  are achieved f o r  
t h e  fo res t .  For  example, t h e  schedul ing o f  stands 
f o r  ha rves t i ng  t o  achieve a  maximum o r  a  con- 
s t r a i n e d  cash f l ow  leads t o  underperformance be- 
cause resource a1 1  o c a t i  ons and po l  i c i  es f o r  each 
s tand are designed i n  i s01  a t i on .  Stand p r e s c r i  p -  
t i o n s  are i s o l a t e d  by t h e  percept ions f o r  each 
s tand  o f  a "best p r a c t i c e "  by s i  l v i c u l t u r i s t s ,  
economists, w i  l d l  i f e  b i o l o g i s t s ,  hyd ro log i s t s ,  and 
o t h e r  s p e c i a l i s t s *  Yet t h e  composite performance 
o f  t h e  stands determines t he  f lows o f  cash, t imber ,  
w i l d l i f e  hab i t a t s ,  water,  and o the r  b e n e f i t s  f rom 
t h e  f o r e s t .  



The new d i  r e c t i  on i s  t o  i n t e g r a t e  stand p re -  
s c r i p t i o n s  and b e n e f i t s  w i t h  a  s i n g l e  goal: t o  
achieve and ma in ta i n  a  p a r t i c u l a r  o r g a n i z a t i o n a l  
s t a te .  Organ iza t iona l  s t a tes  a re  ope ra t i ona l  l y  
de f i ned  as t h e  p r o p o r t i o n a l  d i  s t r i  b u t i o n  of stands I 

by age, area, and t ype  classes. Stand p r e s c r i p -  I 

t i o n s  under t h e  new d i r e c t i o n  become i n -p l ace  dec i  - 1 
s ions d i r e c t e d  toward a  common, s i n g l e  goal f o r  a1 1  1 
s p e c i a l i s t s .  The goal i s  achieved by c o n t r o l l i n g  i j 

t imbe r  harves t  ra tes ,  openi ng s izes,  and f o r e s t  I 
t ype  conversions. A l l  s i l v i c u l t u r e  i s  d i r e c t e d  
toward t h i s  goal. 

The new d i  r e c t i  on expands t h e  e a r l  i e r  concept 
o f  a  r egu la ted  f o r e s t  (Wenger 1984), which i s  
1  inked  t o  t h e  des i r e  f o r  susta ined y i e l d  o f  f o r e s t  
bene f i t s .  O r i g i n a l  l y  conceived f o r  t imber  produc- 
t i o n ,  t h e  concept i s  t o  b r i n g  about a  un i f o rm  d i s -  
t r i b u t i o n  o f  age c lasses f o r  a  susta ined y i e l d  o f  
a  c e r t a i  n  t imber  t ype  (Wackerman 1934). Recently, 
concern f o r  m u l t i p l e  b e n e f i t s  has changed t h e  goal 
f rom r e g u l a t i n g  age c lasses f o r  t imber  alone t o  
r e g u l a t i n g  age c lasses f o r  t he  susta ined y i e l d  o f  
j o i  n t l y  produced bene f i t s .  

S i n g l e  r o t a t i o n  per iods a re  used t o  t r ans fo rm  
a  f o r e s t  f rom t h e  present  s t a t e  toward a  steady 
s t a t e  i n  which stands are equa l l y  d i s t r i b u t e d  among 
age classes. Superimposed r o t a t i o n s  are used t o  
t r a n s f o r m  a  f o r e s t  f rom t h e  present  s t a t e  toward a  
steady s t a t e  i n  which stands a re  unequal ly  d i s t r i b -  
u ted  among age classes. Because regu la ted  s t a t e s  
can r a r e l y  be achieved i n  p rac t i ce ,  they a re  used 
o n l y  as a  bas is  f o r  s e t t i n g  t imber  harvest  r a t e s  
f o r  about a  decade. 

The choice o f  a  goal --a des i r ed  s t a t e  o f  f o r -  
e s t  o r g a n i z a t i o n - - i s  based on t h e  b e n e f i t s  t h a t  
accrue f rom t h e  s ta te .  The on l y  t h i n g  needed t o  
make t h i s  choice i s  a  good view o f  t h e  expected 
b e n e f i t s  and t h e i  r p r i ce .  The system dynamics 
model c a l  1  ed DYNAST prov ides such a  v i  en. The 
d i s p l a y s  answer t h e  general quest ion:  I f  we do 
t h i s ,  what w i l l  we have? Decis ions a re  based on 



ansz.itzrs t o  t h e  s p e c i f i c  quest ions:  How w i l l  t h i s  
o r  t h a t  schedule c f  r u l t i w e  change The s'ates o f  
f o r e s t  osgani z a t i o n ?  Which s i  1 v icu!  t u r a l  modes 
f o r  t h e  f o r e s t  i n  ques t ion  produce des i rab 'e  corn- 
b i  na t i ons  o f  b e n e f i t s  t h a t  exceed t he  common cos ts  
i n  t h e  aggregate? Which s i l v i c u l t u r a l  modes can 
produce d e s i r a b l e  combinations o f  both marketable 
and nonmarketable b e n e f i t s  a t  t h e  smal l e s t  equiva-  
l e n t  annual cos ts?  What monetary re tu rns  w i l l  we 
have? What w i l l  be t h e  stream o f  b e n e f i t s  f rom the  
p resen t?  

Simple cha r t s  d i s p l a y  b i o l o g i c a l  l y  possi  h l e  
combinat ions o f  bene f i t s ,  i n c l u d i n g  cash f lows, f o r  
t h r e e  s i l v i c u l t u r a l  op t ions  ( f i g s .  4, 5, 6). These 
d i  sp lays a re  t h e  medi urn f o r  expl  i c i  t communi c a t  i on 
o f  i n f o r m a t i o n  among t h e  i n t e r e s t e d  p a r t i e s .  Each 
p l o t  i s  an i n t e g r a t i o n  o f  s c i e n t i  f i c a l  l y  de r i ved  
re fa tdons  and percept ions o f  m n t a l  models about 
responses o f  t h e  f o r e s t  t o  a  s i l v i c u l t u r a l  mode, 

For  each i n d i v i d u a l  t h e  choice o f  a goal i s  
based on s u b j e c t i v e l y  made dec is ions  r a t h e r  than  on 
o b j e c t i v e l y  made dec is ions  f o r  a  mathematical l y  
i d e n t i f i e d  opt imal  s t ra tegy .  The approach i s  no t  
g r e a t l y  d i f f e r e n t  f rom t h e  process used t o  buy a  
p a i r  o f  shoes. Most people do no t  en te r  a s t o r e  
w i t h  a  f i x e d  n o t i o n  about t h e  most des i r ab le  shoe, 
They look a t  t h e  a l t e r n a t i v e s  and make mental 
t radeof  f s  among s ty1  e, comfort ,  u t  i 1 i ty  , and p r i  ce, 
and a f t e r  a  t ime o f  i n d e c i s i o n  they se lec t  a  p a i r .  
T h e i r  cho ice  i s  based on a  good view o f  t h e  mer- 
chandise and i t s  p r i c e .  Th is  i s  t h e  i n fo rma t i on  
conveyed i n  t h e  DYNAST char ts .  

For  t h e  i l l u s t r a t i o n s ,  I use an upland hard-  
wood f o r e s t  on t h e  Pisgah Nat ional  Forest  i n  Nor th  
Caro l ina .  The f o r e s t  area i s  c a l l e d  B i g  Ivy and 
con ta ins  6,396 acres. B i o l o g i c a l  and economic con- 
sequences are i l l u s t r a t e d  f o r  80- and 200-year 
s i  ng l  e  r o t a t i o n s .  The 80-year r o t a t i o n  was 
s e l  ected because i t  prov ides a  1  a rger  sus ta i  ned 



I 

i 
y i e l  d o f  sawtimber by cu r ren t  u t i  1 i z a t i o n  standards 
than any o the r  r o t a t i o n  per iod. Because o f  t h e  
h i gh  sawtimber y i e l d ,  a  l a r g e r  susta ined cash f l o w  
i s  expected than f o r  o ther  r o t a t i o n  per iods. 
Therefore,  a  f o r e s t r y  agency i s  l i k e l y  t o  choose 
an 80-year r o t a t i o n  f o r  s i m i l a r  upland f o res t s .  A I 

200-year r o t a t i o n  was a l so  se lec ted  f o r  il l u s t r a -  
t i o n  because a f t e r  several  decades t h i s  harves t  i 
r a t e  p rov ides  old-growth stands t h a t  enhance t h e  I 

h a b i t a t  f o r  animals such as b lack bears and f o r  ! 
p i  1  eated woodpeckers. Such a 1 ong r o t a t i o n  reduces 
t imber  harves t  and cash f l o w  rates.  

I use t h e  system dynami cs model , DYNAST (Boyce 
1977, 1979), t o  p l o t  t h e  h a b i t a t  d i s t r i b u t i o n ,  
p o t e n t i a l  t imber  index, a  se lec ted  combinat ion o f  
b e n e f i t s ,  and severa l  economic va r i ab les  ( f i g s .  
4, 5, 6). P l o t s  are made a t  ha l f - yea r  i n t e r v a l s  
f o r  t h e  f i r s t  10 years because t h i s  i s  t h e  p e r i o d  
o f  p r imary  concern. The p l o t s  are then extended a t  
9-year i n t e r v a l s  t o  100 years so t h e  long-term 
consquences o f  t h i s  k i n d  o f  r e g u l a t i o n  can be 
exanti ned . 

As t h e  f o r e s t  i s  t ransformed toward t h e  goal, 
t h e  common denominator f o r  a1 1 bene f i t s ,  i n c l  u d i  ng 
t h e  t imber  removed and t h e  economic bene f i t s ,  i s  
t h e  o rgan i za t i ona l  s t a t e  a t  each moment. Organi-  
z a t i o n a l  s t a tes  a re  opera t iona l  l y  de f ined  as t h e  
t h e  d i s t r i b u t i o n  o f  stands by f o r e s t  type, age, and 
area c lasses (Boyce 1978b). These stand classes, 
ca1 l e d  h a b i t a t s ,  a re  p laces t o  l i v e  f o r  a1 1 endemic 
p l a n t s  and animals. Hab i t a t s  f o r  a  f o r e s t  type are 
r e l a t e d  t o  t h e  p l a n t  and animal h a b i t a t ,  t imbe r  
product  i on, and s t  reamf 1 ow. 

The changes i n  t h e  o rgan i za t i ona l  s t a t e  dur-  
i n g  t h e  f i r s t  10 years f o r  t h e  80-year r ~ t a t i o n  
are:  harves t  o f  01 d-growth h a b i t a t  ( G )  ; increase  
i n  seed l ing  (A), 8- inch po le  (D), and m t u r e - t i m b e r  
( F )  h a b i t a t s ;  and decrease i n  6- inch po le  (C) and 
10- inch po le  ( E )  h a b i t a t s  ( f i g .  4). Also d u r i n g  



t h i s  t ime t he  h a b i t a t  increases f o r  eastern wh i t e -  
t a i l e d  deer (D) ,  f l i c k e r  woodpecker (F) ,  and s p i -  
ders  (S); i s  s t a b l e  a t  a  low l e v e l  f o r  b lack bear 
(B ) ;  and dec l ines  f o r  p i  l e a t e d  woodpecker (P).  
St reamf l  ow ( W )  a1 so increases. 

Timber p roduc t ion  (T)  i s  t h e  r a t i o  o f  t h e  t i m -  
be r  volume harvested t o  t h e  volume expected i f  t h e  
f o r e s t  were i n  a  regu la ted  s t a t e  a t  t h e  age when 
mean annual increment culminates. Th is  age f o r  t h e  
B i g  I v y  f o r e s t  i s  50 years  (Schnur 1937). Dur ing  
t h e  f i r s t  10 years,  t imber  harvest  (1) increases t o  
approach t h e  index value o f  1. 

Economic b e n e f i t s  depend on t h e  costs  and 
r e t u r n s  from the  sa le  o f  t imber.  Computations o f  
these b e n e f i t s  i nc l ude  stumpage values, annual 
overhead and t imber  market ing costs ,  c a p i t a l  costs ,  
and r e i  nvestment ra tes.  

F i g u r e  4 shows est imated economic b e n e f i t s  f o r  
t h e  80-year r o t a t i o n  i n  index form f o r  f ou r  eco- 
nomic va r i ab les :  ne t  present  value (N), b e n e f i t -  
cos t  r a t i o  (B),  equ iva len t  annual r en t  ( E ) ,  and 
r e a l i z a b l e  r a t e  o f  r e t u r n  ( R ) .  Computation i s  as 
descr ibed by Clark  and o thers  (1979), h u t  t h e  v a l -  
ues a re  d i v i d e d  by a  constant  f o r  t h e  purpose s f  
s c a l i n g  as an index f o r  p l o t t i n g .  A d u a l  va lues  
a1 so can be p l o t t e d  o r  p r i n t e d  i n  t a h l e s  (Boyce 
19771, bu t  f o r  t h i s  d iscuss ion  we are nore eon- 
cerned w i t h  t he  general t rends  i n  t h e  i n d i c e s  than 
w i t h  t h e  ac tua l  values. A l l  t h e  economic i n d i c e s  
beg in  a t  a low l e v e l  bu t  increase r a p i d l y  du r i ng  
t h e  next 10 years. Dur ing t h e  next 90 years some 
inc rease  and some remain constant.  The i n i t i a l  
values a re  low because approx imate ly  $64,000 i s  
r e i nves ted  t o  increase t imber  sa les t o  t h e  ex ten t  
needed f o r  an 80-year r o t a t i o n .  The economic bene- 
f i t s  shown f o r  t he  80-year r o t a t i o n  are near t h e  
sptimum achievable f rom t imber  p roduc t ion  on a  
sus ta i ned -y i e l d  bas is  i n  t h e  f o r e s t ,  



L e t  us imagine, however, t h a t  we are concerfled 
about t h e  we l f a re  o f  b lack bears as we l l  as t h e  
economic re tu rns  from t imber .  Le t  us a1 so assume 
t h a t  we know t h a t  a  200-year r o t a t i o n  i s  near o p t i -  
mum f o r  t h e  bears. Ry year  10 t h e  p ropo r t i ons  o f  
o ld-growth ( G )  and mature (F )  h a b i t a t s  are g r e a t e r  
and t h e  p r o p o r t i o n  o f  seed l i ng  h a b i t a t s  (A) i s  l e s s  
f o r  t h e  200-year r o t a t i o n  than f o r  t h e  80-year 
r o t a t i o n  ( f i g s .  4, 5 ) .  The h a b i t a t  f o r  p i  l e a t e d  
woodpeckers ( P )  increases f o r  t h e  200-year schedule 
( f i g .  5 )  and decreases f o r  t h e  80-year r o t a t i o n .  
I n  year  10 a l l  o t he r  b e n e f i t s  are l ess  f o r  t h e  
200-year than f o r  t h e  80-year r o t a t i o n .  A f t e r  
about 30 years t h e  h a b i t a t  increases f o r  bears, 
deer, and f l  i cker  woodpeckers. 

The economic b e n e f i t s  f o r  t h e  200-year r o t a -  
t i o n  a re  d iscouraging,  Timber harves t ing  i s  low, 
t imber  p roduc t ion  ( T )  i s  about h a l f  o f  the  poten-  
t i a l  i n  t h e  long  run, and t h e  economic i n d i c e s  a re  
we? 1  below those f o r  t he  80-year r o t a t i o n .  Based 
on these p ro jec t i ons ,  i t i s  easy t o  conclude t h a t  
t h e  j o i n t  p roduc t ion  o f  t imber  and h a b i t a t  f o r  
b lack bears i s  t oo  c o s t l y .  Th is  conc lus ion i s  
based on r e g u l a t i n g  t h e  f o r e s t  w i t h  s i n g l e  r o t a t i o n  
per iods.  Economi c  b e n e f i t s  r a p i d l y  decl i ne t o  un- 
acceptable l e v e l s  as s i n g l e  r o t a t i o n  per iods a re  
moved away from t h e  harvest  ages t h a t  maximize t h e  
p roduc t i on  o f  marketable bene f i t s .  The b i o l o g i c a l  
reason f o r  t h i s  economic c o n s t r a i n t  on t h e  j o i n t  
p roduc t i on  o f  hene f i  t s  i s  t h a t  s i n g l e  r o t a t i o n  
per iods  g r e a t l y  l i m i t  t h e  d i v e r s i t y  o f  h a b i t a t s  
by age, area, and f o r e s t  type. 

When the  r o t a t i o n  p e r i o d  i s  a t  t he  age f o r  
t h e  maxi mum economi c  bene f i t s ,  a1 1  o l  der c lasses 
a re  harvested and t h e  amount o f  area i n  seed l i ng  
and s a p l i n g  h a b i t a t s  increases ( f i g .  4). The l ong  
per iods  such as 200 years p rov ide  old-growth habi  - 
t a t s  f o r  animals such as b lack bears by reduc ing 
t h e  amount o f  area i n  seed l i ng  h a b i t a t  and l i m i t i n g  
t h e  h a b i t a t  o f  species dependent on these con- 
d i t i o n s  ( f i g .  5) .  Changing t h e  harvest  age f rom 



t h e  r o t a t i  on pe r i od  f o r  maximum economic b e n e f i t s  
o f t e n  decreases marketable b e n e f i t s  f a s t e r  than  
nonmarketabl e  b e n e f i t s  a re  increased (Boyce 1982b). 
Thi  s  economic const r a i  n t  on t h e  j o i  n t  p roduc t ion  o f  
b e n e f i t s  can be re laxed  by us ing  superimposed r o t a -  
t i o n  per iods  (Boyce 1977). 

Two o r  m r e  r o t a t i o n  per iods superimposed on 
t h e  same area t r ans fo rm  t h e  f o r e s t  toward a steady 
s t a t e  i n  which stands are unequal ly  d i s t r i b u t e d  
among age, area, and f o r e s t  t ype  classes. To 
achieve t h i s  unequal d i s t r i b u t i o n  a s tand i s  har -  
vested a t  t h e  age f o r  one o f  t h e  desi r ed  r o t a t i o n s .  
Then t h e  succeeding s tand on t h e  same area o f  l and  
i s  harvested a t  t h e  age o f  an a l t e r n a t i v e  r o t a t i o n .  
I n  t h i s  way both t h e  d i v e r s i t y  and t h e  d i spe rs i on  
o f  h a b i t a t s  by age, area, and f o r e s t  t ype  c lasses 
a re  d i  r e c t e d  a t  a  minimum cost .  To compare t h e  r e -  
s u l t s  w i t h  those f o r  s i n g l e  r o t a t i o n s ,  I use t h e  
f o l  1  owi ng exampl e: Stand areas pass through seed- 
1  ing ,  sap1 ing,  and o the r  h a b i t a t s  u n t i l  they reach 
t h e  80-year age c lass.  At t h i s  t ime t h e  manager 
decides t o  e i t h e r  harvest  o r  t o  delay harvest  u n t i l  
age 200. E igh ty  percent  o f  t h e  f o r e s t  area i s  
r o t a t e d  through 80 years and 20 percent through 200 
years.  Many o the r  combinations are poss ib le .  

The superimposed r o t a t i o n s  change t h e  s t  ream 
o f  t rans fo rmat ions .  By year  10 both seed l ing  and 
o ld-growth h a b i t a t  increase ( f i g .  6). A1 1 bene- 
f i t s  inc rease  du r i ng  t h e  f i r s t  10 years,  but t h e  
increases are not  maximum f o r  any one bene f i t .  The 
b i o l o g i c a l  consequence i s  increased h a b i t a t  d i v e r -  
s i t y  and increased h a b i t a t  f o r  a1 1 endemic species 
(Boyce 1981 ). 

The superimposed r o t a t i o n s  f avo r  t h e  harmon- 
i ous and coord i  nated p roduc t ion  o f  j o i  n t  b e n e f i t s  
w i t h  l e s s  a n t i c i p a t e d  cos ts  than w i t h  a  s i n g l e  
r o t a t i o n  pe r i od  ( f i g s .  4, 5, 6). The d i f f e rences  
may be observed by compari ng oppo r tun i t y  costs.  

- 

Oppor tun i t y  cos ts  f o r  b e n e f i t s  i n  t h e  aggre- 
gate can be compared by us ing  t h e  equ iva len t  annual 



r e n t  as a measure. Th is  measure ranks d i f f e r e n t  
cash f lows  f o r  d i f f e r e n t  t ime  per iods  and ranks 
n o n p r o f i t  produc ing opt ions.  For  t h e  i l l u s t r a -  
t i o n ,  t h e  l a r g e s t  equ iva len t  annual r en t s  a re  
o b t a i  ned by r e g u l a t i n g  t h e  f o r e s t  f o r  maximsm 
t imbe r  p roduc t i on  ( t a b l e  3). When t h e  r e g u l a t i o n  
i s  w i t h  a  200-year r o t a t i o n  per iod,  which increases 
t h e  h a b i t a t s  f o r  b lack bears a f t e r  year  10, t h e r e  
i s  an equ i va len t  annual cost.  The superimposed 
r o t a t i o n s  produce an equ i va len t  annual r en t  i n  year  
7 and f o r  l a t e r  years.  However, t h e  ren t  i s  l e s s  
than when t h e  f o r e s t  i s  regu la ted  f o r  maximum 
t imbe r  p roduc t i  on. 

Economic va r i ab les  f o r  severa l  r o t a t i o n  
leng ths  and combinat ions can be viewed as r e t u r n s  
f o r  a l l  f o r e s t  b e n e f i t s  produced i n  t h e  aggregate. 
Aggregated b e n e f i t s  i nc l ude  nonmarketable values 
such as t h e  h a b i t a t  f o r  most endemic species. An 
ana l ys i  s  o f  t h e  b i o l o g i c a l  consequences need no t  
a l l o c a t e  costs  t o  each species o r  t o  each b e n e f i t .  
Ins tead,  speci es a re  se lec ted  t o  represent c l  asses 
o f  h a b i t a t  requi  rements. 

Disp layed here are some b i o l o g i c a l  and eco- 
nomic consequences f o r  d i  f f e r e n t  s i  l v i c u l  t u r a l  
modes. The values o f  t h e  var ious  resources a re  
cons idered w i t hou t  a1 l o c a t i n g  cos ts  t o  each b e n e f i t  
o r  species, and a n t i c i p a t e d  b e n e f i t s  are assoc ia ted  
w i t h  investments i n  such a  manner t h a t  t he  a n t i c i  - 
pated cos ts  are d i r e c t l y  compared w i t h  t h e  t o t a l  
bene f i t s .  The d i  s p l  ays p rov ide  i n f  ormat i on f o r  
a l l  i n t e r e s t e d  p a r t i e s  t o  s e l e c t  t h e  op t i on  per -  
c e i  ved as best.  Experiences o f  s a t i s f a c t i o n  o r  
d i sp leasu re  are embodied i n  each person 's  percep- 
t i o n  o f  t he  o p t i o n  t h a t  answers t h e  quest ion:  What 
b e n e f i t s  wi 11 I have then? 

A1 1  i n t e r e s t e d  p a r t i e s  p a r t i c i p a t e  i n  d e r i  v i n g  
t h e  d i sp lays  by i n j e c t i n g  in fo rmat ion ,  i n s i g h t s ,  
va lue judgments, and personal experiences i n t o  t h e  
s imu la t ions .  Th is  i s  done w i t h  s imple cha r t s  o f  



Table 3.--Opportunity cos ts  f o r  t h r e e  k inds  o f  
f o r e s t  r e g u l a t i o n  f o r  t h e  B i g  I v y  area, Pisgah 
Nat iona l  Forest,  Nor th  Caro l ina,  measured as an 
es t imate  o f  t h e  equ i va len t  annual r e n t  

Years S ing le  S ing le  Superimposed 
f rom 80-year 200-yea r 80- and 200- 

present  r o t a t i  on r o t a t i o n  yea r  r o t a t i o n s  
- 

- - Thousands o f  dot l a r s  - - 

Negat ive values a re  equ iva len t  annual costs  f o r  
t h e  t ime ind ica ted .  

how two va r i ab les  change s imul taneously  o r  how t h e  
changes are perce ived f o r  t h e  near f u tu re .  The 
r e l a t i o n s  are c a l l e d  wh i t e  boxes because t he  i n f o r -  
mat ion i s  conveyed e x p l i c i t l y  and i n  a  form t h a t  
can be s c r u t i n i z e d  by a l l  i n t e r e s t e d  p a r t i e s .  

White Boxes f o r  S i l v i c u l t u r e  

I n  t h e  DYNAST model some b e n e f i t s  acc ru ing  
from a  p a r t i c u l a r  o rgan i za t i ona l  s t a t e  o f  a  
f o r e s t  are computed from s imple r e l a t i o n s  ca l  l e d  



w h i t e  boxes, which a re  graphs and exp la ined  i n  
chap te r  7. For  example, t h e  c u r r e n t  stumpage p r i c e  
v a r i e s  w i t h  s tand age class. The graph f o r  t h i s  
r e l a t i o n  i s  one source o f  i n f o r m a t i o n  used i n  t h e  
model ( f i g .  35). It i s  an e x p l i c i t  communication 
t o  a l l  i n t e r e s t e d  p a r t i e s  o f  r e f  a t i o n s  and assump- 
t i o n s  used t o  d e r i v e  t h e  d i sp lays  o f  j o i n t  bene- 
f i t s .  It i s  a l so  a  channel f o r  r e s o l v i n g  d i f f e r -  
ences i n  data and o p i n i o n - - i t  i s  a  w h i t e  box. 

The waveform o f  t h e  wh i t e  boxes need no t  be 
descr ibed  o r  " f i t t e d "  w i t h  mathematical expres- 
s ions. The DYNAST model f o l l o w s  whatever waveform 
i s  drawn on a  p i ece  o f  graph paper and i n s e r t e d  
i n t o  t h e  model as a  t a b l e  func t ion .  The waveform 
can be ad jus ted  a t  any t ime t o  improve congruence 

0 20 40 60 80 100 I20 140 160 
HARVEST AGE (Years) 

f i g u r e  35,--Current stumpage pr ice  by harvest age o f  stands.  



between the s imu la t i ons  and i n fo rma t i on  f rom 
soc i  a1 , pol  i t i  c a l  , economic, and research sources, 

The a n a l y t i c  procedure i n v o l  ves changi ng 
c o n t r o l  va r iab les  i n  t h e  DYNAST model t o  s imu la te  
des i  r a h l e  s i  1 v i c u l  t u r a l  opt ions.  The va r i ab les  a re  
r o t a t i o n  per iods, opening sizes, and f o r e s t  t ype  
convers i  ons. The DYNAST model uses feedback loops 
t o  s imu la te  t rans fo rmat ions  o f  t h e  f o r e s t  f rom t h e  
p resen t  s t a t e  through a  stream o f  s t a tes  toward t h e  
steady s t a t e  i d e n t i f i e d  by t h e  p a r t i c u l a r  op t ion .  

The i n fo rma t i on  requ i red  i s  a  stand i n v e n t o r y  
by f o r e s t  type, age, and area c lasses ( t a b l e  4); 

Table 4.--The r e l a t i o n  o f  diameter, age, de lay,  
and t h e  i nven to ry  va lue t o  h a b i t a t s  f o r  t h e  R ig  
Ivy area, Pisgah Nat iona l  Forest ,  North Ca ro l i na  

Median 
~ a b i  t a t  a diameter Age range Delay I nven to ry  

range 

Inches - - - Years - - - Acres 

Seedl ing 0-1.0 0-5 5  200 

Pol e-6 5-6-9 36-50 15 1,843 

Pol e-8 7-8.9 51-65 15 740 

Mature 11-15-9 86-120 40 366 

Old 
growth 16+ 121-300 180 185 

%ef ined  i n  Boyce 1977, 1980. 



a1 g o r i  thms f o r  va r ious  b e n e f i t s  such as w i  l d l  i f e  
h a b i t a t s ,  water y i  e l  d, r ec rea t i on ,  and t imber  vol  - 
umes ; and economi c  assumpti ons and parameters. 
Uses o f  i n v e n t o r i e s  and noneconomic a lgor i thms are 
descr ibed  i n  chapters  5 and 8. Here I descr ibe t h e  
use o f  economic assumptions and parameters t h a t  
l i n k  t h e  s i l v i c u l t u r a l  op t ions  t o  ne t  present  
value, p r o f i t a b i  1  i t y  index, equ iva len t  annual r en t ,  
and r e a l i z a b l e  r a t e  of re tu rn .  

The cash i n f l o w s  and ou t f lows  depend on as- 
sumptions about t h e  cos t  o f  c u l t u r a l  act ions,  t h e  
cos t  o f  market ing t h e  products,  and t h e  cash re -  
c e i  ved f o r  goods and serv ices  so ld .  4 s t y l i z e d  
diagram i l l u s t r a t e s  how t h e  equat ions are s t r u c -  
t u r e d  t o  compute bo th  t he  amounts and t he  t ime o f  
cash i n f l o w s  and ou t f lows  as t h e  f o r e s t  i s  t r a n s -  
formed ( f i g .  36). These a u x i l i a r y  equat ions can he 
modi f i  ed t o  f i t  any s p e c i f i c  f o r e s t .  

s 

MONEY FROM TIMBER SALES (fig. 35) . . . . . . . . . .  NH . , I 

\ 

MULTIPLIER FOR PRICES (fig. 37) . . . . . . . . . . . . . .  VYR - --,* INFLOW (Dollars / Year) 
rC 

ADJUSTMENT FOR OPENINGS (fig. 38) . . . . . . . . . .  MOS " 

MARKETING COSTS (fig. 39) . . . . . . . . . . . . . . . . . .  MRK - -- , 
OUTFLOW (Dollars / Year) 

OVERHEAD COSTS (fig. 40). . . . . . . . . . . . . . . .  OVH +- - - 
Figure 36.--Examples of silvicultural information used 
to calculate the cash inflows and outflows. The cash 
f l o w  rates are determined by the suppositions in the 
white boxes and the silvicultural mode. 

The i n f l o w  o f  money ( IN )  i s  t h e  money re -  
ce ived  from t imber  sa les (NH). I N  i s  ad justed f o r  
t h e  increased cost  o f  ha rves t i ng  small openings 
(NOS) and f o r  expected changes i n  f u t u r e  stumpage 
p r i c e s  (VYR). The money coming i n  from t imber  
sa les  (NH) i s  t h e  stumpage p r i c e  a t  age o f  harves t  
m u l t i p l i e d  by t h e  t imber  volumes harvested. Th is  
i n f o r m a t i o n  i s  f rom t h e  DYNAST s imu la t ion .  The 
c u r r e n t  p r i c e  f o r  stumpage by age i s  obta ined from 
a white box ( f i g .  35). 



A w h i t e  box i s  used t o  c a l c u l a t e  a m u l t i -  
p l i e r  f o r  stumpage p r i c e  i n  f u t u r e  years ( f i g .  37) .  
Th is  m u l t i p l i e r  ( V Y R )  can be changed d a i l y ,  weekly, 
y e a r l y ,  o r  as needed t o  ad jus t  t h e  tnoclel t o  eco- 
nomi c  changes. 

0 5 10 I5 20 
TIME FROM NOW (Years] 

F igure 37.--The perception sf  future  changes i n  stumpage pr ices.  

The amount o f  money rece ived from the  t imber  
sa les i s  reduced when t h e  opening s i z e  i s  l ess  than 
5.5 acres. Such smal l  openings r e q u i r e  more s k i d  
roads and l ogg ing  t r a i l s  and cos t  more t o  harves t  
than  l a r g e r  ones. Stumpage p r i c e s  are reduced as 
openings decrease helow 5.5 acres (MOS) ( f i g .  38). 

0 
0.1 1.0 1.9 2.8 3.7 4.6 5,5 

SIZE OF OPENINGS (Acres) 

F igure 38.--Stumpage pr ices a re  reduced when openings are  less 
than 5.5 acres. 



The ou t f low o f  money i s  determined ky cos t s  
( O T )  f o r  c a r r y i n g  out  a s i l v i c u l t u r a l  mode. Th i s  
ou t f low i s  ca l cu la ted  f o r  each pe r i od  and i nc l udes  
expected decreases o r  increases i n  management 
cos ts  . 

One cost  i s  f o r  t imber  market ing (MRK).  Mar- 
ke t  i ng i n c l  udes es tah l  i sh i  ng houndari es, rnarki ng 
t h e  t r e e s ,  c a r r y i n g  out t he  sales,  examining t h e  
harves t  opera t ion  f o r  compliance w i t h  the  con- 
t r a c t ,  and o ther  assoc ia ted costs .  These cos t s  a re  
determined by t h e  t o t a l  area o f  t imber  s o l d  each 
year  (TAS), which i s  d e r i  ved from t h e  DYNAST model. 
The marke t ing  costs  (MRK)  are f rom a  graph i n  which 
t h e  c o s t  a t  t ime zero i s  determined by c u r r e n t  
exper ience ( f i g .  39). P ro jec ted  costs  a re  f rom 
i n s i g h t s  , past experiences, and expec ta t ions  f o r  
f u t u r e  economic changes. 

Overhead ( O V H )  i nc ludes  p rope r t y  taxes and I 
maintenance costs  o f  t he  e n t i  r e  p roper ty  whether I 

owned by f o r e s t  indus t ry ,  n o n i n d u s t r i a l  p r i  va te  
landowners, o r  p u b l i c  agencies. The overhead 
cos ts  (OVH)  are c a l c u l a t e d  from a  t a b l e  t h a t  p ro -  
j e c t s  expected increases o r  decreases ( f i g .  40). 
The c o s t  a t  t ime zero i s  t h e  cu r ren t  cost  t o  t h e  
landowner. The incoming do1 l a r s  are t h e  ac tua l  
amounts o f  money rece ived f o r  commodities s o l d  f rom 
t h e  f o r e s t  . No imaginary values are assigned t o  
noncommodity i tems such as an assumed value f o r  t h e  
h a b i t a t  f o r  sp iders  and p i  1  eated woodpeckers. 
Ou t f l ow ing  do1 l a r s  are t h e  ac tua l  amounts o f  money 
i nves ted  t o  ma in ta in  t h e  f o r e s t  and t o  t r ans fo rm  
t h e  o rgan i za t i ona l  s t a t e  f rom t h e  present toward a  
des i r ed  s ta te ,  I n fo rma t i on  from t h e  stream o f  
t r ans fo rma t i ons  i s  used i n  a  cash f l ow  a l g o r i t h m  t o  
compute net present va1 ue, equ i va len t  annual r en t ,  I 

r e a l i z a b l e  r a t e  o f  r e tu rn ,  and profitability index. 
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F igure  39.--Projection o f  market ing costs from ins ights ,  past 
experiences, and expectat ions f o r  f u t u r e  economic changes. 
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F igure  40,--Projection o f  expected changes i n  overhead costs. 



White Boxes f o r  Cash Flows 

I t  i s  d i f f i c u f  t t o  know what reinvestment 
( K f  N j  and d iscount  r a t e  (DSR) t o  use f o r  e v a l u a t i n g  
s i  1  v i  cu l  Lure modes. The cask i n f l  ow reinvestment 
r a t e s  f o r  t h e  next several  decades and t h e  f u t u r e  
d iscoun t  r a tes  f o r  cash ou t f lows  cannot be accu- 
r a te1  y p red i  c ted.  Because we cannot p red i  c t  f u t u r e  
i n t e r e s t  ra tes ,  I suggest t h e  use of wh i t e  boxes 
and system dynamics methods as a s imple way f o r  a1 l 
i n t e r e s t e d  p a r t i e s  t o  examine t h e  e f f e c t s  o f  t h e i  r 
percep t ions  o f  f u t u r e  i n t e r e s t  r a tes  on t h e  aggre- 
gate costs  o f  b e n e f i t s  ( f i g s .  41, 42, 43). Th is  
a1 1  cws adm in i s t r a to r s  and o the r  i n t e r e s t e d  p a r t i e s  
t o  i n j e c t  personal experiences and i n s i g h t s  i n t o  
t h e  d i sp lays  o f  b e n e f i t s  ( f i g s .  4, 5, 6). Some 
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F igure  41.--Table f o r  a constant discount r a t e  o f  10 percent f o r  10 
years and a constant reinvestment r a t e  o f  12 percent f o r  10 years.  



d i  f f e r e n c ~ s  i n p e r c ~ p t i  ons hy d i  P P ~ r e t i l t ,  p a r t  i ~ c ;  cart 
bc rcsot vpd by examin ing t h e  q e n s i  t i v i t y  o f  hene- 
f i t s  pror-ft4cc.d by a s i l v i c ~ r l t t l r a l  mode f o r  d i f f e r e n t  
cii s c o t ~ n t  and re inves tmen t  r a t e s .  Fo r  a  p a r t i c u l a r  
f o r e s t r y  e n t e r p r i  se, p e r c e i  ved d i  f ferences i n  
d i  scount  and re inves tmen t  r a t e s  a r e  i n c o r p o r a t e d  
i n t o  t h e  analyses by s imp ly  drawing t h e  p e r c e p t i o n s  
on graph paper. The va lues a re  i n s e r t e d  i n t o  t h e  
DYNAST model as t a b l e  f u n c t i o n s .  

Some exampl es o f  i n t e r e s t  r a t e  p r o j e c t  i ons 
viewed as p e r c e p t i o n s  o f  t r e n d s  are :  I n t e r e s t  
r a t e s  w i  1 l be cons tan t  f o r  t h e  nex t  decade ( f i g .  
411, i n t e r e s t  r a t e s  w i l l  i n c r e a s e  s h a r p l y  i n  2 o r  
3 y e a r s  and s t a b i l i z e  by t h e  end o f  t h e  decade 
( f i g .  42), and i n t e r e s t  r a t e s  w i l l  d e c l i n e  f o r  t h e  
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F igure 42.--A t a b l e  function f o r  i n c r e a s i n g  i n t e r e s t  rates for 
fO years,  



Figure 43. - -A tab1  e funct ion for  decreasing i n t e r e s t  r a t e s  f o r  
10 years. 
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next  6 t o  7 years and s t a b i l i z e  by t h e  end o f  t h e  
decade ( f i g .  43). The percep t ion  o f  these k inds  o f  
t r ends  change because new speci a1 -i n t e r e s t  groups 
a r i s e  and o thers  dec l ine .  L e g i s l a t i v e  a c t i v i t i e s  
change d i  r e c t i  ves f o r  t h e  managers, change pub1 i c  
a t t i t u d e s ,  cons t ra i n  p u b l i c  expenditures, and 
change i n t e r e s t  ra tes .  
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The i n d i c a t o r s  o f  economic b e n e f i t s  such as 
equ i va len t  annual r en t  ( f i g .  4)  a re  s imu la ted  con- 
t i n u a l l y  as t h e  f o r e s t  i s  t ransformed from s t a t e  
t o  s ta te .  Th is  i s  accomplished by t r a n s l a t i n g  t h e  
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economic f u n c t i o n s  i n t o  dynamic farms. The proce-  
dure i s  i l l u s t r a t e d  by d e s c r i b i n g  how t h e  f u n c t i o n  
f o r  c o n t i n u a l  compounding i s  t r a n s l a t e d  t o  a  dyna- 
mic form. 

A p r i n c i p a l  (P) i s  t o  accumulate t o  a  sum ( S )  
a t  a  c e r t a i n  t i m e  ( n )  and a t  a  c o n t i n u a l  compound- 
i n g  r a t e  ( r ) .  The comp lex i t y  f o r  c a l c u l a t i n g  t h e  
sum i s  reduced by u s i n g  n a t u r a l  l ogar i thms ,  e 
( C l a r k  and o t h e r s  1979):  

The equa t ion  i s  t r a n s l a t e d  i n t o  dynamic fo rm 
and expressed i n  t h e  DYNAMO language (Pugh 1983). 
A d iagram suggests how t h e  sum (SUM) inc reases  as 
amounts o f  i n t e r e s t  (INTR) a re  c o n t i n u a l  l y  added 
w i t h  v a r i a b l e  r a t e s  (RATE) ( f i g .  44). The l e v e l  of 

Figure 44.--Structure o f  the dynamic a lgor i thm f o r  cont inual  com- 
pounding w i t h  a  va r iab le  i n t e r e s t  ra te ,  The s o l i d  arrow ind ica tes  
a f l ow  o f  money i n t o  a  "box." The dot ted arrows ind ica te  the  flaw 
o f  information. 



money i n  t h e  box i n c r e a s ~ s  i n  r e l a t i o n  t o  t h e  r a t e  
o f  i n f l o w  determined by t h e  va lue (INTR). The r a t e  
o f  i n f l o w  i s  c a l c u l a t e d  w i t h  i n f o r m a t i o n  coming 
from t h e  SUM and t h e  RATE t a b l e .  The RATE i s  an 
i n t e r e s t  r a t e  d e r i v e d  froin a  ~ h i t e  box ( f i g s .  41, 
42, 43) .  The waveforms of these w h i t e  boxes r e -  
f l e s t  i n s i  ghts ,  exper iences,  and p e r c e p t i o n s  o f  
i n t e r e s t e d  p a r t i e s  ahout f i r t u r e  i n t e r e s t  r a t e s .  
I n  DYNAMO language t h e  f u n c t i o q  i s  w r i t t e n :  

The l e v e l  e q u a t i o n  (L) acct~mula tes  t h e  i n f l o w s  
o f  i n t e r e s t  ( I N T R )  a t  each d i f f e r e n t i a l  t i m e  (DT) 
and adds these amounts t o  t h e  SUM a t  t h e  immedi- 
a t e l y  p reced ing  t i m e  ( J )  t o  c a l c u l a t e  t h e  SIJM a t  
t h e  p resen t  t i m e  (K).  

The equa t ion  des igna ted  by t h e  l e t t e r  N s e t s  
t h e  va lue  f o r  SUM equal t o  t h e  p r i n c i p a l  (PRNCP) a t  
t h e  b e g i n n i n g  o f  t h e  s i m u l a t i o n .  

The r a t e  equa t ion  (R) c a l c u l a t e s  t h e  amount o f  
i n f l o w  i n  d o l l a r s  f o r  t h e  nex t  i n t e r v a l  o f  d i f f e r -  
e n t i a l  t i m e  (DT). The SUM a t  p resen t  t i m e  ( K )  i s  
mu1 t i p 1  i e d  by t h e  m u l t i p l i e r  f o r  t h e  i n t e r e s t  r a t e  
a t  t h i s  t ime. T h i s  m u l t i p l i e r  i s  t h e  base o f  t h e  
n a t u r a l  l o g a r i t h m s  ( e )  r a i s e d  t o  t h e  power o f  t h e  
i n t e r e s t  r a t e  (RATE). EXP i s  a  f u n c t i o n  b u i l t  i n t o  
DYNAMO t h a t  computes e  t o  t h e  Ath power. 



The a u x i l  i a r y  e q u a t i o n  A i s  a  t a b l e  f u n c t i o n  
(TABHL) t h a t  s e l e c t s  t h e  i n t e r e s t  r a t e  f o r  t h e  
p r e s e n t  t i m e  (T1ME.K). 

The t a h l e  e q u a t i o n  T  c o n t a i n s  t h e  i n t e r e s t  
r a t e s  p e r c e i v e d  by t h e  i n t e r e s t e d  p a r t i e s  t o  be 
t h o s e  expected i n  t h e  f u t u r e .  The t a b l e  va lues i n  
t h i s  example a r e  f r o m  t h e  waveform f o r  re inves tmen t  
r a t e s  i l l u s t r a t e d  by t h e  w h i t e  box i n  f i g u r e  47, 

A l l  o f  t h e  i n d i c a t o r s  o f  p o t e n t i a l  economic 
b e n e f i t s  a re  t r a n s f o r m e d  t o  dynamic fo rm i n  t h i s  
way, The diagram i n  f i g u r e  44 i s  one example o f  
t h e  b a s i c  s t r u c t u r e  f o r  c o n t i n u a l  compounding and 
d i s c o u n t i n g .  T h i s  s t r u c t u r e  can be m o d i f i e d  t o  f i t  
a  v a r i e t y  o f  complex s i t u a t i o n s ,  y e t  t h e  s t r u c t u r e  
and t h e  s u p p o s i t i o n s  a re  e x p l i c i t l y  communicated t o  
a1 1  i n t e r e s t e d  p a r t i e s ,  Some o t h e r  advantages o f  
t h e  dynamic fo rm a re :  The re inves tmen t  and d i s -  
count  r a t e s  a r e  e a s i  l y  separa ted and p r o j e c t e d  
i n  whatever waveform t h e  i n t e r e s t e d  p a r t i e s  p e r -  
c e i v e  ( f i g .  4 2 ) ;  t h e  w h i t e  boxes make t h e  suppos i -  
t i o n s  e x p l i c i t  t o  a1 l i n t e r e s t e d  p a r t i e s ;  and t h e  
diagrams o f  s t r u c t u r e  a r e  a i d s  t o  u n d e r s t a n d i n g  
t h e  dynamics o f  t h e  model. Cash f l o w  i s  a percep-  
t i o n  o f  money f l o w i n g  f rom s i l v i c u l t u r e ,  

Conven t iona l  ~ q u a t i o v s  f o r  e v a l u a t i n q  cash 
f l o w s  ( C l a r k  and o t h e r s  1979) a r e  t r a n s l a t e d  i n t o  
DYNAM9 language (Pugh 1983) and i n c l u ? ~ d  i n  t h e  
OYNAST model. The equa t ions  a re  a u x i l i a r y  t o  
OYNAST and a re  n o t  a p a r t  o f  t h e  dynamic system 
t h a t  de termines t h e  t r a n s f o r m a t i o n  o f  t h e  f o r e s t  
f r o m  one s t a t e  t o  ano the r ,  The c o n t r o l s  f o r  d e t e r -  
m i n i n g  t h e  d i r e c t i o n  and r a t e  o f  f o r e s t  t r a n s f o r -  
ma t ion  a r e  h a r v e s t  r a t e s ,  opening s i z e s ,  2nd f o r e s t  
t y p e  convers ion  r a t e s  , 



The s ty1  i r e d  diagram o f  p a r t  o f  t h e  a l g o r i t h m  
s t r ~ r c t r r r e  ( f i g .  45)  i s  used t o  i l l u s t r a t e  t h e  
sourcps o f  i n f o r m a t i o n  t h a t  determine t h e  dynamic 
change i n  cash f l o w s  

where: 

(1TA.K = t h e  accumulated o u t f l o w  o f  cash 
(do1 1  a r s  ) a t  t h e  p resen t  t i m e  

OTK.KL = t h e  r a t e  o f  i n c r e a s e  i n  OTA i n  
t h e  immediate ly  f o l  l o w i n g  pe- 
r i  od (KL) (do1 l a r s l y e a r  ) 

DSC. K = con t  i nual  d i  scount d i  v i  so r  

DSR.K = t h e  d i s c o u n t  r a t e  a t  present 
t i m e  (K) 

0T.K = t h e  o u t f l o w  ( d o l l a r s )  a t  present  
t i m e  (K)  ( y e a r s ) ;  f rom DYNAST 
s i m u l a t i o n  

1N.K = t h e  i n f l o w  (do1 l a r s )  a t  present  
t i m e  ( K )  ( y e a r s ) ;  f rom DYNAST 
s i m u l a t i o n  

INR-KL = t h e  r a t e  o f  i n c r e a s e  i n  INA i n  
t h e  irnmedi a t e l y  f o l  1  owi ng p e r i o d  
(KL) (do1 l a r s / y e a r )  

R1N.K = t h e  re investment  r a t e  a t  present  
t i m e  (K) 

1NA.K = t h e  accumulated i n f l o w  o f  cash 
( d o l l a r s )  a t  p resen t  t i m e  ( K )  
(years  ) 



F i  gure 45. --The dynamic cat cut a t  ion o f  accumulated cash outf lows 
(OTA) ; accumulated cash inflows (INA), which are  compounded wi t h  
va r iab le  reinvestment ra tes  (RIN); and OTA's and INA's discounted 
t o  t h e  present (OTAD and INAD) wi th  va r iab le  discount ra tes  (DSR). 
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Profitability Index 

Th is  index (PI  ) i s  t h e  r a t i o  o f  t h e  p resen t  
va lue  o f  t h e  a f t e r - t a x  cash i n f l o w s  ( I N A D )  t o  t h e  
o u t f l o w s  (OTAD). P I  r a t i o s  o f  1 o r  g r e a t e r  i n d i -  
c a t e  t h e  s i l v i c u l t u r a l  modes expected t o  y i e l d  
r a t e s  o f  r e t u r n  equal t o  o r  g r e a t e r  than t h e  
assumed d iscoun t  r a t e .  The P I  i s  a measure o f  a  
s i l v i c u l t u r a l  mode's p r o f i t a b i l i t y  pe r  d o l l a r  o f  
investment  , I n  c o n t i n u a l  s i m u l a t i o n ,  P I  ranks 
s i  1  v i c u l t u r a l  modes i n  t h e  o rder  o f  p r o f i t a b i  1  i t y  
a t  each t i m e  i n t e r v a l  . Cont inua l  s i m u l a t i o n  by 
t h e  a l g o r i t h m  desc r ibed  here i n d i c a t e s  bo th  t h e  
d i r e c t i o n  and t h e  r a t e  o f  change i n  PI. 

Equivalent Annual Rent 

Net present  va 1  ues and p r o f  i t ab i  li t y  i n d i  ces 
a r e  no t  v a l i d  ways t o  compare s i l v i c u l t u r a l  o p t i o n s  
t h a t  have d i f f e r e n t  cash f l o w s  over  d i f f e r e n t  
pe r iods .  Th is  problem i s  so lved by computing a 
p e r p e t u a l  "equi v a l  e n t  annual r e n t  " (EAR 1, Thi s 
va lue  i s  t h e  perpe tua l  annual income o r  cos t  t h a t  
would y i e l d  t h e  same ne t  present  va lue as a pe r -  
p e t u a l  r e p e t i t i o n  o f  t h e  s i l v i c u l t u r a l  mode f o r  
i d e n t i c a l  assumptions about i n t e r e s t  ra tes ,  Th is  
va lue  i s  o f t e n  termed t h e  " e q u i v a l e n t  annual 
income" o r  when nega t i ve ,  t h e  " e q u i v a l e n t  annual 
charge" (C la rk  and o t h e r s  1979). F o r  s i  lv icul ture ,  
we use t h e  te rm " e q u i v a l e n t  annual r e n t "  because 
t h e  values rep resen t  p o s i t i v e  o r  n e g a t i v e  annual 
r e n t s  f o r  a  s i l v i c u l t u r a l  mode and do no t  i n c l u d e  
t h e  values o r  t h e  a p p r e c i a t i o n  o f  t h e  land  and t h e  
r e s i d u a l  f o r e s t ,  

Equi v a l e n t  annual r e n t  ( E A R )  i s  c a l c u l a t e d  by 
determi  n i  ng t h e  equal p e r i o d i c  payments needed t o  
a m o r t i z e  t h e  ne t  p resen t  va lue over  a  c e r t a i n  t ime. 
The procedure i s  t o  m u l t i p l y  t h e  ne t  present  va lue 
a t  a g i ven  t ime by t h e  c a p i t a l  recovery f a c t o r  a t  
t h a t  t i m e  ( C l a r k  and others 1979). 



Mhen t h e  EAR i s  p o s i t i v e ,  t h e  s i  l v i c u l t u r a l  
mode y i e l d s  a  r a t e  o f  r e t u r n  g rea te r  than t h e  
d iscoun t  ra te .  The amount o f  r e t u r n  i n  d o l l a r s  i s  
i n d i c a t e d  by t he  value o f  EAR. When EAR i s  zero, 
t h e  r a t e  o f  r e t u r n  equals t he  d iscoun t  ra te .  When 
EAR i s  negat ive,  t h e  r a t e  o f  r e t u r n  i s  less  than  
t h e  d iscount  ra te .  The negat i ve  va lue o f  EAR, t h e  
equ i va len t  annual r en t ,  i s  t h e  equ i va len t  annual 
cos t  o f  b e n e f i t s  rece ived  f o r  t he  pe r i od  s i nce  t h e  
beg inn i  ng o f  t h e  s imu la t ion .  Thus, EAR i s  a  way t o  
rank des i r ab le  combinat ions o f  b e n e f i t s  when sa les 
do no t  equal o r  exceed t h e  common cos ts  i n  t h e  
aggregate and when cash f lows are d i f f e r e n t  f o r  
d i f f e r e n t  per iods.  

For  example, an i n d u s t r y  may be w i  11 i n g  t o  
accept a  cos t  f o r  growing t imber  as a  raw m a t e r i a l  
when t h e  pr imary source o f  p r o f i t s  i s  t h e  value 
added by t h e  manufacture and sa le  o f  f o r e s t  prod- 
uc t s .  The EAR values can be used as an index t o  
i d e n t i f y  t h e  s i  1  v i c u l  t u r a l  mode t h a t  produces 
t imber  a t  t he  smal l e s t  equ iva len t  annual cost.  

Negat ive EAR values are use fu l  f o r  es t ima t i ng  
p u b l i c  charges f o r  m u l t i p l e  b e n e f i t s  t h a t  are no t  
p r o f i t  producing. The method can be used t b  com- 
pare d i f f e r e n t  combinat ions o f  mu1 t i p l e  b e n e f i t s  
when t h e  s i  1  v i c u l t u r a l  op t ions  have unequal l i v e s  
and d i f f e r e n t  costs.  It i s  e s s e n t i a l l y  t h e  same 
method used by many u t i l i t i e s  f o r  eva lua t i ng  non- 
d i s c r e t i o n a r y  expendi ture a1 t e r n a t i v e s  and f o r  se t -  
t i n g  r a t e  s t r uc tu res .  When l i n k e d  t o  bene f i t s ,  EAR 
f o r  f o r e s t r y  i s  a  v a l i d  way t o  cons ider  " the  r e l a -  
t i v e  values o f  the  var ious resources, and not nec- 
essa r i  l y  t h e  combinat ion o f  uses t h a t  w i  11 g ive  
t h e  g rea tes t  d o l l a r  r e t u r n  o r  t h e  g rea tes t  u n i t  
ou tpu t "  (Mul t ip le-Use Susta ined-Yie ld  Act o f  1960 
and Nat ional  Fores t  Management Act o f  1976) (USDA 
FS 1983a). 

For example, a  government may be w i  l l i n g  t o  
pay f o r  c e r t a i n  nonmarketable b e n e f i t s  such as a 



wi lde rness ,  songb i rd  h a b i t a t s ,  d i spe rsed  r e c r e a -  
t i o n a l  o p p o r t u n i t i e s ,  and endangered spec ies  h a b i -  
t a t s .  When these nonmarketable h e n e f i t s  a r e  en- 
hanced o r  reduced by t h e  s i  1  v i c u l  t u r a l  mode t h a t  
i nc reases  marketah le  b e n e f i t s ,  no va1 i d  method 
e x i s t s  f o r  a1 l o c a t i n g  t h e  common c o s t s  o r  t h e  do1 - 
l a r  va lues o f  t h e  common h e n e f i t s .  C a l c u l a t i n g  
t h e  EAR w i t h  t h e  DYNAST model i s  a  way t o  answer 
t h e  q u e s t i o n :  "Which s i l v i c u l t u r e  modes can p r o -  
duce t h e  d e s i r e d  combinat ion o f  b o t h  marketab le  
and nonmarketable b e n e f i t s  a t  t h e  'srnal l e s t  equi  va- 
l e n t  annual c o s t ? "  The bases f o r  comparison a r e  t h e  
E A R ' S  and t h e  combi n a t i o n s  o f  b e n e f i t s .  A1 1 o f  
t h e s e  a r e  l i n k e d  by a  common denominator,  which i s  
t h e  f o r e s t ' s  o r g a n i z a t i o n a l  s t a t e .  The cho ice  i s  
t h e  s i  1  v i c u l  t u r a l  mode t h a t  t r a n s f o r m s  t h e  f o r e s t  
f rom t h e  p resen t  s t a t e  th rough  a  s t ream o f  s t a t e s  
t o  produce t h e  d e s i r e d  combinat ion o f  b e n e f i t s  
(Boyce 1978a, 1978b) . 
R e a l i z a b l e  R a t e  of R e t u r n  

The r e a l i z a b l e  r a t e  o f  r e t u r n ,  RRR, i s  t h e  i n -  
t e r e s t  r a t e  t h a t  compounds t h e  p resen t  va lue o f  t h e  
cash f l o w s  t o  equal t h e  accumulated cash i n f l o w s  
f o r  t h e  investment  pe r iod .  RRR va lue  i s  found by 
s o l  v i n g  f o r  t h e  compound i n t e r e s t  r a t e ,  

Rate o f  r e t u r n  i s  an appea l ing  index  f o r  com- 
p a r i n g  s i  l v i c u l t u r a l  o p t i o n s  w i t h  o t h e r  investment  
o p p o r t u n i t i e s .  Rate o f  r e t u r n  i s  a u n i v e r s a l  
i n d e x  and i s  w i d e l y  unders tood i n  i t s  s i m p l e s t  
form. It i s  taken  by many as a  norm rep resen ta -  
t i v e  o f  investment  o p p o r t u n i t i e s  i n  general  . 
T h i s  s i t u a t i o n  makes some measure o f  r e t u r n  r a t e  
an i m p o r t a n t  i ndex  when choos ing a  s i l v i c u l t u r a l  
schedule. 

A m 1  i c a t i o n s  t o  Other Forests 

The methods d e s c r i b e d  here  can be a p p l i e d  
t o  o t h e r  f o r e s t s .  The i n f o r m a t i o n  r e q u i r e d  i s :  



An i n v e n t o r y  by age c lasses ,  d iamete r  
c lasses ,  and de lays  ( t a b l e  4 ) .  (Separa te  
i n v e n t o r i e s  a r e  needed f o r  each k i n d  o f  
f o r e s t  t o  be managed as a  spec ies  t y p e ,  
p r o d u c t i v i t y  type,  o r  o t h e r  c l a s s  t h a t  
can be r e a d i l y  i d e n t i f i e d  by f o r e s t  work-  
e r s - - h a b i t a t  c l a s s i f i c a t i o n s  can be 
changed t o  f i t  t h e  s i t u a t i o n . )  

2. A t i m b e r  y i e l d  t a b l e  f o r  each k i n d  o f  
f o r e s t  t o  be managed. 

3 .  A l g o r i t h m s  f o r  t h e  b e n e f i t s  o f  i n t e r e s t .  

4. I d e n t i f i c a t i o n  o f  t h e  e lements f o r  cash 
i n f l o w s  and o u t f l o w s  as a  b a s i s  f o r  com- 
p u t i n g  t h e  i n f l o w  ( I N )  and o u t f l o w  (OT) 
values.  (The assumed changes a r e  drawn 
on graph paper as w h i t e  boxes. The v a l -  
ues f o r  t h e  graphs a r e  i n s e r t e d  i n t o  t h e  
DYMAST model w i t h o u t  f i t t i n g  t h e  cu rves  
t o  mathemat ica l  equa t ions .  The w h i t e  
boxes may r e p r e s e n t  p e r c e p t i o n s  f o r  i n t e r -  
e s t  r a t e s ,  market  va lues,  and any o t h e r  
i n s i  gh ts ,  exper iences,  research f i n d i  ngs, 
and i n f o r m a t i o n  t h o u g h t  t o  i n f l u e n c e  t h e  
c h o i c e  o f  a  s i l v i c u l t u r a l  op t i on . )  

The model i s  man ipu la ted  w i t h  t h e  a n a l y t i c  
s i  1  v i  c u l  t u r a l  c o n t r o l  s  (Boyce 1980) t o  change h a r -  
v e s t  r a t e s ,  s i z e  o f  open ing harvested,  and f o r e s t  
t y p e  c o n v e r s i o n  r a t e .  I f  des i  red,  s e n s i t i v i t y  
t e s t s  can be made f o r  d i f f e r e n t  assumptions such as 
i n t e r e s t  r a t e s  and market  values,  



Chapter  7 

Dynamic A n a l y t i c  S i l v i c u l t u r e  Technique 
(DY NAST ) 

Overv iew 

Menta l  models a r e  t h e  a n a l y t i c  t echn ique  most 
o f t e n  used t o  make s i  t v i c u l  t u r e  p r e s c r i p t i o n s  f o r  
stands,  D i r e c t  o b s e r v a t i o n s ,  s imp le  i n v e n t o r i e s ,  
persona l exper iences , and r o u t i  ne data  compi 1  a t  i ons 
a r e  adequate f o r  choos ing p r e s c r i p t i o n s  f o r  most 
stands,  Stand p r e s c r i p t i o n s  a r e  most e f f e c t i  ve 
when made i n - p l a c e  hy p r o f e s s i o n a l l y  t r a i n e d  spe- 
c i a l i s t s  (See ch, 4 ) .  Yet, i t  i s  t h e  i n t e r a c t i o n s  
and t h e  responses o f  t h e  s tands i n  aggregate t h a t  
de te rm ine  t h e  f l o w s  o f  h e n e f i t s  f rom the f o r e s t c  
The f o r e s t  may p e r f o r m  p o o r l y  i f  s i  1 v i c u t t u r e  i s  
a p p l i e d  t o  ach ieve an i s o l a t e d  goal  f o r  each s t a n d  
r a t h e r  t h a n  t o  ach ieve  a  s i n g l e  goal f o r  t h e  e n t i r e  
f o r e s t .  To keep performance o f  t h e  f o r e s t  c o n s i s t -  
e n t  w i t h  t h e  cornhinat ions s f  b e n e f i t s  des i red ,  a 
s i n g l e  goal  shou ld  se rve  as t h e  cornwon denomi n a t o r  
f o r  s t a n d  p r e s c r i  p t  i ons When many k i  nds o f  s tands 
a r e  chang ing simultaneously, t h e  s p e c i a l i s t  has 
d i f f i c u l  t y  f i x i n g  i n - p l a c e  d e c i s i o n s  t h a t  d i  r e c t  
t h e  dynamics o f  t h e  f o r e s t  t oward  a d e s i r e d  com- 
b i n a t i o n  o f  b e n e f i t s .  A l i s t  o f  d e s i r a b l e  b e n e f i t s  
may be cons ide red  a s i n g l e  goal  f o r  t h e  f o r e s t ;  
y e t ,  t h i s  i s  n o t  t h e  k i n d  o f  goal  t h a t  a i d s  t h e  
s p e c i a l i s t  t o  make i n t e g r a t e d ,  i n - p l a c e  s tand  
p r e s c r i p t i o n s .  W i th  each b e n e f i t  added t o  t h e  l i s t  
and w i t h  each a c t i o n  t h a t  must be cons ide red  i n  
making t h e  s tand  p r e s c r i p t i o n ,  c o m p l e x i t y  i n c r e a s e s  
exponent i a1 l y  ; c o o r d i  n a t  i on of p r e s c r i p t i o n s  among 
s tands i s  a lmost  i m p o s s i b l e ;  and t h e r e  i s  c o n f u s i o n  
among t h e  s p e c i a l i s t s ,  managers, and o t h e r  i n t e r -  
e s t e d  p a r t i e s ,  

Thp prirpose o f  t h i s  c h a p t e r  i s  t o  d e s c r i h e  an 
a n a l y t i c  technique f o r  r e d u c i  ng  comp lex i t y ,  i d e n -  
t i f y i n g  a s i n g l e  goal  t h a t  l i n k s  t h e  c h o i c e  o f  
s tand  p r e s c r i p t i o n s  w i t h  the cho i  c~ o f  f o r e s t  beno- 
f i d s ,  a ~ d  provi  d i  ~g c l e a r  c h a n n e l  s o f  cornmuni c a t i o n  



f o r  a1 1  i n t e r e s t e d  p a r t i e s .  The technique i s  
cal  l e d  t h e  mic - A n a l y t i c  - S i l v i c u l t u r e  - Technique 
(DYNAST). 

Svstem Dvnami cs Method 

Complexi ty , caused by many v a r i  ab l  es changi ng 
s imul taneously ,  accounts f o r  t h e  u n c e r t a i n t i e s  i n  
most dec i s i on  and c o n t r o l  processes (Beer 1966; 
E i  1  on 1980). Most managers can 1  i m i  t unce r ta i  n t y  
by men ta l l y  reduc ing t o  a  minimum t h e  number o f  
v a r i a b l e  pa i  rs .  Th is  procedure, ca l  l e d  minimum 
account (Tversky and Kahneman 1981), i s  a f u n c t i o n  
o f  one 's  mental model and i s  appropr ia te  f o r  many 
s i t u a t i o n s ;  i t  i s  t h e  method used t o  make most 
dec is ions .  When t h e  numher o f  v a r i a b l e  p a i r s  
changing s imul taneously  cannot be l i m i t e d  t o  about 
t h r e e  by t h e  mental model, t h e  manager's dec i s i on  
and c o n t r o l  process can be speeded up by us ing  an 
a i d  t h a t  reduces complex i ty ,  System dynamics i s  
such an a i d  (Fo r res te r  9961). I n  t h i s  method t h e  
1  inkage o f  l a rge  numbers o f  s imul taneously  changing 
v a r i a b l e s  l i m i t s  choices t o  a  few va r i ab les  t h a t  
determine t he  dynamics o f  t h e  system. Reducing 
t h e  numher o f  va r i ab les  reduces complex i ty  f o r  t h e  
mental model and enhances t h e  dec i s i on  and c o n t r o l  
procedure (Lynei s 1980; Tversky and Kahneman 1981 ). 

The b i o l o g i c a l  bas is  f o r  us i ng  system dynamics 
i s  formed by t h e  f o u r  bionomic t h e o r i e s  (ch. 3). 
These t h e o r i e s  p rov ide  t h e  r a t i o n a l e  f o r  t a k i n g  
a c t i o n s  t o  b r i n g  about des i r ed  o rgan i za t i ona l  
s t a tes .  The dynamics o f  these changes are d i r e c t e d  
by t h e  death o f  dominant and codominant t r e e s  and 
t h e  r e s u l t i n g  openings formed i n  t h e  f o r e s t  ( f i g .  
46). I n  these openings, which are formed hy t i m -  
be r  harves t  and by n a t u r a l  m o r t a l i t y ,  t r e e s  are re -  
generated t o  form new stands, These new stands 
success ive ly  t rans fo rm f rom one k i n d  o f  hahi  t a t  t o  
another  and thus determine t h e  dynamic organiza-  
t i o n a l  s t a tes  o f  t h e  f o r e s t .  
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Figure 46.--Diagram of the  transformation dynamics o f  a fo res t  as 
d i rec ted  by t r e e  mor ta l i t y ,  openings, and regeneration. 



The model p r o j e c t s  t rans fo rmat ions  i n  o rgan i -  
z a t i o n a l  s t a tes  i n  terms o f  i n t e g r a t e d  f lows  o f  
i n f o rma t i on ,  labor ,  energy, and m a t e r i a l s  i n s t e a d  
o f  i n  terms o f  separate f unc t i ons  such as econom- 
i c s ,  t imber ,  and w i l d l i f e .  Th is  approach i s  appro- 
p r i a t e  f o r  b i o l o g i c a l  t rans fo rmat ions  i n  f o r e s t  
communities t h a t  e x h i b i t  i n t e g r a t e d  f lows o f  energy 
and m a t e r i a l  s. The s t r u c t u r e  and f l o w  o r i e n t a t i o n  
i s  t h e  bas is  f o r  f o r e s t  managers t o  cross d i s c i -  
p l i n e s  w i t hou t  compl icat ions.  For example, f l ows  
o f  energy, water, cash, n u t r i e n t s ,  animal h a b i t a t s ,  
and age and area c lasses o f  f o r e s t  stands t ranscend 
t h e  i n t e r e s t s  o f  i n d i v i d u a l  d i s c i p l i n e s  and spec ia l  - 
i n t e r e s t  groups. I n t e r o r g a n i z a t i o n a l  c o n f l i c t s  are 
reduced; dec is ions  a re  i n t e r d i s c i p l  i na ry .  

D e f i n i t i o n  o f  t he  Question 

The anc ient  theme o f  f o r e s t r y  i s  conserva t ion  
f o r  t h e  purpose o f  p e r p e t u a l l y  p r o v i d i  ng b e n e f i t s .  
Inc luded  i n  t h e  theme i s  t h e  idea o f  m u l t i p l e  use, 
def ined as t h e  d e l i  be ra te  and planned i n t e g r a t i o n  
o f  va r ious  f o r e s t  uses so t h a t  uses i n t e r f e r e  w i t h  
each o the r  as l i t t l e  as poss ib l e  (McArdle 1962). 
These concepts have been conspicuous i n  w r i t i n g s  
and i n  l e g i s l a t i o n  f o r  a t  l e a s t  100 years ( C l i f f  
1962; Marsh 1964). Apparent ly,  these concepts 
r e i n f o r c e  a  deeply ing ra ined ,  conservat ion e t h i c .  
And t h e  ideas support  s t r ong  f e z l i n g s  t h a t  people 
can l i v e  i n  harmony w i t h  nature.  The mental models 
f o r  these ideas are c l e a r l y  ev iden t  i n  t h e  f o l l o w -  
i n g  phrases from some l e g i s l a t i o n :  

. . . harmonious and coord ina ted  man- 
agement o f  t he  var ious resources, 
each w i t h  t h e  other ,  w i t hou t  impai r-  
rnent o f  t he  p r o d u c t i v i t y  o f  t h e  land, 
w i t h  cons ide ra t i on  he ing g iven t o  
t h e  r e l a t i v e  values o f  t he  var ious  
resources, and not  necessar i  l y  t h e  
combinat ion o f  uses t h a t  w i  11 g i ve  
t h e  g rea tes t  do1 l a r  r e t u r n  o r  t h e  
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i s  t h e  f o r e s t  manager; t h e  sensors are f o r e s t  
i n v e n t o r i e s ,  moni t o r i  ngs, and research ; t h e  e f f e c -  
t o r s  a re  t he  s i l v i c u l t u r e .  The f o r e s t r y  system i s  
more complex than t he  car  system because: 

1. The goal f o r  f o r e s t r y  has m u l t i p l e  e l e -  
ments such as " increase t h e  f lows  o f  cash, 
t imber ,  water, w i l d l i f e  hab i t a t s ,  and 
r e c r e a t i o n  oppo r tun i t i es , "  whereas t h e  goal 
f o r  t h e  car  system has one element, "go 
from here t o  there," 

2.  The f o r e s t  managers f u n c t i o n  i n  response 
t o  t h e  percept ions o f  many i n t e r e s t e d  pa r -  
t i e s ,  whereas t h e  ca r  system f u n c t i o n s  i n  
response t o  on l y  one person, t he  d r i v e r .  

3. The f o r e s t  ecosystem i s  a  s e l f - o r g a n i z i n g  
b i  01 og i  ca l  system t h a t  responds cyberne t -  
i c a l l y  t o  s i l v i c u l t u r e  (Boyce 1978b), 
whereas t h e  wheels o f  t he  car  respond 
de te rmin i  s t i c a l  l y  t o  changes i n  t h e  
s t e e r i n g  wheel. 

4, Delays are long  i n  t h e  f o r e s t r y  system-- 
years and decades; hut  i n  t he  car  system 
they  are short--seconds and minutes. The 
longer  delays o f  t h e  f o r e s t  system 
inc rease  t h e  u n c e r t a i n t y  i n  t he  d e c i s i o n  
process about f u t u r e  envi  ronments. 

Complexi ty i n  t h e  f o r e s t r y  dec is ion  and con- 
t r o l  process l i m i t s  ac t i ons  f o r  the  j o i n t  produc- 
t i o n  o f  bene f i t s .  One a d m i n i s t r a t o r  (Thornton 
1980) commented t o  t h e  lfSDA Forest  Service: 
"My on l y  r ea l  f e a r  i s  t h a t  we w i l l  succumb t o  t h e  
s i r e n  songs o f  t he  data gatherers  and ana lys ts  who 
a re  entranced themselves by t h e  power and poten- 
t i a l  o f  t h e  computers. --We1 1  thought-out and 
c a r e f u l l y  d i r e c t e d  p lann ing  can be t he  hear t  and 
s t r e n g t h  o f  t he  Fores t  Serv ice  o f  tomorrow." 



'%el 1 thought -out and c a r e f u l  l y  d i  r ec ted 'hcan  
be i n t e r p r e t e d  as a  p lea  f o r  reduced complex i t y  o f  
t h e  mental  model, Aids t o  s i m p l i f y  t h e  mental 
model a r e  needed when managers "are determined no t  
t o  l e t  t h e  a n a l y t i c a l  ca l cu lus  o f  dec i s i on  fo rmu la -  
t i o n  r u l e  t he  dec i s i on  making" (Le isz  1981). 

Other  s i gna l s  showing t h a t  complex i ty  i n  t h e  
d e c i s i o n  processes exceeds t h e  capahi 1  i t y  o f  t h e  
mental model are:  (1) t h e  d i  f f i c u l  t i e s  encountered 
i n a t tempts  t o  a1 1  ocate market values t o  nonmarket- 
ab le  p roduc ts  ( K r u t i l l a  and F isher  1975); ( 2 )  d i s -  
enchantment w i t h  at tempts t o  rank b e n e f i t s  i n  o rder  
o f  t h e i r  wor th  t o  management o r  t o  soc ie t y  (Steuer  
and Schuler  1978); and ( 3 )  t h e  f r u s t r a t i o n s  o f  
a t t emp t i  ng t o  p r o j e c t  complex matr ices o f  resource 
ou tpu ts  t o  c u l t u r a l  ac t i ons  and cos ts  (A l s ton  
1979; Dyer and o thers  1979). 

A l l  o f  these a n a l y t i c  approaches cen te r  on t h e  
lack  o f  q u a n t i t a t i v e  c o e f f i c i e n t s  f o r  t h e  complex 
i n t e r a c t  i ons among resources. The quest ions be i  ng 
asked o f  t he  f o res t  management team are: "How much 
t imber ,  cash flow, water,  w i  l d l i f e  h a b i t a t ,  recrea-  
t i o n  oppo r tun i t i es ,  and o the r  b e n e f i t s  do you want 
t o  produce? What are t h e  monetary values o f  t h e  
henef i  t s ?  What are t h e  i n t e r a c t i o n  c o e f f i c i e n t s  
and p roduc t i on  f unc t i ons  f o r  each s i  1  v i c u l t u r a l  
mode?"" (USAFS 7980:322). 

M y  analyses guided me t o  ask a d i f f e r e n t  
quest ion:  "If t h e  management team appl i es t h i s  o r  
t h a t  s i l v i c u l t u r a l  mode, what b e n e f i t s  w i l l  be p ro -  
duced?" This  ques t ion  i s  asked by and not o f  t h e  
management team, 

I n  t h i s  approach, a t t e n t i o n  o f  a l l  i n t e r e s t e d  
p a r t i e s  i s  focused on t h e  b i o l o g i c a l l y  poss ib l e  
combinat ions o f  bene f i t s .  Choosing t h i s  o r  t h a t  
combinat ion of b e n e f i t s  es tab l i shes  a s i n g l e  s i  l v i  - 
c u l t u r a l  goal . This  goal, t o  t r ans fo rm  the  f o r e s t  
toward a c e r t a i n  dynamic o rgan i za t i ona l  s ta te ,  i n -  
t e g r a t e s  c l l l  t u r a l  ac t i ons  i n  a1 1  f unc t i ona l  areas 
such as t imber ,  water,  economics, w i  l d l  i f e ,  and 
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The s t a t e  o f  f o r e s t  o rgan i za t i on  i s  sensed by 
f requent  i n v e n t o r i e s  o f  stands, t imber  volumes, 
animals, and p l a n t s ;  m n i t o r i n g s  are made o f  t h e  
ecosystem's responses t o  c u l t u r a l  ac t ions  ; and r e -  
search i s  designed t o  exp lo re  percept ions t h a t  
consequences are causal l y  1  i nked t o  s i  1  v i  c u l  t u r e .  
Th is  i n fo rma t i on  i s  used t o  keep a  system dynamics 
model c a l l e d  DYNAST congruent w i t h  t h e  f o res t .  

The "p ro jec t i ons ,  " represented by t he  d i  amond- 
shaped form, a re  t h e  answers t o  t he  " i f "  quest ion.  
These answers are d isp layed  as cha r t s  ( f i g s .  4, 5, 
6 )  and t a b l e s  t h a t  t r ansm i t  combinations o f  bene- 
f i t s  f o r  a l t e r n a t i v e  s i l v i c u l t u r a l  modes t o  a l l  i n -  
t e r e s t e d  p a r t i e s .  The ques t ion  "If t h i s ,  what 
then?"  i s  mod i f ied  by p a r t i e s  i n  t h e  con t ro l  loop. 
Cont ro l  va r i ab les  such as t h e  t imber  harvest  ra tes ,  
s i zes  o f  openings formed, and f o r e s t  type conver- 
s i o n  r a t e s  are changed u n t i l  a des i red  combinat ion 
o f  b e n e f i t s  i s  p ro jec ted .  Any p a r t y  can be 
i nvol  ved by ask ing quest ions about t h e  b e n e f i t  
d i sp lays .  For t h e  d i s p l a y  i n  f i g u r e  4 a ques t ion  
cou ld  be: What would be t h e  stream o f  b e n e f i t s  i f  
harves t  age were 120 years and opening s i ze  were 5 
acres? A ques t ion  f o r  f i g u r e  6 could be: What 
would we have i f  50 percent o f  t h e  area were har -  
vested a t  90 years o f  age? 

The goal f o r  managing t h e  f o r e s t  comes from 
ou t s i de  t h e  system and i s  determined by soc ia l ,  
economi c, and po l  i t i  c a l  forces.  These forces oper- 
a t e  through t h e  a v a i l a b i l i t y  o f  land, labor ,  
energy, c a p i t a l ,  ma te r i a l s ,  and markets. W i th i n  
t h e  dec i s i on  loop a l l  i n t e r e s t e d  p a r t i e s  p a r t i c i  - 
pa te  i n  examining t h e  p r o j e c t i o n s  o f  expected bene- 
f i t s .  These p r o j e c t i o n s  are t h e  bas is  f o r  cons id-  
e r i  ng d i  f f e r e n t  a1 t e r n a t i  ves o r  f o r  d e r i  v i n g  a  
consensus. A consensus r e s u l t s  i n  a c t i v a t i o n  o f  
t h e  e f f e c t o r s ,  i n  t h i s  case t h e  s i l v i c u l t u r a l  mode 
used i n  t h e  c o n t r o l  va r i ab les  t o  p r o j e c t  the  com- 
b i n a t i o n  o f  b e n e f i t s  se lec ted  by t h e  pa r t i es .  

The b i o l o g i c a l  p o t e n t i a l  f o r  each combi n a t i o n  
o f  b e n e f i t s  i s  determined by t h e  ecosystem dynamics 



t h a t  o r y i n a t e  through t h e  s i  l v i c u l t u r a l  app l i ca -  
t i o n s .  These a p p l i c a t i o n s  t ransform t h e  f o r e s t  
through a  stream o f  o rgan i za t i ona l  s t a tes  ( f i g .  46) 
and produce t h e  des i red  cornbi na t  i on o f  benef i t s  
(Boyce 1978b). I c a l l  t h i s  procedure t he  dynamic 
a n a l y t i c  s i  1  v i c u l t u r e  technique. It i s  dynamic 
because t h e  s i  1  v i c u l  t u r a l  mode i s  ad jus ted  a t  f r e -  
quent i n t e r v a l s  t o  keep t h e  b e n e f i t s  produced r e l -  
evant t o  changes i n  t h e  soc ia l ,  economic, and 
p o l i t i c a l  forces.  It i s  an a n a l y t i c  process t h a t  
i n t e g r a t e s  i n fo rma t i on  from t h e  goals o f '  a1 1  i n t e r -  
ested p a r t i e s  and from t h e  ecosystem dynamics o f  
t h e  f o r e s t  t o  a i d  t h e  design p o l i c y  by i n t e r e s t e d  
p a r t i e s .  Rather than a r h i t r a r i  l y  s e t t i n g  goals 
such as produc ing so much o f  t h i s  and t h a t  and then  
a1 l o c a t i n g  resources, a1 1  i n t e r e s t e d  p a r t i e s  eva l -  
ua te  b i o l o g i c a l l y  poss ib l e  goals, p o l i c i e s ,  and 
ecosystem dynamics. A1 1  p a r t i e s  a l s o  choose an 
acceptable sequence o f  outcomes. 

White Boxes 

Graphs, c a l l e d  wh i t e  boxes, are used as t a b l e  
f u n c t i o n s  i n  t h e  DYNAST model. The wh i t e  boxes 
have value (1) as media f o r  improved communications 
among managers, s p e c i a l i s t s ,  and o the r  i n t e r e s t e d  
p a r t i e s ;  ( 2 )  as a  way t o  l i n k  s p e c i a l i s t s  i n  func-  
t i  onal areas t o  form i n t e r d i  s c i  p l  i nary teams ; and 
( 3 )  as a  way t o  e x p l i c i t l y  d i s p l a y  r e l a t i o n s  and 
suppos i t ions  f o r  s c r u t i n y  by a1 1  i n t e r e s t e d  p a r t i e s  
(ch. 5) .  

The s i t u a t i o n  i s  t h i s :  Choices are der i ved  
f rom t h e  values o f  soc ie ty .  These choices are 
mediated through t h e  judgment and i n s i g h t  o f  man- 
agers and t h e  i n s t i t u t i o n s  they represent.  The 
w h i t e  boxes are used t o  enhance these processes by 
i n t e g r a t i n g  more i n f o r m a t i o n  than would be used 
norma l l y  and by communicating t h e  r e l a t i o n s  i n  
exp1-i c i  t forms. Managers want communications 
s t r u c t u r e d  f o r  e x p l i c i t  d i sp lays  o f  r e l a t i o n s .  
Pro fess iona ls  i n  f u n c t i o n a l  areas such as s i  1  v i  - 
c u l t u r e ,  economics, and w i  l d l i  f e  want t o  be 



i n vo l ved  i n  t h e  dec i s i on  and c o n t r o l  process by 
i n t e g r a t i  ng quant i  t a t i  ve data w i t h  personal 
i n s i g h t s ,  experiences, and s u b j e c t i v e  values. 
E i  I o n  (1980) and Tobin and o thers  (1980) descr ibe  
how admi n i  s t r a t o r s  avo id  t h e  complex i ty  o f  deal i ng 
w i t h  s p e c i a l i s t s  by keeping mathematical analyses 
away f rom the  boardrooms. Admin is t ra to rs ,  however, 
a re  a l s o  concerned about making dec is ions  based on 
p r i n t o u t s  der i ved  from "black box" equat ions (Amara 
1981), and they need p a r t i c i p a t i o n  from others  i n  
t h e i r  dec is ions.  

The wh i t e  boxes are used t o  enhance admini s-  
t r a t o r s  ' judgment, i n s i  ght, and understandi  ng by 
i n t e g r a t i n g  i n fo rma t i on  from t h e  p o l i t i c a l ,  s o c i a l ,  
economic, and s c i  en t  i f i c  arenas. The procedure i s  
t o  t r a n s l a t e  l a r g e  amounts o f  both q u a n t i t a t i v e  and 
s u b j e c t i v e  i n fo rma t i on  i n t o  wh i t e  boxes t h a t  serve 
as s i  gnal s  f o r  expl  i c i  t communication (Boyce 1981). 
Behavior i n  t he  dec i s i on  and c o n t r o l  process i s  i m -  
proved. An example i s  t h e  a l g o r i t h m  f o r  p r o j e c t i n g  
t h e  h a b i t a t  f o r  w h i t e - t a i l e d  deer i n  t h e  Appala- 
ch ian  Mountains o f  Nor th  Caro l ina  (ch. 5) .  

I n f o rma t i on  about t h e  h a b i t a t  f o r  deer i n  t h e  
Southern Appalachians i s  c o l l e c t e d  from pub l i ca -  
t i o n s ,  w i l d l i f e  b i o l o g i s t s ,  hunters,  and f o r e s t  
managers. Supposi t ions are developed f o r  t he  most 
impor tan t  va r iab les :  

supposition 1,--An increase i n  t h e  area 
o f  seed1 i n g  stands increases t h e  avai 1  - 
a b i l i t y  o f  high-qua1 i t y  browse and s o f t  
mast. 

supposition 2,--An increase i n  t h e  area 
o f  10- inch po le  and mature-t imber stands 
o f  hardwoods increases t he  avai 1  ab i  1 i t y  
o f  hard mast. 

supposition 3,--The area o f  t h e  stands 
i n f  1  uences t he  d i  spers i  on o f  forage, 



mast, and cover, and i n f l uences  t he  u t i  - 
1  i z a t i o n  o f  t h e  forage and mast. An 
i nterming l  i ng o f  smal l ,  d i  verse stands 
i s benef i c i  a1 . 
Other cons idera t ions  could be inc luded,  bu t  I 

w i  11 use these t h ree  supposi t ions f o r  il l u s t r a t i o n .  
The next  step i s  t o  t rans fo rm these suppos i t ions  
i n t o  q u a n t i t a t i  ve values t h a t  can be i n t e r r e l a t e d  
and c l  ose l y  connected t o  management ac t ions  . 

Seed1 i n g  stands a re  de f ined  as stands f rom 1 
t o  5 years  o ld .  I f  t h e  f o r e s t  i s  harvested on a  
100-year r o t a t i o n ,  about 5 percent  [ ( 5  years/100) x  
1001 o f  t h e  area would be kept i n  seed1 i n g  stands. 
Changing t he  r o t a t i o n  per iods  changes t he  s i z e  o f  
t h e  area i n  seedl ings and t h e  a v a i l a b i l i t y  o f  
browse and s o f t  mast. The sho r te r  t h e  r o t a t i o n  
per iod ,  t h e  g rea te r  t h e  browse; bu t  shor t  r o t a t i o n  
per iods  reduce t h e  10- inch and mature stands t h a t  
p rov ide  hard mast. We know t h a t  t o  produce q u a l i t y  
t imber ,  t h e  r o t a t i o n  per iods  must be a t  l e a s t  70 
years.  Th is  es tab l i shes  t h e  maximum l i m i t  f o r  t h e  
amount o f  area i n  seedl ings a t  7  percent  [ ( 5  yea rs /  
70) x  1001. Th is  r e l a t i o n  i s  expressed q u a n t i t a -  
t i v e l y  w i t h  a  wh i t e  box ( f i g .  47). 

The amount o f  browse i s  maximum--has a  va lue 
o f  1--when 7 percent  o f  t h e  area i s  i n  seedl ings;  
good-qua l i t y  browse dec l ines  t o  a  very low value--  
0,l--when t he re  are no seed1 i n g  stands. Some 
browse i s  always a v a i l a b l e  i n  t h e  o l d e r  stands. 
The d i r e c t i o n  o f  t h e  curve i s  not  i n  con ten t ion ;  
i t s  exact shape i s  unknown. A s t r a i g h t  l i n e  can be 
used t o  connect t h e  es tab l i shed  po in t s ,  l i n e  A, bu t  
a  s igmoid curve, l i n e  B, i s  more l i k e l y  t o  r e f l e c t  
t h e  behavior  o f  b i o l o g i c a l  systems ( f i g .  47). 
What i s  impor tant  i s  t h a t  t h e  waveform i n t e g r a t e  
and communicate t h e  sense o f  t he  o r i g i n a l  in forma-  
t i o n ,  As new i n fo rma t i on  becomes ava i l ab le ,  t h e  
waveform i s  ad jus ted  t o  improve congruence between 
t h e  wh i t e  box and t h e  f o res t .  
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F igure  47.--A whi te  box t h a t  e x p l i c i t l y  d isp lays a r e l a t i o n  f o r  
s c r u t i n y  and adjustments by a1 1 in te res ted  par t ies .  Lines A, B, 
and C are  examples o f  adjustments made as new in format ion became 
ava i lab le .  

Each wh i t e  box i s  based on t h e  best i n f o r -  
mat ion a v a i l a b l e  and i s  used t o  e x p l i c i t l y  d i s p l a y  
re1 a t i o n s  f o r  s c r u t i n y  by s c i e n t i s t s ,  managers, 
resource speci a1 i s t s  i n  a1 1  d i  s c i  p l  i nes , and o the r  
i n t e r e s t e d  p a r t i e s .  Any p a r t i c i p a n t  can ask how a  
change i n  t h e  waveform m i  yh t  a f f e c t  t he  or~tcorne o f  
a dec is ion .  For example, a  resource manager may 
have evidence f o r  a  waveform s i m i l a r  t o  t h a t  o f  
curve C ( f i g .  47). The e f f e c t  o f  t h i s  change on 
t h e  dec i s i on  procedure can be examined w i t h  cha r t s  
s i m i l a r  t o  those i n  f i g u r e s  4, 5, and 6. I n  t h i s  
way moni t o r i n g s ,  i nven to r i es ,  research, and per -  
sonal exper ience adapt t h e  waveforrns of wh i t e  hoxes 
t o  a  speci f i  c  Torest .  

S i m i l a r  t h i n k i n g  i s  used t o  t rans fo rm t h e  
second and t h i r d  suppos i t ions  i n t o  w h i t e  boxes. 



Simple a r i t h m e t i c  i s  t h e  computat ional  procedure 
f o r  l i n k i n g  wh i t e  boxes. These computations as 
we1 1  as t h e  i n fo rma t i on  conveyed by t h e  wh i t e  boxes 
a re  impor tan t  t o  admi n i  s t r a t o r s .  Th is  s t r u c t u r e  
changes t h e  mediat ion o f  s o c i e t y  ' s  values by 
i n t e g r a t i n g  more i n f o r m a t i o n  than normal ly  would 
be used i n  making choices. The u n c e r t a i n t i e s  p re -  
sented by compl e x i  t y  and poor communi ca t i ons  a re  
reduced. The dec i s i on  and c o n t r o l  process i s  
improved; t h e  mental model i s  a ided (Boyce 1982a; 
Norman 1981), 

In te rd i sc ip l inary  Tea- 

Organizat ions use i n t e r d i s c i p l i n a r y  teams t o  
coo rd ina te  t h e  a c t i v i t i e s  o f  d i  f f e r e n t  f u n c t i o n a l  
areas such as t h e  phys ica l ,  b i o l o g i c a l ,  and s o c i a l  
sciences. Performance o f  t h e  teams i s  o f t e n  slowed 
because o f  poor communications and because t h e  d i f -  
f e r e n t  f u n c t i o n a l  areas do not  have a  common denom- 
i n a t o r  f o r  r e l a t i n g  changes i n  var iab les ,  For  
example, t imber  values a re  r e l a t e d  t o  t h e  market 
p r i c e s  f o r  lumber; hun t i ng  values a re  no t  r e l a t e d  
t o  t h e  market values o f  game k i l  led.  Choices, 
which a re  der i ved  from t h e  values o f  soc ie ty ,  must 
be mediated w i t h  a  r e l a t i o n  common t o  b e n e f i t s  i n  
a l l  f u n c t i o n a l  areas. S p e c i a l i s t s  i n  d i f f e r e n t  
f u n c t i o n a l  areas must have a  common denominator 
f o r  r e l a t i n g  t imber  volumes, water amounts, rec rea-  
t i o n a l  experiences, and f i s h i n g  oppo r tun i t i es .  I n  
f o r e s t r y  t h a t  common denomi n a t o r  i s  t h e  dynamic 
o r g a n i z a t i o n  o f  t h e  f o r e s t  ( f i g .  46). 

As a  f o r e s t  i s  t ransformed from t h e  present  
toward a  f u t u r e  s ta te ,  t h e  common denominator f o r  
a l l  b e n e f i t s ,  i n c l u d i n g  t h e  amount o f  t imber  
removed and t h e  economic bene f i t s ,  i s  t h e  ' f o r e s t ' s  
o rgan i za t i ona l  s t a t e  a t  each moment. Organiza- 
t i o n a l  s t a tes  are de f i ned  as t h e  d i s t r i b u t i o n  o f  
stands by f o r e s t  type, age, and area c lasses (Boyce 
1978a). Ca l l ed  h a b i t a t s  ( f i g .  48), these s tand 
c lasses a re  places t o  l i v e  f o r  a1 1  endemic p l a n t s  



F f  gure 48. --Structure o f  the core of  the system dynamics nodel,  
DVNAST, This structure,  which i s  repeated f o r  m t l t i p l e  forest 
types, transforms a fo res t  from s ta te  t o  s ta te .  



and an imals ,  H a b i t a t s  f o r  a f o r e s t  t y p e  are r e -  
l a t e d  t o  t h e  p l a n t  and animal h a b i t a L  t i m b e r  p r o -  
d u c t i o n ,  s t reamf low,  and cash f l o w  ( f i g s .  4, 5, 5) .  

Because f o r e s t s  can h~ t ransformed f rom s t a t e  
t o  s t a t e ,  t h e  s i l v i c m l t u r a l  goal i s  a c e r t a i n  dy- 
narni c  s t  and d i  s t r i  b u t i  on by v a r i  ous c lasses  e Th i  s  
s i n g l e  goal  i s  achieved by c o n t r o l l i n g  t i m b e r  h a r -  
ves t  r a t e s ,  opening s i z e s ,  arld f o r e s t  t ype  conver -  
s ions .  A l l  s i l v i c u l t u r e  i s  d i r e c t e d  toward t h i s  
goal  . 

The goal focuses a t t e n t i o n  on t h e  w h i t e  boxes 
which are made s p e c i f i c  f o r  each area, Comp lex i t y  
and c o n f u s i o n  a r e  reduced t o  t h e  use o f  s imp le  r e -  
1  a t i o n s  t h a t  c ross  d i  s c i  p l  i nes w i t h o u t  conf  1  i c t ,  

I 

i 
I 

From t h e  b e g i n n i n g  o f  t h i s  work my i n t e n t  was 1 
t o  deve lop  a  s imp le  model t o  a i d  d e c i s i o n  and con- I 

t r o l  i n  a f o r e s t  system s t r t l c t u r e d  as i n  f i g u r e  11, 
I 

My o b j e c t i v e s  were t o  s ~ a r c h  f o r  an unders tand ing  
o f  b o t h  t h e  h i  o l  o g i c a l  and manager ia l  s t r u c t u r e s  
u n d e r l y i n g  t h e  f l o w s  o f  t i m b e r ,  w a t ~ r ,  w i l d l i f e  
h a b i t a t s ,  cash, and o t h e r  f o r e s t  b e n e f i t s ;  t o  v a l -  
i d a t e  t h e  re1 a t i o n s  t h a t  i n f l u e n c e  behav io r  i n  b o t h  
t h e  b i o l o g i c a l  and manager ia l  a reas;  and t o  search 
f o r  s t r u c t u r e s  and p o l i c i e s  t o  i n c r e a s e  t h e  j o i n t  
p r o d u c t i o n  o f  f o r e s t  b e n e f i t s .  The f i r s t  s t u d i e s  
i n c l u d e d  i n v e s t i  y a t i o n s  i n  f u n c t i o n a l  areas, such I 

a s  t h e  b i o l  o g i c a l  p o t e n t i a l  f o r  p roduc ing  t i rnber ,  
water ,  and w i  l d l  i f e  hahi  t a t  (Royce 1975)  ; t h e  
appl  i c a t i o n o f  s i  l v i c u l  t r r re ;  t h e  f u n c t i o n i n g  of 

I 

i n t e r d i  s c i  p l  i nary  teams t o  r e s o l  ve d i  f Ferences i n  1 
demands by speci  a1 - i n t e r e s t  groups ; and t h e  mana- 

i 

i 
g e r i  31 npp l  i c a t i o n  o f  i n f o r m a t i o n  and communication 
n ~ t w o r k s ,  These 5 t u d i e s  l e d  t o  t h e  d i s c o v e r y  t h a t  
s t r u c t u r e  i n  t h e  e x i  s t i n g  f u n c t i  ona l  areas enhanced 
poor  communication among t h e  i n t e r e s t e d  p a r t i e s  and 
p r o f  i f e r a t e d  compl e x i  t y  f o r  a d m i n i s t r a t o r s ,  



Th is  f i n d i n g  was a  c l e a r  s i gna l  t h a t  s imu la t -  
i n g  t h e  s t r u c t u r e  i l l u s t r a t e d  i n  f i g u r e  11 cou ld  
achieve t h e  f i r s t  two ob jec t i ves  and may reveal  
v a r i  ah les c o n t r o l  1  i ng t h e  dynamics o f  t h e  system, 
bu t  i t  could not assure t h e  t h i r d  ob jec t i ve .  The 
d i f f i c u l t y  i s  t h a t  such an encompassing model would 
have t o  i nc l ude  suppos i t ions  about t h e  behavior  o f  
mental models f o r  a  d i ve rse  group o f  i n t e r e s t e d  
p a r t i e s .  To d iscover  and p r o j e c t  t h e  dynamics o f  
someone e l s e ' s  mental model i s  d i f f i c u l t  because 
t h e  s t r u c t u r e  i s  no t  v i s i b l e ,  and observable 
responses are o f t e n  d i  f f e r e n t  f rom t h e  modeler ' s  
way o f  pe rce i v i ng  t h e  f o r e s t .  My percep t ion  was 
t h a t  t h e  most impor tant  nega t i ve  feedback loops i n  
t h e  f o r e s t r y  system were i n  t h e  communications ne t -  
works t h a t  l e d  t o  t h e  choice o f  a  se r i es  o f  
c u l t u r a l  ac t i ons  and i n  t h e  communications networks 
t h a t  p ro fess iona l s  i n  t h e  f u n c t i o n a l  areas used t o  
apply  c u l t u r a l  act ions.  These networks cannot be 
d iscerned and mathemat ica l ly  modeled t o  be 
congruent w i t h  t h e  r e a l  f o r e s t  because t h e  behavior  
o f  t h e  system i s  dependent on i n -p l ace  dec is ions  o f  
mental model s  . 

The study p l an  was changed t o  develop a  s imple 
model t h a t  would a i d  i n -p l ace  dec is ions  f o r  admin- 
i s t r a t o r s ,  p ro fess iona ls ,  and other  i n t e r e s t e d  pa r -  
t i e s ,  The c o n s t r a i n t s  t o  be re laxed were poor 
communi c a t  i o n  and pro1 i f e r a t  i n g  compl e x i  t y .  To 
f i n d  a use fu l  s t r u c t u r e ,  t h e  diagram i n  f i g u r e  11 
was mad i f ied  many t imes  u n t i l  t he  one i n  f i g u r e  3 
was selected. Th is  choice o f  s t r u c t u r e  f o r  t h e  
model l i nks management processes t o  p rac t i ces  fa- 
m i l i a r  t o  t r a i n e d  f o r e s t e r s  ( f i g .  48). When a f o r -  
e s t  h a b i t a t  i s  harvested, na tu ra l  o r  a r t i f i c i a l  
regenera t ion  es tab l  i shes a seedl i ng habi t a t  which 
w i l l  t rans fo rm through s i z e  c lasses a t  a  r a t e  t h a t  
can be accuraLely p red i c ted  on t h e  bas is  o f  many 
years o f  exper ience 

The model i s  s t a r t e d  w i t h  i n fo rma t i on  from an 
i n v e n t o r y  o f  t h e  real f o r e s t *  Feedback loops i n  



t h e  rnodel determine t h e  h a r v e s t  r a t e s  t o  he used i n  
t h e  r e a l  f o r e s t  t o  t r a n s f o r m  i t  toward t h e  rfes-ired 
n r g a n i  zational s t a t e .  

T h i s  k i n d  o f  t r a n s f o r m a t i o n  i s  easy t o  d i r e c t  
hy s c b e d t ~ l  i n g  t h e  t i m b e r  h a r v e s t  r a t e ,  t h e  spec ies  
regenera ted ,  and t h e  s tand  area. Recause o f  t h e  
u n c e r t a i n t y  of d-ynainics i n  l a r g e  ecosystems, we 
cannot  go much f r l r t h e r  t h a n  t h i s  i n  p r e d i c t i o n  and 
c o n t r o l .  However, i t  i s  a degree o f  c o n t r o l  t h a t  
i s  h i g h l y  u s e f u l  t o  f o r e s t  managers. The p a t t e r n  
0 6  h a r v e s t  f o l l o w e d  by p r e d i c t a b l e  success ion 
t h r o u g h  age c lasses  can be used t o  c r e a t e  a  c e r t a i n  
o r g a n i z a t i o n a l  s t a t e  f o r  t h e  f o r e s t - - a  p r o p o r t 4 0 n a l  
d i s t r i b u t i o n  o f  s tands by age, area,  and t y p e  
c lasses .  And t h e  o r g a r ~ i z s t i o n a l  s t a t e  l a r g e l y  
de te rm ines  t h e  k i n d  and p r o p o r t i o n  o f  b e n e f i t s  
a v a i l a b l e  f rom a  f o r e s t ,  s11ch as t i m b e r ,  w i l d l i f e  
h a b i t a t ,  and cash f l o w  (Boyce 1980). 



Chapter 8 

S t r u c t u r e  o f  t h e  DYNAST Model 

Overview 

Models are percep t ions  o f  t h e  s t r u c t u r e  and 
f u n c t i o n i n g  o$ some aspect o f  r e a l i t y .  Any dec i -  
s i o n  o r  a c t i o n  can be modeled, The model may be 
mental, such as a p l an  f o r  a  day 's  a c t i v i t i e s ;  
phys i ca l ,  such as a f l o o r  p l an  f o r  a b u i l d i n g ;  o r  
mathematical ,  such as an equat ion  o r  mathematical 
a lgor i thm.  Simple models, such as highway maps, 
can be used w i t hou t  ex tens i  ve documentation. When 
models become l a r g e ,  computers can he used t o  l i n k  
l a r g e  numbers o f  equat ions and a lgor i thms and t o  
d l  sp lay  r e s u l t s  as char ts ,  d i  agrams, and tab1 es 
The computers and t h e  equations are t o o l s  used to 
organize, s t r uc tu re ,  and d l  sp lay  i n fo rma t i on  i n  a 
way s i m i l a r  t o  how p e n c i l s  a re  used t o  d i sp lay  
i n f o r m a t i o n  i n  t h e  form s f  words. 

S imu la t ion  models are ways t o  use a1 g o r i  thms 
i n  a computer t o  descr ibe  t h e  dynamics of a system. 
The model eonta i  ns a1 gosi  thms represen t ing  e l  e -  
ments o f  t h e  rea l  system, These elements a r e  
l i n k e d  as i n  t h e  r e a l  system t o  emulate t h e  t r a n s -  
fo rmat ions  i n  s t a t e s  o f  t h e  system as t h e  envi ron-  
ment changes ConLi nual  simul a t  i on rrtadel s  are 
app rop r i a te  f o r  systems, such as a f o r e s t ,  t h a t  
have cont inuous Flows o f  energy and ma te r i a l s  and 
t h e  system cannot be stopped t o  study d i s c r e t e  
changes. Such s imu la t i ons  use f i n i  t e - b i  f f e rence  
equat ions t h a t  approach t h e  d i  f f e r e n t i a l  equat ions 
o f  c s n t i  nuous Plows, Probably t h e  best-known corn- 
p i  l e r  f o r  t r a n s l a t i n g  and running con t i nua l  model s  
i s  DYNAMO (Pugh 1983). 

DYNAMO w a s  developed by t h e  system dynamics 
group a t  Massachusetts I n s t i t u t e  o f  Technology f o r  
s i m u l a t i n g  behavior  i n  business, economic, and 
s o c i a l  systems (Fo r res te r  1961). I t  i s  used here 
f o r  f o r e s t  systems t o  a i d  t h e  dec i s i on  and c o n t r o l  



process. DYNAMO concentrates t h e  user I s  a t t e n t i o n  
on understanding t h e  causal r e l a t i o n s  t h a t  lead  t o  
behav io r  and requi  res  l i t t l e  understandi  ng o f  t h e  
complex computer requ i  rements ev iden t  i n  most 
mathematical models. Th is  makes t h e  DYNAMO made1 
easy t o  t~nderstand and manipulate by s p e c i a l i s t s  i n  
f u n c t i o n a l  areas such as so i  1  s, hydro1 ogy, econom- 
i c s ,  s i  1  v i c i ~ l t u r e ,  w i l d l i f e ,  rec rea t ion ,  and 
i nven to ry .  E r r o r  ana l ys i s  i s  thorough and e r r o r  
messages are expressed i n  e a s i l y  understood terms. 

OYNAST i s  w r i t t e n  i n  t h e  OYNAMO language. 
DYNAST s imulates fami 1  i a r  management and s i  1  v i  - 
c u l  t u r a l  processes by re fe renc i  ng outcomes t o  pe r -  
cep t i ons  i n  t h e  mental models o f  f u n c t i o n a l  spe- 
c i a l i s t s  and managers. The s t r u c t u r e  o f  t h e  model 
i nc l udes  not on ly  t h e  b i o l o g i c a l  aspects o f  t h e  
f o r e s t  bu t  a l so  t h e  s o c i a l ,  economic, and p o l i t i c a l  
f o r ces  t h a t  dominate t h e  choice o f  dec is ions.  

Features 

DYNAST has severa l  impor tant  fea tu res  t h a t  a i d  
managers t o  d i r e c t  t h e  behavior  o f  f o res t s .  F i r s t ,  
t h e  t heo ry  o f  feedback systems i s  used t o  i n t e -  
g r a t e  i n fo rma t i on  f rom q u a n t i t a t i v e  sources and 
f rom mental models t o  form a  cybe rne t i c  s t r u c t u r e ,  
Second, f ou r  bionomic t h e o r i e s  are used t o  organize 
b i o l o g i c a l  i n f o rma t i on  t o  r e f l e c t  changes i n  t h e  
f o r e s t  be ing managed. Thi rd ,  i n f o rma t i on  t h a t  
would otherwise s tay  i n  verbal ,  d e s c r i p t i v e  form i s  
conver ted t o  an expl  i c i  t d i  sp lay  o f  i n t e r r e l a t i o n s  
t h a t  can be used t o  make management dec is ions.  
Thi  s  means t h a t  a1 1  t h e  assr~mptions, t r a n s l a t e d  
f r o m  research and exper ience, hecome q u a n t i t a t i v e  
and are d isp layed  i n  i n t e r a c t i v e  r e l a t i o n s  i n  t h e  
same way t h a t  they  a re  perce ived t o  occur i n  t h e  
r e a l  f o r e s t ,  Fourth,  on l y  e a s i l y  ob ta inab le  i n f o r -  
mat ion t y p i c a l  l y  avai  1  ab le  f rom f o r e s t  i n v e n t o r i e s  
i s  r equ i red  t o  operate t h e  DYNAST model, 



Inventory 

I n v e n t o r i e s  a t  p e r i o d i c  i n t e r v a l s  p rov ide  i n -  
f o rma t i on  f o r  s t a r t i n g  t h e  model, keeping t h e  model 
congruent w i t h  t h e  r e a l  f o r e s t ,  and changing s i  l v i -  
c u l t u r e  i n  r e l a t i o n  t o  s o c i a l ,  economic, and p o l i t -  
i c a l  changes, An accurate,  up-to-date i nven to ry  i s  
e s s e n t i a l  f o r  any k i n d  o f  a  plan. Vet, the  inven-  
t o r y  should not  be complex, tJnnecessary d e t a i l  
should be avoided, For example, c e r t a i n  minimum 
data are requ i red  t o  c l a s s i f y  stands by age, area, 
d iameter  c lass,  and f o r e s t  type. 

The stands are grouped accord ing t o  diameter 
c l ass  o f  t h e  dominant and codominant t rees .  These 
groupings are chosen t o  d i v i d e  t h e  continuum a f  
stands i n t o  ca tegor ies  r e l a t e d  t o  t h e  p l a n t  and 
an i  ma1 habi t a t .  

The Big Hvy Forest 

Th is  f o r e s t  i s  i n  t he  B i g  I v y  Creek Water- 
shed, near Ba rna rdsv i l l e ,  Buncombe County, NG. 
Timber sa les have been l i m i t e d  f o r  many decades 
because p r a c t i c a l l y  a18 o f  t he  area was harvested 
about 1900. Only a  few o f  t he  o r i g i n a l  stands were 
no t  harvested. The i n i t i a l  harvest  l e f t  many fow- 
va lue t r ees ,  which were crooked and decayed because 
o f  long  suppression i n  t h e  understory .  Occasional 
w i  1 d f  i res  burned some areas. Harvests i n  recent  
decades have been scheduled t o  remove t he  aged, 
p r e v i  eus l y  suppressed, and poo r l y  formed t r ees  ; d o  
salvage f i r e - i n j u r e d  t r ees ;  and t o  t h i n  t he  young 
stands t h a t  were access ib le  f rom e x i s t i n g  roads. 
Some t imber  sales were designed t o  increase age- 
c l g s s  d i v e r s i t y .  

The predominant f o r e s t  t ype  i s  upland oak- 
h i  ckory,  and a l  1  stands con ta i  n  approximately t h e  
same species (Boyce and Cost 1978). Small areas 
can be c l a s s i f i e d  as beech-maple, map1 e-buckeye, 
yel8ow-poplar,  and o the r  types, depending on d e f i -  
n i  t i o n s  and i n t e r p r e t a t i o n s *  Spa t i a l  changes i n  
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t h i n n i  ngs, use o f  gene t i ca l  l y  d i f f e r e n t  t rees ,  
dra inage o f  t h e  s o i l s ,  and a p p l i c a t i o n  o f  f e r t i l -  
i z e r s .  Yet t h e  pr imary managerial c o n t r o l s  a re  t h e  
r o t a t i o n  age, t he  opening s i z e  forrxed, and t h e  con- 
vers ions  o f  f o r e s t  types. 

Transformat ion o f  a H a b i t a t  

The reserves i n  t h e  mature-t imber h a b i t a t  on 
t h e  B i g  I v y  f o r e s t  a re  found t o  be 306 acres o f  un- 
s o l d  t imber ,  Mature-t imber h a b i t a t  sold,  s t i  11 
s tanding,  and scheduled f o r  harvest  i s  60 acres. 
D i  agramat ica l  l y  t h e  mature-t imber reserves (KSR) 
a re  represented by a rec tang le  ( f i g .  49). Th i s  
h a b i t a t  has an age range from 86 t o  120 years and 
a delay f o r  succession t o  o l d  growth o f  35 years.  
The mature-t imber reserves cons i s t  o f  stands a r -  
rayed by age from t h e  86- t o  t h e  120-year age c l a s s  
( f i g .  49). The average area f o r  each l - year  age 
c l ass  i s  about 8.7 acres (306 acres/35 l - year  age 
c lasses) ,  An i n f l o w  o f  stands (TIN) comes from 
n a t u r a l  succession s f  10- inch po les t o  mature t i n -  
ber ;  an o u t f l o w  o f  stands (SEL) occurs a t  a  r a t e  
determined by t h e  t imber  sa les ra te .  The t imber  
sa les r a t e  (SEL)  i s  a  v a r i a b l e  t h a t  i s  determined 
by a nega t i ve  feedback loop. Th is  loop has t h e  
goal  o f  ma in ta i n i ng  an amount o f  mature-t imber 
reserve  t o  meet t h e  sa les  r a t e  des i red  by manage- 
ment. Th is  sa les r a t e  i s  c o n t r o l  l e d  by management 
w i t h  t h e  c o n t r o l  constant  termed " r o t a t i o n  age. '' 
Th is  i s  t h e  approximate age t h a t  management wants 
t h e  t imber  sold, f o r  example, i f  management wants 
t h e  t imbe r  so ld  a t  age 100 years,  t h e  nega t i ve  
feedback loop increases o r  decreases t h e  sa les r a t e  
t o  b r i n g  t h e  amount o f  mature-t imber reserves t o  
t h e  l e v e l  r equ i red  t o  sus ta i n  t h e  sa les ra te ,  

The negat i ve  feedback loop i s  descr ibed i n  
chap te r  2, The s t a t e  o f  t h e  system i s  t h e  amount 
o f  m t u r e - t i m b e r  h a b i t a t  i n  reserves (RSR)  and t h e  
goal i s  t h e  e q u i l i b r i u m  amount o f  reserves (EQ). 
Th is  amount i s  determined by t h e  r o t a t i o n  pe r i od  
s e t  by management, For example, t h e  B i g  I v y  has 



Figure 49.--Diagram o f  the OYNAST model s t ruc ture  used t o  transform 
a h a b i t a t  by harvesting timber. 

6,396 acres ( t a b l e  4).  I f  t h e  r o t a t i o n  pe r i od  i s  
100 years,  t h e  annual area harvested a t  steady 
s t a t e  would be about 64 acres ((6,396 acres)/100 
1-year age c lasses) .  Th is  i s  t h e  f l o w  r a t e  (FL), 
t h e  average annual f l ow  o f  stands across t he  1-year 
age c lasses f o r  t h e  harvest  age. W i th i n  t h e  
reserves f o r  mature t imber  t h e r e  are f i f t e e n  1-year 
age c lasses between 86 and 100 years.  Therefore,  
t h e  e q u i l i b r i u m  reserves f o r  a  100-year r o t a t i o n  i s  
about 960 acres (64 ac res lyear  x 15 years) .  Th is  



960 a c r e s  i s  t h e  e q u i l i b r i u m  area (EQ) f o r  mature-  
t i m b e r  r e s e r v e s  (RSR) when t h e  f o r e s t  i s  i n  a  
s teady s t a t e  f o r  a  100-year r o t a t i o n  p e r i o d .  The 
e q u i l i b r i u m  area i s  t h e  goal f o r  t h e  n e g a t i v e  feed-  
back l o o p ,  which i s  determined o u t s i d e  o f  t h e  l o o p  
by  management's cho ice  o f  a  r o t a t i o n  p e r i o d .  

The d e c i s i o n  mechanism i n  t h e  n e g a t i v e  feed-  
back l o o p  inc reases  o r  decreases t h e  t i m b e r  s a l e s  
t o  m a i n t a i n  mature- t imber  reserves (RSR) a t  t h e  
e q u i l i b r i u m  area (EQ) f o r  a  g i ven  ha rves t  r a t e .  
The coverage f u n c t i o n  ( C V )  compares t h e  amount o f  
ma tu re - t imber  rese rves  (RSR) w i t h  t h e  goal  ( E Q )  and 
produces a  r a t i o  t h a t  expresses t h e  d i f f e r e n c e .  
Mhen t h e  r a t i o  i s  1 o r  g r e a t e r ,  t i m b e r  s a l e s  ( S E L )  
a r e  e q u a l  t o  t h e  f l o w  r a t e  (FL )  f o r  t h e  r o t a t i o n  
s e l e c t e d  by management. When t h e  coverage r a t i o  i s  
l e s s  t h a n  1, t h e  t i m b e r  s a l e s  a r e  reduced p r o p o r -  
t i o n a l  l y  u n t i  1  t h e  mature- t imber  reserves have r e -  
t u r n e d  t o  t h e  e q u i l i b r i u m  amount. Th is  s c a l i n g  o f  
sa les  i s  done w i t h  a  t a b l e  f u n c t i o n  c a l l e d  t h e  s e l l  
f r a c t i o n  (SELF), T h i s  t a b l e  can be a d j u s t e d  t o  i n -  
c rease o r  decrease sa les  a t  d i f f e r e n t  r a t e s  r e l a -  
t i v e  t o  t h e  amount o f  mature- t imber  reserves.  

The t r a n s f o r m a t i o n  d e s c r i b e d  by t h e  d iagram i n  
f i g u r e  49 i s  f a m i l i a r  t o  many peop le  i n  f o r e s t r y  
because t h e  concept has been t h e  b a s i s  f o r  regu-  
l a t i n g  f o r e s t s  f o r  more than  200 years .  The con- 
c e p t  o f  a r e g u l a t e d  f o r e s t  i s  l i n k e d  t o  t h e  d e s i r e  
f o r  a s u s t a i n e d  t i m b e r  y i e l d ,  The method f o r  
a c h i e v i n g  t h i s  s u s t a i n e d  y i e l d  i s  t o  d i v i d e  t h e  
f o r e s t  area by t h e  r o t a t i o n  age, which i s  s e l e c t e d  
on t h e  b a s i s  o f  t h e  value,  k i n d ,  and amount o f  
t i m b e r  des i red .  The i n t e n t  i s  t o  b r i n g  about a  
u n i f o r m  d i s t r i b u t i o n  o f  age c lasses,  I n  p r a c t i c e ,  
r e g u l a t e d  s t a t e s  have been o f  i n t e r e s t  p r i m a r i l y  as 
a  b a s i s  f o r  s e t t i n g  t i m b e r  h a r v e s t  r a t e s  f o r  about 
a  decade because t h e  r e g u l a t e d  s t a t e  can r a r e l y  he 
achieved. The r e g u l a t e d  s t a t e  i s  d i f f i c u l t  t o  
ach ieve  because o f  changes i n  t h e  s tandards f o r  use 
o f  t h e  t i m b e r ,  t h e  economic c o n d i t i o n s ,  and t h e  
r o t a t i o n  p e r i  ode  



An impor tan t  i nnova t i on  i s  t h e  use o f  t h e  neg- 
a t i v e  feedback loop, which ad jus t s  t h e  sa les r a t e  
r e l a t i v e  t o  t h e  amount o f  t imber  reserves a v a i l a b l e  
f a r  sale. Th is  adjustment can dampen t h e  o s c i l l a -  
t i o n s  i n  t h e  t imber  reserves and a i d  management i n  
responding t o  changes i n  economics, u t i l i z a t i o n ,  
and o the r  ex te rna l  cond i t ions ,  Fami 1  i a r  procedures 
a re  s t r u c t u r e d  t o  a i d  t h e  dec i s i on  and c o n t r o l  p ro -  
cess more e f f e c t i v e l y  than t h e  s t r u c t u r e s  used i n  
t h e  past.  

Symbol s  and Equat i ons 

The f o l l o w i n g  i n fo rma t i on  i s  based on t h e  
"DYNAMO User 's  Manual " (Pugh 1983) and t h e  i n t r o -  
duc to ry  t e x t  by Richardson and Pugh (1981). Con- 
cern here i s  t o  p rov ide  minimum in fo rma t i on  f o r  
understanding t h e  s t r u c t u r e  o f  t h e  DYNAST model . 

Before  t h e  model i s  formulated i n  mathematical 
expressions, i t  i s  impor tant  t o  analyze t h e  s t  ruc -  
t u r e  o f  t h e  system being s tud ied.  The s t r u c t u r e  
o f  t h e  s imu la t i on  model should he c o n t r o l l e d  by t h e  
purpose o f  i t s  use. For DYNAST, t h e  purpose i s  t o  
a i d  mental models f o r  improv ing dec i s i on  and con- 
t r o l  f o r  f o r e s t r y  systems (ch. 1  ). Analyses (chs. 
3, 4, 5 )  a re  used t o  concep tua l i ze  a  s t r u c t u r e  
(ch. 7 )  f o r  the  model t o  do what i s  desired. 

Formu la t ing  component p a r t s  o f  t h e  model 
i s  best done by f i r s t  diagramming t h e  f lows o f  
in fo rmat ion ,  mate r ia ls ,  and energy; and second, 
chal  l e n g i  ng these s t r u c t u r e s  be fo re  equat ions are 
w r i t t e n ,  The cha l l eng ing  quest ions may inc lude :  
Where are t h e  feedback loops? Do t h e  loops func- 
t i o n  on t h e  bas is  o f  v a l i d  arguments about t h e  r e a l  
wo r l d  o r  do they mimic an emp i r i ca l  h i s t o r y ?  Does 
t h e  model convey t h e  dynamics o f  va r i ab les  essen- 
t i a l  t o  what i s  des i red?  Are t h e  loops a  complex 
o f  v a l i d  arguments bu t  super f luous t o  what i s  de- 
s i r e d ?  F igures 44 and 49 a re  diagrams t h a t  have 
been reduced t o  t h e  s implest  form t o  i l l u s t r a t e  t h e  



dynamics o f  v a r i a b l e s  e s s e n t i a l  t o  t h e  des i  r e d  use 
of t h e  model . These diagrams may appear s i m p l e  and 
easy t o  conceive;  y e t ,  t h e y  a r e  t h e  r e s u l t  o f  many 
s tages of q u e s t i o n i n g ,  ana lyz ing ,  and r e s t r u c t u r i  ng 
t h e  l i n k a g e s  and t h e  f l o w s  o f  i n f o r m a t i o n  and 
m a t e r i  a1 s. 

Each o f  t h e  symbols has a  s p e c i a l  meaning, 
Accumulat ions o f  f l o w s  a r e  rep resen ted  by a  r e c -  
t a n g l e  ( f i g .  49). These r e c t a n g l e s  a r e  c a l l e d  
boxes, s tock ,  s t a t e  v a r i a b l e s ,  o r  l e v e l s .  The t e r m  
" l e v e l "  invokes images o f  v a r i o u s  ranks o f  m a t e r i -  
a l s  o r  i n f o r m a t i o n  as t h e  f l o w  r a t e s  change. Fo r  
example, f o r e s t  stands f l o w  i n t o  t h e  mature- t imber  
rese rves  a t  a  c e r t a i n  r a t e  and f l o w  o u t  a t  some 
d e s i r e d  h a r v e s t  r a t e .  The i n i t i a l  i n v e n t o r y  and 
t h e  d i f f e r e n c e s  i n  t h e  r a t e s  determine t h e  " l e v e l "  
o f  mature- t imber  reserves.  Equat ions f o r  these  
r e c t a n g l  es a r e  c a l l  ed "1 eve1 equa t ions  , " a r e  de- 
s i g n a t e d  by t h e  l e t t e r  L, and a r e  mathemat ical  ex-  
p r e s s i o n s  f o r  t h e  i n t e g r a t i o n  process. I n  equa- 
t i o n  fo rm t h i s  can be s t a t e d :  A q u a n t i t y  now i s  
equal  t o  t h e  e a r l i e r  q u a n t i t y  p l u s  e lapsed t i m e  
m u l t i p l i e d  by t h e  r a t e  o f  change. I n  DYNAMO l a n -  
guage t h e  e q u a t i o n  f o r  mature- t imber  reserves i s  
w r i t t e n :  

The . means a  s u b s c r i p t  f o1  lows t h e  name o f  
t h e  v a r i a b l e .  Mature- t imber  reserves f o r  t h e  p r e s -  
e n t  a r e  s u b s c r i p t e d  w i t h  t h e  l e t t e r  K; f o r  t h e  
e a r l i e r  q u a n t i t y  t h e  s u b s c r i p t  i s  J. The computa- 
t i o n  i n t e r v a l  i s  c a l l e d  DT, a l s o  des igna ted  t h e  
d i f f e r e n t i a l  t ime.  The i n f l o w  and o u t f l o w  occur  
between t h e  t i m e  JK; thus ,  i t  i s  t h e  s u b s c r i p t  f o r  
t h e  r a t e  v a r i a b l e s .  The d i f f e r e n c e  between t h e  
i n f l o w  and t h e  o u t f l o w  i s  t h e  r a t e  o f  change d u r i n g  
t h e  t i m e  DT. The r e l a t i o n  o f  t h e  s u b s c r i p t s  t o  
t h e  computat ion i n t e r v a l  i s  il l u s t r a t e d  i n  f i g u r e  
50. 
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F i g u r e  50.--Diagram i l l u s t r a t i n g  t h e  r e l a t i o n  o f  t h e  subscr ip ts  i n  
DYNAMO equations t o  t h e  computation i n t e r v a l  (DT) and t o  t h e  d i r e c -  
t i o n  o f  charrge i n  t ime.  

The p r imary  use o f  N e q t ~ a t i o n s  i s  t o  ass ign  
i n i t i a l  va lues t o  a  l e v e l  v a r i a b l e  such as RSR. 
Fo r  example, t h e  i n i t i a l  i n v e n t o r y  o f  t h e  B i g  I v y  
area found 306 acres i n  t h e  mature- t imber  reserves.  
When t h e  model i s  begun a t  t i m e  0, t h e  306 acres 
a r e  i n s e r t e d  i n t o  t h e  l e v e l  e q u a t i o n  RSR w i t h  t h e  
i n i t i a l  equa t ion  w r i t t e n :  

The i n f l o w  o f  stands (T IN)  f rom t h e  10- inch 
p o l e  c l a s s  o f  h a b i t a t s  ( f i g .  48) i s  a  s imple  d i f -  
f e r e n t i a l  r a t e  dependent on t h e  amount o f  l a n d  area 
i n  t h i s  h a b i t a t .  T h i s  amount o f  l and  area (SL) i s  
d i v i d e d  by t h e  de lay  i n  y e a r s  (DSL), which i s  t h e  
average p p r i o d  f o r  success ion th rough  t h i s  h a b i t a t .  
The r a t e  f o r  t r a n s f e r  i n  (TIN, as shown i n  f i g .  49) 



i s  diagrammed as a  s t y l i z e d  va lve  t o  i n d i c a t e  a  
changing f l o w  r a t e *  The r a t e  e q u a t i o n  i s  d e s i g -  
na ted  by R e  The e q u a t i o n  i s  w r i t t e n :  

The i n f l o w  o f  stands (T IN)  i s  s u b s c r i p t e d  KL 
because t h e  computat ion o f  r a t e s  i s  f o r  t h e  n e x t  
t i m e  i n t e r v a l  ( f i g .  50). The c i r c l e s  i n  t h e  d i a -  
grains i n d i c a t e  equa t ions  aux i  l i a r y  t o  t h e  r a t e s  
and a re  des ignated A equat ions,  Th is  procedure 
separates  t h e  r a t e  changes i n t o  p a r t s  t h a t  can be 
~ a s i  l y  env i  s i  oned, understood,  and changed t o  make 
t h e  r a t e s  c o n s i s t e n t  w i t h  t h e  r e a l  wor ld ,  The 
coverage o f  reserves f o r  mattrre t i m b e r  ( C V )  i s  
a u x i l i a r y  t o  t h e  r a t e  equa t ion  f o r  t i m h e r  sa les ,  
The coverage a t  t h e  p resen t  t i m e  i s  s imply  t h e  
rese rves  a t  t h e  p resen t  d i v i d e d  by t h e  e q u i l i b r i u m  
area f o r  t h e  r o t a t i o n  p e r i o d  des i red ,  The e q u a t i o n  
i s  w r i t t e n :  

The e q u i l i b r i u m  area i s  a  cons tan t  t h a t  i s  
symbol ized i n  t h e  diagram w i t h  an under1 i n e  and t h e  
e q u a t i o n  i s  des igna ted  C. Fo r  a  100-year r o t a t i o n  
t h e  cons tan t  va lue  f o r  EQ i s  960 acres;  t h i s  i s  
w r i t t e n :  

The s e l l  f r a c t i o n  i s  an a u x i l i a r y  equa t ion  
based on a  t a b l e  des igna ted  T, The c i r c u l a r  syrn- 
b o l  s  f o r  t a b l e  f u n c t i o n s  have one o r  two h o r i z o n t a l  
l i n e s  and o f t e n  t h e  name o f  t h e  f u n c t i o n  and t h e  
word "Table" t o  d i s t i n g u i s h  these  k i n d s  o f  a u x i l -  
i a r i e s *  The e q u a t i o n  f o r  t h e  a u x i l i a r y  SELF i s  
w r i t t e n :  

The s e l l  f r a c t i o n  a t  t h e  p resen t  t i m e  i s  com- 
pu ted  by a  t a b l e  f u n c t i o n  c a l l e d  TABHL* C e r t a i n  



COVERAGE OF MATURE TIMBER (CV) 

F igure  51.--A whi te  box i l l u s t r a t i n g  one p o l i c y  f o r  changing the  
s e l l  f r a c t i o n  when mature t imber coverage i s  less than I .  

arguments must be g iven i n  an exact sequence be- 
tween t h e  parentheses. TSLF i s  t he  name I gave t h e  
t a b l e  t h a t  I wanted t o  use; CV.K i s  t h e  independent 
v a r i a b l e  t h a t  I wanted t o  use f o r  read ing  a  value 
f rom t h e  t a b l e ;  t h e  t a b l e  conta ins values extending 
from 0.4 t o  1  i n  u n i t s  o f  0.2. Next, t h e  dependent 
va r i ab les  i n  t h e  t a b l e  are g iven w i t h  a  T equation. 

The t ab les  should be drawn as wh i t e  boxes 
( f i g .  51 ) because t h e  s lope and t h e  waveform o f  t h e  
curves reveal  more i n f o r m a t i o n  about how t h e  func-  
t i o n  works than does t h e  T equat ion. Also, drawing 
t h e  wh i t e  box prov ides a medium f o r  communication, 
a  d i s p l a y  f o r  sc ru t i ny ,  and a  way t o  reduce t h e  
chances f o r  making a  mis take i n  r eco rd ing  t h e  t a b l e  
i n  t h e  model. 

The a u x i l i a r y  SELF func t i ons  t h i s  way. When 
t h e  coverage r a t i o  ( C V )  has a  value 1, t h e  value o f  
SELF, taken from t h e  t ab le ,  i s  a l s o  1. When t h e  
mature-t imber reserves (RSR) are l ess  than t he  
e q u i l i b r i u m  area ( E Q ) ,  t h e  coverage i s  l ess  than 1. 



For example, assume t h e  coverage had a value 
o f  0.8. Then from t h e  t ab le ,  t h e  value o f  SELF 
would be 0.6, I f  t h e  an~ount o f  mature-t imber 
reserves decl i n e d  t o  0.4 o r  l e s s  o f  t h e  equi 1  i br ium 
area, t h e  s e l l  f r a c t i o n  would be 0 and no t imbe r  
would be s o l d  u n t i l  t he  coverage increased t o  m r e  
than  0.4. The TABHL i n t e r p o l a t e s  between values 
g iven  i n  t h e  t a b l e *  The independent v a r i a b l e  i n  
t h i s  example, C L K ,  can exceed t h e  l i m i t s  o f  t h e  
t a b l e  (TSLF) w i t hou t  causing an e r r o r  message. 
Beyond t h e  l i m i t s  o f  t h e  t ab le ,  TABWL takes t h e  
l a s t  va lue i n  t h e  t ab le .  For t h i s  example, t h e  
t imbe r  safes r a t e  i s  l i m i t e d  t o  t h a t  s p e c i f i e d  by 
t h e  r o t a t i o n  p e r i o d  des i red  when t h e  coverage i s  
g rea te r  than 1, 

The t imber  sa les r a t e  i s  determined a t  each 
computat ional  t ime  by t h e  s e l l  f r a c t i o n  and t h e  
f l o w  ra te ,  which i s  a constant  determined by t h e  
des i r ed  r o t a t i o n  p e r i o d  (ROT) .  The f l ow  r a t e  (FL)  
i s  c a l c u l a t e d  by d i v i d i n g  t h e  area o f  t h e  f o r e s t  
(TAH) by t h e  des i red  r o t a t i o n  per iod.  Th is  con- 
s t a n t  can be computed w i t h  an f4 equat ion i f  t h e  
values f o r  TAH and ROT are i n s e r t e d  i n t o  t he  
model as cons tan ts*  The equat ions would be 
wrs' t ten: 

The s e l l  F r a c t i o n  f unc t i ons  through t h e  nega- 
t i v e  feedback loop t o  increase o r  decrease t h e  t i m -  
be r  sa les r a t e  accord ing t o  t h e  amounts o f  mature- 
t imbe r  reserves*  Furthermore, t h e  t a b l e  i n  t h e  
a u x i l i a r y  loops stops t imber  sa les when t he  re -  
serves a re  low but  does no t  inc rease  sa les above 
t h e  des i r ed  f l ow  r a t e  when reserves are high. One 
can d i r e c t  t h i s  nega t i ve  feedback loop t o  do many 



d i f f e r e n t  t h i ngs  by changing t h e  l i m i t s  o f  t h e  La- 
b l e  and t h e  waveform o f  t h e  curve. An impor tant  
cons ide ra t i on  i s  t h a t  a l l  i n t e r e s t e d  p a r t i e s  have 
access t o  t he  wh i t e  boxes and thus are ab le  t o  i n -  
t e r p r e t  t h e  d i sp lays  and t h e  t ab les  produced by t h e  
model . 

Natura l  succession and t imber  harvest  t r a n s -  
form f o r e s t  types f rom s t a t e  t o  s ta l e .  When t h e  
same species i s  regenerated, t h e  t rans fo rmat ions  
change t h e  d i s t r i b u t i o n  o f  age and area c lasses*  
I f  s i l v i c u l t u r e  o r  n a t u r a l  succession changes t h e  
species regenerated, t h e  r e s u l t  can be an inc rease  
i n  h a b i t a t  d i v e r s i t y  and an impor tan t  change i n  t h e  
avai  1  ab i  l i t y  o f  bene f i t s ,  These t rans fo rmat ions  
can be t r acked  ~ i t h  t h e  DYNAST model, 

Seven h a h i t a t  c lasses are used i n  the  model 
(F ig .  48). Th is  number i s  se lec ted  on t h e  bas is  o f  
t h e  r e l a t i o n s  o f  each h a b i t a t  c l ass  t o  one o r  m r e  
b e n e f i t s .  For example, mature-t imber reserves 
( f i g .  49) was se lec ted  because t h e  amount o f  t h i s  
h a b i t a t  determi nes t h e  amount o f  mature t imber  t h a t  
can be harvested. The seed l ing  h a b i t a t  i s  impor- 
t a n t  as a  source o f  food f o r  many animal s o  The 
grouping o f  age c lasses t o  de f i ne  h a b i t a t s  f o r  use 
i n  t h e  model i s  based on t h e  usefu lness o f  each 
c l a s s  f o r  p r o j e c t i n g  bene f i t s .  For  example, i f  a 
s i n g l e  r o t a t i o n  pe r i od  i s  used t o  harves t  a  k i n d  o f  
mature t imber ,  a  r a t h e r  s imple s t r u c t u r e  w i t h  s i x  
h a b i t a t  c lasses i s  f o l l owed  ( f i g .  52). I use t h ~  
i l l u s t r a t i o n  o f  ha rves t i ng  n a t u r a l  lob101 l y  p i n e  
stands and rep1 a n t i  ng w i t h  gene t i ca l  l y  improved 
p i n e  seedl i ngs (Boyce 1975, 1977). 

Exc lud ing  roads, devel opments, and nonpi ne 
stands, t h e  i nven to ry  o f  t h e  B i g  Pine f o r e s t  on 
t h e  Coastal P la i ns  o f  North Caro l ina  reveals  an 
unequal d i s t r i b u t i o n  o f  age c lasses ( t a b l e  5). 
The median diameters f o r  t h e  range o f  ages a re  



F i g u r e  52.--Diagram o f  the core model s t ruc ture  w i t h  s i x  h a b i t a t  
c lasses f o r  a p ine  f o r e s t  ( c f .  w i t h  f i g s ,  48 and 491, 

based on l s c a l  y i e l d  t a b l e s  and on na tu ra l  stand 
succession, Th is  i n fo rma t i on  i s  used t o  choose 
t h e  h a b i t a t  c lasses, which then determi ne t h e  
delays. Because o f  unequal h a b i t a t  d i s t r i b u t i o n ,  
t h e  f l o w  r a t e  f o r  a 35-year r o t a t i o n  would r e q u i r e  
about 4 decades t o  reduce t he  reserve volumes o f  
mature t imber  t o  t h e  equi l i br ium amount (EQ).  



Table 5.--The r e l a t i o n  o f  diameter, age, delay, and 
t h e  i nven to ry  va lue t o  h a b i t a t s  f o r  t h e  B i g  Pine 
f o r e s t ,  Coastal P la ins ,  North Caro l ina  

Nedi an 
d iameter  Age 

Hab i t a t  range range Delay Inven tb ry  

Inches Years Acres 

Seedl i ng 0-1.9 
Sap1 i ng 2-3.9 
Small pu lp  4-6.9 
Large pu lp  7-9. 9  
Small l ogs  10-12.9 
Mature 13-15.9 

To ta l  

Also, harvest  o f  t h e  mature stands i n  about 2 years 
woul d r a p i d l y  inc rease  seed1 i ng and sap1 i ng stand 
area, thereby i n c r e a s i n g  t h e  o s c i l l a t i o n  o f  age 
c l ass  and t imber  volume. The model i s  s t r u c t u r e d  
t o  moderate o s c i l l a t i o n s  i n  t h e  amounts o f  mature 
and seed l ing  h a b i t a t s  by r e g u l a t i n g  t h e  harvest  
r a t e s  accord ing t o  t h e  r o t a t i o n  age se t  by f o r e s t  
managers , Wi th i n  t h e  b i o l o g i c a l  cons t ra i n t s - - t he  
i n i  t i  a1 i nven to ry  and t h e  growth ra tes - - the  nega- 
t i v e  feedback loop achieves a  un i f o rm  f low o f  
t imher  t o  be harvested a t  about t h e  des i red  r o t a -  
t i o n  age. 

The feedback 1  oop, t h e  mature-t imber harvest  
( t a b l e  5 ) ,  has a l ready been descr ibed, A p o s i t i v e  
feedback loop i s  now added t o  t h e  model t o  t r a c k  
e h a ~ g e s  i n  t he  areas by h a b i t a t  c lasses. 

Timber i s  not ins tan taneous ly  harvested a t  t h e  
moment o f  the  sale.  There i s  a  de lay occasioned by 
t h e  sa le  con t rac t ,  des i r es  o f  t h e  buyer, t ime t o  



opera te  equipment, e t c e  Phis  de lay can be pre- 
d i c t e d  from past  exper ience o r  t h e  l i m i t  f o r  de lay 
can Re s p e c i f i e d  i n  t h e  con t rac t .  Th is  delay 
c rea tes  an accumulat ion o f  t imber  s tandi  ng, so ld ,  
and awa i t i ng  ha rves t c  This accumulat ion i s  modeled 
w i t h  a l e v e l  equat ion designated AS ( f i g .  52). The 
removal r a t e  f rom AS i s  determined by t he  delay,  
c a l l e d  BRT, which i s  determined by t h e  sates con- 
t r a c t  o r  by experience. The r a t e  equat ion, c a l l  ed 
RML, i s  s imply t h e  amount o f  t imber  so ld  ( A S )  
d i v i d e d  by t h e  de lay i n  removal (DRT) f o r  each corn- 
p u t a t i o n  t ime i n t e r v a l  (DT). 

The amount o f  seed l ing  h a b i t a t ,  c a l l e d  SE, i s  
t h e  l e v e l  equat ion i n t e g r a t e d  w i t h  t h e  amount o f  
t imbe r  harvested and t he  succession r a t e  t o  t h e  
sap1 i n g  h a b i t a t  c lass ,  ca l  l e d  SA, The succession 
r a t e  f rom t h e  seed l i ng  ( S E )  t o  t h e  sap l i ng  h a b i t a t  
( S A )  i s  determined by t he  b i o l o g i c a l  growth r a t e  o f  
t h e  regenerated stand, I f  p l a n t a t i o n s  of gene t i -  
c a l  lp improved seedl i ngs grow f a s t e r  than na tu ra l  
stands ( t a b l e  6),  t h e  delay i s  a v a r i a b l e  t h a t  i s  

Table 6.--The r e l a t i o n  o f  diameter, age, and ex- 
pected delay f o r  gene t i ca l  l y  improved p ine  p l an ta -  
t i o n s  es tab l i shed  a f t e r  na tu ra l  p i ne  stand harvest ,  
B i g  Pine area, Coastal P la ins,  Nor th  Caro l ina  

Medi an 
diameter Age 

H a b i t a t  range range Del ay 

Inches - - - Years - - - 
Seedl i ng 0-1.9 0-5 5 
Sap1 i ng 2-3.9 6-11 6 
Small pu lp  4-6.9 12-16 5 
Large put p 7-9,9 f 7-22 6 
Small fogs 10-12.9 23-30 8 
Mature 13-15.9 31-56 26 



changed according to t h e  ra te  t h a t  t h e  n a t u r a l  
stands are  replaced w i t h  p l a n t a t i o n s  of genetically 
improved seedlings, To keep the f i r s t  illustration 
simple, I use c o n s t a n t s  f o r  t h e  delays. Therefore ,  
t h e  s tand  success ion  f r o m  one h a b i t a t  to aqother i s  
t he  accumulation f o r  each h a b i t a t  d i v i d e d  by the 
delay f o r  each compu ta t i on  t i m e  i n t e r v a l  (DT) ,  

We now have an o p e r a t i n g  n~odel consisting o f  
two closed loops--one n e g a t i v e  feedback and  t h e  
o the r  posi"i; ive feedback, T h i s  s i m p l e  model i s  
familiar "L urnany peop le  i n  f o r e s t r y  hecause the 
b a s i c  concept of' rerju'iat-ing age c lass  d i s t r i b u t i o n  
hy c o n t r o l l i n g  h a r v e s t  rate and r e g e n e r a t i o n  i s  
fundamental t o  f o r e s t  m a n a g e ~ e n t ~  The innovation 
i n  th i s  model i s  t h e  n e g a t i v e  feedback l oop  t h a t  
p r o v i d e s  much b e t t e r  control  over t h e  o r g a n i z a -  
t i o n a l  s t a t e  o f  t h e  f o r e s t  than  t h e  previous model, 
which d i v i d e d  the f o r e s t  a rea  hy t h e  d e s i r e d  har-  
v e s t  age  to o b t a i n  the f r a c t i o n  o f  area  to be har -  
vested each year ,  

T h e  equa t ions  f o r  the FAM v e r s i o n  o f  t h e  model 
a r e  l i s ted fo r  the B i g  Pine i n v e n t o r y  ("cable 5, 
P i g s ,  52, %3), 

A:E * ~"eatensent i s  " c h e  P i  r s t  d i s p l a y  l ine  and 
i s  used to i d e n t i f y  the model heading, such as the 
v e r s i o n  o f  D Y N A S L  T h e  * appears i n  the f i r s t  
position followed by one or  two spaces and then a 
h e a d i n g  of less than 50 c h a r a c t e r s  i n c l u d i n g  spa- 
c e s ,  Sabsequent * sta%ements a r e  t r e a t e d  as NOTE 
s ta tements ,  

NOTE statements, subsequent * statements, and  
statements w i t h  the f i r s t  pSS4"Gion b l a n k  are used 
d o  2dd information, d e f i n e  v a r i a b l e s ,  i d e n t i f y  sec- 
tors  a f  t h e  rncde!, a n d  c r e a t e  spaces to m a k ~  the 
model l i  stiog easy to read, 

Each v a r i a b l e  can be de f i ned  on the same l ine  
as tbe e q u a t i o n ,  T h e  d e f r ' n i t i n n  s h o d  6i g i v e  the 



* DYNASI-FAM 
NOTE B I G  PINE FOREST 
NOTE 
NOTE MAIb9E TIMBER LOOP 
2 RML,KL=F IFZE[AS,K, j i lS.K/CRT; * S E L t J K )  REMOVALS (ACRES/VEAP)  
i kS,K=AS,J+DI"(SEL,Jk-RML-JK) ACCUPULATEJ SALES J4PEW) 
N AS=IAS INITIAL ACCLIW, SALES (AREA! 
R SEi,KL=SELF ,K*FL SELL RATE (ACRES/  YEAR)  
M FI=TAH/YAX(AMT,ROT) FLoW RATE { A C R E S I Y E A P )  
N AMT=DSE+DSA+BSP+DLP*DSL AGE MATURE TIMBER (YEA25') 
N fAH=ISE+ISA+ISP+ILPeISL+IMT+TPS TOTAL AREA HABITATS (4CREJ J 
A SELF ,K=TWEHL(ISELF ,CVVKI  * i s 9  1, -2; SELL FRACTICN ( D I M )  
t TSELF=Of,3/,6/1 TABLE SELL FRbCliON 
A CV.K=RSP , K / E Q  COVERAGE RATIO (DIM) 
N EQzFL"MAY(ROT-~MT),~) EQUILIBR1UV CONSTANT ( A Y E S  j 
NOTE 
NOTE STATES OF SUCCESSION 
L SE ,K=SE ,J+DTalRML ,3K-SSAii3K) SEEOLING HABITAT ( A S E A )  
W SE=ISE INITIAL SEEDLING haBITAI I i4REAI  
R SSA*KL=SE ,K/0SE SiPXESSiOia; TO SAPLihGS I P P E A I ' r R  J 
L SA,K=fA,J+Dl*(SSA,JK-SSPP3i:) SAPLING H A B I T A T  (AREA:  
N S A = I S A  i N l T I 4 1  SAPLING HAElTAT(4PEA) 
R SSP,KL=SA ,KIDS SUCCES5, TO SVPLL PYLF [ A R E A )  
L SP,X=SP,J+DB"tSSP,JK-SLP'JK) SMALL PULP (49CLi 
N SP=ISP 141TIAL S M F t i  PYLF ( A R E A )  
P SLP,KL=SP,KIDSP SUCCESS, TO I _ P ~ G F  P I Y L  PAPEAIvPI 
L LP.U=IF,J+DT"iSLP,dM-SSI IJV,) L X G E  PqLP I A P E A )  
N IP=ILP rrirrrit~ LARGE PULP (AREA: 
R SSL , KL =LP ,K/DLP SUCC, T9 SPAALL i C G S  [AREA) 
L fL,K=SL,J+DI"(SSL,JK-SRS -JK) iYAiL LOGS ( A R E A )  
Pr SL=ISL I I d I T I P L  SMALL LCbS I W P E A j  
R SRS ,<I=S% ,K/CS1 SLCC,  40 P E S E P V E Z  ( 4 C Y E 5 I Y P  ' 
L WSR,K=RS2,J+DT*:SRSdJK-SEL *JK) MJP'JPE R E S E R V E S  ';at& l 
N P S R = l M T  INITIAL R E S E R V E S  I ;A+E4)  
NOTE. 
NOTE CONTROLS AMC CONSTANTS 
SPEC DT=,25/LENGTH=IOO SPEC I F  I C A r  IONS 
A PRTPER , K = I + S T E P ( 7 9 , 2 I j  P 2 I h l  bPEC3. 
PRINT SEL,RML,AS,RSF,SL,LF).S2PSPBSE 
A PLTFER,K=,S+SVEQf7,5s2Cc5) P L W  SPECS,  
PLOT SE=S,Sd=A,SP=P, IP=L9SL=k i i iRS i? - t i : !Os~r !C) /5EL=*~9933~  
C ISE=O/hSA=122/ISP=38/IiD=lO/ISi=261;IriiY=362~~AS-9 
NOTE INITIAL INVENIOqY F3R hAKIT4TS ( A R E A )  
C DSE=8/0SA=7/DSP=5/DIP=6/3SL=i?/  DELAYS FOR SUCCESS, ( Y E A R S  j 
C BRT=2 YR DELAY TIMGER R E M O V A L  
C ROI=35 ROTATION DESIRED ( Y E A R S )  
RUN QOTAIlON 35 YEARS 

F igu re  53,--Equations f o r  DYNAST-FAM. 

u n i t  o f  m a s u r e  o r  - i nd i ca te  i f  t h e  v a r i a b l e  i s  d t -  
mensionf ess* For the FAM v e r s i o o ,  definitions f o r  
the matu re - t imber  l o o p  b e g i n  i n  p o s i t i o n  4 and f o r  
succession s ta tes  in p o s i t i o n  40* These positions 
are selected f o r  neatness; however, one or more 
spaces must be T e f t  a f t e r  the e q u a t i o n *  



It i s  conven ien t  and orderly t o  beg in  t h e  
equa-e-ions i n  p o s i t i o n  4. However, t h e  equat ions 
may b e g i n  i n  positions from 3 t o  3---one o r  more 
Hanks a f t e r  t h e  e q i i a t i o ~  type t h a t  a ' iwiiy~ appears 
in p o s i t i o n  1 ,  No spaces a r e  permS"Lted w i t h i n  t h e  
e q u a t i o n s  Fo r  most p a r t s  o f  t h e  model , the  order 
o f  the e q u a t i o n s  i s  unimpor tant ,  The few excep- 
t i  ons w i  l t  be no ted  as t h e  mdel i s  devet oped, 
Contro l  s and  c o n s t a n t s  a r e  conveni  e n t f  y located a t  
the end o f  the model , af te r  the f i  r s t  * e q u a t i o n ,  
o r  any other convenient p lace .  

The SPEC e q u a t i o n  can s p e c i f y  Four parame- 
t e r s :  DY, L E N G T H ,  PRTPER, and PLTPER,  F O P  DVNASP 
i t  i s  conveu jen t  t o  use t h ~  SPEC e g i l a t i o n  t o  a s s i g n  
c o n s t a n t s  t o  Df, which i s  the computation i n t e r v a l  , 
a n d  t o  L E N G T H ,  which i s  t h e  number o f  yeass the 
model i s  t o  simulate ,  Because p r i m a r y  in terest  i s  
i n  the f i r s t  5 t o  10 y e a r s  a n d  then i n  t h e  100-year 
outcome, i t  i s  conven ien t  t o  s k i p  t h e  p r i n t i n g  and 
p h t t i n g  o f  qr r tp i i t  i n  i n b r m e d i d - t e  periods. T h i s  
i s   don^ ny m a k i n q  PRTPFK and PLTFER variables w i t h  
t h e  rise o f  a i l x i  1 i a r y  e q u a t i  nns, 

I n  t h ~  W M  version, PRTPER s p e c i f i c a t i o n s  are :  
P r i n t  resu l t s  eve ry  y e a r  u n t i l  time 21, t hen  s k i p  
t o  year  i O l i e  T M s  s p e c i f i c a t i o n  can he changed as 
d e s i r e d  t o  produce t k ~  most u s e f u l  f o r m  o f  t a b l e s ,  

The R T P E K  s p e c i f i c a t i o n s  a r e :  P l o t  a t  0.5- 
yea r  i n t e r v a l s  u n t i l  t i m e  203 and then p l o t  a t  
R-year intervals.  Note t h a t  t h e  t i m e s  used i n  t h e  
STEP f u n c t f o n  must be re la ted  to LENGTH and DT t o  
achl 'eve the  d e s i r e d  r e s i i l t s ,  The FAM versl 'on asks  
f o r  p l o t s  t h r o u g h  y e a r  20, t h u s  t h e  change t i m e  i s  
yeas  20 p l u s  the o r i g i n a l  p l o t t i n g  i n t e r v a l  o f  0-5; 
the STEP c o n s t a n t  i s  the anoun t  d e s i r e d ,  8 years, 
minus t h e  original p l o t t i n g  in terval ,  The L E N G T ~  
i s  s e t  a t  100 to c o i n c i d e  w i t h  the PKPTER and 
PLTPER s p e c i  f i c a t  i ons . F o r  PRTPER a ~ d  PLTPEK i n -  
t e rva l s  o f  less t h a n  1 yea r ,  D i  s h o u l d  be between 
o n e - h a l f  and one- ten th  o f  t h e  shortest  p r i n t  o r  
p l a t  t?me. T h i s  rule i s  a l s o  useful when chnss ing  
DT r e l a t i v e  t o  t i m e  c o n s t a n t s  i n  t h e  model such as 
DRT, 



The PRINT i n s t r u c t i o n s  are used t o  p r i n t  on ly  
those va r i ab les  t h a t  have value f o r  dec i s i on  and 
c o n t r o l  o f  t h e  f o res t .  Any v a r i a b l e  o r  constant  
may he p r i n t e d  and t a b l e s  may he made very compl i - 
cated. When adapt ing t h e  model t o  a  new s i t u a t i o n ,  
i t  i s  o f t e n  d e s i r a b l e  t o  p r i n t  va r iab les  such as G V  
and SELF t o  f i n d  out  i f  t h e  model i s  a c t u a l l y  do ing 
what i s  intended. It i s  not  necessary t o  p r i n t  
these va r i ab les  when t h e  model i s  i t e r a t e d  f o r  
dec i  s i  on and c o n t r o l  purposes. 

The PLOT i n s t r u c t i o n s  may be used t o  make any 
number o f  d i f f e r e n t  p l o t s  t h a t  use t h e  same o r  d i  f -  
f e r e n t  va r iab les .  Each p l o t t e d  v a r i a b l e  must be 
g iven a  symbol. DYNAMO w i  11 sca le  each v a r i a b l e  
f a r  p l o t t i n g  o r  t h e  va r i ab les  may be sca led as il- 
l u s t r a t e d  f o r  t h e  FAN ve rs i on *  Var iab les t o  be 
p l o t t e d  on t he  same sca le  are separated w i t h  com- 
mas; a s lash  separates va r i ab les  p l o t t e d  on d i f -  
f w e n t  sca l  es , 

Constants such as i n v e n t o r i e s  and delays may 
be grouped on a  card  i f  separated w i t h  slashes. 

The v a r i a b l e  f o r  man ipu la t ing  t h e  model i s  
t h e  r o t a t i o n  per iod.  A C statement i s  used t o  
ass ign ROT, t h e  r o t a t i o n  pe r i od  desired. Th is  
statement may be l oca ted  any p lace but  i s  conven- 
i e n t l y  placed j u s t  be fo re  RUN, which i s  t he  l a s t  
statement i n  t h e  msdel. I n  t h e  FAM vers ion  d i f -  
f e r e n t  r o t a t i o n  per iods  may be assigned t o  ROT, 
one f o r  each run o r  rerun. However, an RUM 
statement must always f o l  low each C statement 
t h a t  g ives an ROT, and an RUN statement must he 
t h e  l a s t  i n  t h e  model, 

RUM statements are a l s o  used t o  i d e n t i f y  
t h e  run c h a r a c t e r i s t i c s *  Up t o  50 characters ,  
i n c l  ud ing  spaces, may be used one o r  mre spaces 
a f t e r  RUN, RUN always begins i n  l o ca t i on  1, The 
name o f  t h e  run i s  p r i n t e d  on t h e  t ab les  and t he  
ps o ts .  
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As many reruns as d e s i r e d  f o r  one i t e r a t i o n  
o f  t h e  model may he made by a l t e r n a t i n g  C s t a t e -  
ments f o r  ROT w i t h  RUN. 

I n  p r i n t e d  ou tpu ts  t h e  columns are headed w i t h  
E f o l l owed  by t h e  p o s i t i v e  o r  nega t i ve  power o f  10 
t o  be m u l t i p l i e d  by t h e  number t o  recons t ruc t  t h e  
t r u e  value ( f i g .  54). This s c a l i n g  permi ts  f i v e  
s i g n i f i c a n t  f i g u r e s  t o  be p r i n ted .  

P l o t s  may d i s p l a y  one o r  more scales ( f i g .  
551, The va r i ab les  assoc ia ted w i t h  each sca le  a re  
i n d i c a t e d  f o r  each p l o t .  When va r i ab les  co inc ide  
a t  a s imulated t ime, one symbol i s  p l o t t e d  and t h e  
co inc iden t  symbols are p r i n t e d  a t  t h e  s ide  o f  t h e  
p l o t .  

0 5 10 15 
TIME (YEARS) 

F i  gure 55. --A nodi f i ed plot produced by the DYNAST-FAM model . 
E = equivalent annual rent in thousands o f  dollars 
R = =Lure timber reserves, i n  thousands of acres 
T = Y O I U ~  af timber removed, i n  thousand cubic feetlyear 

EAR = E, RSR = R ,  VI = T 
Rotat ion 35 years 



Fami l iar  Rotation R e s u l t s  

The p reced ing  v e r s i o n  o f  t h e  model p e r m i t s  
h a r v e s t  s ~ m r r l a t i o n s  o n l y  f rom ttrle m t u r e - t i m b e r  
rese rves - -s tands  35 y e a r s  and o l  d e r  ( t a b l e  5) .  
Thus, t h e  s h o r t e s t  r o t a t i o n  t h a t  can he s i m u l a t e d  
i s  35 years ,  b u t  t h e  r e s u l t s  o f  l o n g e r  r o t a t i o n s  
can he examined. 

S e t  up a s e r i e s  o f  re runs  t h a t  i n c l u d e  r o t a -  
t i o n  p e r i o d s  o f  35, 45, 55, and 65 years .  Examine 
t h e  p r i n t s  and p l o t s  f o r  s i m i l a r i t i e s  and d i f f e r -  
ences. Compare d i f f e r e n c e s  i n  t h e  h a b i t a t  a reas 
f o r  t h e  ROT o p t i o n s .  Cons ider  t h e  d i f f e r e n c e s  i n  
t i m b e r  s a l e  r a t e s  f o r  r o t a t i o n  p e r i o d s .  Why does 
t h e  area o f  n ~ a t u r e  rese rves  i n c r e a s e  f o r  a  number 
o f  yea rs  b e f o r e  d e c l i n i n g  toward  t h e  area f o r  
s teady  s t a t e ?  What i s  t h e  e f f e c t  o f  l o n g e r  r o t a -  
t i o n s  on t h e  r a t e  o f  change i n  area o f  s e e d l i n g  
h a b i t a t ?  s a p l i n g  h a b i t a t ?  Why does t h e  a rea  i n  
sma l l  l o g s  d e c l i n e  r a p i d l y  f o r  a l l  r o t a t i o n  
o p t  i ons? 

The i n i t i a l  i n v e n t o r y  c o n t a i n s  adequate areas 
i n  t h e  mature and smal l - l o g  h a b i t a t s  t o  suppor t  
t i m b e r  h a r v e s t  f o r  r o t a t i o n s  o f  35 y e a r s  and 
1  onger. D i f f e r e n t  i n i t i a l  i n v e n t o r i e s  would p r o -  
duce d i f f e r e n t  r e s u l t s .  I n s e r t  a  C s ta tement  i n t o  
t h e  model as f o l l o w s :  

The sum o f  acres  i n  t h i s  i n v e n t o r y  i s  793, t h e  
same as f o r  t h e  f i r s t  i l l u s t r a t i o n  ( t a b l e  5) .  The 
d i f f e r e n c e  i s  t h a t  t h e  o r d e r  o f  t h e  va lues i s  
r e v e r s e d  f o r  t h e  h a h i t a t s .  I n t e r p r e t  t h e  r e s u l t s  
i n  te rms o f  y o u r  knowledge about  f o r e s t r y .  

Reruns can be made when b o t h  t h e  i n v e n t o r y  and 
t h e  r o t a t i o n  p e r i o d  a r e  changed s imu l taneous ly .  

Use t h e  o r i g i n a l  i n v e n t o r y  ( t a b l e  5 )  and con- 
s i d e r  t h e  r e s u l t  o f  p l a n t i n g  h a r v e s t e d  areas w i t h  



g e n e t i c a l l y  improved p ines  ( t a b l e  6). For t h i s  ex-  
e r c i s e ,  change t h e  de lay  f o r  seedl i n g s ,  DSE, f rom 
8 t o  5 years .  Add a STEP equa t ion  t o  reduce t h e  
de lay  f o r  sap1 i n g s ,  USA, f rom 7 t o  6  years  a t  t i m e  
12 years .  

The above e x e r c i s e s  suggest how t h e  de lays  can 
he changed t o  examine t h e  changes i n  s t a t e s  o f  
o r g a n i z a t i o n  t h a t  may he p o s s i b l e  by u s i n g  f e r t i l -  
i z e r s ,  d ra inage  c o n t r o l s ,  and weed c o n t r o l s  i n  
p l  a n t a t i  ons. 

The r e s u l t s  o f  t h e  p reced ing  e x e r c i s e s  have 
been f a m i l i a r  t o  f o r e s t e r s  f o r  about 200 years .  
The d i s p l a y  o f  changes i n  t h e  t ypes  by age c l a s s e s  
was done years  ago w i t h  s k y l i n e  c h a r t s  a f t e r  l abo -  
r i o u s ,  hand c a l c u l a t i o n s *  The s e l l  r a t e s ,  when 
matu re - t imber  rese rves  a r e  adequate, a r e  t h e  
amounts found by d i v i d i n g  t h e  f o r e s t  area by t h e  
r o t a t i o n  p e r i o d  (793 acres/35 years  = 22.657 
ac res ) .  The n e g a t i v e  feedback loop  i s  p e r m i t t e d  t o  
f u n c t i o n  o n l y  when t h e  e q u i l i b r i u m  amount, EQ, o f  
ma tu re - t imber  reserves i s  l e s s  than  1 ( f i g .  51 ). 
T h i s  c o n s t r a i n t  on t h e  n e g a t i v e  feedback l o o p  i s  
i n t e n t i o n a l  because I want t o  il l u s t r a t e  how t h e  
DYNAST model i s  l i n k e d  t o  f a m i l i a r  f o r e s t r y  con- 
cepts .  From t h i s  l i n k  I w i l l  use one o r  more nega- 
t i v e  feedback loops  t o  d e s c r i b e  how t o  s i m u l a t e  
s t a t e s  o f  f o r e s t  o r g a n i z a t i o n  and t h e  a s s o c i a t e d  
b e n e f i t s  i n  ways t h a t  were no t  a v a i l a b l e  t o  f o r e s t  
managers b e f o r e  DYNAST. 

Use of the Hegative Feedback Loop 

An i m p o r t a n t  i n n o v a t i o n  i n  DYNAST i s  t h e  use 
o f  n e g a t i v e  feedback loops  t o  make t h e  development 
o f  dynamic p l a n s  (ch. 2 )  a  s e l f - o r g a n i z i n g  opera- 
t i o n .  Complex i ty  f o r  t h e  p l a n n i n g  process i s  
reduced because t h e  managers and o t h e r  i n t e r e s t e d  
p a r t i e s  use o n l y  a  f e n  c o n t r o l  v a r i a b l e s  t o  simu- 
1  a t e  t h e  consequences o f  a? t e r n a t i  ve s t r a t e g i e s .  
The f a m i l i a r  procedures a r e  s t r u c t u r e d  t o  a i d  t h e  
dec i  s i  on and c o n t r o l  process . 



I n  t h e  model l i s t e d  i n  f i g u r e  53, va lues f o r  
SELF a r e  l i m i t e d  t o  a  range o f  0.4 t o  1  by t h e  
f u n c t i o n  TABHL ( f i g .  51 ). When t h e  independent 
v a r i a b l e ,  GV, exceeds 1, t h e  TABHL f u n c t i o n  con- 
t i n u e s  t o  have a valtre o f  1. Thus, i f  t h e r e  i s  a  
s u r p l u s  i n  mature- t imber  reserves,  t h e  t i m h e r  i s  
n o t  s o l d  any f a s t e r  than t h e  cons tan t  r a t e  d e t e r -  
mined by rii v i d i n g  t h e  f o r e s t  area by t h e  r o t a t i o n  
p e r i o d .  It i s  t h i s  c o n s t r a i n t  t h a t  g i v s  t h e  
f a m i l i a r  r e s u l t s  ( f i g s .  54, 55). A mar. t rse fu l  
s t r u c t u r e  inc reases  t h e  t i m h e r  sa les  when t h e r e  i s  
a s u r p l u s ,  C V  exceeds 1, and reduces sa lcs  when 
t h e r e  i s  a shortage,  C V  i s  l e s s  than 1. 

The q u e s t i o n  i s ,  what r a t e s  slzotnld be used i n  
t h e  t a b l e  f u n c t i o n  f o r  SELF? The range and t h e  
waveform f o r  t h i s  t a b l e  deterrni ne t h e  behav io r  o f  
t h e  n e g a t i v e  feedback l o o p  and thus  d i r e c t  t h e  t i m -  
b e r  s a l e  i n  r e l a t i o n  t o  ROT and t h e  i n v e n t o r y .  I f  
t h e  h a r v e s t  r a t e s  a r e  t o o  f a s t ,  rlndesi r a h l e  osc i  1  - 
l a t i o n s  may be i n i t i a t e d  i n  t h e  h a b i t a t s .  I f  t h e  
r a t e s  a r e  t o o  slow, mature- t imber  sa les  w i l l  be un- 
d u l y  delayed, Also,  t h e  s e l l  f r a c t i o n ,  SELF, must 
be l e s s  t h a n  t h e  coverage, CV, o r  more t i m b e r  w i l l  
be scheduled f o r  s a l e  t h a n  i s  a v a i l a b l e  i n  t h e  
matu re - t imber  reserves,  

The f i r s t  s tep  i s  t o  e s t a b l i s h  p o l i c i e s  based 
on knowledge o f  t h e  behav io r  o f  t h e  f o r e s t  and t h e  
des i  r e  f o r  a c h i e v i n g  a  c o n s e r v a t i v e  p r o d u c t i o n  
r a t e .  The range o f  p o t e n t i a l  o s c i l l a t i o n s  i n  t h e  
h a b i t a t s  i s  l i m i t e d  by choos ing t h e  p o l i c y :  Har -  
v e s t  r a t e s  w i l l  no t  exceed t w i c e  t h e  f l o w  r a t e  f o r  
a  s e l e c t e d  r o t a t i o n  p e r i o d .  Th is  p o l i c y  se ts  t h e  
l i m i t s  f o r  t h e  dependent values i n  t h e  t a b l e  (TSLF) 
f r o m  0 t o  2. The range o f  t h e  independent va lues 
i s  l i m i t ~ r l  by choos ing t h e  p o l i c y :  Harvest  r a t e s  
can equal t w i c e  t h e  f l o w  r a t e  when t h e  coverage i s  
0.4 o r  l e s s .  These p o l i . c i e s  a r e  i l l u s t r a t e d  as a  
w h i t e  box and a r e  made a v a i l a b l e  t o  a l l  i n t e r e s t e d  
p a r t i e s  ( f i g .  56) .  

The f u n c t i o n  TABHL i s  used because i t  l i m i t s  
t h e  va lues f o r  SELF when values f o r  C V  a r e  l e s s  



8.4 I .O 2 .O 3.0 
COVERAGE OF MATURE TIMBER (CV) 

Figure 56.--A white box illustrating policies for selling timber in 
relation to the coverage o f  mature timber reserves. C V  and SELF are 
dimensionless. 

t h a n  0.4 o r  g r e a t e r  than  3. When C V  i s  0,4 o r  
l e s s ,  SELF i s  always 0; when C V  i s  3  o r  g r e a t e r ,  
SELF i s  always 2. 

Change t h e  equat ions f o r  SELF and f o r  TSLF t o  
comply w i t h  t h e  new p o l i c i e s  ( f i g .  53). How d o ~ s  
t h i s  change t h e  behav io r  of t h e  model? 

Cons ider  t h e  o s c i l l a t i o n s  i n  t h e  h a h i t a t s  and 
t h e  d e s i r a b i l i t y  o f  t h e  new t i m b e r  s a l e  r a t e s .  
Develop d i f f e r e n t  p o l i c i e s  based on y o u r  percep- 
t i o n s  o f  ecosystem dynamics. How s e n s i t i v e  i s  t h e  
s e l l  f r a c t  i on, SELF? 

E x p l a i n  how c o m p l e x i t y  f o r  deve lop ing  dynamic 
p l a n s  i s  reduced by e s t a b l i s h i n g  p o l i c i e s  f o r  t h e  
s e l l  f r a c t i o n  and then  m a n i p u l a t i n g  o n l y  t h e  r o t a -  
t i o n  p e r i o d ,  



Succession Rates 

The r a t e  equat ions f o r  success ion d i  v i d e  t h e  
amount o f  a  h a h i t a t  by t h e  d e l a y *  Th is  i s  c o r r e c t  
i f  a1 1  s t a n d s  pass th rough  a  h a b i t a t  a t  t h e  same 
r a t e  and i f  t h e r e  i s  an equal d i s t r i b u t i o n  o f  age 
c l a s s e s  i n  each h a b i t a t ,  I f  t h e  de lays  f o r  habi ' -  
t a t s  a r e  s h o r t  (about o n e - f i f t h  o f  t h e  r o t a t i o n  
p e r i o d )  and i f  they a r e  t h o  average t ime  f o r  a1 1  
s tands p a s s i n g  through t h e  h a b i t a t ,  then t h e  e r r o r s  
a r e  s m a l l  and r a r e l y  i n f l u e n c e  t h e  cho ice  o f  a  
s t r a t ~ g y  ., 

Acctnracy i n  s i m u l a t i n g  success ion r a t e s  can be 
improved by u s i n g  a l a r g e r  nunher o f  h a b i t a t s  and 
by u s i n g  more complex r a t e  e q u a t i o n s *  However, 
t h i s  i n c r e a s e  i n  accuracy f o r  t h e  model shou ld  be 
r e l a t i v e  t o  t h e  accuracy t h a t  succession can be 
p r e d i c t e d  i n  t h e  r e a l  f o r e s t *  I f  t h e  f o r e s t  i s  
l a r g e r  t h a n  about 200 acres and t h e r e  a r e  no annual  
reco rds  f o r  a1 1  stands, t h e  r a t e  equa t ions  can be 
changed t o  r e f l e c t  t h e  more spec i  f i e  i n f o r m a t i o n ,  
Such exper imen ta l  l y  d e r i  ved r a t e  equat ions s h o u l d  
be appl  i e d  c a u t i o u s l y  t o  d i  f f e r e n t  areas. 

Supplementary  Informat ion 

Supplementary i n f o r m a t i o n  i s  computed and 
used i n  p r i n t s ,  p l o t s ,  and a l g o r i t h m s  t o  e s t i m a t e  
t h e  f l o w  o f  t i m b e r ,  water ,  w i l d l i f e  h a b i t a t ,  
cash, and o t h e r  b e n e f i t s *  One o f  t h e  most u s e f u l  
supplementary i t ems  i s  t h e  p r o p o r t i o n  o f  t h e  
f o r e s t  i n  each h a b i t a t  by f o r e s t  t y p e *  Changes 
i n  these  p r o p o r t  i o n s  r e s u l t  f rom t i m b e r  h a r v e s t ,  
sr lccessi  on, f o r e s t  t y p e  convers ion,  g e n e t i c a l  l y  
improved seed1 i ng use, t h i n n i n g ,  f e r t i  1  i z e r  
app l  i c a t i  on, d r a i  nage, w i  l d f i  r e ,  i n s e c t  a t t a c k ,  
d isease,  and s to rm damage, Fo r  t h e  FAM v e r s i o n  
o f  DYNAST add t h e  equa t ions  b e f o r e  t h e  s e c t o r  
" c o n t r o l s  and c o n s t a n t s "  ( f i g .  57) .  Add a PLOT 
c a r d  t o  p l o t  t h e s e  p r o p o r t i o n s .  I t  i s  no l o n g e r  
necessary t o  p l o t  t h e  h a b i t a t  area, 



NOTE 
NOTE SUPPLEMENTARY IYFORMAT I O N  
A PSE.K=SE,KI IAH PERCENT SEEDL I NGS 
A PSA,K=SA,K/TAH PEPCENT SAPL l NGS 
A P'",K=SP,K/IAW PERCEVT SMALL PULP 
A PLP,K=LP,K/TAH PERCENT LARGE PULP 
A PSL ,K=SL ,Y/TAH PERCENT SMALL LilGS 
A Wf.K=RSR.K/TAM PERCENT MATURE TIMBER 
NOTE 

Figure 57,--Equations f o r  calculating supplementary information, 

VOTE POTENTIAL TIMBER INDEX 
A PII,K=VT,K/IIM POTENTIAL TIMBER I N D E X  
A V I , K = R M L  .JK*VU,K*YST VOLUME REMOVED (GI!, F f  .) 
P VU.K=TAPXP(TTVX,YWMT~K90~Zi)O~IO) VOLUME i lNKTSlACRE 
A HAYT,K=(RSW ,K/FL)+AMT HARVEST AGE (YEARS) 
Y TIM=jTAHf TMR)*lVI*vST TIMPER MAXIMUM / C Y .  F l , )  
C TMR=30 90T FOR M A X I U M  "IMBER ( Y E A R S )  
Y T Y I = T A B X T f l l Y I , I M R , 1 3 9 1 0 r i I I i ) ~  VOL. IJl\i!TS/ACRE FOR MAX, TIWSER 
T ~TY~=O/.3/.68/l/l,22~113R/ii46/I.J9/l.51/l~53/l~55 

F igu re  58,--Equations for  calculating the  potential t imbe r  i n d e x  
and t h e  t imber volum removed, 

Timber P o t e n t i a l  

The potential timber i ndex  (Pil) i s  t h e  
volume o f  t i m b e r  projected f o r  harvest by 
the DYNAST s i m u l a t i o n  d i v i d e d  by "ee  volume 
t h a t  would be expected f a r  maximum, sus ta ined  
t imbe r  product ion (ch.  5 ) .  I n s e r t  the equa t ions  
f o r  PIE i n t o  DYNASI-FAM ( f i g ,  58),  

The expected y i e l d s  f o r  n a t u r a l  p i n e  
s tands  on the B i g  Pine f o r e s t  a r e  g iven  i n  
t a b l e  7, Mean annual increment culminates a t  
approximately age  30; the  value f o r  IMR i s  30, 
-The yie ld  a t  age 30 i s  1,750 cub ic  f e e t l a c r e ;  
YST=lf50, T h i s  cons tan t  i s  divided i n t o  ~ 0 1 -  
umes for each c lass  t o  produce t h e  t i m b e r  y i e l d  
indices  f o r  the t a b l e  TTYI ,  An i m p o r t a n t  ad-  
vantage t o  u s i n g  t h e  indices rather than the 



T a b l e  7.--A l o c a l  y i e l d  t a b l e  and t imber  y i e l d  
i n d e x  f o r  n a t u r a l  p i n e  stands j n  t h e  B i g  Pine 
f o r e s t ,  Coasta l  P l a i w ,  Nor th  C a r o l i n a  

---- 

S t a n d  
age f i e l d "  Vie7 d i n d e x  

(years ) j f t 3 / a c r e )  ( v o l e  u n ?  t u a c r e )  

(3 I n s i d e  bark t o  a l - i n c h  t o p  d iameter  f o r  a s i t e  
index va lue  o f  approx ima te ly  70 a t  age 50. 

volumes i s  t h e  ease o f  changing t h e  y i e l d s  when 
t h e  y i e l d  t a b l e s  a r e  harraonl'c. To change t h e  
y i e l d  t a b l e  f rom s i t e  i ndex  c l a s s  70 t o  80, i t  i s  
snfy necessary t o  change t h e  value of t h e  con- 
s t a n t  f o r  YSYe I F  p l a n t i n g  g e n e t i c a l l y  improved 
s e e d l i n g s  i s  expected t o  i n c r e a s e  ha rves ted  y i e l d s  
i n  year  25, a STEP f unc t i on  c a n  be used t o  i n c r e a s e  
t h e  v a l u e  o f  VST a t  t i m e  25, 

The volume t h a t  would be expected f o r  maximum 
s u s t a i n e d  t i m b e r  p r o d u c t i o n  i s  i n s e r t e d  i n t o  t h e  
model w i t h  t h e  N e q u a t i o n  f o r  TIM, wh ich  i s  c a l l e d  
t h e  t i m b e r  maximum. The t o t a l  F o r e s t  area, TAH, i s  
d i v i d e d  by the age a t  which mean annua l  increment ,  
TMR, cu lm ina tes  t o  g i v e  the area fQr harves t  a t  
s teady s t a t e .  T h i s  area i s  then m u l t i p l i e d  by t h e  
y i e l d  s tandard,  YST, and t h e  t imber  y i e l d  index,  
TVZ, t o  o h t a i  n t h e  maximum volume expected, 



TYI a l so  i s  i n s e r t e d  w i  th an N equat ion. By 
d e f i n i t i o n ,  TYI has a  value o f  1 when TMR i s  30. 
However, someone may want t o  use a  d i f f e r e n t  TMR t o  
compute PTI. For example, i f  concern i s  f o r  saw 
l ogs  from t rees  60 years  o l d  r a t h e r  than f o r  p u l p -  
wood f rom t rees  30 years o ld ,  t h e  PTI can h~ ad- 
j u s t e d  by changing TMR, TTYI, and YST. The value 
o f  YST a t  age 60 i s  2,555 ( t a h l e  7 ) ;  t h e  C s t a t e -  
ments a re  changed t o  YST=2555, TTYI i s  chang~d,  
and TMR=6O. The new p o t e n t i a l  t imber  index i s  now 
based on produc ing saw logs  r a t h e r  than pulpwood. 

Y i e l d  t ab les  can he used f o r  any volume u n i t s  
a v a i l a b l e .  It i s  on l y  necessary t o  assu re  t h a t  t h e  
values f o r  YST, TMR, and TTYI are appropr ia te  f o r  
t h e  scale,  

The harvest  age i s  equal t o  t h e  se lec ted  r o t a -  
t i o n  per iod ,  ROT, when t h e  f o r e s t  i s  a t  steady 
s ta te .  However, f o r e s t s  are r a r e l y  a t  steady 
s ta te .  Depending on t h e  p o l i c y  f o r  harves t ing ,  
harves t  may occur a t  ages above o r  below t h a t  f o r  
ROT. The harvest  age i s  est imated w i t h  the  a u x i l -  
i a r y  equat ion HAMT. By d e f i n i t i o n ,  mature-t imber 
reserves (RSR) equals t h e  f l ow  r a t e  m u l t i p l i e d  by 
t h e  t ime t h e  stands a re  i n  the  mature-t imber hab i -  
t a t .  (See t h e  N equat ion f o r  EQ.) Therefore,  
d i v i d i n g  RSR by FL g ives t h e  number o f  years o f  
t imbe r  supply i n  t h e  reserves. Th is  number o f  
years i s  added t o  t h e  beginn ing age f o r  t he  mature- 
t imbe r  h a b i t a t  t o  es t imate  t h e  harvest  age. The 
suppos i t i on  i s  t h a t  t h e  o l des t  stands i n  t he  re -  
serves wi 11 be so ld  be fo re  t h e  younger stands. 
Th is  s imple c o r r e c t i o n  f o r  harvest  age i s  most 
impor tan t  when a  l a r g e  area o f  o l d e r  stands i s  i n  
t h e  reserves. 

The harvest  age o f  mature t imber ,  HAMT, i s  
used as t h e  independent v a r i a b l e  t o  corr~pute t h e  
volume un i t s / ac re ,  VU, f o r  each harvest  ( t a b l e  7 ) .  
These u n i t s  are m u l t i p l i e d  by t h e  area harvested, 
RML, and t h e  y i e l d  standard, YST, t o  est imate t h e  
volume o f  t imber  harvested, VTo This  harvested 



volume a t  t i m e  K i s  d i v i d e d  by t h e  maximum po ten -  
t i a l  volume, TIM, t o  g i v e  t h e  p o t e n t i a l  t i m b e r  
i ndex, 

I t  i s  u s e f i ~ l  t o  p l o t  and t o  p r i n t  VT. Change 
t h e  PLOT statement t o  s i m u l t a n e o u s l y  p l o t  PTI qnd 
changes i n  t h e  h a h i t a t  p r o p o r t i o n s .  S e l e c t  a  sym- 
b o l  f o r  PTI and s c a l e  t h e  p l o t t i n g  f rom 0 t o  2. 
Idhen can PTI exceed l ?  

Add VT t o  t h e  PRINT statement.  F i v e  s i g n i f i -  
can t  numbers a r e  p r i n t e d ;  however, t h e  i n t e r p r e t a -  
t i o n  and use o f  these  numhers i s  determined by t h e  
v a l i d i t y  o f  t h e  y i e l d  t a b l e  used i n  t h e  model. 
Y i e l d  t a b l e s  are  e s t i m a t e s  o f  d i f f e r e n c e s  and a r e  
n o t  i n t e n d e d  t o  be p r e d i c t i o n s  o f  exac t  t i m b e r  
volumes. P r e d i c t i o n s  o f  h a r v e s t a b l e  volume a r e  
made i n - p l a c e  by measur ing merchantable t r e e s  
b e f o r e  t h e  sa le ,  The P T I  and t h e  volume p r o j e c -  
t i o n s  made by DYNAST a r e  r e l a t i v e  d i f f e r e n c e s  f o r  
a l t e r n a t i v e  s i  l v i c u l  t u r d  modes; t h e y  a r e  used t o  
a i d  d e c i s i o n  and c o n t r o l ,  no t  t o  make p r e c i s e  
p r e d i  c t  i ons. 

Run t h e  v e r s i o n  o f  FAM f o r  some r o t a t i o n  
p e r i o d s  f rom 35 t o  100 years .  Observe t h e  r e l a -  
t i o n  o f  P T I  t o  t h e  t i m b e r  volume harvested,  t h e  
area i n  reserves,  and t h e  changes i n  t h e  h a b i t a t  
d i s t r i b u t i o n s .  How does changing t h e  i n i t i a l  
i n v e n t o r y  a f f e c t  PTI d u r i n g  t h e  f i r s t  decade? 

Timber and Biomass Volumes 

The equat ions a r e  changed as f o l  lows t o  use 
y i e l d  es t ima tes  r a t h e r  than  t h e  t i m b e r  y i e l d  i ndex  
( t a b l e  7 ) :  



The t i m b e r  p o t e n t i a l  can he c h a n g d  by making 
YST t h e  f r a c t i o n a l  i n c r e a s e  or decrease e>pec ted  
f o r  more o r  l e s s  p r o d u c t i v e  s i t e s  o r  by u s i n g  
g e n e t i c a l l y  improved t r e e s .  Any u n i t s  o f  meastlre 
cao he used, such as hoard f e e t ,  wet  we ight ,  d r y  
we jgh t ,  or B t u  p o t e n t i a l  a 

frariabie Rates sf Timber Marvest 

For  soine c o n d i t i o n s  i t  i s  d e s i r a b l e  t o  change 
t h e  t i m b e r  ha rves t  r a t e s  f o r  a p l a n n i n g  p e r i o d  o f  
10 t o  20 y e a r s ,  For example, i f  t h e  i n i t i a l  i n v e n -  
t o r y  has a l a r g e  p r o p o r t i o n  o f  accumulated mature 
t i m b e r ,  it may be d e s i r a b l e  t o  have an i n i t i a l l y  
f a s t  h a r v e s t  ra te  and s c a l e  the r a t e  downward t o  
smoothly approach t h e  d e s i r e d  r o t a t i o n  pe r iod ,  I f  
t h e  d e s i r e d  r o t a t i o n  p e r i o d  f o r  t h e  B i g  Pine f o r e s t  
i s  45 years ,  t h e  m o u n t  of mature t i m b e r  a t  steady 
s t a t e  i s  176 acres.  The i n v e n t o r y  o f  362 acres o f  
mature  t i m b e r  i n d i c a t e s  a s u r p l u s  o f  186 acres t h a t  
c o u l d  be r a p i d l y  s o l d  i n  t h e  nex t  few years,  The 
s a f e  o f  t h i s  s u r p l u s  i n  1 y e a r  i s  u n d e s i r a b l e  f o r  a 
number o f  reasons, However, t h e  DYNAST model can 
be used t o  s c a l e  a  v a r i a b l e  sa les  r a t e  t h a t  would 
market t h e  s u r p l u s  t i m b e r  d u r i n g  t h e  nex t  5 y e a r s  
w h i l e  rnuving t h e  f o r e s t  smoothly toward t h e  d e s i r e d  
r o t a t i o n  p e r i o d  o f  45 years .  

S h o r t  r o t a t i o n s  speed t i m b e r  sales,  and l o n g  
r o t a t t o n s  reduce t h e  s a l e s  r a t e e .  Thus, a  v a r i a b l e  
s a l e s  r a t e  can be scheduled hy t h e  DYNAST model by 
changing t h e  cons tan t  ROT, r o t a t i o n  p e r i o d ,  t o  a 
v a r i a b l e  w i t h  t h e  t a h l e  f u n c t i o n  TARHL, Then f o r  
t h e  nex t  10 o r  more y e a r s  o f  p lann ing ,  t h e  t i m b e r  
sa tes  r a t e  w i l l  f o l l o w  whatever waveform i s  p u t  
i n t o  t h e  t a b l e ,  which I w i l l  c a l l  TROT, I n  t h e  
matu re - t imber  l o o p  ( f i g .  53),  i n s e r t  t h e  equa t ion :  

A ROT,K=PABH~TRBT,TIME.K90,t.091) 
V a r i a b l e  r o t a t i o n  ( y e a r s )  



One v a r i a b l e  ra te  o f  t i m b e r  ha rves t  cou ld  be: 

Tables far TROT a r e  used to change t h e  r e r u n s  
rather t h a n  t h e  c o n s t a n t  R O T *  However, a l l  con- 
stants and initial equations dependent on ROT must 
be changed to auxiliary equations before the pro- 
gram is run, The fol lowing changer are made f o r  
the DYNAST-FAM v e r s i o n ,  

Insert these changes i n t o  the model Draw 
several waveforms f o r  TROT on graph paper, prepare 
T and the RUN statements, and examine the results* 
Wow do the timber s a l e s  rates vary from using the 
c o n s t a n t  ROT=45? 

The v a r i a b l e  rates are most useful when large 
areas of old-growth timber are t o  be converted to 
a fores t  w i t h  short rotations, 

Cash Flows 

Net Present V a l u e ,  LV;PV 

Cash flows are simulated continually as t h e  
forest i s  transformed f r om state to state. T h i s  is 
accomplished by translating the economic functions 
i n t o  rlynamic forms (ch. 6). i n s e r t  t h e  eqtration 
f o r  cash flow ( f i g .  59) i n t o  DYNAST-FAM. 

Net present va lue  at time K i s  the difference 
between the present valijes 05- the inflows and 
outf 1 ows * Present val ues are d e r i  ved by di vi d i  ng 
the accumulated inflows and outflows at time K 



NOTE CkS9 FtOk A L G S K I T H Y  
A NPV,K=:NAD,K-OTAD-K NET P;i'ESEKT "J"ILI:F [Bi  
W f NAD,K=TPiW ,K/nSC ,K INFkC)bi,SlW DISCOl lNTE3 C $  j 
I INA,K=iNA,J+gT*{ lNR*JK) INFLOW SUWMED ( $ 1  
N INA=IIN I N I T I A L  INFLOla" SliFfl ( $ 1  
R fM9,KL=(INA,K*(EXP(RIM~K)-1))+IhahaK INFLOW RATE ( $ / Y R )  
A RIN,K=TABXT(TRIN,IIMEIK,OBIO,f) R E l N V E S T M E N T Q P T E ( D E C 1 M A L J  
T = 1 / / / /  REINVESTMENT TPBLE 
A fN.K=NH,K*VVR,K*MOS,K TOTAL INFLOW [ $: 
A NM ,K=VI ,K*MA ,K INFLOW FROM TIMBER j$j 
A MA,K=TABXPITVAG,HAMTti~~I09100sIO) STUWP PPICE  AT HARVEST ($/Cue FT,) 
T TVAG=O/,12/,32/,42/m5~14$/I,1/I13/"i"i35/9.9. TASLE STUMP P2ICE/AGE 
A VYR.M=TkZXT(TVVR ,TIMEEK,0s20P5) SIUYPAGE PRICE INCREASE 
T TVYR=f /b , l / l , 2 /1 ,5 /1 .7  TABLE STUMPAGE INCPEASE 
A MOS,K=TWBHL(TMOS,ASQ~KB11s555s.9j MULTIPLIER FOR OQEhING S I Z E  
T TM0S=,1/,45/,65/e8/Og/e95/1 M U L I l P L i E R / S I Z E  OF OPENIQG 
A ASO,K=NORMRN(ISO,ISDj AVERAGE SIZE OF OPENINGS 
A BSC,K=EXPf(MAX(l,TIMEEK))*OfRRK) C O N T I N U O U S D I S Z O U N T D I V i S O R  
A DSR,K=IABXT(TDSR,~fPIE.M,O~1.OI1~ DISCOUNTRATE 
T T / I  1 1 / 1 DISCOUNT TPBLE 
A OTAD ,K=OIA ,K/DSC , K  OUTFLOW, SUM DISCOUNTED j !$ j 
i OTA,K=BTA,J+DT*(OIR*JK) OUTFLON, SUMMED ( $ 1  
M OIW=IOI IrirrrAe C!:FLOI.I S U ~ S ]  
R OTR,KL=(OTA,K*(EXP(DSRRK)-1) ) + O T T K  OUTFLOW R N E  j $ j Y R j  
A 0T,M=(OWW,K*fAH)+(MRKKK*SEbb~?K)+(i;?4,<*TY2j TOTAL OUTFLOW j $ l  
A OVH.K=TABXT(T0VH,TlKE .Y ,0 ,20,5j  C V f  R:9EAl: COSTS ( $ )  
T TOVV=3/3,5/5/6/7 TABLE OVERHEAD COSTS (R) 
A MRK,Y=IABXT:TMPK,TIMEEK,097095) MARKETING COSTS ( 9 )  
T i M R K = 8 /  20/12/15/17 TAPLF MARKETING COSTS ( $ 1  
A PI ,K=lhAB,KfOTAR,K PROFiTPBIiiTV I N D E X  ( D I M E N )  
A E A R  ,K=NPL ,K'( (DSR ,K6DSC * K ) /  (DSC - Y - I )  ) EOI?IVALFNT AMNllAL RENT I $ / Y R )  
A R R R . K = E X P ( R R T , K a l O G F i ~ P R I I K )  j-i REAL17blSLE RATF OF RETIJPN 
A RRf,K=FIFGE((INA,V/OTAP*K)31DliiP?i?iYPI) STEP I FOR RRP 
A RR2.K=P/JMAX;1,TIME,Kj )  STEP TkO FOR kK9 
C TYR=.25 TAX RATE ( T A X  BRACKET F R A G T I O Y )  
C ISO=SO/ISD=I I Y I T I A L  SIZE OF OPEYfNG AND V A R I A N C E  
C IOT=1E5  I N I T I A L  O l J i F i O W  DOLLARS 
C XIN=O I N I T I A L  INFLOW DOLLARS 
NOTE 

F i g u r e  53.--Equations f o r  the  cash f l o w  a l g o r i t h m ,  

by t h e  d i s c o u n t  d i v i s o r  a t  t i m e  K ( f i g ,  4 5 ) ,  The 
i n f l o w  and o u t f l o w  r a t e s  a r e  t h e  b a s i c  a l g s r i t h m  
f o r  c o n t i n u a l  compounding ( f i g .  44)  w i t h  t h e  
amounts o f  i n f l o w s  ( I N )  and o u t f l o w s  (OT)  added a t  
t i m e  K e  The  most  i m p o r t a n t  equa t ions  a r e  those  
t h a t  c a l c u l a t e  t h e  i n f l o w s  and t h e  o u t f l o w s  f o r  
d i f f e r e n t  s i l v i c u l t u r a l  modes* I t  i s  t hese  equa- 
t i o n s  t h a t  l i n k  s i l v i e u l t u r a l  s t r a t e g i e s  do  cash 
f l o w s  f o r  each f o r e s t .  



Ir;rflor*r Equations, IN 

B i  f f e r e n t  f o r e s t s  w i  l 1  have d i  P f e r e n t  corn- 
h i n a t i o n s  o f  i n f l o w  equat ions.  Those used h e r e  
and i n  c h a p t e r  6 a r e  f o r  i t  l u s t r a t i o n  on ly .  Cash 
i n f l o w  ad t i m e  K i s  t h e  sum o f  a1 1  funds a c t u -  
a l l y  F low ing  i n t o  t h e  o r g a n i z a t i o n .  Funds may 
come f r o m  t h e  s a l e  o f  t i m b e r  and fuelwood, f r o m  
r i g h t s - o f - w a y ,  h u n t i n g  r i g h t s ,  leases,  wa te r  
r i g h t s ,  o r  l a n d  sa les .  Fo r  example, t h e  i n f l o w s  
f rom t h e  mature- t imber  h a r v e s t  (NH) a r e  t h e  
volume o f  t i m b e r  ha rves ted  (VT) m u l L i p l i e d  by t h e  
stumpage va lue a t  t h e  t i m e  o f  h a r v e s t  (MA)  ( f i g .  
59). The l a t t e r  va lue  i s  taken  f rom a  t a b l e  
(TVAG) t h a t  i s  dependent on t h e  h a r v e s t  age 
(HAMT) ( f i g .  58). P l o t  t h e  t a b l e  (TVAG) on a  
p i e c e  o f  graph paper. Change t h e  t a b l e  i f  you 
have i n f o r m a t i o n  on c u r r e n t  stumpage p r i c e s  f o r  
p i n e  i n  Nor th  Caro l i na .  

The p e r c e p t i o n  o f  changes i n  stumpage p r i c e s  
( V Y R )  i s  f rom f i g u r e  37. 

A  c o n s t r a i n t  (MOS) i s  p laced  on stumpage 
va lues when openings a r e  l e s s  t h a n  5.5 acres 
( f i g .  38). 

The t a x  r a t e  i s  i l l u s t r a t e d  as a  cons tan t  
(TXR). I f  t a x  r a t e  changes, TXR can be w r i t t e n  
as a t a b l e  f u n c t i o n .  

The i m p o r t a n t  c o n s i d e r a t i o n  i s  t o  c a r e f u l  l y  
t h i n k  th rough  t h e  source f o r  cash i n f l o w s ,  how 
these  may he a f f e c t e d  by c u l t u r a l  p r a c t i c e s ,  and 
how c o n s t r a i n t s ,  such as smal l  openings, may a f f e c t  
i n f l o w s .  The i n f o r m a t i o n ,  i n s i g h t s ,  and suppos i -  
t i o n s  a r e  expressed i n  w h i t e  boxes f o r  s c r u t i n y  and 
r e v i s i o n  hy a1 1  i n t e r e s t e d  p a r t i e s  b e f o r e  equa t jons  
a r e  w r i t t e n .  Tah le  f u n c t i o n s  a r e  u s u a l l y  the most 
e f f e c t i v e  way t o  p u t  t h e  i n f o r m a t i o n  i n t o  t h e  
model . 



O u t f l o w  Equa t ioaw,  OT 

Cash outf1oi.i ( O T )  a t  t i m e  K i s  t h e  sum o f  any 
paymenmy the organ- iza t ion .  These payments m a y  se 
f o r  overhead G G S ~ S ,  t a x e s ,  n a r k e t i  ng costs ,  con- 
s u l t i n g  f ees ,  road costs, dra inage ,  s i t e  p r e p a r a -  
a t i o n ,  g e n e t i c a l  ly improved seedlings, f e r t i  l i s e r s ,  
sa le  p r e p a r a t i o n ,  s u p e r v i s i o n ,  equipment, and 
s t r u c t u r e s ,  Equat ions  f o r  t hese  i t e m s  are based an 
white boxes ( f i g s .  39, 40), which are e v a l u a t e d  and 
challenged by a1 1 i n t e r e s t e d  p a r t i e s  b e f o r e  t h e  
e q u a t i o n s  a r p  w r i t t e n ,  The number o f  e q u a t i o g s  can 
be reduced by a q g r e g a t i r i g  c o s t s  t h a t  have sirrll'lar 
trends 

Exercises 

Hew do  cash i n f l o w s  d i f f e r  f o r  t h e  p e r c e p t i o n s  
o f  i n t e r e s t  r a t e s  illustrated i n  f i g u r e s  4 1 ,  42, 
4-33 

Make your assumpt ions about  interest rates f o r  
t h e  nex t  10 years  v i s i b l e  i n  w h i t e  boxes, Tqsert 
t h e s e  assumpt ions i n t o  DYNASI-FAM and exanline cash 
f l o w  f o r  several s i  l v i c u l t u r a l  o p t i o n s ,  

How i s  cash f l o w  a f f e c t e d  by mak ing  t h e  r e i n -  
vestment and d i  scount  r a t e s  equal  ? When would 
t h e s e  r a t e s  be equa l?  When would t h e  re inves tmen t  
r a t e  be l e s s  t h a n  t h e  d i  seount  r a t e ?  How do these  
d i f f e r e n c e s  a f f e c t  cash f l o w s ?  

F o r  purposes o f  choos ing a s i l v i c u l t t ~ r a l  made, 
w h i c h  o f  the following changes i n c r e a s e  EAR t h e  
most i n  t h e  n e x t  decade: 

1, Reducing the r o t a t i o n  p e r i o d  From 50 t o  35 
y e a r s  o r  chang ing the i q t e r e s t  r a t e s  f r o m  
t h o s e  i n  f i g u r e  41 t o  t h o s e  i n  f i g u r e  42? 

2, I n c r e a s i n g  the y i e l d ,  YST, 10 p e r c e n t  by a p p l y -  
i n g  f e r t i l i z e r s  t o  a l  l s tands t h a t  e n t e r  the 
saw- l og  c l a s s ,  o r  reducing t h e  r o t a t i o n  p e r i o d  
f r o m  50 to 35 years?  The c o s t s  f o r  a p p l y i n g  
t h e  Fertilizers i s  ectimated to be S lO lac re .  



Keep interest rates constant ( f i g .  41) a 0 4  
f i n d  t h e  m u l t i p l i e r s  f o r  s tuqpage prices ( f i g ,  37) 
t h a t  a r e  r e q u i r e d  to make EAR positive i n  y e a r  30. 
Assume r e f o r e s t a t i o n  i s  w i t h  improved seed1 -i ngs ,  
p l a n t i n g  beg ins  at time I), the c o s t  i s  $iOO/acre, 
and t h e  cost increases a t  the ra t e  o f  5 p e r c e n t  pea 
y e a s ,  

I f  you have c u r r e n t  l 'n format- ion on p i n e  regen- 
e r a t i o n  casts and  expected s t u m p a g e  v a l u p s ,  change 
t he  w h i t e  noxes to f i t  y o u r  i n f o r m a t i o n  and percep- 
t i s n s ,  Examine  t h e  cash  f l o w s  f o r  d i f f e r e n t  h a r -  
v e s t  r a t es ,  ROT, and  r e g e n e r a t i o n  costs .  F i n d  
s t ra teg ies  & + a t  c o u l d  be recommended to an invest-  
ment cornpany f o r  t h e  n e x t 2 0  yea r? ,  35 yea r s ,  and 
70 y e a r s  What u n c ~ s t a i  nti e s  about  t h e  fu ture  are 
most  l i k e l y  to change t h e s e  s t r a t e g i e s  if t h e  land 
i s  not s o i d  a n d  i s  kept i n  pine f o r e s t s ?  

Bpeniw Size 

The ave rage  opening s i z e  d e s i r e d  f o r  t i m b e r  
h a r v e s t  i s  a control v a r i a b l e .  The shape and s i z e  
o f  openf ngs a r e  i n f l u e n c e d  by r o c k  ou tc rops ,  s o i  1 
erac'li b i  1 i ty, strearns, s p r i n g s ,  bags, a n d  other con- 
d i  t i o n s  t h a t  cannot  be included i n  t h e  model e Fo r  
these r easons  the average open ing s i z e  des i red  i s  
speci f ied  on a G stateme~t as IS0  a n d  a l i m i t  on 
t he  s izes  i s  s p e c i f i e d  as t h e  i n i t i a l  s tandard  de- 
v i a t i o n ,  ISD, Th-i.: devSa t ion  n u l t i p l i e d  hy 2.4 
g i v e s  the rnaxjmi~m arid the  m'in imt im r ange  o f  o p e n i n g  
s i z e s  expected i n  the implementation. I n  p r a c t i c e ,  
t h e  i n - p l a c e  d e c i s i o n s  a r e  g u i d e d  by t h e  va lues  
a s s i g ~ e d  t n  ZSi; and  ISD, 

Opening sizes ar;d t h o  variances are  modeled 
w i t h  the f u n c t i o n  NOKbtRP4, The resul t  i s  an approx -  
imate normal distribution i n  t h e  model, hut i n  the 
r e a l  f o r e s t  t h e  openiny s i z e s  are l i k e l y  t o  vary 
f r o m  a normal d i s t r i b u t l ' o n ,  The stochastic var i  - 
ance used i n  D Y W S T  to model t h e  opening s i z e  has 
v a l u e  f o r  t h e  d e c i s i o n s  p r i m a r i l y  as a b a s i s  f o r  
d e c i d i n g  t h e  l i m i t s ,  ISD, t h a t  s h o u l d  be imp te -  
rnented as rules For in-place decisions, 



V a l u e s  far Initial Xrglows and O u t f l e a w s  

A t  t i m e  0, va lues a r e  assigned on C cards  t o  
t h e  i n i t i a l  i n f l o w  (IIN) and t h e  i n i t i a l  o u t f l o w  
(IOT). These values may he 0. For  t h e  r e a l  f o r -  
e s t ,  i n i t i a l  investments  may have been o r  w i l l  
l i k e l y  be made t o  beg in  a  s i l v i c u l t u r a l  mode, 
These i n i t i a l  investments  a r e  i n s e r t e d  as IOT.  
Rece ip ts  a t  t i m e  0 a r e  l e s s  l i k e l y  t h a n  cos ts ,  
bud i f  t h e r e  a r e  i n f l o w s ,  t h e y  a r e  i n s e r t e d  as 
I I N ,  

When changing t h e  s i  1  v i c u l  t u r a l  modes, t h e  
i n i t i a l  o u t f l o w s  and i n f l o w s  shou ld  he c a r e f u l l y  
cons ide red  and t h e  cons tan ts  IOT and I f N  e s t i m a t e d  
as acc r t ra te l y  as p o s s i b l e ,  These i n i t i a l  va lues 
a r e  f o r  d e t e r m i n i n g  i m p o r t a n t  cash f l ows ,  

M o d i f y  DVNAST-FAM t o  cons ide r  pay ing  f o r  s i t e  
p r e p a r a t i o n  equipment, t h e  s a l a r y  o f  t h e  o p e r a t o r s ,  
d e p r e c i a t i o n ,  and o p e r a t i n g  c o s t s  versus c o n t r a c t -  
i n g  f o r  s i t e  p r e p a r a t i o n  as needed, Use c t l r r e n t  
c o s t  i n f o r m a t i o n ,  I s  t h e  cho ice  d i f f e r e n t  when 
ROP=35 t h a n  when ROT=70?  

P l a n t a t i o m ,  GenetieaLly Improved Trees, 
and Thinnings 

The ga ins  i n  t i m b e r  volumes expected f rom 
p l a n t a t i o n s  and f r o n  t h e  use o f  g e n e t i c a l l y  i m -  
p roved t r e e s  a re  based on t h e  r a p i d ,  e a r l y  growth 
o f  u n i f o r m l y  spaced seedl i ngs, The resuf  t i s  t o  
s h o r t e n  t h e  de lays  f o r  t r a n s f o r m a t i o n s  f r o m  t h e  
s ~ e d l i n g  and s a p l i n g  h a b i t a t s  and r a r e l y  f rom t h ~  
o l d e r  h a b i t a t s  ( t a b l e  6)- \cfhen n a t u r a l  stands a r e  
h e i  ng rep1 aced w i t h  p l  a n t a t  i o n s ,  t h e  de lays  may be 
changed f r o n  cons tan ts  t o  v a r i  ah1 ss t h a t  change 
a c c o r d i n g  t o  t h e  convers ion  r a t e o  A t a h l ~  f u n c t i o n  
i s  one way t o  i n c l ~ r d e  t h i s  change i n  t h e  model, 
Another way i s  t o  use t h e  STEP f u n c t i o n ,  The 
e q u a t i o n  c o u l d  be w r i t t e n :  



The va lue  o f  t h e  def ay waul d be 8 y e a r s  u n t i l  
t i m e  6 when the de lay  w ~ l d  be reduced t o  5 y e a r s ,  
Fo r  t h i s  p a r t i c u f  a r  example the s h o r t e r  de lay ,  5 
y e a r s ,  could be used i n i t i a l l y  because t h e  inven-  
t o r y  i s  U f o r  n a t u r a l  s e e d l i n g  k a k i t a t s .  For t h i s  
example, i t  i s  only  necessary  t o  use a STEP f u n c -  
t i o n  For  t h e  s a p l i n g  h a b i t a t ,  T h e  f u n c t i o n  wou ld  
reduce t h e  d e l a y ,  DSA, f r om 7 t o  6 y e a r s  a t  t i m e  
12 yea rs .  A l l  o t h e r  delays  are t h e  same f o r  p l a n -  
t a t i o n s  as f i r  n a t u r a l  s tands (" ib le 6 ) .  

Use t h e  o r i g i n a l  i n v e n t o r y  and c o n s i d e r  t h e  
r e s u l t  o f  p l a n t i n g  h a r v e s t e d  areas w i t h  g e n e t i c a l  fy  
improved p i n e s  ( t a 5 l e s  5, 6) ,  For  t h i s  e x e r c i s e ,  
change t h e  def ay f o r  seedl i n g s ,  RSE, f r om 8 to 5 
y e a r s b  Add a STEP f u n c t i o n  t o  reduce t h e  delay f o r  
s a p l i n g s ,  DSA, from 7 to 6 y e a r s  a t  t i m e  12 y e a r s  
(Pugh 19831. 

The above e x e r c i s e  suggests how t h e  delays can 
be a l t e r e d  t o  examine t h e  changes h t h e  o r g a n i z a -  
t i o n a l  s t a t e s  o f  a f o r e s t  t h a t  may be p o s s i b l e  by 
u s i  ng f e r t  i 1  i zers ,  d r a i  nage c ~ n t r o l  s, and weed 
c o n t r o l s  i n  p l a ~ t a t ~ o n s .  

T h i n n i n g s  a r e  s i m u l a t e d  as changes i n  d e l a y s  
w i t h o u t  r e g e n e r a t i n g  t h e  stand, The de lays  may he 
sho r tened  f o r  t r a n s f o r r n a t i s n s  t o  succeeding h a h i -  
t a t s  f o r  t w o  reasons:  F i r s t ,  removing t r e e s  
s m a l l e r  t h a n  t h e  average d iamete r  m e c h a n i c a l l y  
i n c r e a s e s  t h e  average d iamete r  o f  t h e  r e s i d u a l  
s tand ;  and second, t h e  r e s i d u a l  t r e e s  may i n c r e a s e  
i n  d iamete r  a t  a r a t e  f a s t e r  t h a n  t h e  same s i z e  
t r e e s  i n  un th inned  stands,  Th inn ings  may a l s o  
r e q u i  r e  changes i n  t h e  henef  i t a1 g o r i  thms, such as 
t h o s e  f o r  t i m b e r  y i e l d s  and w i  I d l i f e  browse 
(ch. 51, 

S i m u l a t i n g  a complex fo res t - -one  w i t h  a num- 
h e r  o f  cover  t ypes ,  convers ions ,  and t h i n n i n g s - - n a y  
r e q u i  r e  a l a r g e  numher o f  e q ~ ~ a t i o n s .  The number of 
e q u a t i o n s  i s  g r e a t l y  reduced when s s e r i e s  o f  simi - 
t a r  equa t ions  can be r e p l a c e d  w i t h  a s i n g l e  func -  
t i o n .  I n  t h e  DYNAMO n o t a t i o n ,  such a  f u n c t i o n  i s  a 



MACRO, Each MACRO has an abbreviation t n a t  i s  used 
i n  an e q u a t i o n  whenever a p a r t i c u i a r  s e r i e s  o f  com- 
p u " c t i o n s ,  p r e v i o u s l y  d e f i n e d  i n  t h e  model, i s  to 
be made, The p r i m a r y  use o f  i"fWCROs i n  UYNAST -is t c  
p r o v i d e  f l @ x i  b i  I i ly and e f  f i c i  ency i n ada7 t i  ng the  
model t o  m u l t i p l e  f o r e s t  t ypes  and s the r  cgrnbina- 
t i o n s .  Three MACROS are d e f i n e d :  HBTCB f o r  hab i  - 
t a t s ,  OBPAH f o r  f o r e s t  types,  and P P I S O  f a r  timber 
and open ings;  def in i . t io r?s  f o r  t h e  dumtriy varGbles  
f o r  each of t h e s e  a r e  g i v e n  i n  t ab le s  8, 9, and 33, 

The d iagram i n  f i g u r e  49 i s  expanded in f i g -  
ure 60 t o  i l l u s x r a t e  t h e  t r a n s f o r m a t i o n  o f  any 
hah i  t a t  hy n a t u r a l  success-i ~ n ,  t i m b e r  r rarvest  , o r  
both .  The s e r i e s  s f  s i m i l a r  equa t ions  f o r  d i f f e r -  
en t  h a b i t a t s  i s  w r i t t e n  as a MACRO called HRTOW, 
whi  ck i s  t h e  acronym f o r  ""hahi t a t  t r a n s f o r m a t i o n  
f o r  optimal b e n e f i t s . "  

F i g u r e  GO.--Diagram OF the WCRO HBTOE used t o  illustrate t r ans for -  
 ati ion o f  a h a b i t a t ,  by n a t u r a l  success ion  and t~ rnber  harves t  
( c f ,  w i t h  P i g .  491, 



F o r  each h a h i t a t  k g e ,  type, or s i z e  c l a s s )  
t h e  MAC90 p rov ides  a s e t  of feedback loops t h a t  
c o n t r o l  t h e  ha rves t  r a t e  and  the success ion r a t e  
f rom t h i s  h a b i t a t .  The harvest and success ion 
r a t e s  a r e  r e g u l a t e d  hy t h e  h a b i t a t  avai  1 a b i  l i ty  ; 
t h a t  i s ,  i f  t h e  area i n  a  p a r t i i c r i l a r  h a b i t a t  i s  
l e s s  t h a n  t h e  amount r e q u i r e d  f o r  t h e  des i red  
s t a t e  n f  o r g a n i z a t i o n ,  t h e  h a r v e s t  r a t e  i s  appro- 
p r i a t e l y  delayed on a  s l i d i n g  sca le .  I f  t h e  amount 
o f  t h e  h a b i t a t  i s  more t h a n  t h e  d e s i r e d  p r o p o r t i o n ,  
i t s  h a r v e s t  r a t e  i s  acce le ra ted ,  Also,  a  p o r t i o n  
o f  t h e  h a b i t a t  t rans fo rms  t o  t h e  next  o l d e r  c l a s s ,  

The MACRO HBTOB computes changes i n  t h e  h a b i -  
t a t  area. The area i s  t h e  sum o f  t h e  r e s e r v e  accu- 
m u l a t i o n  o f  t h e  h a b i t a t  ($RSR) and t h e  accumulated 
s a l e s  ($AS). The accumulated s a l e s  ( $ A S )  a r e  r e -  
duced by t h e  amount o f  h a b i t a t  removed hy h a r v e s t  
( R M L )  and inc reased  by t h e  sa fes  r a t e  (SEL), The 
h a r v e s t  r a t e  i s  t h e  amount o f  accumulated sa tes  
( $ A S )  d i v i d e d  by t h e  de lay  f o r  t i m b e r  s a l e  and 
removal (DRT), The l a t t e r  va lue  i s  a  cons tan t  
a d j u s t e d  t o  r e f l e c t  d i f f e r e n c e s  among c o n t r a c t s ,  

The amount o f  h a h i t a t  t o  s e l l  (SEL) i s  d e t e r -  
mined a c c o r d i n g  t o  t h e  management mode as s p e c i f i e d  
by t h e  a n a l y t i c  s i l v i c u l t u r e  c o n t r o l s .  The c h o i c e  
t o  he made by t h e  feedback loops i s  whether t a  l i q -  
u i d a t e  t h e  h a b i t a t  ($LO) o r  t o  b r i n g  i t  t o  t h e  
s teady s t a t e  (SSDY)  r e q u i r e d  by t h e  management mode. 

A h a b i t a t  i s  U q u i d a t e d  when n e i t h e r  i t n o r  
any o l d e r  h a b i t a t  i s  t o  be r e t a i n e d  a t  steady 
s t a t e .  The equa t ion  f o r  s a l e s  r a t e  (SEL) chooses 
l i q u i d a t i o n  when no h a r v e s t  i s  s p e c i f i e d  by t h e  
s i l v i c u f  t u r e  c o n t r o l s  f o r  t h i s  o r  a l d e r  h a b i t a t s .  
Thus, when t h e  f l o w  o f  area f o r  h a r v e s t  (FL)  f rom 
t h e  h a b i t a t  i s  0 and t h e  f l o w  o f  area f o r  a l l  o l d e r  
h a b i t a t s  ( F O H )  i s  0, t h e  f u n c t i o n  F I F Z E  chooses a  
h a r v e s t  r a t e  ( $ L O )  t h a t  r a p i d l y  removes t h e  p a r -  
t i c u t  a r  h a b i t a t ,  



The s a l e s  r a t e  f o r  l i q u i d a t i n g  a h a h i t a t  i s  
l i m i t e d  by t h e  reserve accumu la t i on  ($RSR) and  t h e  
l i a r v e s t  r e q u i r e d  frm t h e  h a b i t a t  ( S H R N 1 .  The 
minimum P u n c t i o n  (MINI resul ts  i n  t h e  sa le  ( S E L )  
e l  i m i  natt '  ng t h e  h a b i t a t  i f  t h e  r e s e r v e  accumtrl a t  i ~n 
($RSR)  i s  snial l e r  t h a n  t h e  h a r v e s t  r e q u i r e d  (SHRN).  
U n t i l  t h i s  f i n a l  e l imina t ion ,  t h e  sale  ( S E L )  amount 
i s  l i m i t e d  by t h e  amount s f  p r e v i o u s  sales f r o m  
o! der h a b i t a t s  (PRS),  

No h a r v e s t i n g  o f  a younger h a b i t a t  I S H R N )  i s  
r e q u i r e d  i f  sales f r o m  o l d e r  h a b i t a t s  / P R S )  exceed 
t h e  t o t a l  s a l e s  permi$ted f rom a1 1 h a b i t a t s  (FDH), 
FBW i s  the amount o f  harvest needed t o  c r e a t e  the 
c o r r e c t  k ~ a b i t a t  ba lance i n  She f u t u r e ,  as de r i vsd  
f r ~ m  the  c o n t r o l s e  When FDI4 exceeds FRS, t h e  h a r -  
v e s t  ($HRIC) i s  t h a t  i-cqui r e d  to 'nakc ,i;~ t h e  d i f  - 
fe rence  betweer1 the3  sales f w m  xne 57 der  h a b i t a t 5  
( P R S )  and t h e  total i*equi i-cd t o  b r i n g  the  h a b i t a t  
d i s t r i b u t i o n  t o  " c h e  d e s i r e d  inanagement ~ v s d e ~  
When no s a l e s  a r e  made f rom o lde r  h d k i t a t s ,  e i ther  
t h e  h a r v e s t  r e q u i r e d  i s  l im i t ed  to WRN or  t h e  hab- 
i t a t  i s  e l i m i n a t e d ,  

The p r e c e d i n g  s e t  o f  equa t ions  i s  i m p o r t a n t  
because i f  a l l o w s  o l d e r  h a b i t a t s  t o  be smoothly avd 
e f f i c i e n t l y  l i q u i d a t e d  w i t h o u t  c r e a t i n g  large os -  
c i l l a t i o n s  i n  t h e  h a b i t a t  d i s t r i b u t i o n ,  l a r g e  a n d  
c o n t i n u a l  o s c i  1 l a t i o n s ,  such as could  occur  w j  t h -  
o u t  t h e  p r e c e d i n g  feedback loops,  c o u l d  more than 
doub le  t h e  t i m e  r e q u i r e d  t o  b r i n g  the h a b i t a t  b i s -  
L r i b u t i o n  t o  the d e s i r e d  s teady s t a t e ,  

When t h e  age f o r  h a r v e s t  i n d i c a t e d  by t h e  con- 
t r o l s  i s  equal t o  o r  g r e a t e r  than t h e  age o f  t h e  
h a b i L a t  b e i n g  cons idered,  a d i f f e r e n t  set o f  loops 
regr~l ates ar~ntmal sales t o  b r i n g  t h e  h a b i t a M t o  a 
s teady  s t a t e ,  The h a b i t a t  w i i t  eventrrally occupy 
i t s  a p p r o p r i a t e  f r a c t i o n  o f  the f o r e s t  area,  and 
s tands o f  t h e  d e s i g n a t e d  age will be avzilable f o r  
h a r v e s t  each yeas  a t  a ra te  t h a t  can b e  s (~ s t a ine4  
i n d e f i n i t e l y  ( $ S R Y ) ,  T h i s  node ope ra tes  in cases 
where T i + P O H  -is y - e a t e r  t h a n  3, 
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NOTE STATE OF A FOREST TYPE {OBTAHj * D E F I N I T I @ M $  
NOTE 
MACRO OBTAM f1A,IB,IC,ID,HE,IF,IG~CS,DS,ES,FS,GS,DA,DB~DCpDD,DE,DF9DG9 
X HC,HD,HE,HF,HG,FC,FDaFE,FF,FG,CR,DR,ER,FR+GR,CA9RL, 
X H,RV,SC,SD,SE,SF,SG,GXlOXaEX,FX,GX,GC,GDaGE,GF~GG,A,B~C~D~E~F,&) 
L OBTAH.K=OBTAH.J+DT*{$GON.JK-RV.JK) TYPE (AREA) 
N OBTAH=lA+IB+ICt1D+IEtIFtIGfCStDS+ES+FStGS I N I T I A L  IMV, (AREA) 
R $CON.KL=CA,K COkVERSICN RATE (AREA/YR) 
R RV.KL=$RC .K+$RD,K+%RE *K+$RF .K~$RG.K  REVERSION RATE (AREA/YR J 
A $RC .K=CX,JK*FIFGE(CR ,090BTAH.K,RL) REVERSION HABITAT C (AREA) 
A SRD.K=DX,JK*FIFGE (DR ,Q3i)i?TAH .K,RL) R E V E R S I O N  HABITAT D (AREAJ 
A $RE,K=EX,JK*FJFGE(ER $O,ORTAH .K,RLf REVERSION HABITAT E (AREA) 
A bRF .K=FX.JK*FIFGE(FR ,O,OBTAH.K,RL) REVERSION HABITAT F (AREA) 
A SRG.K=GX ,JK*F IFGE (GR ,OPORTAH,K,RL) REVERSION Y k B l T A T  G (AREA) 
L A.K=A.J+DT*($TA.JK-$TOA.JK) HABITAT A (AREA) 
N A = I A  INVENTORY WAB I T A T  A 
R STA.KL=MAX( (H.K+$TOG.K+CA .K-RV . JK f  ,O) TRANSFER TO HABITAT A(AREA) 
A H.K=CX.JK+DX.JK+EX.JKtFX.JKtGX.JK HARVEST TOTAL (AREA) 
R $TOA .KL=A .K/DA TRANSFER OUT OF A 
L B.K=B.J+DT*f$TOA.JK-$TOB.JK) HABITAT B (AREA) 
N B = I B  INVENTORY HAB I TAT B 
R $TOB .KL=B .K/DB TRANSFER OUT OF B 
A C.K=HBTOB( $TOB.JK,$SDO.K,$FLC .K,$FD0.K,$FC0.KlIC,CSpDC~$AC9HC, 
X STOC.JK,SC.JK,CX.JK) HABITAT C (AREA) 
A D.K=HBTOB($TOC.JK,$SEO.K,$FLD.K,$FEO.K,$FCO,K,ID,DSsDD,$AD~HD~ 
X $TOD.JK,SD.JK,DX.JK) HABITAT D (AREA) 
A E.K=HBTOB($TOD.JK,$SFO.K,$FLE,K,$FFO.K,$FCOeK~IE,ES,DE~$AE~HE, 
X $TOE.JK,SE.JK,EX.JK) HABITAT E (AREA) 
A F.K=MBTOB($TOE.JK,SG.JK,$FLF.K,$FLG.K,$FCOeK,IF9FS9DF,$AF,MF, 
X $TOF .JK,SF .JK,FX.JK) HkB I T A T  F (AREA) 
A G.K=HBTOB ( $TOF ,JK, NS , SFLG .K,NS , $FCO *K, I G s G S  ,DG, $AG*MG, 
X $TOG.JK,SG.JK,GX.JK) HABITAT G (AREA) 
A $SDO,K=SD,JK+$SEO.K SALES HAB. D AND OLDER (AREA) 
A $SEO,K=SE .JK+%SFO,K SALES HAB. E AND OLDER (AREA) 
A $SF0 .K=SF .JK+SG.JK SALES HAB .F AND OLDER (AREA) 
A $FLC.K=(OBTAH.K*FC)/MAX($AC,HC)) FLOW HARITAT C fAREA/YR) 
N $AC=DA+DB+l AGE HABITAT C (YR) 
A $FLD,K=(OBTAH.K*FD)/MAX($AD,HD)) FLOW HABITAT D (AREA/YR) 
N $AD=DA+DR+DC+l AGE HARITAT D (YRf  
A $FLE.K=(OBTAH.K*FE)/(MAXf$AE,HE)) FLOW HABITAT C (AREA/YR) 
N $AE=DA+DB+DC+DD+l AGE HABITAT E (YR) 
A $FLF .K=(OBTAH.KfFF)/ (MAX($AF ,HF J ) FLOW HABITAT F (AREA/YR) 
N $AF=DA+DB+DC+DD+DEtl AGE HABITAT F (YR) 
A $FLG.K=(OBTAH .K*FG)/ (MAX ($AG,HG) ) FLOW HABITAT G (AREA/YR) 
N $AG=DA+DB+DC+DD+DE+DF t l  AGE HABITAT G ( Y R  ) 
A $FCO.K=$FLC .K+$FDO.K FLOW HAB. C AND OLDER (AREA/YR) 
A $FDO.K=$FLD.K+$FEO,K FLOW HAB. D AND OLDER (AREA/YR) 
A $FEO.K=$FLE .K+%FFO,K FLOW HAB. E AND OLDER (AREA/YR) 
A $FFO.K=$FLF,K+$FLG,K FLOW HAB. F AND OLDER (AREA/YR) 
A GC.K=(C.K/(FIFZE((,4TOC.JK+l),($FLC.K+l),HC)))+($AC-l) HAR AGE C 
A GD.K=(D.K/(FIFZE(($TOC.JK+l) , f  $FLD.K+l)  l H  $ A D  WAR AGE D 
A GE,K=(E,K/(FIFZE(~$TOC~JK+~) ,($FLE.I<+I) * H E  A -  WAR AGE E 
A GF .K=(F . K / ( F I F Z E ( ( $ T D C . J K + l )  , ($FLF .Kt11 ,WF) ) )+ ($AF-1 )  HAR AGE f 
A GG.K=(G.K/fFIFZE(($TOC*JK+IJ, ( $ F L G . K t I ] ,  $ - I  HAR AGE G 
MEND 
C NS=O NULL STANDARD 
NOTE 

F igure 6 2 .  --Equations for  the M C R Q  OBTAH, opt1 ma1 bencf i t s  from 
type  and h a b i t a t  t r a n s f o r m t i o n s ,  



Tab1 e  9. - - D e f i n i t i o n s  f o r  dummy v a r i  abf es used t o  
d e f i n e  MACRO OBTAH 

V a r i a b l e  D e f i n i t i o n  

IA--1G 
CS--CG 
DA--DG 
HC--HG 
FC--FG 

CR--GR 
C A 
fa L 

H 
R V  
SC--SG 
C X - G X  
GC --GG 
A- -G  

INPUT 

I n i t i a l  i n v e n t o r i e s  ( a r e a )  
I n i t i a l  accumulated sa les  ( a r e a )  
Delays ( y e a r s )  
Harvest  ages des i  r e d  (years  ) 
F r a c t i o n s  r o t a t i n g  th rough  h a b i t a t s  

(dec imal  ) 
Revers ion r a t e s  des i  r e d  (decimal  ) 
Conversion t o  t h e  t y p e  ( a r e a l y e a r )  
Revers ion 1 i m i  t (area ) 

OUTPUT 

T o t a l  ha rves ted  r a t e  ( a r e a l y e a r )  
Revers ion f rom t h e  t y p e  f a r e a l y e a r )  
S e l l  f rom h a b i t a t s  ( a r e a l y e a r )  
Removals f rom h a b i t a t s  ( a r e a l y e a r )  
Harvest  ages (years  ) 
Area o f  each h a b i t a t  ( a r e a )  

The areas o f  s e e d l i n g  h a b i t a t ,  A, and s a p l i n g  
h a b i t a t ,  B, a r e  c a l c u l a t e d  w i t h  l e v e l  equa t ions  as 
i n  DYNAST-FAM. The t r a n s f e r  r a t e  t o  s e e d l i n g  h a b i -  
t a t ,  $TA, i s  t h e  sum o f  t h e  area harvested,  ti, n a t -  
u r a l  success ion f rom t h e  o l d e s t  h a b i t a t ,  $TOG, and 
t h e  area conver ted t o  t h e  t ype ,  CA, c o r r e c t e d  f o r  
1  osses due t o  r e v e r s i o n s ,  RV. 

MACRO HBTOB i s  used t o  compute t h e  areas o f  
h a b i t a t s  o l d e r  than  t h e  sap l i ngs .  The i n p u t  and 
o u t p u t  v a r i a b l e s  f o r  each h a b i t a t  must be s p e c i -  
f i e d  i n  t h e  same number and i n  t h e  o r d e r  used i n  
t h e  d e f i n i t i o n  ( t a b l e  9). Some i n p u t  v a r i a b l e s  
t o  HRTOR a r e  computed w i t h  equa t ions  i n  t h e  MACRO 



OBTAH, These computations i nc l ude  t h e  sa les and 
f l ows  ~f a l d e r  h a b i t a t s  and t h e  harvest  ages, The 
MACRO i s  ended w i t h  MEND. 

PTISO. The Timber and O ~ e n i n a s  MACRO 

The MACRO PflSO uses i n r s r m a t i s n  Prom OBVAH xo 
p r o j e c t  the t imber  volumes har-vested f r o m  a type 
and Prom each h a b i t a t  and t h e  p o t e n t i a l  t imber  
index f o r  t h e  type. PTISO i s  t h e  p o t e n t i a l  t imber  
index f o r  t he  type  and i t  'is computed i n  the  same 
way as descr ibed e a r l i e r .  From i n i t i a l  values f o r  
opening s izes and variances, PTISO computes t h e  
annual number o f  openings and t h e  average opening 
s ize .  

The f i r s t  MACRO statement i n  PTISO ( f i g .  63) 
de f i nes  a  number o f  i npu t s  and outputs  ( t a b l e  10). 
D i f f e r e n t  y i e l d  t a b l e s  a re  used f o r  t h e  d i f f e r e f i t  
types. For t h i s  vers ion,  t h e  format f o r  TARXT i s  
f rom 0  t o  160 years i n  u n i t s  o f  10 years. I f  t h i s  
format i s  changed, i t  should be un i f o rm  throughout 
t h e  MACRO PTISO and should agree w i t h  t h e  T T Y I  
t a b l e s  f o r  a1 1  types. 

The MACROs are used t o  s imul taneously  s imu la te  
t h e  t rans fo rmat ions  o f  a  f o r e s t  w i t h  m u l t i p l e  
types, w i t h  d i f f e r e n t  s i  1  v i  c u l t u r a l  modes, and w i t h  
planned o r  na tu ra l  t ype  conversions. For  each type  
t h e  app rop r i a te  va r i ab les  are substituted f o r  t h e  
dummy va r i ab les  used i n  t h e  d e f i n i t i o n s .  Var iab les  
a re  s p e c i f i e d  on ly  f o r  MACROs OBTAH and PTISQ be- 
cause s u b s t i t u t i o n s  a re  au toma t i ca l l y  made f o r  t h e  
MACRO HBTOB, which i s  i n s i d e  t h e  MACRO OBTAH, Ap- 
p r o p r i a t e  constants  and tab1 es are g iven f o r  each 
type. The impor tant  c o n t r o l  var iab les- -such as de- 
s i r e d  harvest  age, f r a c t i o n  r o t a t i n g  through t h e  
h a b i t a t ,  revers ion  ra te ,  revers ion  1  i m i t ,  and open- 
i n g  s ize - -a re  loca ted  i n  a  convenient p lace  a t  t h e  
end o f  t h e  model, I n  t h i s  version, t h i s  sec to r  i s  



NOTE 
NOTE POTENTIAL TIMBER INDEX, S I Z E  OF OPENINGS *DEFIN IT ION*  
NOTE 
MACRO PTISO(CX,DX,EX,FX,GX,GC,GD~GE,GF,GG,H,TYPE,TTY~,YST,TMR,ISO,ISD, 
X VT, VC ,VD,VE,VF ,VG,NI),SO) 
A PTISO,K=VT.K/%TIN,K POTENTIAL TIMBER INDEX (DIM) 
A VT.K=VC,K+VD.K+VE,K+VF,K+VG,K TOTAL VOLUME HARVESTED 
A VC.K=CX.JK*bVUG,K*YST VOLUME HABITAT C HARVESTED 
A VD .K=DX , JK*$VUD ,K*YST VOti lNE HABITAT D HARVESTED 
A VE.K=EX,JK*$VUE.K*YST VOLUME HABITAT E HARVESTED 
A VF .K=FX.JK*$VUF ,K*YST VOLUME HABITAT F HARVESTED 
A VG.K=GX.JK*$VUG.KXYST VOLUME HABITAT G HARVESTED 
A $VUG.K=TABXT(TTYI ,GC.K,OP160,1O) VOLUME UNITS HABITAT C 
A $VUD.K=TABXT(TTYI,GD.K,0,16O,f0) VOLUME UNITS HABITAT D 
A $VUE.K=TABXT(TTYI,GE.K,0~160,lO) V O L U M E U N I T S H A B I T A T E  
A $VUF.K=TABXT(TTYI,GF.K,Os160,1O) V O L U M E U N I T S H A B I T A T F  
A $YUG.K=fABXT~TTYI,GG,KyO~160,10f VOLUME UNITS HABITAT G 
A $TiH,K=(TYPE .K/TMR)*$TYI*YST TIMBER MAXIMUM (VOLUME) 
N $TYI=TABXT(TTYI  ,TMR90, 160,O) TIMBER Y IELD INDEX (VOLUME) 
A SO.K=FIFGE(H,K,(NDRMRN(ISOIISD))liISO,H,K S I Z E  OF OPENING(AREA) 
A NO.K=H,K/MAX(SO.K, .O2) OPENINGS HARVESTED (NUMBER) 
ME NO 
NOTE 

Figure  63.--Equations f o r  the MACRO PTISO, poten t i a l  t imber index, 
and s i z e  of opening. 

Table 10.--Defini t i o n s  f o r  dummy va r i ab les  used t o  
d e f i n e  MACRO PTISO 

Vari  ab le  D e f i n i t i o n  

CX--GX 
GC--GG 
H 
TYPE 
TTY I 
Y ST 
TMR 
I SO 
I sn 

Kemova 
Harves 
To ta l  
TYPE f 

INPUT 

I s  f rom h a b i t a t s  (area/year)  
t ages (years)  
harves t  r a t e  (area/year ) 
rom MACRO OBTAH (area)  

Table, t imber  volume ( u n i t s ,  area)  
Y i e l d  standard ( f t ' )  
Ro ta t i on  f o r  maximum t imber  (years)  
I n i t i a l  opening s i z e  (area)  
I n i t i a l  opening var iance (area)  

OUTPUT 

Volume o f  t imber  removed, t o t a l  ( f t 3 )  
Timber removed from h a b i t a t s  ( f t 3 )  
Openi ngs harvested lyear  (number ) 
Average openi ng s i  ze l yea r  (area)  



caf l e d  "Ana l y t i c  S i  1  v i c u i  t u r e  Contro l  s "  because 
these are t h e  c o n t r o l s  used t o  examine t h e  a l t e r -  
n a t i v e  s i l v i c u l t u r a l  modes. 

Consider, f o r  example, a  f o r e s t  i n  c e n t r a l  
Georgia ( t ab les  11, 12, 13). The stands are c l a s -  
s i f i e d  i n t o  t h r e e  types c a l l e d  pine, oak-pine, and 
hardwoods* The h a b i t a t s  and t h e  types asre t r a n s -  
formed by t imber  harvest,  n a t u r a l  succession, 
t imber  stand improvements, and regenerat ion (Boyce 
and McCl u r e  1975). Transformat ions may r e t a i  n  t h e  
o r i g i n a l  f o r e s t  type o r  conver t  t h e  stand areas t o  
a d i f f e r e n t  t ype*  The complex i ty  o f  t h e  t r a n s f o r -  
mat ions i s  i l l u s t r a t e d  w i t h  a  diagram ( f i g .  64). 
To keep the  i l l u s t r a t i o n s  simple, conversions a re  
l i m i t e d  t o  seed l ing  h a b i t a t s  and harves ts  are 
1 i m i t e d  t o  mature hab i t a t s .  

PINE / TYPE I OAK-PINE / TYPE 2 t-tARDWOODS / TYPE 3 

Seedling 
Habitat 

Mature 
Habitat 

Old Growt 

Figure 64.--Diagram i l l u s t r a t i n g  an example sf us ing the MACRO 
OBTAW Lo simulate the complex t ransformations o f  a f o r e s t  w i t h  
conversf ons among three types ( c f ,  wi th  P i g ,  52). 



Tab le  11 .--TYPl, i n f o r m a t i o n  f o r  t h e  p i n e  t y p e  f o r  
a f o r e s t  i n  c e n t r a l  Georgia 

Symbol Median 
and d iamete r  Age Inven-  

h a b i t a t  range range Delay t o r y  

Inches Years Acres 

A1 s e e d l i n g  0-1.9 0-8 8 106 
€31 s a p l i n g  2-3,9 9-1 5 7 409 
C I  sma l l  p u l p  4-6.9 16-20 5 807 
D l  l a r g e  p u l p  7-9.9 21-26 6 902 
E l  smal l  l o g s  10-12.9 27-34 8 504 
F I  mature 13-15.9 35-60 26 103 
G 1  o l d  growth 16+ 61-110 - 50 0 

T o t a l  1111 2,831 

Tab le  12.--TYP2, i n f o r m a t i o n  f o r  t h e  oak-pine t y p e  
f o r  a f o r e s t  i n  c e n t r a l  Georgia 

Symbol Median 
and d i  ameter Age Inven-  

k a b i  t a t  range range Delay t o r y  

A2 s e e d l i n g s  
B2 sap1 i n g  
C2 po le -6  
D2 p o l e - 8  
E2 po le -10  
F 2  mature 
G 2  o l d  growth 

T o t a l  

Inches 

0- 1 
1-4.9 
5-6.9 
7-8.9 
9-1 0.9 

11-15.9 
1Q+ 

Years Acres 

56 
238 
412 
210 
104 

96 
Cf 

1,116 



Table  13,--TVP3, information f o r  the hardwood type 
f o r  a f o r e s t  i n  cent ra l  Georg ia  

- -- 

Symbol Medi an 
a n d  d i  ameter Age I n v e n -  

h a b i t a t  range range Delay t o r y  

Inches Years Acres 

A3 seed1 i n g s  (3- 1 0-5 5 209 
83  s a p l i n g s  1-4.9 6-35 30 396 
C3 p o l e - 6  5-6,9 36-50 15 584 
03 p o l e - 8  7-8.9 51-65 15 21 4 
E3 po le -10  9-70.9 66-85 15 105 
F 3  mature  11-5 5.9 86-1 20 40 781 
G3 o l d  growth 16+ 121-300 - 180 156 

T o t a l  

When mature p i n e  stands a r e  harvested,  some 
o f  t h e  areas a r e  regenera ted  back t o  p i n e  and some 
t o  oak-pi  ne. When oak-p i  ne stands a r e  harvested,  
some areas a r e  regenera ted  t o  p ine ,  some t o  oak- 
p i n e ,  and some t o  hardwoods. Harvested hardwood 
areas t e n d  t o  regenera te  t o  hardwoods un less  some 
c u l t u r a l  p r a c t i c e  i s  used t o  regenera te  them t o  
p m e ,  Many combinat ions o f  c o n v e r s i o ~  r a t e s  a r e  
p o s s i b l e  and each has a d i f f e r e n t  f l o w  o f  t imber ,  
cash, wi 1 d l  i f e  h a b i t a t s ,  and o t h e r  b e n e f i t s .  The 
MACRO OBTAH makes i t  p o s s i h f e  t o  s i m u l a t e  these  
t r a n s f o r m a t i o n s  f o r  d i f f e r e n t  s i  1  v i c u l  t u r d  
o p t i o n s .  

The s t r u c t u r e  o f  t h e  MACRO OBPAH i s  essen- 
t i a l  l y  t h e  same as the c o r e  m d e 1  f o r  DYNAST 
( f i g .  52). Nega t i ve  feedback loops  have t h e  goal 
o f  b r i n g i n g  about and m a i n t a i n i n g  t h e  s t a t e  o f  
f o r e s t  s rgani  z a t  i on t h a t  p r s v i  des t h e  des i  r e d  o p t  i - 
ma1 combinat ion o f  b e n e f i t s ,  Harvest can he f rom 
any hahi  t a t  and s imu l taneous ly  f rom any comhi n a t i o n  
o f  h a b i t a t s *  



The Georgia p i n e  f o r e s t  i s  used t o  il l u s t r a t e  
how " c h e  inode1 i s  adapted t o  a f o r e s t .  F i r s t ,  t h e  
e s s e n t i a l  i n f o r m a t i o n  i s  o b t a i n e d  f o r  t h e  t h r e e  
f o r e s t  t ypes  ( t a b l e s  71, 72 ,  1 3 ) .  F o r  t h e  MACRO 
HBTOR, the  p i n e  t y p e  i s  des igna ted  TYP1, the oak- 
p i n e  t y p e  IYP2, and the hardwood type TYP3 ( f i g .  
6 5 ) .  Var iab les  des igna ted  t o  be s u b s t i t u t e d  i n t o  
t h e  MACROS are i d e n t i f i e d  by appending a number, 
such as 1, 2, o r  3, t o  ag ree  w i t h  t h e  t y p e  d e s i g -  
n a t i o n .  A p p r o p r i a t e  c o ~ s t a n t s  and t a b l e s  a r e  g j v e n  
va lues,  

Ten o r  more t y p e s  c o u l d  be used, b u t  d e c i  - 
s i o n s  a n d  c o n t r o l s  a r e  l e s s  complex when t h e  number 
o f  t y p e s  i s  kep t  t o  f i v e  o r  less.  F o r  more than 
t h r e e  t ypes ,  t h e  o p t i o n  jumbo, 3, f o r  t h e  DYNAMO 
c o m p i l s r  shou ld  be used because t h e  number o f  
e q ~ j a t i o n s  can exceed 1,000 (Pugh 1983), 

NOTE ***********&OREST TYPE  SECTOR^***********+* 
NOTE 
NOTE F O R E S T  TYPE 1 **GEORGIA P f  NE TYPE*** 
A TYP1,K=OBTAH(IAl,IBlfIC1,ID1,IE1,IF1,IG1, 
X C S l , D S 1 , E S 1 , F S 1 , G S I 9  
X DAi,DB1,DC1,DD1,3EIsDFlIDG1, 

X SC1,K,SDl.K,SE1.KySFl~K,SG1.K, 
X CX1.JK,DX1.$K,EX1.JK9Fxl1JK9GXl1JK, 
X GCI.K,GDi,K,GE1.K,GFZ.K,GG1.K9 
X A1.K,Bi,~,C1.K,DL.Y.rEi.K,F1.K,G1lK) 
NOTE 
NGTE TIMBER AND OPENINGS T Y P E  I **GEORGIA PINE T Y P E k *  
NOTE 
A PTi  . K ~ P T I S O ( C X l . J K , O X I I J K ~ E X I I J X P F X l L J K , G X ~ ~ J K ~  
X GCI.K,GDI.K,GE1.K,GF1,K,GGt~K,HI.K~T"r'PZZK,TTYi~YST~~TMR1~~SO1yISDl, 
X V T l , K , V C l  .K,VDI.K,VEl.K~Vfl~iC~VG1lKPNOIIK~~Ol.K) 
C iA1=106/IB1=409/IC1~8Oi/IBI=9O2/TEi=5fl4/~F1=lfl3/~G~~O 
C C S I = O / D S f  = O / E S 1 = O / F S l = O / G S l = O  
C DA1=8/CB1=7/DCl=S/DD1=6/DEi=8/DF3=26/DGt=50 
C Y S T 1 = 1 7 5 O / T M R 1 = 3 0  
T rT~l=~~.3/.ss~1~l.27/1~38~1.1.4O~i.~(3~~.51~1.53~l *55/ 
X 1,5711.58/1.59/1.6/'I.6/I16 



Gont i nued 

NOTE 

MOTE FOREST TYPE 2 **GEORGIA OAY-DINE TYPE** 
NOTE 
A TYP?.K=OGTAHI IA?, IR2*  IC2,  iR2, iE2, iF2, IG2, 
X CS2,DSZSES2,FS2,GS2, 
X O A Z , D R Z , D C 2 , D 8 2 , D E 2 , O F 2 ~ ,  
X WC2,HD2,HE2,HFZ,Y62, 
X FCZ,FDZ,FE2,FF2,FG2, 
X CR2,DR2,ER2,FR2,GR2, 
X CA2,KyRL2,H2,K,RV2.3K, 
X SC2,K,SD2,C,SE2.K,SF2,k:,SG2eK, 
X CX2.JK,DXZ.JK,EXZ.JK,FX2.JK,GX2.JK, 
X GC2.KYGD2,K,GE2.K,GF2.KfGG2*K, 
X A2.K,R2,KpC2.K,D2,K,E2,K,F2.V,62.K) 
NOTE 
NOTE TIMBER AND OPENINGS TYPE 2 **GEORGIA OAK-PINE TYPE** 
NOTE 
A P12.K=PTfSO(CXZ.JK,DX2.JK,EX2.JK,F)i22dK,GX2.JK, 
X GC2,K,GD2.K,GE2.K,GF2.K,EG2.K,H2.K,IYP2.K,TTY2,YST2,TMR2,iSOZsISD2, 
X VT~,K,VC~.K,VD~.K,VEZ~K~VF~~K,V~~.K,N~Z.K,S~Z.K) 
G IA2=56/~B2=238/IC2=412/ID2=2IOjIE2=1G4/IF2=96/IG2=0 
C CS2=O/DS2=O/ES2=0/FS2=O/GS2=0 
C ~A2=~/D~2=25/DC2=15/DD?=15/DE2=15/DF2=35/DG2=1~0 
C YST2=2680jTMR2=50 
T TTY2=~/.25/.45/.6/.81/1/1.IF;/l.33/1.47jI~6I/~~75/l,85/~e~~/l.~~/ 
X 1.94/1.46/1.97 
NOTE 

NOTE 
NOTE FOREST TYPE 3 **GEORGIA HARDWOOD TYPE** 
NOTE 
A TYP3.K=OBTAH(IA3,163, IC311D3,!E3,1F3,1G3, 
X CS3,DS3,ES3,FS3,GSJY 
X DA3,DB3,DC3,DD3,DE39DF3fOG3, 
X HC3,HD3,HE3,HF3,HG3, 
X FC3,F03,FE3,FF3,FG3, 
X CR3,DR3,ER3,FR3,GR3, 
X CA3.K,RL3,H3,K,RV3,jK, 
X SC3.K,SD3.K,SE3.K,SF3,K,SG3.Ky 
X CX3.JK,DX3.JK,EX3.J#,FX3.JK,GX3.JK, 
X GC3,K,GD3,K,GE3.K,GF3.K,GG3.K3 
X A3.K,B3.K,C3.K,D3.K,E3.K,F33KyG33K} 
NOTE 
NOTE TIMBER AND OPENINGS TYPE 3 **GEORGIA WRRDWOUU TYPE** 
hOTE 
A FT3.K=PTiSO(CX3.JK,3X33JKIEX33JK,FX33JK5GX3~JK, 
X GC3.K,GD3.K,GE3.K,GF3~K,GG33K,H3,K,iYD33K,TTY39YST39~BR3,lS~3,~S~3, 
X VT3.K,VC3.K,VB3.K,4E3,K,VF33K,VG3,Kfk03.K3S~3.K) 
C IA3=209/133=396iIC3=584/I 0 3 2 1  iZ~IE3=105/1F3=781 /IG3=156 
C CS3=0/DS3=0/ES3=O/FS3=0/GS3=0 
C DA3=5/DB3=30/DC3=15/DD3='? 5iDE3=I5!DF3=4O/DG3=180 
C YST3=2680/TCR3=50 
T nY3=9i .23/ .41/.0/.81/1/1 1 1 8 / i f . 3 3 / I I ~ 7 ~ ~ . 6 1 j ~ . ~ ~ / ~ e 8 ~ / ~ e 8 ~ / ~ a ~ ~ /  
X 1.94i:.96/1.37 
NOTE 

F i g u r e  65.--Equations f o r  the  fores t  type sectors  for a pFre fo res t  
i n  central Georgia. 



Supp2 ementary Informat ion  

T h i s  p a r t  o f  t h e  model i s  expanded t o  calcu- 
l a t e  i n f o r m a t i o n  n ~ e d e r t  f a r  p r i n t i n g  arrd p l o t t i n g *  
The o r d e r  of t h e  equations i s  n o t  i m p o r t a n t  and 
e q u a t i o n s  can he a d d e d  and rernovcri as  the  model i s  
manipu l  a t ~ d ,  I f  convers ions  a r e  d e s i r e d  o r  i f  thky 
occlr r  n a t i r r a l  i y  (Royce a n d  McCl lire 19751, eqva t  i o n s  
f ~ r  des i g n a t i  n g  these t r a n s f o r m a t i o n s  may be l o -  
c a t ~ d  i n  t h i s  sec to r .  T h i s  s e c t o r  s's a1 so  a con- 
v e n i e n t  p l a c e  t o  c a l c u l a t e  v a r i a b l e s  used i n  more 
t h a n  one  a l g o r i t h m  f o r  b e n e f i t s  and impacts ,  Ex-  
amples of supplementary equa t ions  a r e  g i v e n  i n  
f i g u r e  66. 

Benefit and larpace I dormt ion  

7h-i s  s e c t o r  i n c l u d e s  t h e  a1 gori thms f o r  what- 
ever b e n e f i t s  a n d  e f f e c t s  a r e  t o  he examined, The 
t e c h n i  yues f o r  d e v e i o p i  o g  a1 gor i t hms  are d e s c r i  bed 
i n  c h a p t e r  5, The a l g o r i t h m s  may be inserted and 
reiii,~ved a t  w i  l l w-i t h c u t  a f f e c t i n g  "cans fo rma t ions  
i n  t h e  ska te  of f o r e s t  o r g a n i z a t i o n .  An example 
i s  t h e  h a h i t a t  f o r  deer ( f i g .  67) .  

VOTE 
NOTE SIJPPLEMENTARY I N F O R M A T I O N  
NOTE 
A C A I  ,K=(RV2.JK*Ci2i)f(RV33JK*C?31~ CONVFRT TO T Y P l  ( A R E A )  
A CA2,K=(RLl.JK*CT12)+(RV33JK*CT32) C O N V E R T T O T Y P 2  ( A R E A )  
A C A 3 , K = j P V l  . J ~ * C T 1 3 ) + ' F V 2 + J Y * C T 7 3 )  CONVERT TO T'fP3 ( A R E A )  
A PP1, K = T V P l  .(/TAW .Y PEPCENT P I N F  TYPE 
A TAH.Y=TYPI,K+TYP7.Y+iYP33K TCTAL A2EA h A P I T k T S  
P PP2.K=TYF7.K/TAH.K P E R C E R I  O A F - P I N E  TYPE 
A Pp3,F=TYP3.K/TAM ,K PEPCENT HFPDWOOO TYPE 
A PSE .K=IA?.K+A2.Y+A3.V,/TAt i t iK S E E D L I N G  P A R I T A T  i " ?  
P 0PM.K=Th0.K/f'TAP.Kt6dOl OPENIYGS PEP 59. M I L E I Y R  
A 730. k = V 0 1  .V*N02.K+NO3.K TOTAL O P E h l  NGS (NUMBEP J 
A dSO.K=TH.K/YAX(TNO.Y,1; AVERAGE SiZE OF OPENINGS (AREA) 
A TH.K=Hl  ,KcH2,K+H3,$ +OTAL HARVEST i A R E 4 \  
* >>>>>>,>>> HAPD VAST <<<<  
A Y W . F = W ;  .K*HMD.L H A D D  MPST P3TE4TIPL 
A H~i.K=Tk9HLjTP~~,PuVC.Y,O~~i2.I~ HAQD MAST IYCREASE I Y D E X  
A P&M0.Y=~F2.K+S2,K-FZ.K+G3.Y~/TiliYYK w O 2 G  VAST "3B:TATS ( 9 ;  

TPMI=.l/.C"/.51.7/.F;/ .O,'.Q5, i VA9" YC ST I N G P t P S E  TAPLE 
k HM3.K=TA&HL"ThP3 ,POS3K1r )9e~ , t f~  PbP? MAST DECPEASE I Y G E Y  
A P O S . K = I G ? . K + G ~ , K I / " ; + P . K  51 9 dAf?",k-' 4fBI'k;S ' 7 '  

Figure 66.--Equations f o r  supplementary information. 



NOTE ***BENEFIT AND IMPACT EQUATIONS**** 
NOTE 
* >>,>>>>>> DEER ec<c 
NOTE 
A DEER ,K=HTD .K*OTD ,KfHMDE .K DEER HABITAT POTE NTIAL 
A HTD.K=TABHL~THTD,PSE.KIC,0,~07~.01) BROWSE POTEN, FOR DEER 
T THTD=.1/.2/.4/.7/.9/~95/,98/I TABLE BROWSE POTEN. 
A OTD,K=TABXT(TOTD,OPM.KIII, ,5, *I) OPENING DISPERSION FOR DEEP 
T TOTD=,2/ .4/ .7/ .$/ .95/1 TABLE OF DEER OPENING DISPERSAL 
A HWDE.K=TABHL(THMDE,WF1.K90,.5,.1) HARD MAST FOR DEER POTEN. 
T THMDE=.3/ ,4/ .6/ .8/ lf i  TABLE HARD MAST FOR DEER 
NOTE 

Figure 67.--Equations for benefit and impact information. 

The b e n e f i t  equat ions are s t r u c t u r a l  l y  inde-  
pendent o f  the  core equat ions except t h a t  they  use 
t h e  ou tpu t  o f  t h e  core model. The b e n e f i t s  depend 
d i  r e c t l y  on t h e  o rgan i za t i ona l  s ta te ,  Thus, 
computing b e n e f i t s  i s  a  mat te r  o f  r e l a t i n g  each 
b e n e f i t  t o  t h e  s t a t e  o f  t he  f o r e s t  o r  t o  t he  
p r o p o r t i o n  o f  hab i ta ts .  Once these r e l a t i o n s  o r  
a1 g o r i  t hms are determi ned by research and exper- 
ience, b e n e f i t s  can be p ro jec ted  i n  r e l a t i o n  t o  
changes i n  t h e  s t a t e  o f  t he  f o res t .  

Fo l  low ing  are severa l  impor tant  po i  n t s  about 
t h e  b e n e f i t  and impact equat i ons : 

1. The core equat ions are not  dependent on 
any o f  t h e  b e n e f i t  equat i ons. 

2. B e n e f i t  equat ions can be added, modi f ied,  
o r  removed from t h e  DYNAST model w i thou t  
a f f e c t i n g  any o f  t h e  o the r  b e n e f i t  
a l go r i t hms  and w i t hou t  a f f e c t i n g  t h e  core 
equa t ions*  

3. Algor i thms can be w r i t t e n  f o r  any b e n e f i t  
and impact t h a t  can be r e l a t e d  t o  t h e  
o rgan i za t i ona l  s t a t e  o f  t he  f o res t .  The 
impor tan t  va r i ab les  are t h e  d i s t r i b u t i o n  
o f  f o r e s t  stands w i t h i n  f o r e s t  types by 



age a n d  area classes, the t imber  harvest  
rates ,  and the s i ze  o f  opening formed by 
t i m b e r  harvest. 

4. The management modes determine t h e  orga- 
n i z a t i o n a l  s ta tes ,  which, i n  t u rn ,  de te r -  
mine t h e  combinations o f  b e n e f i t s  and 
i rnpact s  

Gash F l o w  M g o r i t h n  

The cash f low a l g o r i t h m  i s  inc luded  o r  
excf uded a t  w i  1 l . When used, t h e  cash i n f  1  ow and 
o u t f l o w  equat ions must be mod i f i ed  t o  r e f l e c t  t h e  
mu1 t i p l e  f o r e s t  types, regenera t ion  costs, conver- 
s i on  cos ts ,  t imber  sales,  and sa le  o f  hun t i ng  and 
r e c r e a t i o n  r i  ghts ( f i g .  68). 

P r q r a m  Controls Sect~r  

Th is  sec to r  i s  used t o  g i ve  t h e  s p e c i f i c a t i o n s  
f o r  DT, LENGTH, PRINT, and PLOT. Once these con- 
t r o f s  a re  se lec ted  f o r  a p a r t i c u l a r  fo res t ,  few 
changes a r e  needed when d i  f f e r e n t  s i  l v i c u l t u r a l  
s t r a t e g i e s  are be ing evaluated ( f i g .  69). 

A m l  y tic SiB v i c u d  ture CantraJs 

Th is  sec to r  con ta ins  t h e  c o n t r o l s  used t o  
change t h e  s i l v i c u f t u r a l  m d e ;  i t  i s  t h e  se t  o f  
c o n t r o l  va r i ab les  i n  t h e  dec i s i on  loop ( f i g .  3). 
The f i r s t  run i s  c a l l e d  ZERO because a11 va r i ab les  
a re  se t  a t  zero o r  a t  na tu ra l  t r ans fo rma t i on  ra tes.  
I n  t he  reruns, concern i s  w i t h  t h e  va r i ab les  t h a t  
i den t - i f y  a s i l  v i c u l  t u r a l  mode r a t h e r  than w i t h  
man ipu la t i ng  a1 1  o f  t h e  constants.  Both constants  
and t a b l e s  my be changed i n  t he  reruns. When C 
and I statements are used i n  reruns, t h e  constants  
and t a b l e s  r e v e r t  t o  t h e  values i n  t h e  ZERO run. 
RUN must be t h e  l a s t  statement i n  each re run  
(F-ig, 69). 



NOTE 
NOTE CASH FLOW ALGORITHM 
MOTE 
A NPV,K=I NAD .K-OTAD,K NET PRESENT VALUE ( J )  
A INAD.K=INA.K/DSC .K INFLOW ,SUM DISCOUNTED f $1 
L INA,K=INA,J+DT*(INR.JK) INFLOW SUMMED ( $ )  
N l N A = I I N  I N I T I A L  INFLOW SUM ( b )  
R INR.KL=(INA.K*(EXP(RIN*K)-1) )+IM.h: INFLOW RATE ($ /YR)  
A RIM.K=TABXT(TRIN,TIME.K,O,lO,l) REINVESTMENT RATE (DECIMAL) 
T TRIN= . l /  .l/.l/.l/.l/ Il/.l/.l/.l/.l/.l/ REINVESTMENT TABLE 
A IN,K=NH,K+VYR.K*MOS.K TOTAL INFLOW ($1 
A NH.K=NCl.K+NDl.K+NEl.K+NFl.K+NGl.K+NC2.K+ND2.K+NE2~K+NF2.K+NGZ.K+ 
X NC3.K+ND3,K+NE3.K+NF3.KfNG3.K TOTAL DOLLARS FOR TIM. 
A NC1.K=VC1.K*(TABXT(TVAlfGCltK,lOylOO1lO)~ DOLLARS FOR T I M  
T TVAl=O/. l2 / .32/ .42/ .5 /  .9/1.1/1.3/1.35/1.4 P I  NE STUMP PRICE/ AGE 
A NDl .K=VDl  .K*(TABXT(TVAl,GDl.K,lO,lOO,lOf) DOLLARS FOR T I M  
A NE1 .K=VE1 ,K* fTABXT(TVA1~GE1.K , lOy lOOs lO} )  DOLLARS FOR T I M  
A NFl .K=VFl ,K*(TABXT(TVAl  ,GF ILK , lO , lOO, lO) )  DOLLARS FOR T I M  
A NGl.K=VGl .K*(TABXT(TVAl,GG1.K,10,100,10)) DOLLARS FOR T I M  
A NC2.K=VC2.K*(TABXf (TVA2*GC2*K,0,160,20))  DOLLARS FOR T I M  
T TVA2=0/ .04/.08/ .12/ .3/ - 3 2 1  * 3 4 /  .44 f . 5  HARDWOOD STUMP PRICE 
A ND2.K=VD2,K*(TABXT(TVA2~GD20K~Oy160~20)) DOLLARS FOR T I M  
A NE2.K=VE2.K*(TABXT(TVAZ,GE2*K,0,160,20)) DOLLARS FOR T I M  
A NF2,K=VF2,K*(TABXT(TVA2mGF22Kp0,160,20)) DOLLARS FOR T I M  
A NG2.K=VG2.K*(TABXT(TVA2,GG22K,0,160,20)) DOLLARS FOR T I M  
A NC3.K=VC3,K*(TABXT~T\rA22GC33KIOi 1 6 0 f 2 0 )  1 DOLLARS FOR T I M  
A ND3.K=VD3,K*(TABXT(TVA2.GD3~KyO,160,2O)) DOLLARS FOR T I M  
A NE3.K=VE3.K*(TABXT(TVA2,GE3,K,0s160y20)) DOLLARS FOR T I M  
A NF3.K=VF3,K*(TABXT(TVA2.GF311K,0s 160,ZOf DOLLARS FOR T I M  
A NG3.K=VG3.K*{TABXT(TVA2.GG3.K,O,l60,20jj DOLLARS FOR T I M  
A VYR.K=TABXT(TVYR,TIME .K,O,20,5) STUMPAGE PRICE IkCREASE 
T TVYR=1/1,1/1.2/1.5/1.7 TABLE STUMPAGE INCREASE 
F, MOS .K=TABHL JTMOS ,ASO.K, .1,5.5, . 9 )  MULTIPL IER FOR OPENING S I Z E  
T TMOS=,l/ .45/.65/.8/.9/ * 9 5 / 1  M U L T I F L I E R I S I Z E  OF OPENING 
A DSC.K=EXP((MAX(l,TIMEEK))*DSR.K) CONTINUOUSDISCOUNTDIV ISOR 
A DSR.K=TABXT(TDSR,TIME.K,O,ln,l) DISCOUNT RATE 
T TD§R=.1/ .1 /1 /1 / .1 /1 / .1 /1 / / .1 / .1  OISCOUNT TABLE 
A OTAD.K=OTA.K/DSC .K OUTFLOW, SUM DISCOUNTED ( $ )  
L OTA ,K=OTA .J+DT* (OTR ,JK) OIITFLOW, SIJMMED ( S f  
N OTA=IOT I N I T I A L  OIITFLOW SUM ( $ )  
R OTR,KL=(OTA.K*(EXP(DSR.K)-l))+QT.K OIITFLOW RATE ( $ / Y R )  
A OT.K=(OVH.K*TAH.K)+fMRK.K*TH.K)+(IN.K*TXR) TOTAL OUTFLOW ( $ )  
A OVH.K=TABXT(TOVK,TIME . K y 0 9 2 0 y  5 )  OVERHEAD COSTS ( $ 1  
T TOVH=3/3.5/5/6/7 TABLE OVERHEAD COSTS ( $ )  
A MRK,K=TABXT(TMRK,TIME.K,0,20,5) MARKETING COSTS ( b j  
T TMRK=8/10 /12 /15 /17  TABLE MARKETING COSTS ( $ 1  
A PI.K=INAD.K/MAX(OTAD.K,l) P R O F I T A B I L I T Y  INDEX ( D I M )  
A EAR.K=NPV.K*ffDSR.K*DSC.K)/(DSC.K-lf) EQUIVALENT ANNUAL RENT ( $ / Y R f  
A RRR.K=EXP(RR2.K*LOGN(RRl.KJ)-1 REALIZABLE RATE OF RETURN 
A RR1.K=FIFGE((INA,K/MAX(OTAD.K~1)),lyNPVVK,l) STEP 1 FOR RRR 
A RR2.K=l / (MAX( l ,TIME,K))  STEP TWO FOR RRR 
C TXR=.25 TAX RATE (TAX BRACKET FRACTION) 
NOTE 

Figure 68.--Equations for  cash f low f o r  th ree  forest types. 



NOTE PROGRAM CONTROLS SECTOR 
NOTE 
SPEC DT=. 25/LENGTH=100 
A PRTPER.K=1+STEP(79,21) 
PRINT IfSCl ,SD1/2)SE1,SF1/3)SGlySC2/4)SD2,SE2/5)SF2,SG2/6)S&3,SD3/ 
X 7)SE3,SF3/8)S63,VT1/9)VT2,VT3/10~TW~0PM/11)TN0,ASO/12)HMyHTD/ 
X 13)NPV,PI/14)EAR,RRR 
A PLTPER.K=.S+STEP(7,5,20.5) 
PLOT PT1=1,PT2=2,PT3=3(0,2f/PPl=P,PP2=O,PP3=W,DEER=D{O,l) 
!VOTE 
NOTE **ANALYTIC SILVICULTURE CONTROL*** 
C DRT=O DELAY TIMBER REMOVAL (YR) 
C I IN=O/TOT=O INITIAL INFLOW AND OUTFLOM OF CASH($) 
C CTIZ=O/GTl3=0 TYPl TO TYP2 AND TYP3 (DECIMAL) 
C CT21=O/CT23=0 TYP2 TO TYPl AND TYP3 (DECIMAL) 
C CT31=O/CT32=0 TYP3 TO TYPl AND TYP2 (DECIMAL) 
C RLl=O/RL2=O/RL3=O REVERSION LIMITS (AREA) 
C ISDl=O/IS02=O/ISO3=0 DESIRED OPENING SIZE (AREA) 
C ISD1=O/ISDZ=O/ISDJ=O DESIRED OPENING DEVIATION (AREA) 
C HCl=O/HD1=0/HEl=O/HFl=O/HGl=O HARVEST AGE DESIRED (YR) 
C WC2=O/WDZ=O/HE2=O/HF2=0fH62=0 HARVEST AGE DESIRED (YR) 
C HC3=OfHD3=O/HE3=O/NF3=O/HG3=0 HARVEST AGE DESIRED (YR) 
C FC1=O/FDl=O/FEl=O/FFl=O/FGl=O FRACTIONS ROTATING (DECIMAL) 
C FC2=O/FD2=O/FE2=O/FF 2=O/FG2=0 FRACTIONS ROTATING (DECIMAL) 
C FC3=O/FD3=O/FE3=O/FF3=O/FG3=0 FRACTIONS ROTATING (DECIMAL) 
C CRl=O/DRI=O/ERl=O/FR1=O/GRI=O REVERSION RATES [DECIMAL) 
C CR2=O/DR2=O/ER2=O/FR2=O/GR2=0 REVERSION RATES (DECIMAL) 
C CR3=O/DR3=O/ER3=O/FR3=0/6R3=0 REVERSION RATES (DECIMAL) 
RUN ZERO 
C HEl=30/FE1=.3/HF1=45/FF1=.7/1SO1=30/ISD1=2 
C HD2=50/FD2=1/IS02=3O/ISD2=2 
C HE3=80/FE3=.8/ HG3=26O/FG3=.2/ISO3=1O/ISD3=1 
RUN OPTIOFd 1 
C XE1=30/FE1=,3/HFl=45/FF1=.7/IS01=3O/ISD1=2 
C HD2=50/FD2=1/ I S02=30/ I S M  
C HE3=80/FE3=,8/HG3=26O/FG3=.2/IS03=10/1SD3=1 
C CR1=.54/DRl=.54/ER1=.54/FRl=.~GR1=.54 
C CR2=.73/DR2=.73/ER2=.?3/FR2=,73/GR2=,73 
C CR3=.16/DR3=.16/ER3=.16/FR3=.16/GR3=,16 
C CT12=,68/CT13=.32/CT21=a26/CT23=.74/Cr31=.l2/CT32=.88 
RUN OPTION2 

F i g u r e  69.--Equations f o r  t h e  program and t h e  a n a l y t i c  
s i l v i c u l t u r e  c o n t r o l s .  

Sequence of the Sectors 

The c o n s t r a i n t  i s  t h a t  user-def ined MACROS 
must be de f ined  be fo re  be ing used. The impor tan t  
sequence i s  t o  de f i ne  MACRO HBTOB, MACRO OBTAW, 
and MACRO PT fSO i n  t h i s  order.  The o the r  sec to rs  
may be i n  any des i red  sequence, The sec to rs  are 
descr ibed i n  a convenient o rde r *  The f i r s t  d i s -  
p l a y  l i n e  i n  t he  model should be an * statement t o  



i d e n t i f y  t he  vers ion  o f  OYNAST and t h e  f o r e s t ;  t h e  
l a s t  should be an RUN statement, 

Exerc i ses  Without T y p e  Convessio~l 

T h i r t y  percent o f  t h e  p i ne  type i s  t o  be har -  
vested a t  age 30; 70 percent  i s  t o  be harvested a t  
age 45. The desi r ed  opening s i z e  i s  30 + 5 acres. 
The c a n t r o l  s are: 

A1 1 o f  t he  oak-pine type  i s  t o  be harvested a t  
age 50 w i t h  openings 30 + 5 acres. The c o n t r o l s  
are:  

E igh t y  percent o f  t h e  hardwood type i s  t o  be 
harvested a t  age 80 and 20 percent  a t  age 260. 
Openings are t o  he 10 + 2.5 acres. The c o n t r o l s  
are:  

The des i red  var iance f o r  opening s i z e  must he 
d i v i d e d  by 2.4 because o f  t h e  f u n c t i o n  NORMRN (Pugh 
1983). Run t h i s  opt ion.  What are t h e  expected 
b e n e f i t s  f o r  t h e  next 10 years? 

What are t h e  b e n e f i t s  expected when 90 acres 
o f  m t u r e  p ine  are i n i t i a l l y  sold,  FSl=90; 200 
acres o f  oak-pine, po le  8, a re  i n i t i a l l y  sold,  
DS2=200; and 700 acres o f  mature hardwoods a re  
i n i t i a l  l y  sold,  FS3=700? 

What are t h e  b e n e f i t s  o f  de lay ing  t h e  c o n t r a c t  . 
f o r  removals, DRT, f rom 2 t o  5 years?  

Develop t h ree  s t r a t e g i e s  t o  present  t o  you r  
o rgan i za t i on ;  i nc l ude  a statement o f  o rgan i za t i ona l  
goals  and exclude t ype  conversions. 



Reversions f rom and convers ions t o  f o r e s t  
t ypes  change t h e  o r g a n i z a t i o n a l  s t a t e  o f  t he  f o r e s t  
a n d  t h e  a v a i l  ah i  l i t y  o f  bene f i t s ,  Roth n a t u r a l  and 
c u l t u r a l  fo rces  change t h e  f o r e s t  t y p e  area. Re- 
tween 1961 and 1972, p i n e  and hardwood f o r e s t  land, 
crop land,  and urhan l and  i n  Georgia were conver ted 
and reve r t ed  (Boyce and McClure 1975). How these 
k i nds  o f  t r ans fo rma t i ons  a f f e c t  t h e  avai  l a b i  1  i t y  o f  
f o r e s t  b e n e f i t s  can he s imu la ted  w i t h  t he  DYNAST 
model, For  i l l u s t r a t i o n ,  I use t h e  t h ree  f o r e s t  
t ypes  p r e v i o u s l y  descr ibed. 

Fo l  l ow ing  n a t u r a l  m o r t a l i t y  and ha rves t i ng  
w i t h o u t  c u l  t u r a l  p r a c t i c e s  t o  d i  r e c t  regenerat ion,  
t h e  r eve rs i on  r a t e  From p ine  i s  approx imate ly  
0.54, t h a t  f rom oak-pine i s  0e74, and t h a t  f rom 
hardwoods i s  0.16. These p ropo r t i ons  o f  t h e  areas 
harvested are removed from t h e  o r i g i n a l  t ype  and 
conver ted t o  a  d i f f e r e n t  land use, The ac tua l  l and  
area reve r t ed  a t  t ime  K i s  t h e  area harvested o r  
c l ea red  by na tu ra l  m o r t a l i t y  r ~ u t t i p l i e d  by t h e  
r e v e r s i o n  ra te .  Thus, t h e  amounts o f  area r e v e r t e d  
a re  a f u n c t i o n  o f  ha rves t  and m o r t a l i t y  which 
c rea te  openings f o r  regenera t ion  i n  mature and o l d -  
growth stands. 

The reve rs i on  r a t e s  are i n s e r t e d  i n t o  t h e  
model as values f o r  CR--GR ( f i g .  69). The same 
r a t e s  are used f o r  a l l  age c lasses because t h e r e  
i s  no evidence f o r  d i f f e r e n c e s  among t h e  h a b i t a t s ,  
The a n a l y t i c  s i  1  v i c u l  t u r e  c o n t r o l  s  f o r  r eve rs i on  
r a t e s  a re  w r i t t e n :  

For  t h i s  example, t h e  areas reve r t ed  f rom one 
type may be conver ted t o  t h e  o the r  two types a t  



Table 14,--Defini t i o n s  o f  q u a n t i t y  names f o r  con- 
ve rs i  ons, and q u a n t i t y  names and conversion r a t e s  
f o r  t h r e e  f o r e s t  types i n  c e n t r a l  Georgia 

D e f i n i t i o n  o f  q u a n t i t y  Quant i t y  name 
name and va lue 

TYPl conver ted t o  TYP2 
TYPl conver ted t o  TYP3 
TYP2 conver ted t o  TYPl 
TYP2 conver ted t o  TYP3 
TYP3 conver ted t o  TYPl 
TYP3 conver ted t o  TYP2 

d i f f e r e n t  ra tes.  By us ing  t h e  Georgia data (Boyce 
and NcClure 1975), these conversion ra tes  a re  c a l -  
c u l a t e d  and i n s e r t e d  i n t o  t h e  model as values f o r  
CT12--CT32 ( t a b l e  14). Note t h a t  t he  sum o f  t h e  
reve rs i on  ra tes  from a  type, CT13 p lus  CT12, should 
equal 1 unless t h e  manager in tends  f o r  some propor -  
t i o n s  o f  t h e  revers ions  t o  be l o s t  f rom the f o r e s t ,  

I n s e r t  t h e  reve rs i on  and conversion ra tes  i n t o  
t h e  model. Changes i n  p o t e n t i a l  t imber  ind ices ,  
deer h a b i t a t ,  and cash f lows can be examined f o r  
d i  f f e r e n t  s i  l v i c u l  t u r a l  modes and d i  f f e r e n t  rever -  
s i o n  and convers ion ra tes.  For  a g iven s i l v i c u l -  
t u r a l  mode, what i s  t he  a f f e c t  o f  reduc ing t h e  
p i n e  reve rs i on  r a t e  t o  0.1? 

Reduct ions i n  p i ne  reve rs i on  ra tes  i n c u r  cos ts  
f o r  reduc ing t h e  regenera t ion  and t h e  growth o f  
hardwoods, I n  t h e  economic a1 g o r i  thm, w r i t e  equa- 
t i o n s  f o r  t h e  ou t f l ows  o f  money t o  reduce p ine  
reve rs i on  ra tes.  The cos ts  f o r  d i f f e r e n t  k inds  o f  
c u l t u r e  depend on t h e  area o f  p i ne  harvested a t  
t ime  K, H1.K. These costs  f o r  t h e  i n i t i a l  p ine  
regenera t ion  a r e  added costs  t o  o b t a i n  the  t o t a l  



c o s t s  f o r  reduc ing  t h e  p i ne  reve rs i on  r a t e *  These 
cos ts  a re  added t o  t he  t o t a l  ou t f l ows  (0T.K); any 
i n f l o w s  t h a t  may r e s u l t  f rom regene ra t i ng  t h e  har -  
vested land  t o  p ine,  such as t a x  i ncen t i ves ,  a re  
added t o  t h e  t o t a l  i n f l o w s  (1N.K) ( f i g .  68). 

Use some r e a l i s t i c  cos ts  and t a x  i n c e n t i v e s  t o  
exarni ne po ten t  i a1 r e t u r n s  f rom regenerat  i ng p i  nes 
a f t e r  t h e  p i n e  harvest ,  When and how do such i n -  
vestments change NPV and EAR? HOW do d iscoun t  and 
re investment  r a t e s  i n t e r a c t  w i t h  investments i n  
p i ne  regenera t ion  t o  change t h e  values o f  EAR? 

Analyses s i m i l a r  t o  t h e  preceding one can be 
made t a  eva lua te  t h e  b e n e f i t s  expected from con- 
v e r t i n g  oak-pine and hardwood stands t o  pine. 
These k inds  o f  analyses can be compared w i t h  s i l v i -  
c u l t u r a l  modes t h a t  a re  dependent on schedu l ing  
harves t  ra tes ,  openi ng s i  zes, n a t u r a l  regenera- 
t i o n ,  and n a t u r a l  convers ion ra tes .  D i f f e rences  
i n  EAR are  app rop r i a t e  f o r  examining economic 
d i f f e r e n c e s  i n  r e l a t i o n  t o  o the r  b e n e f i t s .  

Some management po l  i c i  es requ i  r e  a  c e r t a i  n  
p r o p o r t i o n a l  d i  s t r i  b u t i o n  o f  d i  f f e r e n t  f o r e s t  
types. The r e s u l t s  o f  t h i s  k i n d  o f  p o l i c y  can be 
s imu la ted  w i t h  DYNASP by us i ng  t h e  c o n t r o l s  f o r  
r e v e r s i o n  l i m i t s ,  RL ( f i g .  69). For  example, t h e  
o r i g i n a l  i n ven to r y  f o r  t h e  Georgia f o r e s t  i n d i c a t e d  
44 percent  o f  t he  area was i n  t he  p ine  type. I 
assume t h a t  no regenera t ion  investments w i l l  be 
made u n t i  1  t he  p i ne  t y p e  dec l i nes  t o  20 percent  o f  
t h e  f o r e s t ,  The i n t e n t  i s  t o  f u l f i l l  a  p o l i c y  t h a t  
says d i v e r s i t y  o f  h a b i t a t s  f o r  some p l a n t s  and an i  - 
ma1 s  r equ i r es  20 percent  o f  t h e  f o r e s t  t o  be i n  
p i  nes 

The "Ana l y t i c  Si 1  v i c u l  t u r e  Con t ro l s "  a re  used 
as f o l l ows ,  The reve rs i on  l i m i t  f o r  t h e  p i ne  type,  
RL1, i s  g iven t h e  va lue equal t o  20 percent  o f  t h e  
t o t a l  f o r e s t  area, RL1=1278 acres. The p i ne  t y p e  
w i l l  r e v e r t  a f t e r  h a r v e s t i n g  a t  t h e  n a t u r a l  r a t e s  
u n t i l  t h e  area o f  p i ne  type,  TYP1, equals 1,278 
acres ( t a b l e  14). Mhen t h i s  l i m i t  i s  reached, a  
cos t  w i l l  be i n c u r r e d  t o  ma in ta i n  t h e  p i ne  t y p e *  



The cash ot i t f ' tows f o r  regenerating p i n e  are O u n t i l  
t h e  20 p e r c e n t  l i m i t  f o r  p i n e  i s  reached, then 
sutflows a re  begun i n  t h e  cash  P l o w  a l g o r i t h m ,  
T h i s  s i m u l a t i o n  i s  achieved i n  t h e  model w i t h  t h e  
l i m i t  f u n c t i o n  FIFGE. h t h e  cash f l o w  a l g o r i t h m  
t h e  c o s t s  f o r  p i n e  r e g e n e r a t i o n  are m u l t i p l i e d  by 
O when no r e g e n e r a t i o n  c o s t s  a r e  i n c u r r e d  and by 1 
when t h e r e  a r e  o u t f l o w s  f o r  regenera t ion ,  The 
s w i t c h  i s  c o n t r o l l e d  i n  t h e  f u n c t i o n  FIFGE w i t h  t h e  
arguments: O,l,TYPl.K,RLl. The m u l t i p l i e r  i s  0  
u n t i l  t h e  p i n e  t y p e  equa ls  KLI,  t h e n  t h e  m u l t i p l i e r  
i s  1. The r e v e r s i o n  l i m i t s  f o r  oak-pine, RL2, and 
f o r  hardwoods, RL3, remain 0. 

A l l  o f  t h e  r e v e r s i o n  l i m i t s ,  RLl, RL2, and RL3, 
may be g i v e n  values s i m u l t a n e o u s l y  i f  t h e  sum o f  
t h e  va lues i s  l e s s  t h a n  o r  equal t o  t h e  t o t a l  a rea 
o f  t h e  f o r e s t .  

A C h e c k l i s t  f o r  S i l v i c u l t u r e  C o n t r o l s  

DRT i s  i n  years  and i s  l i m i t e d  i n  t h e  DYNAST 
program t o  a  minimum o f  1 y e a r  f o r  t i m b e r  removals 
a f t e r  sa les .  

I I N  and IOT a r e  i n i t i a l  i n f l o w s  and o u t f l o w s  
i n  d o l l a r s .  

CT12 p l u s  CT13 shou ld  equal 1, CT21 p l u s  CT23 
shou ld  equal 1, and CT31 p l u s  CT32 shou ld  equal 1. 
More area cannot be conver ted  than  i s  r e v e r t e d  and 
a11 r e v e r t e d  l a n d  shou ld  be conver ted  t o  some use. 

4L1 p l u s  RL2 p l u s  RL3 may have va lues f rom 0 
up t o  t h e  t o t a l  f o r e s t  area. 

IS0 , i n i t i a l  open ing s i z e  i s  a  gu ide f o r  i n -  
p l a c e  deFis ions.  

ISD , i s  t h e  d e s i r e d  va r iance  i n  opening s i z e  
d i v i d e d  ry 2.4 (Pugh 1983: 28). 

HC --HG a r e  h a r v e s t  r a t e s  expressed as r o t a -  
t i o n  pe'i;iodsor des i  r e d  ages o f  ha rves t  and a r e  



measured i n  yea rs .  T h i s  c ~ n t r o f  i s  used i n  con- 
junction w i t h :  

FC --FG , which a r e  t h e  f r a c t i o n s  o f  a  t y p e  
r o t a t i n g  th rough  t h e  h a b i t a t s .  The sum o f  FC --FG - 
must equal 1 because i t  i s  no t  p o s s i b l e  t o  ro ' fB te  
more o r  l e s s  than  i s  i n  t h e  r e a l  f o r e s t *  

When a h a r v e s t  age, H , i s  g i ven  i n  yea rs ,  no 
a r e a  i s  d i v e r t e d  f rom t h e  F a h i t a t  t o  s e e d l i n g s  
un less  a f r a c t i o n  t o  be r o t a t e d ,  F - , i s  a l s o  g iven.  

When a f r a c t i o n ,  F , i s  g i v e n  and t h e  h a r v e s t  
age, ti-, i s  0,  t h e  a p p r o p r i a t e  area i s  d i v e r t e d  t o  
s e e d l i n g s  w i t h  the m i n i m u m  age f o r  t h e  h a b i t a t  
b e i n g  used as t h e  h a r v e s t  age. 

C R  --GR a r e  r e v e r s i o n  r a t e s  w i t h  t h e  ranae 0 - 
t o  1. ~ o n v e > i o n s  by n a t u r a l  m o r t a l i t y  occu r  o n l y  
f r o m  t h e  o l d e s t  age c l a s s .  F o r  example, when t h e  
age range f o r  an o l d - g r o w t h  h 3 h i t a t  i s  f rom 121 t o  
300 y e a r s  ( t a b l e  13 )  and a! 3 h a r v e s t  c o n t r o l s ,  YG 
a n d  FG , a r e  0, t h e  n a t u r a l  m o r t a l i t y  r a t e  i s  bass 
on 300-years. I f  a r e v e r s i o n  r a t e ,  GR , i s  g i ven ,  
t h e  area r e v e r t e d  a t  t f m e  K w i l l  be t h e  r e v e r s i o n  
r a t e  m t ~ i t i p l i e d  by t h e  n a t u r a l  m o r t a l i t y  r a t e  f o r  a 
300-year r o t a t i o n  p e r i o d .  

The maximum r e v e r s i o n  r a t e  can he 1 f o r  a71 
h a b i t a t s  s i m u l t a n e o u s l y  b u t  no r e v e r s i o n s  occur ,  
except  as no ted  above, un less  t i m b e r  i s  ha rves ted ;  
" c a t  i s ,  a  va lue  i s  g i ven  t o  F - f o r  t h e  h a b i t a t -  

I A  --IG a r e  t h e  i n i t i a l  i n v e n t o r y ;  CS---GS- 
a r e  the-areas o f  t i m b e r  s o l d  and stand7;na: TTY 
i s  t h e  y i e l d  t a b l e ;  YST i s  t h e  y i e l d  s t a n d a r d r  and 
TMK i s  t h e  r o t a t i o n  peF^iod f o r  t h e  type.  Any o f  
tile?% c o n s t a n t s  and t h e  y i e l d  t a b l e  may be changed 
i n  reruns.  

TSLF, the s e l l  f r a c t i o n  t a b l e ,  can be changed 
i n r e r u m  to exarni ne a l  t e r n a t i  ve pol i c i  es For  har -  
v e s t i n g  accumulated t i m b e r  such as f o r  Fo res ts  com- 
posed m o s t l y  of o f d - g r o w t h  s tands.  



Chapter  9 

Censervat i o n  o f  Bio1 o g i  c a l  C i  vers i  t y  

Overview 

D i v e r s i t y  i s  b e i n g  d i f f e r e n t .  B i o l o g i c a l  
d i v e r s i t y  means d i f f e r e n c e s  i n  e lements such as 
genes, amino ac ids ,  f l o w e r s ,  spec ies ,  and p l a n t  
and animal  communit ies. I n f o r m a t i o n  ahout d i v e r -  
s i t y  i s  usua l  l y  expressed as t h e  d i  s t r i  h u t i o n  
o f  i tems,  such as i n d i v i d u a l s ,  among d i f f e r e n t  
c l a s s e s  o f  an element, such as a  species.  T h i s  
c h a p t e r  i s  concerned w i t h  b i o l o g i c a l  d i v e r s i t y  
and i t s  c o n s e r v a t i o n ,  

The phrase " b i o l o g i c a l  d i  vetrsi  t y "  and t h e  
word "'di v e r s i  t y "  a r e  used i n  s i  l v i  c u l  l u r e ,  f o r e s t  
measurements, l a n d  management, p l a n n i n g ,  w i  l c i l  i f e  
management, and f o r e s t  i n s e c t  and d i  sease manage- 
ment. I n  a manager ia l  c o n t e x t ,  d i v e r s i t y  i s  ma in -  
t a i n e d  o r  i n c r e a s e d  t o  p r o v i d e  human b e n e f i t s .  

Many b i o l o g i s t s  use d i v e r s i t y  i n  a  func -  
t i o n a l  r a t h e r  t h a n  a  manager ia l  way, The Func- 
t i o n a l  approach i s  t o  search f o r  an unders tand ing  
o f  t h e  f u n c t i o n i n g  o f  f o r e s t  communi t ies r a t h e r  
t h a n  d i r e c t i n g  t h e  f o r e s t s  t o  p r o v i d e  human bene- 
f i t s .  The f u n c t i o n a l  approach leads t o  t h e  com- 
p u t a t i o n  o f  many m u l t i f a c e t e d  d i v e r s i t y  i n d i c e s  
(Hu tch insan  1978; May 1976; P i e l o u  1977; Southwood 
1378; W h i t t a k e r  1972). These i n d i c e s  a r e  u s e f u l  
to some b i o l o g i s t s  bu t  a r e  n o t  e s p e c i a l l y  u s e f u l  
t o  f o r e s t  l a n d  managers, s i  1 v i c u l  t u r i  s t s ,  and 
w i  1  d l  i f e  managers rn 

Pub1 i c concern f o r  mai n t a i  n i  n g  c e r t a i  n  k i  nds 
o f  d i  v e r s i  ty i n  renewable resources  i s  expressed 
i n  t h e  National F o r e s t  Management A c t  o f  5976 
( U S O A  FS 1983a),  The Act  r e q u i r e s  t h a t  d i v e r s e  
p l a n t  and animal communi t ies be p r o v i d e d  t o  meet 
multiple use o b j e c t i v e s ,  The Ac t  s p e c i f i e s  t h a t  



s teps  be taken  t o  preserve t h e  divers i ty  of 
exi  s t  i ng t r e e  spec ies  To meet these p r o v i  s i  ons , 
a1  t e r n a t  i ve management p l  a n s  ana def i n i t  i ons must 
be devel  oped. 

The pur2ose o f  t h i s  c h a p t e r  i s  t o  d e f i n e  
" d i v e r s i t y "  as i t  a p p l i e s  t o  f o r e s t  management 
and t o  d i s c u s s  concepts  r e l a t i v e  t o  m a i n t a i n i n g  
a d e s i r e d  s t a b i l i t y  of f o r e s t  p l a n t  and animal 
f i f s s  Data p resen ted  suppor t  t h e  c o n t e n t i o n  t h a t  
t h e  n a t u r a l  success ion o f  f o r e s t  s tands be moni-  
to red  f o r  use i n  making management dec i  s i  ons, 
a s s u r i n g  d i v e r s i t y ,  and keep ing  m u l t i p l e  use ob- 
j e c t i v e s  congruent  w i t h  consumer a t t i t u d e s  toward  
s o c i  a l  and economi c  b e n e f i t s ,  

The k i n d s  o f  an imals ,  p l  a n t s ,  and m i c r o -  
organisms d i f f e r  w i t h i n  and among f o r e s t  stands,  
As t i m e  progresses,  t hese  renewable resources 
change i n  k i n d  and i n  p r o p o r t i o n  f rom p l a c e  t o  
p f a c e .  These v a r i a t i o n s  are recogn ized  as  
" c l f v e r s i t y , "  which i s  t h e  c o n d i t i o n  o f  b e i n s  
d i f f e r e n t .  The c l  a s s i f i c a l i o n ,  measurement, and 
c o n t r o l  o f  t h e  e lements t h a t  make up f o r e s t  and 
range d i v e r s i t y  a r e  a c t i v i t i e s  a s s o c i a t e d  w i t h  
managing renewable r e s o u r c e s *  f t  i s  t h e  p r o p o r -  
t i o n a l  d i s t r i  b u t i s n  o f  d i v e r s e  s i t u a t i o n s ,  such 
as d i f f e r e n t  comb ina t ions  o f  spec ies  and hahi  t a t s ,  
t h a t  de termines t h e  a v a i l a b i l i t y  o f  t i m b e r ,  w i l d -  
1 i f e ,  range p r o d u c t i o n ,  r e c r e a t i o n ,  s t reamf  l ow, 
e s t h e t i c s ,  and o t h e r  b e n e f i t s  (Boyce 1977, 1978b; 
Flood  and o t h e r s  1977; S i d e r i t s  and Radtke 1377). 

C l a s s i f i c a t i o n ,  mensura t ion ,  and s t a t i s t i c a l  
samp l ing  techn iques  have been developed t o  d i s -  
t i n g u i s h  and measure d i f f e r e n c e s  i n  t h e  elements 
o f  communi t ies (Husch and others  1972; Wenger 
1984). These elements i n c l  ude t r e e  spec ies ,  f o r -  
e s t  types,  animal  a ~ d  p l a n t  p o p u l a t i o n s ,  t i m b e r  
volumes, browse and  hard  m a s t ,  s tand  age c lasses ,  
s i t e  index,  and s t a n d  c o n d i t i o v  c lasses .  Thus, 



these b i  f f e r e n c e s  , which are viewed as renewabf e 
resource d i v e r s i t y ,  are  de f i ned*  C r i t e r i a  a re  
s p e c i f i e d  so t h a t  one a n i m a l  species can he c o n -  
s i s t e n t l y  d i s t i n g u i s h e d  from another;  c o n t i  nuums, 
such as t r e e  diameters and stand cond i t ions ,  
can be separated i n t o  classes; and d i f f e rences  
i n  management dec is ions  can be s t a t i s t i c a l  ly  
determined. 

B r i e f l y ,  a d e f i n i t i o n  o f  renewable resource 
d i v e r s i  t y  i s  t h e  @ t i  f f e rences  i n  t h e  elements o f  
t h e  b i o l o g i c a l  communities, The c r i t e r i a  are: 

1, I d e n t i f y  elements o f  t h e  community t h a t  
a re  he ing  considered (i.e., t r e e  species, 
b i r d  species, f o r e s t  types, stand con- 
d i t i o n s ,  age c lasses) .  

2, Speei fy measurements o r  cha rac te r i  s t i c s  
t h a t  eval  ua te  o r  d i  s t i  ngui  sh elements 
( i  .e., d i  f fe rences  between species, 
measurements f o r  cl asses o f  a cont i nuum) . 

3 ,  Descr ibe how t h e  d i f f e rences  hetween e l e -  
ments are meaningful f o r  management deci  - 
s ions  ( i  ~ e . ,  stand c o n d i t i o n  cf asses, 
p l a n t  o r  animal h a b i t a t ,  t r e e  sizes, and 
t h e  wood product  p o t e n t i a l  ). 

Th i s  d e f i n i t i o n  o f  '"diversity" i s  essen- 
t i a l l y  t h e  same as i n  most d i c t i o n a r i e s ,  The c r i -  
t e r i a  p rov ide  t h e  s c i e n t i f i c  bas is  for d i f f e r e n t  
people t o  repeat observat ions and measurements 
and, thus, p rov ide  s c i  e n t i  f i c c red i  b i  l i t y  f o r  
management deci  s i  ons (B r i  dgman 1927). 

A wel l -known concept f o r  p r o v i d i n g  a t imber  
b e n e f i t  he lps t o  i l lustrate how resource d i v e r s i t y  
i s  r e l a t e d  t o  a b e n e f i t .  Timber can be harvested 
o n l y  f rom stands t h a t  have t r e e s  l a r g e  enough t o  
meet a d e f i n i t i o n  f o r  t imber,  I de f i ne  " t imber ' "  



as t r e e s  I1 inches d.b*h. and l a r g e r  and d e f i n e  a 
mature-t imber stand as one w i t h  ka l  f o f  the  domi - 
nant and codomi nant t r ees  q u a l  i f y i  ny as t imber ,  
I f  a  Forest  has no t imber ,  no t imber  b e n e f i t s  can 
be de r i ved  immediately. I F  a l l  the stands i n  t h e  
f o r e s t  a r e  mature, t he  maximum t imber  b e n e f i t  can 
be achieved i n  t h e  sho r tes t  t ime. However, i f  an 
annual t imber  b e n e f i t  i s  des i red  f o r  a long p e r i o d  
o f  t ime, i t i s  necessary t o  b r i n g  about a d i v e r -  
s i t y  o f  ages and areas f o r  each f o r e s t  type (Smith 
1962). I f  t h e  age c lass  d i f f e r e n c e  i s  chosen t o  
be I year,  t he  maximum stand area f o r  each age 
c l ass  equals the f o r e s t  area d i v i d e d  by t h e  t ime 
r e q t ~ i  recl fo r  stands t o  nature.  O"c&er d iverse  com- 
b i n a t i o n s  are poss ib le .  

The d i v e r s i t y  o f  stand area and age c lasses 
p rov ides  b e n e f i t s  other than t imber.  For example, 
c e r t a i n  b e n e f i t s  f o r  deer are prov ided by browse 
i n  t h e  seed l ing  years,  by some hard mast as t h e  
stands approach m a t u r i t y ,  and by cover i n  t h e  
sapl  i;ng y e a r s  (USDA FS 19791, Dur ing  t h e  seed l i ng  
y e a r s  t h e  p ropo r t i ons  o f  some k inds  o f  sp iders  
inc rease  (Coyle 1981). I f  t h e  annual age c lass  
d i v e r s i t y  i s  changed, t h e  t imber  b e n e f i t ,  t h e  deer 
h a b i t a t ,  t h e  species o f  spiders, and o ther  bene- 
f i t s  w i l l  change* Tt i s  t h e  s t a t e  s f  f o r e s t  srga- 
n i z a t i o n  ( i n  t h i s  example t h e  annual age c lass  
d i  v e r s i  t y  ) t h a t  determi nes the avai l  ab i  l  i t y  o f  
mu1 t i p l e  b e n e f i t s ,  

Th is  example i l l u s t r a t e s  one way d i v e r s i t y  
o f  speci f i ed el ements o f  renewable resources can 
be used t o  make management dec is ions  about t h e  
a v a i l a b i  l i t y  aF s p e c i f i e d  benefitse It a l so  
i l l u s t r a t e s  t h e  theory  f o r  m u l t i p l e  b e n e f i t s :  
"" the  k inds  and p ropo r t i ons  o f  s t a tes  o f  organiza-  
t i o n  determine t h e  k inds  of p ropo r t i ons  of human 
b e n e f i t s  a v a i l a b l e  f rom a f o r e s t "  (Boyce 1977). 

We can now cons ide r  how reduc ing t h e  p ro -  
p o r t i o n  o f  h a b i t a t s  reduces the  a w a i l a h i l i t y  o f  
bene f i t s .  Consider f i  rs t  a random d i s t r i b u t i o n  



o f  88 age classes, each d i f f e r i n g  by 1 year,  
Such a  d i s t r i b u t i o n  cao be mainta ined hy regu- 
l a t i n g  t h e  harvest  r a t e  and t h e  opening s ize.  
Without a  scheduled harvest  and opening s ize,  t he  
l a r g e r  t r e e s  increase i n  s i z e  and c o n s t r a i n  both 
t h e  opening s i z e  and t h e  p r o p o r t i o n  o f  stands i n  
t h e  younger age c lassese  I n  t ime t h e  younger 
stands represent  l ess  o f  t he  f o res t s ,  Corre- 
spondingly,  b e n e f i t s  r e l a t e d  t o  stands i n  t h e  
younger aye classes decl  i ne, which a f f e c t s  t he  
h a b i t a t  d i v e r s i t y .  

I f  we take  t h e  app rop r i a te  a c t i o n  t o  increase 
t h e  s i z e  and p r o p o r t i o n  o f  stands i n  t h e  younger 
age classes, both t h e  h a b i t a t  d i v e r s i t y  and t h e  
a v a i l a b i l i t y  o f  c e r t a i n  b e n e f i t s  increase. Not 
o n l y  can t imber  be harvested p e r i o d i c a l l y ,  but 
a l s o  h a b i t a t  can be p rov ided  f o r  an increased 
number o f  species. From Coyle 's  (1981) research, 
we can expect t o  p rov ide  h a b i t a t  f o r  t h e  l a r g e s t  
number o f  species when t h e  l - year  aye classes are 
present.  Th is  leads t o  another use fu l  concept 
about d i v e r s i t y :  An inc rease  i n  t h e  d i v e r s i t y  o f  
h a b i t a t s  increases t h e  h a b i t a t  f o r  d i  verse k inds 
o f  organi  smse 

Much o f  t h e  evidence f o r  t h i s  concept comes 
f rom s tud ies  o f  p l a n t  and animal evo lu t i on ,  rnigra- 
t i o n ,  and e x t i n c t i o n ,  As ill u s t r a t e d  by numerous 
examples (Dobzhansky and others  1977; Harper 1977; 
Mayr 1970; Stehbins 19741, reg ions hav ing many 
d i f f e r e n t  h a b i t a t s  are more l i k e l y  t o  have g rea te r  
d i v e r s i t y  o f  genotypes than reg ions w i t h  a few 
h a b i t a t s .  Th is  f a c t  i s  supported a l so  by ev idence 
t h a t  organisms w i t h  chromosomal v a r i a t i o n s  a r e  
more l i k e l y  t o  su rv i ve  i n  t h e  t r a n s i t i o n  areas  
between h a b i t a t s  than i n  a l a r g e ,  u n i f o r m  h a b i t a t ,  
Th is  concept is used as a b a s i c  pr incip le  when 
e v a l u a t i n g  h a b i t a t s  f o r  w i l d l i f e  (F lood and o t h e r s  
1977; S i d e r i t s  and Radtke b977),  When d e a l i n g  
w i t h  a c e r t a i n  spec ies  and w i t h  known h a b i t a t  
requ i  rements, t h e  o p e r a t i  s n a l  c r i t e r i a  f o r  d i  ver- 
s i t y  can be spec i f i ed ,  



Southwood's (1978:429) guide t o  t he  a n a l y s i s  
o f  d i v e r s i t y  emphasizes t h e  importance of examining 
t h e  fo rm and t h e  meaningfulness o f  t h e  data. He 
cons iders  these steps an opera t iona l  approach espe- 
c i  a1 l y  impor tan t  now t h a t  computeri zed d a t a  c o l  l e c -  
t i o n  and ana l ys i s  tempt i n v e s t i g a t o r s  t o  compute 
d i v e r s i t y  i nd i ces  w i t hou t  knowing t h e  c r i t e r i a .  
I nd i ces  w i thou t  c r i  t e r i a  can become '"lack boxes" 
t h a t  a re  d i f f i c u l t  t o  use i n  d i f f e r e n t  s i t u a t i o n s ,  
t h a t  a re  d i f f i c u l t  For d i f f e r e n t  people t o  recon- 
s t r u c t ,  and t h a t  may lack s c i e n t i f i c  c red i  b i  1  i t y  , 

Two fea tu res  o f  d i v e r s i t y  should be made 
e x p l i c i t .  The f i r s t  f e a t u r e  i s  t h e  i tems o f  
d i v e r s i t y ,  The i tems o f  pr imary i n t e r e s t  a re  
t r e e  species and p l a n t  and animal communities, 
Taxonomi c  t e x t s  de f  i ne species , and ecol  o g i  c  con- 
cepts  can de f i ne  communities, Speci f i c a t i o n s  f o r  
c lasses o f  these i tems are taken o r  mod i f ied  from 
taxonomi c  t reatments  and from pub1 i shed desc r i  p-  
t i o n s  o f  f o r e s t  types and h a b i t a t s a  Any se t  o f  
c lasses f o r  any i tem, such as t r e e  species, com- 
mun i t ies ,  s o i l s ,  s i t e  index, and y i e l d  values, 
should have exp l  i c i t  opera t iona l  c r i t e r i a -  

The second f e a t u r e  o f  d i v e r s i t y  i s  d i s t r i b u -  
t i o n .  It i s  impor tan t  t o  know how t h e  i tems are 
d i s t r i b u t e d  among t h e  classes, For example, spe- 
c i e s  a re  o f t e n  ranked by t he  abundance o f  i n d i v i d -  
u a l  s ;  diameter c l  asses are ranked from t h e  smal l  - 
e s t  t o  t h e  l a r g e s t ;  h a b i t a t  c lasses are ranked by 
k inds  o f  dominant species, stand ages, and stand 
a reas. 

One of t h e  most i n f o r m a t i v e  ways t o  communi- 
ca te  i n fo rma t i on  about d i v e r s i t y  i s  t o  use a  t ab le ,  
T a b l e  15 d i sp lays  t h e  d i s t r i b u t i o n  o f  i tems ( f o r e s t  
t ypes )  f o r  c e r t a i n  elements ( f o r e s t  areas) D i v e r -  
s i  t y  o r  d i  f f e rence  i s  apparent from observat ions 
o f  the  tab le ,  I f  des i red,  q u a n t i t a t i v e  values f o r  
d i f f e r e n c e  can be computed from t h e  data. Tables 
o f  t h i s  k i n d  are s imple ways t o  convey i n fo rma t i on  
about d i v e r s i t y *  



Table  15 . - -D ive rs i t y  o f  f o r e s t  types found on t h e  
Pisgah and Nantahala N a t i o n a l  Fo res ts  and t h e  Moun- 
t a i n  Region Survey i n  Nor th  C a r o l i n a  ( i n  p e r c e n t )  

P i  sgah Nantahal a Mountai  n 
N a t i o n a l  N a t i o n a l  Region 

F o r e s t  t y p e s  F o r e s t  F o r e s t  Su r v e y  

White p i  ne-hem1 cck 
Spruce- f  i r 
L o h l o l  l y  p i n e  
Shor t  l e a f  p i  ne 
V i  r g i  n i  a p i  ne 
P i t c h  p i n e  
Oak-pi ne 
Oak-h ickory  
Chestnut  oak 
Elm-ash-cottonwood 
Map1 e-beech-bi r c h  

From Boyce and Cost (1978). See Cost (1975) f o r  
d e f i n i t i o n s .  



A s imple graphic method i s  o f t e n  e f f e c t i v e  
f o r  communicating d i v e r s i t y .  A common technique 
i s  t o  a r r a y  t h e  i tems, such as f o r e s t  Qpes, i n  
o rder  o f  abundance, and p l o t  the d i  s t r i  k u t i o n s  
( f i g .  70). The curves d i s p l a y  t h e  d i f f e r e n c e s  
( d i  v e r s i  t y  ) even though t h e  f o r e s t  types ( c l a s s e s  ) 
may he ordered d i f f e r e n t l y  from t h e  areas  and e l e -  
ments. The graphic method has many v a r i a t i o n s  
(Play 1975; Pie lou  1977; Southwood 1978). 

Region 
x--- x Pisgah 

0- -43 Nantahala 

RANI( OF FOREST TYPE 

Figure 78,--Example of  a chart fo r  displaying d i v e r s i t y ,  Items, 
the percent of fo res t  types, are p lo t ted  by rank for three Forest 
areas,  (Data are from tab le  15.) 



Tables  communicate t h e  most i n f o r m a t i o n  ahout  
d i v e r s i t y ;  graphs and c h a r t s  convey l e s s  i n f o r -  
ma t ion ;  and d i v e r s i t y  i n d i c e s ,  e s p e c i a l  1y t h e  con- 
fotrnded fo rm ( P i e l o u  19771, d i s p l a y  l i t t l e  mean- 
i n g f u l  i n f o r t n a t i o n  f o r  s i  1  v i c u l  t t r r e  and management 
p1 ann i  ng. 

The i n t e n t  o f  each t a b l e ,  c h a r t ,  and graph 
shou ld  be t o  convey i n f o r m a t i o n  about  t h e  d i s t r i b u -  
t i o n  o f  i t ems  among d e f i n e d  c l a s s e s  o f  an element. 
The d i  s p l  ays shou ld  cornmuni c a t e  t h e  d i  f f e r e n c e s  
w i t h i n  and among t h e  elements.  It i s  i m p o r t a n t  t o  
i n t e g r a t e  i n f o r m a t i o n  about  d i  v e r s i  t y  o f  f o r e s t  
cornmuni t i e s  and t r e e  spec ies  w i t h  mu1 t i p l e  bene- 
f i t s .  And t h e r e  shou ld  be a  way t o  i n t e g r a t e  t h e  
i n f o r m a t i o n  about  d i v e r s i t y  i n t o  l a n d  management 
p lans ,  

D i v e r s i t y  r e s u l t s  f rom t h e  s t a t e  o f  f o r e s t  
o r g a n i z a t i o n ,  wh ich  i s  d e f i n e d  as t h e  p r o p o r t i o n a l  
s t a n d  b i s d r i  b u t i o n  by age c lasses ,  area c lasses ,  
and f o r e s t  types.  Changes i n  t h e  d i s t r i b u t i o n  o f  
t h e s e  s tand  c l a s s e s  a f f e c t  t i m b e r ,  wi  I d 1  i f e  hah i  - 
t a t ,  scen ic  value,  s t reamf low ,  and o t h e r  b e n e f i t s .  
D i v e r s i t y  o f  communi t ies and t r e e  spec ies  i s  
determined by t h e  d i  s t  s i  b u t  i on o f  t hese  s tand 
c lasses .  For  each p l a n n i n g  area,  c r i t e r i a  a r e  
s p e c i f i e d  f o r  s tands by age, area,  and t y p e  
c l a s s e s  (Boyce 1977) .  Type c l a s s e s  a r e  d e f i n e d  
by t r e e  spec ies  d i  v e r s i  tyrn 

The d i s t r i b u t i o n  o f  s tand  c l a s s e s  ( f i g s .  4, 5, 
6 )  i s  t h e  common denominator  f o r  m u l t i p l e  b e n e f i t s ,  
d i  v e r s i  t y  re1 a t  i ons ,  and management pl ans (Boyce 
1977). P r o j e c t e d  d i  s t  ri h u t i  ons a r e  t h e  bases f o r  
e s t i m a t i n g  p o t e n t i a l  t i m b e r  y i e l d s ,  p resen t  n e t  
va lues,  p o t e n t i a l  s t r e a m f  low, s c e n i c  values,  and 
p l a n t  and animal h a b i t a t  i n  r e l a t i o n  t o  o rgan iza -  
t i o n a l  s t a t e s ,  



On t h e  Nantahala N a t i o n a l  F o r e s t  i n  Nor th  
C a r o l i n a ,  Coyle (1981) i d e n t i f i e d  134 k i n d s  o f  s p i -  
de rs  i n  f o u r  stands. One s tand was a mature- t imber  
h a b i t a t ;  t h e  a t h e r  t h r e e  were s e e d l i n g  h a b i t a t s  
f r o ~ n  1 t o  5 years  o ld .  Some spec ies  o f  s p i d e r s  
l i v e d  i n  bo th  k i n d s  o f  h a b i t a t s ,  some o n l y  i n  t h e  
matu re - t imber  stand,  and some o n l y  i n  one o r  more 
o f  t h e  s e e d l i n g  stands ( t a b l e  16) .  From C o y l e ' s  
d e s c r i p t i o n ,  I t r a n s 1  a t e d  t h e  b i o l o g i c a l  i n f o r -  
ma t i  on i n t o  a  f o r e s t  management s t r u c t u r e  (Boyce 
1981). 

Table 16.--The number of spec ies  of sp iders  found i n  a  rnatr~re stand 
and i n  t h r e e  s e e d l i n g  s t a n d s  i n  t h e  Southern Appalachians 

Stand type 
P 

Mature and 
Ecol  og i  cal  one o r  more One o r  more 

ca t egory  Mature seedl i n g  seedl i ng Tot a  1 

Sedentary l i t t e r  
sp ide rs  4 16 18 38 

Hunt ing  sp ide rs  4 16 3 9 5 9 

A e r i a l  web 
b u i  l d e r s  12 10 15 3 7 

To ta l  2 0 4 2 7 2 134 



The t rans1  a t i o n  ( t a b l e  1 7 )  mathematical l y  
r e l a t e s  t h e  b i o l  o g i c a l  i n f o r m a t i  on t o  t h e  propor-  
t i o n a l  d i s t r i b u t i o n  o f  age c lasses i n  t h e  stands. 
The sp ide r  h a h i t a t  i s  sca led from 0 t o  1. A l o s s  
o f  e i t h e r  a l l  seedl ings o r  a11 mature t imber  would 
t h rea ten  t h e  h a b i t a t  f o r  some species o f  sp iders .  
Th is  i n f o r m a t i o n  i n t e g r a t e s  t h e  sp ider  h a b i t a t  
w i t h  o the r  m u l t i p l e  b e n e f i t s  and makes i t  p o s s i b l e  
t o  p r o j e c t  a l t e r n a t i v e  land  nanagement p lans based 
on these i n t e g r a t e d  bene f i t s .  Th is  technique can 
be used f o r  any f o r e s t  t ype  o r  p l a n t  and animal 
group, g u i l d ,  o r  community. 

Table 17,--Hahi t a t  index f o r  sp iders  1  i m i t e d  t o  
seed l i ng  o r  mature-t imber stands as r e l a t e d  t o  
o rgan i za t i ona l  s t a tes  o f  t he  f o r e s t  i n  t he  Southern 
Appalachian Mountai ns 

H a b i t a t  index Seed1 i ng Mature 
(d imension less)  h a b i t a t  t imbe r  

- - -  - Percent - - - - 

Source: Coyle (1981). 



One p l o t ,  mod1 f i e d  from t h e  DYNAST s imu la t i on  
program, i l l u s t r a t e s  how t o  p r o j e c t  t h e  p o t e n t i a l  
t imber  p roduc t ion  i n  r e l a t i o n  t o  t h e  p o t e n t i a l  
h a b i t a t  f o r  sp iders  f o r  one a l t e r n a t i v e  p l an  ( f i g .  
71), f t  a lso  est imates net  present values. These 
p o t e n t i a l s  and a l l  o t he r  f o r e s t  b e n e f i t s  change 
w i t h  changes i n  stand age c lassess  Th is  k i n d  o f  
i n f o r m a t i o n  about d i  v e r s i  t y  i s  impor tan t  f o r  dec i  - 
s ions t o  c o n t r o l  t h e  o rgan i za t i ona l  s t a t e  o f  a 
f o r e s t .  

Figure 71.--.Example showing d ivers i ty  of' animals integrated w i th  
other benef i ts  by a OYNWST s i m l a t i o n  f o r  one s i l v i c u l t u r a l  mode. 

W = spiders found i n  both m t u r e  and seedling stands 
S = spiders found only I n  seedling stands 
T = potent ia l  timber production 
M = spiders found only i n  m t u r e  stands 
N = estimate o f  net present value 



A s e c t i o n  on d i v e r s i t y  i n  t h e  NFMA r e f l e c t s  
a  deep-seated e t h i c  among many c o n s t i t u e n c i e s  t o  
l i v e  i n  harmony w i t h  nature ,  Th is  e t h i c  i n v o l v e s  
p r o v i d i  ng h a b i t a t  f o r  d i  verse p l  a n t  and animal 
forms and m a i n t a i n i n g  d i v e r s e  n a t u r a l  p l a n t  and 
animal communities, F u l f i l l i n g  t h i s  concern r e -  
q u i r e s  t h a t  a  f o r e s t  c o n s i s t  o f  d i f f e r e n t  f o r e s t  
types.  F o r e s t  types,  such as hardwood types and 
p i n e  types,  a re  def ined by t r e e  species d i v e r s i t y ,  
The s i  gnal s f rom c o n s t i t u e n t s  t o  t h e  Congress 
focused on percep t ions  o f  a  d e c l i n e  i n  t h e  f o r e s t  
t y p e  d i v e r s i t y  and a d e c l i n e  i n  t h e  p o t e n t i a l  hab- 
i t a t  f o r  some p l a n t s  and animals t h a t  might r e s u l t  
f rom c o n v e r t i  ng eas te rn  hardwood types t o  p i n e  
types,  A summary o f  t h i s  i n f o r m a t i o n  i s  g iven i n  
t h e  l e g i s l a t i v e  h i s t o r y  of t h e  Act (U.S, Senate 
Committee on A g r i c u l t u r e  1978). Some o f  the i tems 
t o  Re noted f rom t h e  A c t ' s  h i s t o r y  are:  

1. I n  t h e  d i c t i o n a r y  meaning f o r  t h e  
word "d i  v e r s i t y , "  d i f f e r e n c e  seems 
t o  be used. 

2. A pr imary  concern o f  c o n s t i t u e n c i e s  
i s  t o  m a i n t a i n  d i f f e r e n t  k i n d s  o f  
n a t u r a l  p l a n t  and animal communities 
and d i f f e r e n t  t r e e  species asso- 
c i a t e d  w i t h  d i f f e r e n t  f o r e s t  types.  

3. The f o r e s t s  a r e  t o  be manipu la ted 
and d i  r e c t e d  t o  p r o v i d e  b i o l o g i c a l  l y  
p o s s i b l e  combinat ions o f  b e n e f i t s ,  
i n c l u d i n g  p r o v i d i n g  h a b i t a t  Far a  
d i v e r s i t y  o f  p l a n t s  and animal s, 

4, D i v e r s i t y  i s  t o  he r e l a t e d  t o  m u l t i -  
p l e  u s e  o b j e c t i v e s .  
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When a  combinat ion o f  b e n e f i t s - - o n e  o f  t h e  
DVNAST p r o j e c t i  ons - - i s  chosen, i t  i d e n t i f i e s  a 
s i n g l e  s i l v i c u l t u r a l  goal ,  T h i s  goal d i r e c t s  t h e  
f o r e s t  t r a n s f o r m a t i o n s  toward t h e  des i  r e d  o r g a n i z a -  
t i o n a l  s t a t e  t h a t  p r o v i d e s  t h e  d e s i r e d  b i o l o g i c a l l y  
p o s s i b l e  combinat ion o f  b e n e f i t s ,  i n c l u d i n g  d i v e r -  
s i t y .  A c t i o n s  o f  a l l  d i s c i p l i n a r y  areas o f  manage- 
ment can be i n t e g r a t e d  and d i r e c t e d  toward t h i s  
s i n g l e  goal 

Dec is ions  a r e  made by people  responding w i t h  
i n s i g h t s  and exper ience  t o  t h e  use o f  management 
resources and t o  changes i n  s o c i a l  , economic, and 
p o l i t i c a l  f o rces .  The o p t i o n s  f o r  cho ice,  t h e  
DYNAST s i m u l a t i o n s ,  a r e  k e p t  congruent  w i t h  t h e  
r e a l  f o r e s t  by i n f o r m a t i o n  f rom i n v e n t o r i e s ,  moni - 
t o r i n g s ,  and research.  





Chapter  10 

The Use O f  B i o l o g i c a l  D i v e r s i t y  

Overv iew 

D i v e r s i t y ,  t h e  d i s t r i  h u t i s n  o f  i t ems  among 
c l a s s e s  o f  e lements,  p r o v i d e s  i n f o r m a t i o n  ahout  
t h e  a v a i l a b i l i t y  o f  component p a r t s  f o r  d i f f e r e n t  
k i n d s  o f  systems, Fo r  exampte, t h e  d i v e r s i t y  of 
a  randomly s tacked p i  l e  o f  ;;liitortlohi i e  p a r t s  i s  t h e  
same as t h e  d i v e r s i t y  o f  p a r t s  i n  an autsmohi le ,  
8 0 t h  t h e  p i l e  o f  p a r t s  and t h e  au tomob i le  a r e  
systems ; each behaves d i  f f e r e n t l y  because each has 
a d i  F f e r e n d  s t r u c t u r e .  I n f o r m a t i o n  about  b i  o l o g i  - 
ca7 d i v e r s i t y  i s  u s e f u l  because i t  removes unce r -  
t a i n t y  ahout  t h e  a v a i l a b i l i t y  o f  p a r t s  (such as 
o rgan isms)  f o r  s t r u c t u r i n g  a  system (such as an 
ecosystem) .. 

Because nf t b i  s k i n d  o f  u n c e r t a i n t y ,  a  sec- 
t i o n  on d i v e r s i t y  was i n c l u d e d  i n  the N a t i o n a l  
F o r e s t  Management Act o f  1976 (ch. 9) .  The d e s i r e  
f o r  h i  of o g i  c a l  d i  v e r s i t y  comes from the deep- 
s e a t ~ d  f e e f i n q  o f  u n c e r t a i n t y  about  t h e  Future .  
Th i  s  u n c e r t a i  n t y  about  man-caused e x t i n c t i o n s  o f  
organisms i s  so u n i v e r s a l  t h a t  a widespread e t h i c  
o f  good conduct  r e y u i  r e s  pub? i c  and p r i v a t e  
i nvestment t o  p rese rve  endangered and t h r e a t e n e d  
spec ies  

T h i s  chap te r  i s  ahnut  t h e  use o f  b i a l o g i c a l  
d i v e r s i t y ;  t h e  widespread e t h i c  o f  l i v i n g  i n  h a r -  
many w i t h  ~ a t u r e ;  and f o r e s t  eudemonism, a system 
o f  e t h i c s  f o r  e v a l u a t i n g  f o r e s t r y  a c t i o n s  i n  te rms 
o f  t h e i r  c a p a c i t y  t o  p r o v i d e  a l i v e 1  ihoob,  happi  -. 
ness, and we1 1  -be ing For  man. 



F o r e s t  Eudemoni sm 

F o r e s t s  a r e  an e s s e n t i a l  element f o r  t he  hap- 
p i n e s s  and w e l l - b e i n g  o f  man. The e a r t h  w i t h o u t  
f o r e s t s  would be a  d i f f i c u l t  p l a c e  f o r  man t o  l i v e .  

The s imp le  o b s e r v a t i o n  t h a t  i s  s i  g n i  F i c a n t  
f o r  f o r e s t r y  is: The elements 06: eudeirlvnia a r e  
va lued f o r  t h e i r  d i v e r s i t y  and s t r u c t u r e .  Eude- 
monia f o r  most peop le  i n v o l v e s  the amounts and 
a v a i l a b i l i t y  o f  food, c l o t h i n g ,  s h e l t e r ,  water ,  
arid some o t h e r  e l  ements o f  one @ s  s n v i  rclnment 
T h i s  i s  d i v e r s i t y  as d e f i n e d  i n  chap te r  9, and 
a v a i l a b i l i t y  i s  determined by t h e  sys tem's  s t r u c -  
t u r e ,  What i s  s i g n i f i c a n t  i s  how t h i s  d i v e r s i t y  
and s t r u c t u r e  c o n t r i b u t e s  t o  t h e  p o t e n t i a l  l i v e 1  i - 
hood o f  man and do man k 1 i  v i  ng i n  harmony w i t h  
n a t u r e *  A d e s i r e d  d i v e r s i t y  o f  errrfemoni s t i c  i t ems  
cannot be chosen From a l t e r n a t i v e  s e t s  by com- 
par4 ng o n l y  d i  f f e r e n c e s  i n  n e t  p resen t  values,  
e q u i v a l e n t  annual cos ts ,  o r  d i  v e r s i  t y  i n d i c e s .  
The monetary va lues o f  t h e  a l t e r n a t i v e s  as mas- 
ured hy ne t  p resen t  va lue a r e  economical l y  impor-  
t a n t ,  but  economics, when cons ide red  o u t s i d e  o f  
t h e  c o n t e x t  o f  d i v e r s i t y  o f  organisms--such as 
sp iders- -can lead  t o  poor dec is ions .  Another 
example i s  water ,  which i s  impor tan t  f o r  l i f e .  
B u t  when one has enough wa te r ,  i t  i s  a poor d e c i -  
s i o n  t o  p rocure  more water  r e g a r d l e s s  o f  t h e  
marg ina l  p r i c e ,  

The d i s p l a y s  o f  cash f l o w s  are re la ted  t o  
t h e  p o t e n t i a l  h a b i t a t  f o r  no~comntodi t y  spersi es , 
t s  v i s u a l  appea l ,  t o  w i l d e r n e s s  a p p r e c i a t i o n ,  t o  
st reamf low,  and t o  commodity i terr is,  The cash 
f l o w s  cannot be a l  l o c a t e d  t o  t h e  d i f f e r e n t  i t ens .  
f o r  example, l i m i t i n g  cash f l e w s  t o  t h e  sa les  o f  
commodit ies does n o t  c o n s t r a i n  t h e  t rea tmen t  
e f f e c t s  t o  commodity itemsr The cash o u t f l o w s  f o r  
c u l t u r a l  p r a c t i c e s  change t h e  f o r e s t ' s  o r g a n i r a -  
t i o n a l  s t a t e  and thus  change t h e  d i v e r s i t y  o f  most 
i tems,  Cash f l ows  a r e  viewed as e f f e c t s  o f  a mode 
o f  s i l v i c u l t u r e  ( f i g s .  4, 5, 6 ) .  



Some people  have d i f f e r e n t  p e r c e p t i o n s  o f  
eudernonia. Some i n t e r e s t e d  p a r t i e s  may view f o r -  
e s t s  o n l y  as sources o f  cash f l o w ,  and o t h e r s  may 
have an i n t e r e s t  o n l y  i n  o p p o r t u n i t i e s  f o r  h u n t i n g  
and what those o p p o r t u n i t i e s  cos t .  The use o f  
d i f f e r e n t  a1 g o r i t h m  combinations and t h e i  r asso- 
c i a t e d  w h i t e  boxes p r o v i d e s  o p p o r t u n i t i e s  f o r  
v a l u a t i n g  f o r e s t s  i n  ~ t r d e m o n i s t i c  terms. 

D i  v e r s i  t y  , Eudemoni sm, and Management 

B i o t i c  v a r i e t y  and t h e  abundance and d i s t r i -  
b u t i o n  o f  t h e  elements a re  u l t i m a t e l y  c o n t r o l  l e d  
by v a r i e t y  i n  t h e  p h y s i c a l  environment.  V a r i a t i o n s  
occur  i n  such f a c t o r s  as m o i s t u r e  regime, c l i m a t e ,  
phys iography,  geol oyy, l a n d  form, and so i  1. 
Beyond these,  d i v e r s i t y  i s  a  consequence o f  con- 
t i n l i e d  changes i n  species,  s tand  ayes, s tand 
areas,  and p a t t e r n s  f rom one s t a t e  o f  ecosystem 
o r g a n i z a t i o n  t o  another  (ch. 8). These dynamic 
t r a n s f o r m a t i o n s  a r e  h o t h  n a t u r a l  and man- 
i n f l  ~ ~ e n c e d  th rough  such a c t i v i t i e s  as t i m b e r  h a r -  
v e s t ,  l i v e s t o c k  g raz ing ,  wa te r  development, 
w i l d 1  i f e  p o p u l a t i o n  management, p r e s c r i b e d  f i r e s ,  
and so on. The m u l t i p l e - r e s o u r c e  p roduc ts  o f  a 
f o r e s t  a r e  a l s o  t h e  r e s u l t s  o f  these  t r a n s f o r -  
mat ions.  They a r e  u l t i m a t e l y  c o n t r o l l e d  by t h e  
p r o d u c t i v e  c a p a c i t y  o f  l a n d  as determined by 
p h y s i c a l  f a c t o r s  t h a t  c o n t r o l  ecosystem produc- 
t i v i t y .  Thus, d i v e r s i t y  and t h e  m u l t i p l e - r e s o u r c e  
p r o d u c t i o n  ho th  d e r i v e  f rom t h e  same se t  o f  p h y s i  - 
c a l  c o n d i t i o n s ,  n a t u r a l  processes, a w l  man's 
c u l t u r a l  a c t i v i t i e s  (ch, 3 ) ,  The common denomina- 
t o r  f o r  d i  v e r s i  t y  , eudemoni sm, and management i s  
t h e  o r g a n i z a t i o n a l  s t a t e  o f  a  f o r e s t  and t h e  
t r a n s f o r m a t i o n s  f rom s t a t e  t o  s t a t e .  

A p p l y i n g  t h e  concept o f  b i o l o g i c a l  d i v e r s i t y  
r e q u i r e s  d e t e r m i n i n g  how a  s i  l v i c u l  t u r a l  mode 
changes d i v e r s i t y  i n  t h e  elements o f  t h e  ecosystem; 
d e t e r m i n i n g  h o ~  these  changes i n  d i v e r s i t y  change 
l i n k a g e s  among t h e  elements and thus  t h e  ecosystem 



s t r u c t u r e  ; and eva l  u a t  i ng t h e  s i  gn i  f i cance o f  t h e s e  
changes i n  terms o f  t h e  p o t e n t i a l  l i v e l i h o o d ,  hap- 
p iness ,  and we1 1  -be ing  o f  man. Many examples a r e  
found i n  t h e  l i t e r a t u r e .  The examptes g i ven  he re  
e v a l u a t e  t h e  consequences o f  u s i n g  c l e a r c u t t i n g  t o  
h a r v e s t  t i m b e r  i n  t h e  Southern Appalachian 
Moi inta ins near H igh lands,  NC (Bruce and Boyce 
1984), 

I n  1974, t h e  High lands B i o l o g i c a l  S t a t i o n ,  t h e  
Southern  Region o f  t h e  USDA F o r e s t  Serv ice ,  and t h e  
Southeastern  F o r e s t  Exper iment S t a t i o n  began a 
s e r i e s  o f  c o o p e r a t i  ve research  agreements des i  gned 
t o  examine t h e  e f f e c t s  o f  t i m b e r  h a r v e s t  on b i o t i c  
d i v e r s i t y  i n  Southern Appalach ian hardwood f o r e s t s -  
The p r o j e c t  was under taken i n  t h e  c o n t e x t  o f  t h e  
DVNAST model . 

The i n i t i a l  s t u d i e s  were designed t o  u t i l i z e  
r e c e n t  1  y c l  e a r c u t  s tands near t h e  Hi gh l  ands 
R i o l o g i c a l  S t a t i o n .  A l l  o f  t h e  s i t e s  were w i t h i n  
t h e  High lands Ranger D i s t r i c t  o f  t h e  Nantahat a 
N a t i o n a l  Fo res t .  The area l i e s  near t h e  sou the rn  
te rm inus  o f  t h e  B1 ue Ridge Phys iograph ic  Prov ince.  
I n  1975 f o u r  s i t e s  were chosen t h a t  were s i m i l a r  i n  
area,  e l e v a t i o n ,  s lope,  exposure, and p r e c u t  o v e r -  
s t o r y  v e g e t a t i o n .  Two a d d i t i o n a l  s i t e s  were added 
i~ 1976 and 1978, Based on t i m b e r  c r u i s e  d a t a  and 
i n s p e c t i o n  of ad jacen t  f o r e s t s ,  t h e  o v e r s t o r y  
be fo re  c u t t i n g  was dominated by oaks (Ouercus a l b a  
L., O .  p r i n u s  L., - 0. -- r u b r a  L e )  h i c k o t m r r  
spp.7, and, a t  some s i t e s ,  w h i t e  p i n e  (P inus 
s t r o b u s  L. ). E l e v a t i o n s  ranqed f rom 2,806 t o  
3,900 f e e t :  A summary o f  t h e  c h a r a c t e r i s t i c s  o f  
t h e  s i x  s i t e s  i s  g i ven  i n  t a b l e  18. 

Rep1 i c a t e d  sampl i ng areas were e s t a b l  i shed 
i n  t h e  c l e a r c u t  stands and i n  ad jacen t  uncut  
f o r e s t s .  Comparisons were made between c l e a r c u t s  
and a d j o i n i n g  f o r e s t s  and between c l e a r c u t  s tands 



Some people  have d i f f e r e n t  p e r c e p t i o n s  o f  
eudemoni a. Some i n t e r e s t e d  p a r t i e s  may view f o r -  
e s t s  o n l y  as sources o f  cash f l o w ,  and o t h e r s  may 
have an i n t e r e s t  o n l y  i n  o p p o r t u n i t i e s  f o r  h u n t i n g  
and what those o p p o r t u n i t i e s  cos t .  The use o f  
d i f f e r e n t  a1 g o r i  thm cornhi n a t  i ons and t h e i  r asso- 
c i a t e d  w h i t e  boxes p rov ides  o p p o r t u n i t i e s  f o r  
v a l u a t i n g  f o r e s t s  i n  etrdemoni s t i c  terms. 

D i  v e r s i  t v .  Eudemoni sm, and Manaaement 

B i o t i c  v a r i e t y  and t h e  abundance and d i s t r i  - 
h u t i o n  o f  t h e  elements a r e  u l t i m a t e l y  c o n t r o l l e d  
by v a r i e t y  i n  t h e  p h y s i c a l  env i  ronment. V a r i a t i o n s  
occur  i n  such f a c t o r s  as m o i s t u r e  regime, c l i m a t e ,  
phys iography,  geology, l and  form, and so i  1. 
Beyond these,  d i v e r s i t y  i s  a  consequence o f  con- 
t i n u e d  changes i n  species,  s tand ayes, s tand 
areas,  and p a t t e r n s  f rom one s t a t e  o f  ecosystem 
o r g a n i z a t i o n  t o  another  (ch. 8). These dynamic 
t r a n s f o r m a t i o n s  a r e  bo th  n a t u r a l  and man- 
i n f l u e n c e d  th rough  such a c t i v i t i e s  as t i m b e r  h a r -  
ves t ,  l i v e s t o c k  g raz ing ,  wa te r  development, 
w i l d l i f e  p o p u l a t i o n  management, p r e s c r i b e d  f i r e s ,  
and so on. The m u l t i p l e - r e s o u r c e  p roduc ts  o f  a 
f o r e s t  a r e  a l s o  t h e  r e s u l t s  o f  these  t r a n s f o r -  
mat ions.  They a re  u l t i m a t e l y  c o n t r o l l e d  by t h e  
p r o d u c t i v e  c a p a c i t y  o f  l a n d  as determined by 
p h y s i c a l  f a c t o r s  t h a t  c o n t r o l  ecosystem produc- 
t i v i t y .  Thus, d i v e r s i t y  and t h e  m u l t i p l e - r e s o u r c e  
p r o d u c t i o n  b o t h  d e r i v e  f rom t h e  same se t  o f  phys i  - 
c a l  c o n d i t i o n s ,  n a t u r a l  processes,  a w l  man's 
c u l t u r a l  a c t i v i t i e s  (ch, 3 ) ,  The common denomina- 
t o r  f o r  d i  v e r s i l y ,  eucfemoni sm, and management i s  
t h e  o r g a n i z a t i o n a l  s t a t e  o f  a f o r e s t  and t h e  
t r a n s f o r m a t i o n s  f rom s t a t e  ts s t a t e .  

A p p l y i n g  t h e  c ~ ~ t c e p t ;  o f  b i o l o g i c a l  d j v e r s i t y  
r e q u i  r e s  d e t e r m i n i n g  how a s i  1  v i e u l t u r a l  mode 
changes d i v e r s i t y  i n  t h e  elements o f  t h e  ecosystem; 
de te rm i  n i  ng how these  changes i n  d i  v e r s i  t y  change 
l i n k a g e s  among t h e  elements and t h u s  the ecosystem 



C: tI r(3.r- .r I* 
0 0130 
-r- t a  4-4- 
.c, "awe 8 
ma, rn 0x2 
J3UCUV)  o w  
w?T"I=i i r - ,c ,  0 x 

> e r n 3 0  
- c -  c a  dru4.J 
n J u J c E > c c  
Ucr).I-- 63 1. m 0 
.r- # 6 1 M z O  
CnJ3PCIcST 
O V ) J - , B ,  c a  
-6,V)m L - M I L I  
O I, a "P" -C3 

.r- Q . I s E l k 3 . c  
i B L L C U ~ U S Z  

k 'P m S F -  

E m  +-'? 
u t3 * I - -a  m c  
e m  LV)Q--cZa, 

a, aj 0 cr2d 
? Q L  e = T ; C I I ,  

-a 
Q 
0 
-c 
' r-' 

a, mu7 rZ3-c+'?I-s oa,  +;t 
t f - r  &: a, c rC C.r- O  m;rc IZ: E u 
m x . ) - , z  r(3 1-4.Ja v7 &'A 0-r- O m 
*r . ~ - # a ,  O m  L C  fr3.1- t3-L L.05 
m a v ,  C O S T  n - a S _ r O c  4 - R ; l +  

1 .m  Go 
cot: 
.I-- re- rrj 

CO 
w 



Table  18, - -Character izat ion of t h e  study s i t e s  

S i t e  Y e a r c u t  S i z e  Slope Aspect Elevation 

Ac re Feee - 
Horse Cove 1972 39 2-10 130 3,100 
Brush Creek 1973 39 5-10 150 3,900 
Rich mn. North 1974 35 10-15 130 3,900 
E l  l i c o t t  Rock 1975 20 5-12 100 2,800 
Buck Creek 1976 25 20-30 20 3,190 
Rich Mtn. South 1978-79 27 15-25 234 3,190 

o f  d i  f f e r e n t  ages* I n t e r s i t e  comparisons such as 
t h e  l a t t e r  a re  confounded by he te rogene i ty  among 
s i t e s .  However, comparisons w i t h i n  s i t e s  i n  suc- 
cess ive  years w i l l  be poss ib l e  eventual  l y e  The 
s tudy focused on vege ta t ion  and nongame animals, 
w i t h  p a r t i c u l a r  a t t e n t i o n  t o  animal groups hav ing 
impor tan t  ecol  og i  c a l  r o l e s  i n  t h e  f o r e s t  community. 
Sampling methods d i f f e r e d  accord ing t o  Laxon, 

One concern was t o  d iscover  how f o r e s t  man- 
agers i n f l  uenced d i  v e r s i  t y  when no exper imental  
o r  research c o n s t r a i n t s  were p laced on manager- 
i a l  dec is ions  and con t ro l s ,  Care was taken not  
t o  i n f l u e n c e  and not  t o  be i nvo l ved  i n  t h e  dec i -  
s ions and ac t i ons  o f  t h e  f o r e s t  management 
organi  zat ions,  

To date, t h e  s tud ies  have i nc l uded  p lan ts ,  
b i  rds,  small mammal s, t e r r e s t  r i  a1 sa l  amanders, and 
p reda to ry  arthropods. Only t h e  l a t t e r  are used t o  
i 1 l u s t r a t e  t h i s  example. 

Predatory A r l h r o p ~ d s  

Four groups o f  p reda to ry  ar thropods have been 
i nves t i ga ted :  sp iders ,  harvestmen, cent ipedes, and 
ground bee t les l  Because these. a re  genera l l y  l a r g e  
t axa  w i t h  many species, t h e  r e s u l t s  have prov ided a  
r i c h  body o f  d a t a  on d i v e r s i t y  changes accompanying 



t i rnber  hd rves t .  f o r  t h r e e  o f  t h e  f o u r  grotrps t h e  
r e s t r l t s  e x h i b i t  a  cotfllnon t r e n d ;  t h i s  suggests t h a t  
a cotntnon ~i lechani sin i s  o p e r a t i n g  t o  r e g u l a t e  d i v e r -  
s i t y  among these animals.  

The f i r s t  o f  t h e  a r t h r o p o d  s t u d i e s  was con- 
duc ted  i n  1976 on s p i d e r s  (Coyle 1981). Three 
c l e a r c u t s  (El  1  i c o t t  Rock, Huck Creek, Horse Cove) 
and one uncut  f o r e s t  (E l  1  i c o t t  Rock ) were sampl ed. 
Recause o f  t h e  eco l  a g i  c a l  d i  v e r s i  t y  o f  sp ide rs ,  
f o u r  sampl ing methods were used: p i  t f a l l  t r a p p i n g ,  
l e a f  l i t t e r  sampl ing w i t h  T u l l g r e n  funne ls ,  a e r i a l  
sweep-net c o l l e c t i n g ,  and h a n d - c o l l e c t i n g .  Fo r  
each method, an a t tempt  was made t o  e q u a l i z e  t h e  
sampl i ng e f f o r t  among s i t e s .  A1 though t o t a l  sam- 
p l i n g  e f f o r t s  were approx ima te ly  t h e  same a t  t h e  
f o u r  s i t e s ,  w i t h i n  a  s i t e  t h e r e  was no way t o  
equal  i z e  sampl ing e f f o r t s  among methods because 
t h e  e f f i c i e n c i e s  o f  t h e  rnethods vary.  Thus, t h e  
i n d i  v i  dua l  samples do no t  necessar i  l y  r e f l e c t  
a c t u a l  species abundances. Moreover, some hab i  - 
t a t s  were no t  sampled (e.g., a r b o r e a l  h a b i t a t s  i n  
f o r e s t  canopy). The c o l  l e c t i n g  schedule favo red  
spec ies  a c t i v e  d u r i n g  t h e  day i n  t h e  summer. 

C o y l e ' s  c o l l e c t i o n s  y i e l d e d  1,729 i n d i v i d u a l s  
and 134 species.  He sampled t h r e e  c l e a r c u t s ,  h u t  
sampled t h e  ad jacen t  f o r e s t  a t  o n l y  one s i t e  
( E l l i c o t t  Rock). Thus, t h e  e v a l u a t i o n  o f  t h e  
E l l i c o t t  Rock f o r e s t  and c l e a r c u t  samples r e p r e -  
sen ts  t h e  most r e l i a b l e  comparison f rom these data.  

Coy le  c l a s s i f i e d  s p i d e r  spec ies  accord ing  t o  
s t r a t u m  (ground versus a e r i a l )  and p rey  c a p t u r e  
mode (web bu i  l d e r s  versus c u r s o r i a l  hunters), 
Four gui  1  ds were recogn i  zed--ground web b u i  1  ders ,  
ground hunters ,  a e r i a l  web b u i l d e r s ,  and a e r i a l  
hun te rs .  Species compos i t i on  d i f f e r e d  markedly 
between t h e  s p i d e r  faunas of t h e  E l l i c o t t  Rock 
f o r e s t  and t h e  c l e a r c u t  s i t e s - - b o t h  spec ies  and 
i n d i  v i d u a l s  Mere reduced on t h e  c l e a r c u t .  D e s p i t e  
t h e  lower  species r i c h n e s s  a t  t h e  E l l i c o t t  Rock 
c l e a r c u t ,  t h e  va lue o f  t h e  Shannon index  ( P i e l o u  



1977)  was g rea te r  i n  t h e  c l ea rcu t  sample. F u r t h e r  
ana l ys i s  showed t h a t  t he  decrease i n  species a t  
E l  l i c o t t  Rock was l a r g e l y  due t o  a loss  o f  both 
ground a n d  a e r i a l  web bui  l d e r s *  Hunt ing sp iders ,  
p a r t i c u l a r l y  ground hunters ,  had increased. The 
decrease i n  dominance o f  web b u i l d e r s  toge ther  
w i t h  t he  i n f l u x  o f  hun t i ng  sp iders  accounted f o r  
t h e  increase i n  t h e  evenness component o f  d i v e r -  
s i t y .  Coyle argued t h a t  t h e  change i n  vege ta t ion  
s t r u c t u r e  and mic roc l imate  brought about by c l e a r -  
c u t t i n g  favors  t he  more mobi l e  hun t i ng  sp iders ,  
many o f  which seem we1 1  adapted t o  open and c l  i - 
ma t i ca l  l y  v a r i a b l e  env i  ronments. Data from t h e  
o the r  two c loarcu ts ,  which were not pa i r ed  w i t h  
a d j o i  n i  ng uncut f o res t s ,  seemed t o  support  h i  s  
arguments. 

Two s the r  groups o f  p reda to ry  arthropods, 
harvestmen (o r  daddylongl egs) and cent ipedes, 
were s tud ied  i n  1975 and 1979 by Summers. # 2  - 
1 ransec ts  were es tab l i shed  i n  an uncut f o r e s t  
ad jacent  t o  E l l i c o t t  Rock and i n  c l ea rcu t s  a t  
E l l i c o t t  Rock, Brush Creek, Worse Cove, and Rich 
Mountain North, I n  1979 an a d d i t i o n a l  s tudy o f  
harvestmen was made i n  a  cove f o r e s t  and f o r e s t  
ecotone, L i ne  t r ansec t s  were es tab l i shed ,  and 
sampl i ng po in t s  were randomly se lec ted  f o r  p i  t f a l l  
t r a p p i n g  and l i t t e r  sampl e  co l  1  e c t i n g *  Arthropods 
were ex t rac ted  from t h e  l i t t e r  by us ing  Ber lese 
funne ls  and were hand-col l e c t e d  f o r  se t  t ime 
per iods  a t  each s i t e .  Thus, an at tempt was made 
t o  equa l i ze  t h e  sampling e f f o r t  among s i t es .  For  
cent ipedes, Summers used t r a n s p l  anted 1 ogs, which 
had been fumigated beforehand, t o  supplement 
c o l  1  e c t  i on o f  l og-dwel 1  i ng species, Sets o f  l ogs  
hav ing equi va len t  under-bark areas were placed a t  

'summers, k r a l d ,  The e f f e c t s  o f  clearcuttrng on o p i l i o n i d  popu- 
lations i n  the Southern A p p a l a c h i a n s ,  Unpublished report on f i l e .  
H i g h l a n d s ,  RG: H i g h l a n d s  B io log i ca l  S t a t i o n ;  1979. 

2 ~ u m r s ,  Gerald. The e f f e c t s  of clearcutting on ch i  lopod popu- 
lations in t h e  Southern Appalachians. Unpublished report on f i l e .  
Highlands, NC: Highlands Bio log i ca l  S t a t ~ o n ;  1980. 



each s i t e  f o r  an 8-week p e r i o d  i n  J u l y  1978 and 
were then  d issec ted  f o r  cent ipedes. I n  a d d i t i o n  
Summers masu red  s t r u c t u r e d  fea tu res  o f  t h e  can- 
opy, unders to ry  vegetat ion,  1  i t t e r ,  and so i  1. 

Both species r i chness  and abundance o f  har -  
vestmen i n  t h e  reg ion  were low i n  comparison w i t h  
t h e  o the r  a r th ropod groups. Summers found fewer 
species on c l ea rcu t s  (one t o  t h r e e )  than i n  t h e  
uncut f o r e s t  ( f i v e ) ;  he a t t r i b u t e d  t h e  d i f f e r e n c e s  
t o  t h e  g rea te r  m ic roc l  i m a t i c  extremes r e s u l t i n g  
f rom c l e a r c u t t i n g .  

The cent ipede faunas o f  t h e  study s i t e s  were 
r i c h e r  i n  both species and i n d i v i d u a l s ,  Summers 
recognized l o g  and l e a f  l i t t e r  species assemblages 
and noted a  d i  f f e r e n t i a l  response t o  c l e a r c u t t i n g  
beween them. Species r ichness and abundance were 
h i ghe r  i n  a l l  l i t t e r  samples from c lea rcu t s  than  
i n  l i G t e r  samples from t h e  uncut f o r e s t ;  an oppo- 
s i t e  t r e n d  was found f o r  l o g  samples. Overa l l ,  
species r ichness and d i v e r s i t y  as masured  by t h e  
Shannon index were g rea te r  i n  t h e  c l e a r c u t s  than  
i n  t h e  uncut f o res t .  Summers r e l a t e d  these f i n d -  
i ngs t o  severa l  h a b i t a t  va r iab les ,  p a r t i c u l a r l y  
h a b i t a t  space i n  l i t t e r ,  

A major study o f  ground bee t les  was conducted 
every s p r i n g  and summer from 1979 t o  1981 (Lenski  
1982), To determine t h e  composit ion o f  t he  b e e t l e  
fauna, Lenski sampled t h ree  c l  earcuts--Ri ch 
Mountain South, Rich Mountai n  North, and E l  1  i c o t t  
Rock--each o f  which was pai  red  w i t h  an adjacent 
uncut f o r e s t  stand. A t  each s i t e  f o u r  sample 
areas were es tab l i shed ,  two i n  t h e  c l e a r c u t  and 
two i n  t h e  f o r e s t .  Each area cons is ted  o f  a  20- 
by 20-foot g r i d  o f  p i t f a l  l t raps .  A11 sample 
areas were loca ted  from 5% t o  164 f e e t  f rom t h e  
f o r e s t - c l e a r c u t  edge. Traps  were v i s i t e d  d a i l y ,  
and most ground bee t les  were i d e n t i f i e d  t o  species 
i n  t h e  f i e l d  and then released, Sampling was con- 
ducted f o r  about 50 days a t  each s i t e  i n  1979 and 
f o r  an a d d i t i o n a l  64 days a t  Rich Mountain South 
i n  1980. 



L e n s k i ' s  d e t a i l e d  and exac t i ng  experiments 
support  t h e  concept t h a t  species i n t e r a c t i o n s ,  
p a r t i c u l a r l y  compet i t ion,  may represent  f a c t o r s  
t h a t  expl a i  n  some changes i n  speci es abundance 
fo1  l ow ing  t imber  harvest .  Yet h i s  exper imental  
work encompassed on ly  two species and, 2s Lenski 
admit ted, o ther  b e e t l e  genera t h a t  show the  same 
p a t t e r n  may he regu la ted  by o ther  mechanisms. 

The one t r end  e x h i b i t e d  by t h e  several  
a r th ropod s tud ies  i s  an increase i n  i n t r a g e n e r i  c  
species d i  v e r s i  t y  f o l  l ow i  ng harvest  due t o  reduced 
abundance o f  dominant species. Th is  t r end  i s  
h i g h l y  s i  gni f i c a n t  i n  ground bee t les  whwe t h e  
sampl es from a1 1  t h ree  c l  earcu ts  have h i  gher 
d i v e r s i t y  than t h e  correspondi ng uncut f o r e s t  
c o n t r o l s .  For sp iders  and cent ipedes, on ly  one 
c l e a r c u t  ( E l l i c o t t  Rock) was pa i red  w i t h  an imme- 
d i a t e l y  a d j o i n i n g  f o r e s t ,  but i n  each case i n t r a -  
gener ic  d i v e r s i t y  was g rea te r  i n  t h e  c l e a r c u t  than  
i n  t he  f o r e s t .  The o the r  two c l e a r c u t s  s tud ied  
a l s o  showed h igher  values o f  i n t r a g e n e r i c  d i v e r -  
s i t y  f o r  sp iders  than d i d  t h e  E l  l i c o t t  Rock 
f o r e s t .  But f o r  cent ipedes t he  r e s u l t s  were more 
v a r i a b l e  when t h ree  o the r  c l ea rcu t s  were sampled. 

The t r e n d  toward increased i n t r a g e n e r i c  d i v e r s i t y  
w i t h  t imher  harvest  was not apparent f o r  harves t -  
men, probably  because t h e r e  were few species and 
few i n d i v i d u a l s  o f  each species. Al though Lenski 
was ab le  t o  r e l a t e  t h i s  t r e n d  t o  compet i t i on  i n  
one b e e t l e  genus, i t  i s  by no means determined 
t h a t  t h i s  exp lana t ion  app l i es  t o  t h e  o ther  taxa. 
A d d i t i o n a l  exper imental  s tud ies  would be h e l p f u l  
t o  r eso l ve  t h i s  problem. 

Discussion sf Findings 

Genera l i za t ions  from these s tud ies  are ten- 
t a t i v e  because t he  o l des t  c l ea rcu t s  a r e  only 10 
years o l d  and t he  r o t a t i o n  ages for these f o r e s t s  
a re  more t h a n  80 years.  However, some r e l a t i o n s  
a re  apparent 
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nonequ i l i b r ium,  re laxes  compet i t ion,  and thereby  
a l lows  g r e a t e r  d i v e r s i t y .  What i s  needed t o  
f u r t h e r  t e s t  these ideas are (1) a d d i t i o n a l  p a i r e d  
comparisons o f  f l o r a  and fauna i n  uncut and c u t  
f o r e s t  stands t h a t  i nc l ude  a1 1 major successi onal  
stages b u t  pay spec ia l  a t t e n t i o n  t o  i n te rmed ia te  
stages, and ( 2 )  exper imental  manipu la t ions w i t h i n  
se lec ted  taxa designed t o  e l u c i d a t e  t h e  r o l e  o f  
b i o t i c  i n t e r a c t i o n s  i n  r e g u l a t i n g  d i v e r s i t y .  

The bas ic  data generated Prom sampling 
programs o f  t h i s  t ype  a re  l i s t s  o f  species and 
abundances. From a management v iewpoint  t h e  bes t  
index o f  d i v e r s i t y  a v a i l a b l e  from such data i s  
probably  t h e  number o f  species found o r  species 
r ichness.  It i s  imp rac t i ca l ,  i f  not  impossible,  
t o  sample t h e  t o t a l  f l o r a  and fauna. Therefore,  
sampl ing Prom species l i s t s  o f  se lec ted  com- 
ponents, represen t ing  impor tant  taxonomic and 
f u n c t i o n a l  groups, probably  represents  a reason- 
ab le  approach t o  eva lua t i ng  t h e  e f f e c t s  o f  a g iven 
management mode on t o t a l  species d i v e r s i t y ,  

I n  chapter  9, I i l l u s t r a t e d  t h e  method o f  
t r a n s l a t i n g  t h e  data de r i ved  f o r  sp iders  i n t o  a 
managerial  format. Th is  i s  an easy procedure 
because t h e  sp iders  are found i n  d i s c r e t e  groups 
accord ing  t o  h a b i t a t  t ype  ( t a b l e  16). Most o f  t h e  
ground bee t l es  are found i n  both t h e  seed l ing  and 
mature-t imber h a b i t a t s  ( t a b l e  19). These two 
k i nds  o f  h a b i t a t s  have impor tant  d i f f e rences ,  
which a re  t r a n s l a t e d  i n t o  wh i t e  boxes f o r  use i n  
t h e  DYNASI  model . 

Eleven species o f  beet les,  compris ing 38 
percent  sf t h e  i n d i v i d u a l s  trapped, seemed t o  be 
favored more by t h e  presence o f  mature t imber  than 
by seed l ing  h a b i t a t s  ( t a b l e  20). Seven species, 
compri s i  ng 14 percent of t h e  i n d i v i d u a l s  trapped, 
seemed t 0  be favored m r e  by t h e  presence of" 



seedling than by mature-t imber h a b i t a t s  ( t a b l e  
21) .  FOP 27 species, about  48 percent o f  t h e  
i nd i  v i d u a l  s, d l  f fe rences  i n  abundance were not  
c o n s i s t e n t  between t h e  hab i t a t s ,  Th is  l a t t e r  
g r o u p  has l i tt 1  e  s i  gni  f i cance f o r  management 
because these  species o f  bee t les  can apparen t l y  
s u r v i v e  i n  both h a b i t a t  types ( t a b l e  19). Our 
concern i s  t o  p rov ide  f o r  species whose l i ve l  i hood 
i s  enhanced by a p a r t i c u l a r  h a b i t a t .  

One suppos i t ion  i s :  A s i l v i c u l t u r a l  mode 
t h a t  main ta ins  the most seed l ing  h a b i t a t s  wi 11 
enhance, up t o  a l i m i t ,  t h e  h a b i t a t  f o r  seven 

Table 19, - 4 4  s t r i  b u t i o n  o f  ground beet1 es t rapped 
i n  malure- t imber  and seed l ing  hab i t a t s ,  by h a b i t a t  
Q r QuP 

Hab i t a t  type 
H a b i t a t  

group 
Mature t imber  Seedl ing To ta l  

Percent Number 

All i n d i v i d u a l s  
t rapped 54 46 4,727 

No d i f f e r e n c e  i n  
abundance 53 47 2,2114 

Most abundant i n  
mature Limber 69 31 1,837 

Most abundant i n  
seedl i ng hahi t a t  13 87 676 

- 

Source: t e n s k i  (1982). 



species o f  ground beetles ( t a b l e  211, The upper 
l i m i t  on t h e  amount o f  s e e d l i n g  h a b i t a t  i s  about 
6 t o  7 p e r c e n t  i n  these hardwood f o r e s t s  because 
r o t a t i o n  periods a r e  longer  t han  70 y e a r s s  
Shor te r  r o t a t i o n s  csu fd  i n c r e a s e  the amount o f  
seed l i ng  h a b i t a t ,  bu t  t h e  amount o f  h a b i t a t  f o r  
other organ isms would be decreased, Thus, t h e  
h a h i t a t  For  these  seven beetles i s  a t  t h e  maximum 

T a b l e  20.--Ground bee t l e  spec?es f0bfId I n  consistently g r e a t ~ r  
numbers I n  mature-tim?er { Y I  t h a n  i n  seedlrnq ( S )  h a b ~ t a t s  on 
t h r e e  s l t e s  

R t c h  Moi in ta~  n R i ch  Mountain 
South if l ~ c o t t  Rack N o r t h  

Scaphi n o t ~ l s  
andrews~ 7 2 5 1 0 0 
c~uyot 1 13 5 3 0 5 1 
r r r e q u l  a r i  s 10 

-..A P 

10 2 0 6 0 
viol  aceous 14 3 3 3 5 0 

Spaeroderus 
canadens~s  I8 0 19 I 22 7 
stenostomus 15 0 18 2 0 0 

Harpa l  us 
c a r o l  i nae 143 72 40 10 125 42 

P i  riacodera 
1 i m h a t a  
pfaticolf i s  

--- 

T o t a l  857 456 188 38 226 62 



when 7 percen t  o f  t h e  f o r e s t  i s  i n  seed l ing  h a h i -  
t a t s  ( t a b l e  22). When no seed l ing  h a b i t a t s  a re  
c rea ted  by t imher  harves t ing ,  t h e  bee t l es  a re  
assumed Lo su rv i ve  i n  minimum ntrmbers. Thus, t h e  
w h i t e  box value i s  set  a t  0.05 f o r  t h e  l i v e l i h o o d  
index. Retween these l i m i t s ,  t h e  waveform o f  t h e  
r e l a t i o n  i s  assumed t o  be a s igmoid curve. Th i s  
l a s t  assumption i s  not based on exper imental  data. 
The sigmoid curve r e f l e c t s  t he  unproven ideas 
t h a t :  (1) t h e  sma l le r  t h e  number o f  seed l ing  
h a b i t a t s ,  t h e  f a r t h e r  apar t  t h e  h a b i t a t s  w i t  1  be 
f o r  t r a v e l  by t h e  bee t l es  and t h e  l ess  t h e  proba- 
b i l i t y  t h e  h a b i t a t s  w i l l  be i n  a  s u i t a b l e  l o c a t i o n  
f o r  o the r  h a h i t a t  f a c t o r s ;  and ( 2 )  t h e  l a r g e r  t h e  

Table 21  .--Ground beetle s p ~ c i  es found i n  c o n s i s t e n t l y  g rea te r  
oumbers i n  seed l i ng  ( S )  than i n  mature-t imber ( M )  h a h l t a t s  on 
t h r e e  s i t e s  

Rich Mountai n R ich  Mountatn 
South E l  1 i c o t t  Rock Nor th  

Speci es M S M S M S 

Harpat us 
pennsy l  van i  cus 3 120 6 103 0 2 6 

Anisodacty lus  
i n t e r s t i t i a l i s  0 1 I) 4 0 C1 
ovu l  a r i  s 0 5 0 0 0 1 

Pte ros t i chus  
adoxus 7 10 11 2 8 2 1 33 

G a l e r i  t u l a  
SPP * 0 3 0 14 0 2 9 

Tot a 1 23 205 21 240 4 7 134 

Source: Lenskl (1982). 
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number o f  h a b i t a t s ,  the closer the h a b i t a t s  w i l l  
be f o r  beetle t r a v e l  between them and t h e  g r e a t e r  
t h e  p r o b a b i l i t y  o f  the h a b i t a t s  b e i n g  i n  a loca-  
t i o n  t h a t  s a t i s f i e s  other f a c t o r s  o f  the b e e t l e s 1  
h a b i t a t .  t e n s k i "  ddaa i n d i c a t e  d i f f e rences  i n  
h a b i t a t  r e l a t e d  t o  fac to rs  o the r  than the  presence 
o f  seed l i ng  o r  mature-t imber hab i t a t s ,  See, f o r  
example, t h e  data f o r  Carabus and 9 

( t a b l e  20). 

Another suppos i t ion  i s :  A s i l v i c u l t u r a t  mode 
t h a t  m i  n t a i  ns t h e  m s t  na tu re - t imber  and o l d -  
growth h a b i t a t s  w i l l  enhance, up t o  a l i m i t ,  t h e  
h a b i t a t  f o r  11 species o f  ground bee t les  ( t a b l e  
20). No data are a v a i l a b l e  f o r  old-growth hab i -  
t a t s ,  However, these o l d e r  stands are not known 
t o  r e s t r i c t  t h e  l i v e l i k s s d  o f  these beet les,  The 
upper l i m i t  on t h e  amount o f  alder stand h a b i t a t  
i s  about 58 percent  i n  these hardwood stands, We 
do not  have i n f o r m a t i o n  on bee t l es  f o r  the  age 
G I  asses between seedl i ng and mature-eimber hahi - 
t a t s ,  We assumed t h a t  as t h e  seedling h a b i t a t s  
age, some o f  t h e  b e e t l e  species wi l l decrease i n  
abundance w h i l e  o thers  w i l l  i n c ~ e a s e  to approach 
t h e  d i s t r i b u t i o n s  shown i n  t a b l e  20 when t h e  
stands are mature-t imber h a b i t a t s  a Al so, these 
data suggest t h a t  when t he re  a re  no mature-t imber 
k a b i l a t s  and o l d e r  stands, t h e  bee t les  favored by 
these age classes su rv i ve  i n  smal l  numbers, Thus, 
t h e  l i m i t s  f o r  t h e  wh i t e  box a re  se t  a t  0,05 when 
t h e r e  a re  no mature-t imber and o l  d-growth stands 
and a t  1 when h a l f  o f  t h e  f o r e s t  i s  i n  these o lder  
age classes, For t h e  same reasons g iven above, 
t h e  waveform o f  t h e  r e l a t i o n  i s  assumed t o  be 
sigmoid ( t a b l e  22). 

The data f o r  wh i t e  boxes may be p l o t t e d  and 
ad jus ted  as new i n fo rma t i on  i s  rece ived  Prom 
research, experience, and moni tor ing.  Most 
changes a re  l i k e l y  t a  be adjustments i n  t h e  wave- 
fo rm o f  t h e  r e l a t i o n s  and few changes a re  expected 
i n  t h e  l i m i t s ,  It i s  u n l i k e l y  t h a t  new data w i l l  
change t h e  general d i r e c t i o n  o f  t h e  curves, 



The wh i t e  boxes f o r  t h e  two h a b i t a t  groups o f  
bee t l es  are put  i n t o  an a lgor i thm.  The p o t e n t i a l  
h a b i t a t s  f o r  a l  t e r n a t e  s i  1  v i  c u l  t u r a l  modes a re  
d i sp layed  a long w i t h  t h e  p o t e n t i a l s  f o r  sp ider  
h a b i t a t s  ( f i g .  71), t imber  product ion,  cash f lows,  
and o the r  e f f e c t s  ( f i g s .  4, 5, 6).  The v a l u a t i o n  
o f  t h e  a l t e r n a t i v e  s i  l v i c u l t u r a l  mdes  i s  de te r -  
mined by s u b j e c t i v e l y  choosing t h e  d i v e r s i t y  
o f  those e f f e c t s  perce i  ved t o  p rov ide  opt imal  
eudemony . 

The eva lua t i on  o f  a  f o r e s t  ecosystem f o r  
human b e n e f i t s  must be based on d i v e r s i t y .  Th is  
i s  t r u e  because no s i n g l e  number, index o f  values, 
c u l t u r a l  p rac t i ce ,  o r  monetary amount can serve 
as a  common denominator f o r  t h e  d i v e r s i t y  o f  
elements such as t imber ,  cash f low,  p b t e n t i a l  
1  i ve l  i hood o r  k inds  o f  organi  sms, v i sua l  appeal , 
and hun t i ng  oppo r tun i t i es .  A c u l t u r a l  p r a c t i c e  
produces m u l t i p l e  e f f e c t s  inel ud ing  cash f lows 
and raw ma te r i a l s  f o r  paper, The costs  o f  a  
c u l t u r a l  p r a c t i c e  cannot be r a t i o n a l  l y  a1 l oca ted  
among t h e  eudemonist ic e f f e c t s .  The value o f  t h e  
e f f e c t  o f  a  c u l t u r a l  p r a c t i c e  i s  not  t he  monetary 
value o f  t h e  m r k e t a b l e  elements but  i s  t he  t o t a l  
c o n t r i b u t i o n  o f  t h e  e f f e c t s  t o  t h e  p o t e n t i a l  l i v e -  
l i hood ,  happiness, and we l l - be ing  o f  man, I n f o r -  
mat ion i s  i n  t h e  d i sp lays  o f  numbers and amounts 
o f  e f f e c t s  a l l  l i n k e d  t o  t h e  common denominator, 
which i s  t h e  t rans fo rmat ions  o f  t he  s ta tes  o f  
f o r e s t  o rgan i za t i on  ( f i g .  4). 
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