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FOREST DIVERSITY -New Concepts and Applications 

Stephen G .  Boyce, Chief F o r e s t  E c o l o g i s t  

and 

Noel D.  Cos t ,  Resource Analyst  
A s h e v i l l e ,  North C a r o l i n a  

Abstract.- -The N a t i o n a l  F o r e s t  Management Act of 1976 r e q u i r e s  t h a t  
p l a n s  p rov ide  f o r  t h e  d y v e r s i t y  of p l a n t  and animal  commui~ities t o  
meet mul t ip le- use  o b j e c t i v e s  and,  t o  t h e  degree  p r a c t i c a b l e ,  t h e  
p r e s e r v a t i o n  of t r e e  s p e c i e s  ind igenous  t o  p a r t i c u l a r  f o r e s t  r eg ions .  

The purpose of t h i s  paper  i s  t o  d e f i n e  " d i v e r s i t y"  a s  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  concep ts  r e l a t i v e  t o  main ta in ing  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  l i f e .  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  moni to r ing  of t h e  n a t u r a l  success ion  - 
of f o r e s t  s t a n d s  is u s e f u l  f o r  making management d e c i s i o n s ,  a s s u r i n g  
d i v e r s i t y ,  and f o r  keeping m u l t i p l e- u s e  o b j e c t i v e s  congruent wi th  
consumer a t t i t u d e s  f o r  s o c i a l  and economic b e n e f i t s .  

KEYWORDS: D i v e r s i t y ,  renewable r e s o u r c e s ,  m u l t i p l e- u s e ,  s t a b i l i t y .  

1. INTRODUCTION 

1.1 The I s s u e s  

P u b l i c  concern f o r  m a i n t a i n i n g  c e r t a i n  k i n d s  of d i v e r s i t y  i n  renewable 
r e s o u r c e s  i s  expressed  i n  t h e  N a t i o n a l  F o r e s t  Management Act of 1976 (90 S t a t .  
2949; 16USC1600). The Act r e q u i r e s  t h a t  p l a n s  p r o v i d e  f o r  t h e  d i v e r s i t y  of 
p l a n t  and animal communities t o  meet mul t ip le- use  o b j e c t i v e s  and s p e c i f i e s  t h a t  
s t e p s  be taken t o  p r e s e r v e  t h e  d i v e r s i t y  of e x i s t i n g  t r e e  s p e c i e s .  To meet t h e s e  
p r o v i s i o n s ,  t h e  development of a l t e r n a t i v e  management p l a n s  and d e f i n i t i o n s  i s  
n e c e s s a r y .  

F o r e s t  managers have n o t  p r e v i o u s l y  d e f i n e d  d i v e r s i t y  of renewable r e s o u r c e s  
a s  an o b j e c t i v e  f o r  management (Ford-Robertson 1971; Smith 1962;.  Forbes  1961) ,  
nor  is t h e r e  a  u s e f u l  d e f i n i t i o n  i n  b i o l o g i c a l  l i t e r a t u r e .  Management f o r  d i v e r-  
s i t y  t o  meet m u l t i p l e- u s e  o b j e c t i v e s  t h e r e f o r e  i s  a  new d i r e c t i o n  f o r  f o r e s t r y .  



Obviously,  t h e  f i r s t  r equ i rement  was t o  deve lop  an o p e r a t i o n a l  d e f i n i t i o n  f o r  
d i v e r s i t y  of renewable  r e s o u r c e s .  S e c t i o n  2 . 1  p r o v i d e s  t h i s  d e f i n i t i o n .  

I n  s e c t i o n  2 . 2  we show how t h e  d i v e r s i t y  of renewable  r e s o u r c e s  can b e  
r e l a t e d  t o  t h e  a v a i l a b i l i t y  of one o r  more b e n e f i t s .  I n  s e c t i o n  2 . 3  our  a n a l y s i s  
l e a d s  t o  t h e  c o n c l u s i o n  t h a t  i n c r e a s i n g  d i v e r s i t y  of s p e c i e s  does n o t  bege t  s t a -  
b i l i t y  of f o r e s t  communities.  I n  s e c t i o n  2 . 4  we i l l u s t r a t e  how Shannon- type 
i n d i c e s  a r e  confounded and ,  t h u s ,  cannot  b e  used t o  deve lop  r e l a t i o n s h i p s  f o r  u s e  
i n  management d e c i s i o n s .  I n  s e c t i o n  2 . 5  we show how t o  moni to r  c o n s t r a i n t  i n  t h e  
d i s t r i b u t i o n  of h a b i t a t s .  And, we e x p l a i n  how c o n s t r a i n t  i n  t h e  d i s t r i b u t i o n  of 
h a b i t a t s  may l i m i t  t h e  l i v e l i h o o d  f o r  endemic s p e c i e s .  

I n  s e c t i o n  3 we show how t o  compare t h e  d i v e r s i t y  of t r e e  s p e c i e s  i n  n a t i o n a l  
f o r e s t s  and i n  a  l a r g e  su r round ing  r e g i o n .  The same method can b e  used f o r  o t h e r  
p a r t s  of t h e  Nat ion.  We show t h a t  d i r e c t  comparisons of l is ts  of s p e c i e s ,  and 
p o s s i b l y  some o t h e r  e lements  such a s  d iamete r  c l a s s ,  a r e  u s e f u l  f o r  management 
d e c i s i o n s .  

I n  s e c t i o n  4 we u s e  l i s t s  of f o r e s t  t y p e s  by s t a n d  c o n d i t i o n  c l a s s e s  t o  
i l l u s t r a t e  methods f o r  d i r e c t  comparisons of t h e  d i v e r s i t y  of p l a n t  and an imal  
communities.  We a l s o  i l l u s t r a t e  ways t o  a n ' t i c i p a t e  changes i n  t h e  d i v e r s i t y  of 
communities w i t h  d i f f e r e n t  modes of management and changes under n a t u r a l  f o r c e s  
u n a f f e c t e d  by man. 

I n  s e c t i o n  5 we i l l u s t r a t e  how d i v e r s i t y  and b e n e f i t s  may b e  i n t e g r a t e d  t o  
s imul taneous ly  a n a l y z e ,  e s t i m a t e ,  and s p e c i f y  t h e  consequences of a l t e r n a t i v e  
p l a n s  f o r  m u l t i p l e  b e n e f i t s .  We d e s c r i b e  how d i v e r s i t y  i s  moni tored and how d a t a  
from p e r i o d i c  i n v e n t o r i e s  can b e  used t o  keep mul t ip le- use  o b j e c t i v e s  congruen t  
w i t h  consumer a t t i t u d e s  toward s o c i a l  and economic b e n e f i t s  from f o r e s t s .  



2. DEFINITION, CONCEPTS, AND THE SHANNON-TYPE OF DIVERSITY INDICES 

2 . 1  An O p e r a t i o n a l  Definition f o r  t h e  D i v e r s i t y  of Renewable Resources 

The k i n d s  of c o e x i s t e n t  a n i m a l s ,  p l a n t s ,  and microorganisms v a r y  w i t h i n  and 
among f o r e s t  s t a n d s .  A s  t ime p r o g r e s s e s ,  t h e s e  renewable  r e s o u r c e s  change i n  kind 
and i n  r e l a t i v e  p r o p o r t i o n s  from p l a c e  t o  p l a c e .  These v a r i a t i o n s  a r e  recogn ized  
a s  " d i v e r s i t y , "  which is t h e  c o n d i t i o n  of be ing  d i f f e r e n t .  The c l a s s i f i c a t i o n ,  
measurement, and c o n t r o l  of t h e  e lements  t h a t  make up d i v e r s i t y  of f o r e s t s  and 
r a n g e s  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 .  I 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 o n  of d i v e r s e  s i t u a t i o n s ,  such a s  d i f f e r e n t  combinat ions  of 
s p e c i e s  and d i f f e r e n t  h a b i t a t s ,  t h a t  de te rmines  t h e  a v a i l a b i l i t y  of t imber ,  wi ld-  
l i f e ,  r ange  p r o d u c t i o n ,  r e c r e a t i o n ,  s t r eamf low,  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, 1978; S i d e r i t s  and Radtke 1977; Flood and o t h e r s  1977) .  

The development and t h e  maintenance of c e r t a i n  d i f f e r e n c e s  among f o r e s t  s t a n d s  
is an impor tan t  p r i n c i p l e  f o r  managing f o r e s t s .  For  example,  f o r e s t  an imals  
r e q u i r e  v a r i o u s  k inds  and combinat ions  of s t a n d  c o n d i t i o n s  i n  a l l  s e a s o n s .  The 
g r e a t e r  t h e  d i f f e r e n c e ,  t h e  g r e a t e r  i s  t h e  o p p o r t u n i t y  f o r  food and s h e l t e r  (U.S. 
Dep. A g r i c . ,  F o r e s t  S e r v i c e  1971) .  For a n  i n c r e a s e d  f low of w a t e r  w i t h o u t  exces-  
s i v e  sed iment ,  t h e  managkment t echn ique  i s  t o  e s t a b l i s h  a  v a r i e t y  of age  c l a s s e s  
of s t a n d s  (Douglass and Swank 1976) .  A s u s t a i n e d  h a r v e s t  of t imber  i s  a l s o  based 
on m a i n t a i n i n g  d i f f e r e n t  age c l a s s e s  from r e g e n e r a t i o n  t o  h a r v e s t  (Smith 1962) .  

C l a s s i f i c a t i o n ,  m e n s u r a t i o n ,  and s t a t i s t i c a l  sampling t e c h n i q u e s  have been 
developed t o  d i s t i n g u i s h  and measure meaningful  d i f f e r e n c e s  i n  t h e  e lements  of 
communities (Forbes  1961; Husch and o t h e r s  1972) .  These e lements  i n c l u d e  s p e c i e s  
of t r e e s ,  f o r e s t  t y p e s ,  an imal  and p l a n t  p o p u l a t i o n s ,  volumes of t imber ,  amounts 
of browse and hard  mas t ,  a g e  c l a s s e s  of s t a n d s ,  s i t e  i n d e x ,  and s t a n d  c o n d i t i o n  
c l a s s e s  (U.S. Dep. A g r i c . ,  F o r e s t  S e r v i c e  1967) .  Thus,  t h e s e  d i f f e r e n c e s ,  which 
a r e  viewed a s  d i v e r s i t y  of renewable  r e s o u r c e s ,  a r e  o p e r a t i o n a l l y  d e f i n e d .  C r i -  
t e r i a  a r e  s p e c i f i e d  s o  t h a t  one s p e c i e s  of animal  can be  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 a n o t h e r ;  cont inuums,  such  a s  t r e e  d i a m e t e r s  and s t a n d  c o n d i t i o n s ,  can be 
s e p a r a t e d  i n t o  meaningful  c l a s s e s ;  and whether some observed d i f f e r e n c e  i s  meaning- 
f u l  f o r  management d e c i s i o n s  can be s t a t i s t i c a l l y  de te rmined .  

An o p e r a t i o n a l  d e f i n i t i o n  of t h e  d i v e r s i t y  of renewable  r e s o u r c e s  i s ,  i n  
b r i e f ,  t h e  meaningful  d i f f e r e n c e s  i n  t h e  e lements  of b i o l o g i c a l  communities.  

The o p e r a t i o n a l  c r i t e r i a  a r e :  

a .  I d e n t i f y  which e lements  of t h e  community a r e  be ing  cons ide red  
i . . ,  t r e e  s p e c i e s ,  b i r d  s p e c i e s ,  f o r e s t  t y p e s ,  s t a n d  condi-  
t i o n s ,  a g e  c l a s s e s ) .  

b .  S p e c i f y  measurements o r  c h a r a c t e r i s t i c s  which e v a l u a t e  or 
d i s t i n g u i s h  e lements  i e ,  d i f f e r e n c e s  between s p e c i e s ,  
measurements f o r  c l a s s e s  of a  continuum). 

c .  D e s c r i b e  how t h e  d i f f e r e n c e s  between e lements  a r e  meaningful. 
f o r  management d e c i s i o n s  ( i e ,  s t a n d  c o n d i t i o n  c l a s s e s  and 
t h e  l i v e l i h o o d  f o r  a  p l a n t  o r  a n i m a l ,  s i z e s  of t r e e s ,  and t h e  
p o t e n t i a l  f o r  wood p r o d u c t s ) .  

Our d e f i n i t i o n  of " d i v e r s i t y"  i s  e s s e n t i a l l y  t h e  same a s  provided i n  most d i c-  
t i o n a r i e s .  Thus,  we a r e  n o t  p ropos ing  an uncommon meaning. The o p e r a t i o n a l  c r i t e -  
r i a  p rov ide  t h e  s c i e n t i f i c  b a s i s  f o r  d i f f e r e n t  peop le  t o  r e p e a t  o b s e r v a t i o n s  and 
measurements and ,  t h u s ,  p r o v i d e  s c i e n t i f i c  c r e d i b i l i t y  f o r  management d e c i s i o n s  
(Bridgman 1927) .  



2 . 2  The R e l a t i o n  of D i v e r s i t y  t o  B e n e f i t s  

I n  t h i s  s e c t i o n  we i l l u s t r a t e  how d i v e r s i t y  of e lements  of renewable r e s o u r c e s  
can b e  r e l a t e d  t o  t h e  a v a i l a b i l i t y  of one o r  more b e n e f i t s .  Such r e l a t i o n s h i p s  a r e  
u s e f u l  f o r  c o n s i d e r i n g  a l t e r n a t i v e  management p l a n s  and f o r  choosing management 
a c t i o n s .  A well-known concept  f o r  p rov id ing  a t imber  b e n e f i t  i s  used t o  i l l u s t r a t e  
t h e  r e l a t i o n  of d i v e r s i t y  of r e s o u r c e s  t o  a  b e n e f i t .  

Timber can h e  h a r v e s t e d  only from s t a n d s  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 .  We d e f i n e  " timber" a s  t r e e s  11 inches  d .b .h .  and l a r g e r  
and d e f i n e  a  mature  t imber  s t a n d  a s  one w i t h  h a l f  of t h e  dominant and codominant 
t r e e s  q u a l i f y i n g  a s  t imber .  I f  one h a s  a  f o r e s t  w i t h  no t i m b e r ,  no t imber  b e n e f i t s  
can be  d e r i v e d  immediate ly .  I f  a l l  t h e  s t a n d s  i n  t h e  f o r e s t  a r e  mature ,  t h e  maxi- 
mum t imber  b e n e f i t  can b e  achieved i n  t h e  s h o r t e s t  t ime .  However, i f  one wants  an 
annua l  t imber  b e n e f i t  o v e r  a  long per iod  of t i m e ,  then  i t  is n e c e s s a r y  t o  b r i n g  
about  a  d i v e r s i t y  of age  c l a s s e s  and a r e a s  f o r  each s t a n d  (Smith 1962) .  I f  one 
chooses t h e  d i f f e r e n c e  i n  t h e  age c l a s s e s  t o  be  1 y e a r ,  then  t h e  maximum a r e a  of 
s t a n d s  f o r  each age  c l a s s  e q u a l s  t h e  f o r e s t  a r e a  d i v i d e d  by t h e  t ime r e q u i r e d  f o r  
s t a n d s  t o  become mature .  Other  d i v e r s e  combinat ions  a r e  p o s s i b l e .  

The d i v e r s i t y  of s t a n d  a r e a  and age  c l a s s e s  p r o v i d e s  b e n e f i t s  o t h e r  than t i m -  
b e r .  For example,  a  c e r t a i n  amount of l i v e l i h o o d  f o r  d e e r  i s  provided by browse 
i n  t h e  s e e d l i n g  y e a r s ,  by some hard  mast a s  t h e  s t a n d s  approach m a t u r i t y ,  and by 
cover i n  t h e  s a p l i n g  y e a r s  (U.S. Dep. A g r i c . ,  F o r e s t  S e r v i c e  1971) .  During t h e  
s e e d l i n g  y e a r s  t h e  p r o p o r t i o n s  of c e r t a i n  k i n d s  of s p i d e r s  i n c r e a s e ,  and a s  t h e  
s t a n d s  a g e ,  t h e  p r o p o r t i o n s  of o t h e r  k i n d s  of s p i d e r s  i n c r e a s e  (Coyle ,  I n  p r e s s ) .  
I f  t h e  d i v e r s i t y  o f  annua l  age  c l a s s e s  i s  changed, t h e  t imber  b e n e f i t ,  a s  w e l l  a s  
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  d e e r ,  t h e  s p e c i e s  of s p i d e r s ,  and o t h e r  b e n e f i t s  w i l l  
change. I t  i s  t h e  s t a t e  of o r g a n i z a t i o n  o f  t h e  f o r e s t  ( i n  t h i s  example t h e  d i v e r-  
s i t y  of annua l  age  c l a s s e s )  t h a t  de te rmines  t h e  a v a i l a b i l i t y  of m u l t i p l e  b e n e f i t s .  

T h i s  example i l l u s t r a t e s  one way d i v e r s i t y  of s p e c i f i e d  e lements  of renewable  
r e s o u r c e s  can b e  used t o  make management d e c i s i o n s  abou t  t h e  a v a i l a b i l i t y  of spec-  
i f i e d  b e n e f i t s .  I t  a l s o  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 ,  i . e . ,  " t h e  
k i n d s  and p r o p o r t i o n s  of s t a t e s  of o r g a n i z a t i o n  ( h a b i t a t s )  de te rmine  t h e  k i n d s  and 
p r o p o r t i o n s  of human b e n e f i t s  a v a i l a b l e  from a  f o r e s t "  (Boyce 1977) .  

We can now c o n s i d e r  how a  r e d u c t i o n  i n  t h e  p r o p o r t i o n  of h a b i t a t s  r educes  t h e  
a v a i l a b i l i t y  of b e n e f i t s .  Consider  f i r s t  a  random d i s t r i b u t i o n  of 80 age  c l a s s e s ,  
each d i f f e r i n g  by 1 y e a r .  Such a  d i s t r i b u t i o n  can be  main ta ined  by r e g u l a t i n g  t h e  
r a t e  of h a r v e s t  and t h e  s i z e  of openings .  Without a  schedu led  h a r v e s t  and opening 
s i z e ,  t h e  l a r g e r  t r e e s  i n c r e a s e  i n  s i z e  and c o n s t r a i n  b o t h  t h e  s i z e  of openings  
and t h e  p r o p o r t i o n  of s t a n d s  i n  t h e  younger a g e  c l a s s e s .  I n  t ime t h e  younger 
s t a n d s  r e p r e s e n t  l e s s  of t h e  f o r e s t s .  Cor responding ly ,  b e n e f i t s  r e l a t e d  t o  s t a n d s  
i n  t h e  younger age  c l a s s e s  d e c l i n e ,  a f f e c t i n g  t h e  d i v e r s i t y  of h a b i t a t s .  

Now, i f  we t a k e  a p p r o p r i a t e  a c t i o n  t o  i n c r e a s e  t h e  s i z e  of s t a n d s  and t h e  pro- 
p o r t i o n  of s t a n d s  i n  t h e  younger age c l a s s e s ,  b o t h  t h e  d i v e r s i t y  of h a b i t a t s  and 
t h e  a v a i l a b i l i t y  of c e r t a i n  b e n e f i t s  i n c r e a s e .  Not on ly  can t imber  be  h a r v e s t e d  
p e r i o d i c a l l y ,  h u t  a l s o  a  l i v e l i h o o d  i s  p rov ided  f o r  an i n c r e a s e d  number of s p e c i e s .  
From Coyle ' s  ( I n  p r e s s )  r e s e a r c h ,  we can expec t  t o  p rov ide  a  l i v e l i h o o d  f o r  t h e  
l a r g e s t  number of s p e c i e s  when a l l  of t h e  l - y e a r  age  c l a s s e s  a r e  p r e s e n t .  T h i s  
l e a d s  u s  t o  a n o t h e r  u s e f u l  concept  about  d i v e r s i t y :  an i n c r e a s e  i n  t h e  d i v e r s i t y  
of h a b i t a t s  i n c r e a s e s  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  d i v e r s e  k i n d s  of organisms.  

Much of t h e  ev idence  f o r  t h i s  concept  comes from s t u d i e s  of t h e  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  of p l a n t s  and a n i m a l s .  A s  i l l u s t r a t e d  by numerous 
examples (Dobzhansky and o t h e r s  1977; Mayr 1970;  Harper  1977; S t e b b i n s  1950,  1974) ,  
r e g i o n s  having many d i f f e r e n t  k i n d s  of h a b i t a t s  a r e  more l i k e l y  t o  have g r e a t e r  



d i v e r s i t y  of genotypes  t h a n  r e g i o n s  w i t h  a  few k i n d s  of h a b i t a t s .  T h i s  f a c t  i s  
s u p p o r t e d  a l s o  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  s u r v i v e  i n  t r a n s i t i o n  a r e a s  between d i f f e r e n t  h a b i t a t s  than  i n  a  l a r g e  
un i fo rm habitat. T h i s  concept  i s  used  a s  a  b a s i c  p r i n c i p l e  i n  t h e  e v a l u a t i o n  of 
h a b i t a t s  f o r  w i l d l i f e  ( H a i r ,  I n  p r e s s ;  S i d e r i t s  and Radtke 1977; Flood and o t h e r s  
1977) .  I f  one i s  d e a l i n g  w i t h  a  s p e c i f i c  s p e c i e s  and c e r t a i n  h a b i t a t  r equ i rements  
a r e  known, then  t h e  o p e r a t i o n a l  c r i t e r i a  f o r  d i v e r s i t y  can b e  s p e c i f i e d .  

Cons ider ,  f o r  example,  d e e r  i n  a  hardwood f o r e s t  i n  t h e  Sou thern  Appa lach ians .  
I n  t h i s  f o r e s t  t h e  h a b i t a t  v a l u e  f o r  d e e r  i s  h l g h  when many s e e d l i o g  s t a n d s  a r e  
i n t e r s p e r s e d  i n  an a r e a  which h a s  s u b s t a n t i a l  s t a n d -  of large p o l e  and m a t u r e  saw- 
t i m b e r .  Seed l ing  s t a n d s  c o n t r i b u t e  s o f t  mast  and f o r a g e ,  w h i l e  10- inch p o l e t i m b e r  
and mature  t imber  a r e  p r o d u c e r s  of h a r d  mas t .  The l i v e l i h o o d  f o r  d e e r  r i s e s  a s  
t h e  p r o p o r t i o n  of a r e a  i n  s e e d l i n g  h a b i t a t  i n c r e a s e s  up t o  about  7  p e r c e n t  of t h e  
t o t a l  a r e a  and a s  mast- producing t imber  i n c r e a s e s  t o  abou t  20 p e r c e n t  of t h e  a r e a .  
These a r e  assumed t o  be  optimum p r o p o r t i o n s  w i t h i n  t h e  p r a c t i c a l  l i m i t a t i o n s  of 
m u l t i p l e- u s e  management. Deer o f t e n  u s e  s e e d l i n g  browse more e f f e c t i v e l y  when i t  
o c c u r s  i n  openings  l e s s  t h a n  10  a c r e s  i n  s i z e .  A s  t h e  opening s i z e  i n c r e a s e s  
beyond about  30 a c r e s ,  t h e  u t i l i z a t i o n  of t h e  f o r a g e  d e c l i n e s .  

These r e l a t i o n s h i p s ,  which i n d i c a t e  d i v e r s i t y  i n  t h e  components of d e e r  hab i-  
t a t ,  can  be  expressed  i n  r e l a t i v e l y  s i m p l e  c h a r t s  ( f i g s .  1, 2 ,  and 3 ) .  On t h e  

s C O  PROPORTION OF A R E A  IN SEEDLING HABITAT B 
(PSEI 

PROPORTION OF A R E A  IN 10-INCH POLES 
A N D  MATURE HABITAT I PIM ) 

Figure 1.- - Seedl ing hab i t a t s  c o n t r i b u t e  F i g u r e  2.--Ten-inch p o l e  and mature t imber  - . - 
s o f t  mast and forage f a r  deer (Boyce s t a n d s  c o n t r i b u t e  hard mast f a r  deer  
1977) .  (Bayce 1 9 7 7 ) .  

OPENING SIZE DISTRIBUTION (OPS)  (ACRES) 
F i g u r e  3.--Deer o f t e n  u s e  s e e d l i n g  browse more e f r e c t i v e l y  w h e n  i t  occurs  i n  qpenings of 

l e ss  t h a n  1 0  acres (Boyce 1977) .  
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v e r t i c l e  a x i s ,  t h e  r e l a t i v e  l i v e l i h o o d  f o r  d e e r  i s  i n d i c a t e d  by a  s c a l e  of 0  t o  1. 
For t h e s e  examples,  t h e  p roduc t  of t h e  v a l u e s  t h a t  i n d i c a t e  t h e  amount of browse, 
t h e  amount of h a r d  mas t ,  and t h e  s i z e  of open ings ,  g i v e s  a  combined index  f o r  some 
s p e c i f i c  a r e a .  The d i v e r s i t y  of f o r e s t  e l ements ,  i n  t h i s  c a s e  t h e  p r o p o r t i o n  of 
a r e a  i n  s e e d l i n g s ,  l a r g e  p o l e  and mature  t imber ,  and opening s i z e ,  can b e  used by 
f o r e s t  managers t o  d e c i d e  how a l t e r n a t i v e  management a c t i o n s  may a f f e c t  t h e  l i v e l i -  
hood f o r  d e e r .  

When one i s  d e a l i n g  w i t h  a  l a r g e  number of s p e c i e s  and a n  i n f i n i t e  number of 
d i f f e r e n c e s  i n  h a b i t a t s ,  i t  is i m p r a c t i c a l  t o  a t t e m p t  t o  s p e c i f y  t h e  o p e r a t i o n a l  
c r i t e r i a  f o r  each  s i t u a t i o n .  One then  r e l i e s  on t h e  concept  t h a t  an i n c r e a s e d  
d i v e r s i t y  of h a b i t a t s  i n c r e a s e s  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  d i v e r s e  k i n d s  of 
organisms.  A q u a n t i t a t i v e  way t o  r e l a t e  t h i s  concept  t o  a l t e r n a t i v e  management 
a c t i o n s  i s  d i s c u s s e d  i n  s e c t i o n  2 .5 .  

We u s e  t imber  and w i l d l i f e  b e n e f i t s  a s  i l l u s t r a t i o n s ,  because t h e  examples 
a r e  widely  known. The methods a r e  r e a d i l y  a p p l i c a b l e  t o  e s t h e t i c ,  s o c i a l ,  eco- 
nomic, and o t h e r  b e n e f i t s  f o r  which t h e  e lements  of f o r e s t  communities can be  
r e l a t e d .  Thus,  by knowing how management a c t i o n s  change d i v e r s i t y  i n  t h e  e lements  
of f o r e s t  communities,  one can compare t h e  consequences of a l t e r n a t i v e  management 
p l a n s .  

2 . 3  D i v e r s i t y  of S p e c i e s  Does Not Add t o  t h e  S t a b i l i t y  of Communities 

I n  t h i s  s e c t i o n  we review t h e  wide ly  pub l i shed  concept  t h a t  i n c r e a s i n g  d i v e r-  
s i t y  of s p e c i e s  i n  communities b e g e t s  s t a b i l i t y .  I t  is e s s e n t i a l  t h a t  we a n a l y z e  
t h i s  concept  because i t  is o f t e n  used t o  i n t e r p r e t  consequences of a c t i o n s  t o  
manage renewable  r e s o u r c e s  (Cody and Diamond 1975; van Dobben and Lowe-McConnell 
1975) .  Our a n a l y s i s  l e a d s  t o  t h e  conc lus ion  t h a t  unmanaged f o r e s t s  a r e  nonequ i l ib -  
rium, a i m l e s s  systems i n  which t h e  d i v e r s i t y  of s p e c i e s  is a  consequence of t h e  
dynamics of i n d i v i d u a l i s t i c  systems (Boyce, I n  p r e s s ) .  We f i n d  no s u b s t a n t i a l  
ev idence  t h a t  i n c r e a s i n g  d i v e r s i t y  of s p e c i e s  b e g e t s  s t a b i l i t y  of f o r e s t  communi- 
t i e s .  

A t  t h e  F i r s t  I n t e r n a t i o n a l  Congress f o r  Ecology (van Dobben and Lowe-McConnell 
19751, a  pr imary concern was whether  d i v e r s i t y  of s p e c i e s  c o n t r i b u t e d  t o  s t a b i l i t y  
of ecosystems.  Th i s  meet ing con t inued  d i s c u s s i o n s  t h a t  began i n  t h e  l a t e  1 8 0 0 ' s .  
E a r l y  s t u d i e s  of p l a n t  and animal  s p e c i e s  sugges ted  s low r a t e s  of s p e c i a t i o n  and 
e x t i n c t i o n  and sugges ted  t h a t  e v o l u t i o n  i n c r e a s e d  d i v e r s i t y  of s p e c i e s .  A concep t ,  
n o t  accep ted  by a l l  b i o l o g i s t s ,  was t h a t  t h e  d r i f t  o f  e v o l u t i o n  was toward d i v e r-  
s i t y  and complexi ty  of i n d i v i d u a l s ,  which e v e n t u a l l y  r e s u l t e d  i n  r e l a t i v e  s t a b i l i t y  
i n  bo th  t h e  numbers of s p e c i e s  and i n d i v i d u a l s  (Watt 1966) .  Recen t ly ,  t h e  concept  
has  been r e v i v e d  and t h e r e  i s  widespread i n t e r e s t  i n  d i v e r s i t y  and t h e  s t a b i l i t y  of 
communities.  

I n  t h e  l i t e r a t u r e  t h e  word " d i v e r s i t y "  i s  f r e q u e n t l y  confused w i t h  t h e  p h r a s e  
" d i v e r s i t y  index. ' '  Authors  o f t e n  d e f i n e  d i v e r s i t y  by a  mathemat ica l  e x p r e s s i o n  
t h a t  is  a  d i v e r s i t y  index  ( P i e l o u  1977) .  S q u i e r s  and Wistendahl  (1977) and 
C h r i s t e n s e n  (1977) d i s t i n g u i s h e d  between d i v e r s i t y  as d i f f e r e n c e  and d i v e r s i t y  
index a s  a  d i m e n s i o n l e s s  number. Harper (1977) u s e s  d i v e r s i t y  a s  d i f f e r e n c e  and 
does  no t  u s e  d i v e r s i t y  index .  Odum (1971) ,  Whi t t aker  (1972) ,  P i e l o u  (1977) ,  P e e t  
(1974) ,  and A u c l a i r  and Goff (1971) seem t o  u s e  d i v e r s i t y  and d i v e r s i t y  index  . 
i n t e r c h a n g e a b l y .  May (1976, page 158) a r g u e s  f o r  d e s c r i b i n g  communities i n  terms 
of t h e  e lements  of d i v e r s i t y  r a t h e r  than condensing i n f o r m a t i o n  i n t o  d i v e r s i t y  
i n d i c e s .  



I n  h i s  book on g e o g r a p h i c a l  eco logy ,  MacArthur (1972) d i s c u s s e s  t h e  p r i n c i p l e  
of c o m u n i t y  s t a b i l i t y  i n  some d e t a i l ,  p r e s e n t s  a  t h e o r y  of s p e c i e s  d i v e r s i t y ,  and 
deve lops  a  formula  f o r  i n d i c a t i n g  t h e  amount of d i v e r s i t y  i n  s p e c i e s .  I n  a r e c e n t  
book d e d i c a t e d  t o  Robert  MacArthur (Cody and Diamond 1975) .  a  number of e c o l o g i s t s  
d i s c u s s  t h e  v a r i o u s  concep t s  of d i v e r s i t y .  One of t h e  concep t s  propounded by Mac- 
A r t h u r  and h i s  c o l l e a g u e s  was t h a t  s p e c i e s  d i v e r s i t i e s  on c o n t i n e n t s  should 
approach s t e a d y  s t a t e s .  Fur thermore,  d i v e r s i t y  was thought  t o  be  r e l a t e d  t o  r a t e s  
of e v o l u t i o n  (MacArthur 1972;  Cody and Diamond 1975) .  D i v e r s i t y  was used t o  pro-  
v i d e  e x p l a n a t i o n s  of a d a p t i v e  r a d i a t i o n ,  t o  s u b s t a n t i a t e  t h e  community s t a b i l i t y  
h y p o t h e s i s ,  and t o  d e s c r i b e  l a t i t u d i n a l  d i f f e r e n c e s  i n  p o p u l a t i o n s .  The t h e o r y  of 
s p e c i e s  d i v e r s i t y  and community s t a b i l i t y  (MacArthur 1972) became a  v i t a l  f o r c e  
f o r  a number of s t u d e n t s  of e v o l u t i o n a r y  ecology and biogeography (Cody and Diamond 
1975) .  

Ra tes  of 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  of s p e c i e s  obv ious ly  a f f e c t  t h e  
d i v e r s i t y  of s p e c i e s  i n  f o r e s t s  (Harper 1977) .  S t e b b i n s  (1950, 1974) d e s c r i b e d  
how t h e s e  v a r i a b l e s  a f f e c t  t h e  d i v e r s i t y  of f l o w e r i n g  p l a n t s .  H e  d i d  n o t  r e p o r t  
ev idence  t h a t  i n c r e a s e d  d i v e r s i t y  of s p e c i e s  r e s u l t e d  i n  i n c r e a s e d  r a t e s  of evolu-  
t i o n ,  m i g r a t i o n ,  and e x t i n c t i o n .  For example,  S t e b b i n s  p r e s e n t e d  no ev idence  f o r  
f a s t e r  r a t e s  of s p e c i a t i o n  i n  t h e  h i g h l y  d i v e r s e  t r o p i c a l  f o r e s t s  than f o r  t h e  
l e s s  d i v e r s e  t empera te  f o r e s t s .  R a t h e r ,  ev idence  s u g g e s t s  t h a t  chromosomal v a r i a-  
t i o n s  a r e  more l i k e l y  t o  s u r v i v e  i n  a  mosaic  of d i v e r s e  h a b i t a t s  than i n  an e q u a l  
a r e a  w i t h  a  uniform h a b i t a t  (Dobzhansky and o t h e r s  1977) .  S i m i l a r  r e l a t i o n s h i p s  
a r e  d e s c r i b e d  by Mayr (1970) f o r  an imals .  

The concept  of i n c r e a s i n g  community s t a b i l i t y  w i t h  i n c r e a s i n g  d i v e r s i t y  was 
s t r o n g l y  c r i t i c i z e d  by H a i r s t o n  and o t h e r s  (1968) .  Loucks (1970) noted t h a t  long-  
term s t a b i l i t y  reduces  d i v e r s i t y .  I n  a  r e c e n t  symposium (Various  a u t h o r s  1970) 
t h e r e  was no g e n e r a l  agreement on t h e  meaning of s t a b i l i t y  o r  on t h e  r e l a t i o n s h i p  
between s t a b i l i t y  and d i v e r s i t y .  H i l l  (1973) concluded t h a t  d i v e r s i t y ,  a s  meas- 

0 ured  by t h e  Shannon f u n c t i o n  (Shannon and Weaver 1 9 4 9 ) ,  was s imply a  continuum of 
index  v a l u e s  r e l a t i n g  number of s p e c i e s  t o  abundance of i n d i v i d u a l s .  H i l l  (1973) 
sugges ted  t h e r e  was no p a r t i c u l a r  b i o l o g i c a l  m e r i t  i n  u s i n g  t h e  index ;  i t  i s  
a n o t h e r  way t o  i l l u s t r a t e  d i f f e r e n c e s  i n  numbers of s p e c i e s  and t h e  r e l a t i v e  
d i s t r i b u t i o n  of s p e c i e s  f o r  a  community. 

One d i f f i c u l t y  i n  r e l a t i n g  i n c r e a s e d  d i v e r s i t y  of s p e c i e s  w i t h  i n c r e a s e d  
s t a b i l i t y  of cunununities is t h e  l a c k  of any g e n e r a l  agreement on how t o  r e c o g n i z e  
and q u a n t i t a t i v e l y  de te rmine  when a  community i s  s t a b l e .  For  a  number of sub jec-  
t i v e  d e f i n i t i o n s  of c o m u n i t y  s t a b i l i t y ,  s e e  MacArthur (19721, S t e b b i n s  (1974) ,  
Odum (1971), Cody and Diamond (1975) ,  and van Dobben and Lowe-McConnell (1975) .  
A l t e r n a t i v e l y ,  Kowal (1971) d i s c u s s e s  t h e  s i g n i f i c a n c e  of s t a b i l i t y  a s  a n  i n d i-  
c a t o r  of t h e  behav ior  of models f o r  ecosystems and a s  a  v a r i a b l e  i n  t h e  b i o l o g i-  
c a l  s t r u c t u r e  of r e a l  communities.  Most models a r e  expec ted  t o  e x h i b i t  system 
s t a b i l i t y ,  n o t  "blow up" i n  t ime.  Some e c o l o g i s t s  e x p e c t  r e a l  communities t o  
e x h i b i t  a l s o  sys tem s t a b i l i t y ,  t o  a c h i e v e ,  r e t a i n ,  and r e t u r n  t o  some precon-  
c e i v e d  s t a t e  a f t e r  a  p e r t u r b a t i o n .  Kowal (1971) c o n s i d e r s  b o t h  forms of s t a b i l -  
i t y  t o  depend on d e f i n i t i o n s .  

I n  a  r e c e n t  p a p e r ,  Odum (1975) d e f i n e d  optimum d i v e r s i t y  a s  a  f u n c t i o n  of t h e  
q u a l i t y  and q u a n t i t y  of energy  f lowing th rough  a sys tem.  He s a y s  too much, a s  
w e l l  a s  too  l i t t l e ,  d i v e r s i t y  may be  d e s t a b i l i z i n g .  Odum does  n o t  t e l l  how one 
can  know when d i v e r s i t y  i s  optimum. H e  u r g e s  c a u t i o n  i n  t h e  u s e  of d i v e r s i t y  a s  a  
p r o p e r t y  of s t a b l e  n a t u r a l  sys tems ,  and a c c o r d i n g l y ,  a s  a  d e s i r a b l e  f e a t u r e  f o r  
t h e  systems of man. 



Orians (1975), reviewed more than 50 papers dealing with diversity, stability, 
and maturity in natural ecosystems. His conclusion is that researchers are unlikely 
to find general relationships that support the assumptions: succession generates 
diversity of species and diversity of species enhances the stability of conrmunity. 

May (1976, page 158) discusses the assumption that increased complexity, which 
usually means more species, more interactions, and more differences in the elements 
of a community, increases stability. With the use of mathematical techniques, May 
(1976) concludes that large, unprecedented perturbations by man may be more trau- 
matic for complex systems than for simple ones. He suggests that this inverts the 
naive view that "complexity begets stability.'' May suggests that there is no 
advantage in attempting to preserve, or even create, complex systems as buffers 
against man's importunities (May 1976, page 162). 

Whittaker (1975) questioned a simple diversity-stability relationship. He 
suggests that we need to understand the structural-functional design of communities, 
rather than be preoccupied with diversity. 

An alternative to the concept that diversity begets stability is to view plant 
and animal communities as nonequilibrium systems which do not exhibit thermodynamic 
forms of stability, but do exhibit organization by virtue of fluctuations in mor- 
tality of individuals (Royce 1977, 1978; Connell 1978). Diversity of species, or 
any other variable of interest, is then viewed as a consequence of  the dynamics of 
the individuals composing the community. It is unimportant, therefore, whether or 
not a community is stahle, or whether differences in the number and distribution of 
species are related to a certain definition of stability. An unmanaged forest 
behaves as a nonequilihrium, aimless community that is the consequence of the 
behavior of individualistic systems (Boyce 1977, 1978). 

An unmanaged forest has no centralized infonnation network and a decision 
mechanism to direct the morta1,ity and the behavior of individuals. Thus, there 
.can be no goals such as achieving and maintaining a state of stability. If there 
were such a goal, evolution and extinction could not have occurred as indicated by 
the fossil and genetic evidence for billions of years (Simpson 1969; Dobzhansky 
and others 1.977). Without a centralized information network, diversity of species 
is a consequence of the behavior of individualistic systems. Thus, we view 
unmanaged forests as aimless systems. People can develop information networks and 
easily become the centralized decision mechanism that converts these aimless com- 
munities to directed systems (Boyce, In press). 

Algorithms, similar to the ones we described for deer habitat in section 2.2, 
can bc developed to relate the elements of forest diversity to multiple-use objec- 
tives. Such algorithms can be developed for any benefit, desirable or undesirable, 
for any specific forest area. Different forest areas will require adjustments in 
the algorithms to reflect differences in climates, soils, and topography. In this 
way, decisions can be made to provide for the diversity of plant and animal com- 
munities to meet overall multiple-use objectives. These relationships are dis- 
cussed in greater detail in section 5. 

2.4 Confounding in the Shannon-Type of Diversity Indices 

In this section we relate the Shannon function to a large number of similar 
matt~ematical functions. Procedures for calculation are described. We illustrate 
how these [unctions confound classes and proportions of things and, thus, cannot 
be used to devclop relationships for use in management decisions. The Shannon 
function (Shannon and Weaver 1949) is frequently used to compntc dimensionless 
numbers that express diversity (Pielou 1977; Hair, In press). Because of the 
widespread use of the Siiannon and similar functions, it is important to explain 
the computation methods and the characteristics of these dimensionless numbers. 



R. A. Fisher developed a function to describe the expected frequencies with 
which different species occur in random collection (Fisher, Corbet, and Williams 
1943). Weiner (1948) and Shannon (Shannon and Weaver 1949) developed similar 
functions for measuring uncertainty in conmiinication systems. Brillouin (1962, 
1964) used a large number of modifications of the same basic function. Engen 
(1977) showed how many of these functions, including the Simpson index (Pielou 
1977), could be derived from or related to the Shannon function. Tribus (1961) 
showed that the Shannon function is related to a measure of entropy and can be 
used in thermodynamics. However, as Hill (1973) pointed out, there is no partic- 
ular biological significance in the origin of the Shannon and related functions. 
We describe the Shannon function, since it is frequently used and it is repre- 
sentative of the others. 

Indices computed with the Shannon and related functions are dimensionless 
numbers that confound a number of classes of things and the proportion of things 
in each class. This confounding is desirable in thermodynamics (Tribus 1.961) and 
in measuring uncertainty in communications. Pielou (1977, page 292) emphasizes 
the need to be aware of confounding when the Shannon function is used as an index 
for diversity. Because of confounding, the index cannot be used as an independent 
variable for some benefit such as the livelihood for deer (figs. 1, 2, and 3). 

'The Shannon function can be computed any time a group of items can be placed 
in discrete classes and the proportions of items among classes can be measured. 
Examples of classes o f  things and proportions are the number of species and the 
proportion of individuals assigned to each species, forest types and the propor- 
tion of area assigned to each type, species of breeding birds and the proportion 
of birds in each species, tree species and the proportion of basal area by species, 
tree species and the proportion of individuals assigned to each species, and 
species of game animals and the proportion of animals in each species. Classes of 
things can be considered singly and in many possible combinations. Here we limit 

lpl 
ourselves to no more than two classes of things occurring jointly. 

v Computation of the index is relativel" simple. To illustrate the procedure, 
we use data from inventories of forests in the Moilntaii~ Region of North Carolina 
and of the Pisgah and Nantahala National Forests (Cost 1975). The National 
Forests are included in the Mountain Region, which consists of 21 western counties 
in North Carolina. 

From the data (Cost 1975) we prepare a table of forest types and the propor- 
tion of area in each type for each of the forest areas (table 1). Computation 
begins by multiplying each proportion (p) by the natural logarithm of that value. 
For example, on the Pisgah National Forest the oak-hickory type occupies 74.5 
percent of the area. The number, 0.745, is multiplied by the natural logarithm 
of 0.745, which is -0.2944. The product is -0.219. Since the logarithms of num- 
bers less than 1 are negative, the product is multiplied by -1 to produce a posi- 
tive value (table 1). Then, for each forest area the logarithmic proportions 
(plnp) are summed to produce the diversity index. The letter H' is used to 
symbolize diversity index because this is the symbol used in most of the biological 
literature. Natural Logarithms are ussd because of convention. 

The Shannon function 1s usually written in the form: 

Where K is a constant, usually -1, that amounts to converting H '  to a positive 
value. Pi is the proportion of the ith class. 



T a b l e  1.- -Computat ion o f  t h e  Shannon d i v e r s i t y  i n d e x  f o r  a r e a s  o f  f o r e s t  t y p e s  
found on t h e  P i s g a h  and  t h e  N a n t a h a l a  N a t l o n a l  F o r e s t s  and t h e  Mounta in  Reg ion  
Su rvey  i n  N o r t h  C a r o l i n a  

F o r e s t  a r e a s  

F o r e s t  t y p e s  P i s g a h  N a n t a h a l a  Mounta in  
: N a t i o n a l  F o r e s t  N a t i o n a l  F o r e s t  Reg ion  Su rvey  

Whi t e  p ine- hemlock  
S p r u c e - f i r  
L o b l o l l y  p i n e  
S h o r t l e a f  p i n e  
V i r g i n i a  p i n e  
P i t c h  p i n e  
Oak- pine 
Oak- hickory  
C h e s t n u t  oak  
Elm- ash- cottonwood 
Maple- beech- birch  

T a t a l  

H' = T a t a l  p . l n p  

P e r c e n t  

2 . 4  
1 . 2  
-- 
-- 

1 . 5  
7 . 1  
4 . 8  

7 4 . 5  
5 . 7  
-- 

2 . 8  

1 0 0 . 0  

1 / P e r c e n t  plnp- 1 / 
P e r c e n t  &- 

3 . 4  0 . 1 1 5  
0 . 3  .017  
0 . 4  , 022  
0 . 6  , 0 3 1  
5 . 3  , 1 5 6  
1 . 4  , 060  
8 . 7  .212  

6 9 . 5  , 2 5 3  
4 . 5  . I 4 0  
0 . 2  .012  
5 . 7  . 163  

1 0 0 . 0  

1 . 1 8 1  
~~ ~~ ~ ~ 

The p r o p o r t i o n  o f  a  t y p e  ( p )  m u l t i p l i e d  by t h e  n a t u r a l  l o g a r i t h m  o f  t h e  
same v a l u e  ( l n p )  . 

'The d i v e r s i t y  i n d i c e s  ( 1 . 0 2 2 ,  1 . 1 1 5 ,  1 . 1 8 1 )  f o r  t h e  t h r e e  f o r e s t  a r e a s  a r e  
d i m e n s i o n l e s s  v a l u e s  ( t a b l e  I ) .  The s i z e  of t h e  v a l u e s  i s  d e t e r m i n e d  by  t h e  nun- (-*" 

*-. 
b e r  o f  f o r e s t  t y p e s  found o n  e a c h  f o r e s t  a r e a  and by t h e  p r o p o r t i o n  o f  l a n d  d i s -  
t r i b u t e d  among t h e  f o r e s t  t y p e s .  These  two q u a n t i t i e s  a r e  con iounded  t o  form a  
s i n g l e  number.  We i l l u s t r a t e  t h i s  w i t h  a  few c o m p u t a t i o n s .  

T h r  maximum p o s s i b l e  v a l u e  o f  t h e  Shannon d i v e r s i t y  i n d e x  o c c u r s  when a l l  
i o r e s t  t y p e s  a r e  e v e n l y  d i s t r i b u t e d .  F o r  example ,  i f  t h e  l a n d  a r e a  of e a c h  f o r e s t  
was e v e n l y  d

i

s t r i b u t e d  anlong t h e  11 t y p e s ,  t h e  p r o p o r t i o n  of e a c h  t y p e  would be 
1 /11=0 .09091 .  The n a t u r a l  l o g a r i t t i m  f o r  0 .09091  i s  - 2 .3979 ,  wh ich  i s  m u l t i p l i e d  
by 0 . 0 9 0 9 1  and -1 t o  p roduce  t h e  p o s i t i v e  v a l u e  of 0 . 2 1 7 9 9  f o r  e a c h  t y p e .  T h i s  
v a l u e  i s  m u l t i p l i e d  by 1 t h e  number of t y p e s  t o  p roduce  t h e  maximum v a l u e  f o r  
H ' ,  which  is 2 .3979 .  By examin ing  a  t a b l e  o f  n a t u r a l  l o g a r i t h m s ,  one  c a n  c o n f i r m  
t h a t  t h i s  v a l u e  ( 2 . 3 9 7 9 )  i s  t h e  n a t u r a l  l o g a r i t h m  o f  11. Thus ,  t h e  maximum pos-  
s i b l e  v a l u e  f o r  t h e  Shannon i n d e x  i s  t h e  n a t u r a l  l o g a r i t h m  of t h e  number o f  c l a s s e s  
o f  t i le  i t e m s  . 

The d e g r e e  o f  e v e n n e s s  oC t h e  f o r e s t  t y p e s  c a n  be a s s e s s e d  by d i v i d i n g  t h e  
d i v e r s i t y  i n d e x  ( H ' )  by t h e  maximilm p o s s i b l e  v a l u e ,  wh ich  i s  t h e  n a t u r a l  l o g a r i t h m  
of t h e  number of t y p e s .  F o r  t h e  Reg ion ,  t h e  e v e n n e s s  i s  1 . 1 8 1 / 2 . 3 9 7 9 = 0 . 4 9 ;  f o r  
t h e  P i s g a h  t h e  e v e n n e s s  v a l u e  i s  1 . 0 2 2 / 2 . 3 9 7 9 = 0 . 4 3 ;  and  f o r  t h e  N a n t a h a l a  t h e  
e v e n n e s s  v a l u e  i s  1 . 1 1 5 / 2 . 3 9 7 9 = 0 . 4 6 .  S i n c e  maximum e v e n n e s s  o c c u r s  when t h e  v a l u e  
is 1 . 0 ,  t h e  f o r e s t  t y p e s  r e c o r d e d  o n  t h e  N a n t a h a l a  a r e  quantitatively i l l u s t r a t e d  
t o  be l e s s  e v e n l y  d i s t r i b u t e d  t h a n  i n  t h e  Region  b u t  mare  e v e n l y  d i s t r i b u t e d  t h a n  
on t h e  P i s g a h .  The g r e a t e r  e v e n n e s s  o f  t y p e s  f o r  t h e  X a n t a h a l a  a c c o u n t s  f o r  t h e  
l a r g e r  d i v e r s i t y  i n d e x  t h a n  f o r  t h e  P i s g a h ,  a l t h o u g h  t h c  P i s g a h  h a s  more k i n d s  of 
f o r e s t  t y p e s  ( t a b l e  I ) .  The Shannon d i v e r s i t y  i n d i c e s  a r e  shown t o  confound t h e  
number o f  f o r e s t  t y p e s  ( c l a s s e s )  and t h e  p r o p o r t i o n s  of a r e a  i n  e a c h  C o r e s t  t y p e  
( p r o p o r t i o n  o f  t h i n g s  i n  e a c h  c l a s s )  t o  fa rm t h e  d i m e n s i o n l e s s  numbers ,  H'. 

1 0  
i 



The i m p o r t a n t  p o i n t  i s  t h a t  t h e  Shannon- type i n d i c e s  g i v e  u s  v e r y  l i m i t e d  
i n f o r m a t i o n  abou t  t h e  d i v e r s i t y  of t y p e s  and o t h e r  e l e m e n t s  of  communities.  And 
t h e  Shannon- type i n d i c e s ,  because  of confoundirrg,  c a n n o t  b e  used a s  independen t  
v a r i a b l e s  t o  d e v e l o p  r e l a t i o n s h i p s  f o r  u s e  i n  management d e c i s i o n s .  We c a n ,  how- 
e v e r ,  t a k e  advan tage  of t h e  confounding e f f e c t  of t h e  f u n c t i o n s  t o  i n d i c a t e  how 
much s p e c i f i e d  e l emen t s  of communities a r e  c o n s t r a i n e d  from evenness .  T h i s  pro- 
v i d e s  t h e  b a s i s  f o r  m o n i t o r i n g  how t h e  c o n s t r a i n t  of h a b i t a t s  may a f f e c t  t h e  
l i v e l i h o o d  of o rgan i sms .  The method i s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

2 .5 '  How t o  Moni tor  C o n s t r a i n t  i n  t h e  D i s t r i b u t i o n  of H a b i t a t s  

I n  t h i s  s e c t i o n  we d e s c r i b e  a n d . i l l u s t r a t e  how a  m o d i f i c a t i o n  of t h e  Shannon- 
t y p e  f u n c t i o n  can  b e  used  t o  m o n i t o r  how h a b i t a t s  may b e  c o n s t r a i n e d  from an  even  
d i s t r i b u t i o n  by a l t e r n a t i v e  management p l a n s .  The s i g n i f i c a n c e  of c o n s t r a i n t  i n  
t h e  d i s t r i b u t i o n  of h a b i t a t s  i s  t h a t  t h e  l i v e l i h o o d  may be  l i m i t e d  f o r  a  number of 
endemic s p e c i e s .  C o n s t r a i n t  of h a b i t a t s  may b e  i n c r e a s e d  o r  d e c r e a s e d  by manage- 
ment a c t i o n s  o r  by f o r c e s  u n a f f e c t e d  by man. 

From s e c t i o n  2 . 4  evenness  i s  H' d i v i d e d  by t h e  l o g a r i t h m  of t h e  number of 
h a b i t a t s  b e i n g  c o n s i d e r e d .  I f  we s u b t r a c t  t h e  v a l u e  f o r  evenness  from 1, we have  
a r e l a t i v e  measure  o f  c o n s t r a i n t ,  which we c a l l  c o n s t r a i n t  quantum ( C Q ) .  

The e q u a t i o n  can  be  e x p r e s s e d  i n  t h e  f o l l o w i n g  form: 

Where p i  i s  t h e  p r o p o r t i o n  of t h e  i t h  c l a s s  of h a b i t a t ,  l n p i  is  t h e  n a t u r a l  
l o g a r i t h m  of t h e  p r o p o r t i o n  of t h e  i t h  c l a s s  and 1nN is t h e  n a t u r a l  l o g a r i t h m  of 
t h e  number of c l a s s e s  of h a b i t a t s .  

Shannon r e c o g n i z e d  t h i s  e x p r e s s i o n  a s  a  measure  of c o n s t r a i n t  i n  l a n g u a g e s ,  
which h e  c a l l e d  redundancy.  Ashby (1956) used t h e  word " c o n s t r a i n t , "  and d e s c r i b e d  
v a r i o u s  u s e s  f o r  t h e  e x p r e s s i o n .  Our conce rn  is t o  u s e  CQ t o  moni to r  when t h e  
l i v e l i h o o d  f o r  some k i n d s  o f  endemic o rgan i sms  is b e i n g  reduced .  

For  an  i l l u s t r a t i o n  we u s e  an  i n v e n t o r y  of seven  k i n d s  of h a b i t a t s .  Each 
h a b i t a t  i s  d e f i n e d  by a  s t a n d  c o n d i t i o n  c l a s s  i n  a  hardwood f o r e s t ,  6 ,396  a c r e s ,  
i n  Buncombe County ,  Nor th  C a r o l i n a .  O the r  c l a s s i f i c a t i o n s  cou ld  be  u s e d ;  however,  
i t  is i m p o r t a n t  t h a t  t h e  c l a s s e s  meet t h e  o p e r a t i o n a l c r i t e r i a  f o r  e l emen t s  of 
d i v e r s i t y  ( s e c .  2 . 1 ) .  

S e e d l i n g  h a b i t a t s . - - S t a n d s  w i t h  h a l f  of t h e  dominant and codominant t r e e s  
l e s s  than  1 i n c h  d . b . h .  ( 2 . 5  cm). A  few s c a t t e r e d  l a r g e  t r e e s  a r e  a d m i t t e d .  

S a p l i n g  h a b i t a t s . - - S t a n d s  w i t h  h a l f  of t h e  dominant  and codoniinant t r e e s  
between 1 and 5 i n c h e s  d . b . h .  ( 2 . 5  t o  1 2 . 4  cm). A few s c a t t e r e d  l a r g e  t r e e s  a r e  
a d m i t t e d .  

P o l e  habi ta ts . .- - Stands  w i t h  h a l f  o f  t h e  dominant and codominant t r e e s  between 
6 and I1 i n c h e s  d . b . h .  ( 1 2 . 5  t o  27.7  cm). P o l e  h a b i t a t s  a r e  c l a s s i f i e d  by 2- inch 
( 5  cm) d i a m e t e r  c l a s s e s  a s  p o l e- 6 ,  pole- 8,  and pole- 10 h a b i t a t s .  

Mature  t i m b e r  h a b i t s . - - S t a n d s  w i t h  h a l f  of t h e  dominant and codominant 
t r e e s  between 1 1  and 16 inches  d . b . h .  ( 2 7 . 8  t o  40.6  cm). 

Old-growth h a b i t a t s . - - S t a n d s  w i t h  h a l f  of t h e  dominant and codominant t r e e s  
l a r g e r  t h a n  16 i n c h e s  d . b . h .  ( 4 0 . 7  cm). 



F i r s t  we c o n s i d e r  a  mode of management when no t imber  is  h a r v e s t e d  and t h e  
f o r e s t  changes w i t h  f o r c e s  u n a f f e c t e d  by man ( f i g .  4 ) .  A dynamic, a n a l y t i c  
s i l v i c u l t u r e  t echn ique  (Boyce 1977) i s  used t o  d i s p l a y  changes over  t ime. The 
p r o p o r t i o n  of old- growth h a b i t a t  i n c r e a s e s  t o  abou t  63 p e r c e n t  of t h e  a r e a .  The 
CQ v a l u e  (*) remains below about  0 . 2  u n t i l  y e a r  3 0 ,  then  t h e  c o n s t r a i n t  quan ta  
i n c r e a s e  t o  abou t  0 . 3 4  by y e a r  110.  The i n c r e a s e  i n  c o n s t r a i n t  r e s u l t s  from a n  
i n c r e a s e  i n  t h e  p r o p o r t i o n  of a r e a  i n  old- growth (0) and i n  t h e  r e d u c t i o n  of 
a r e a  i n  s e e d l i n g  ( S ) ,  s a p l i n g  (A), and pole-6 ( 6 ) ,  pole-8 ( 8 ) ,  and pole-10 (1)  
s t a n d s .  The p r o p o r t i o n s  of a r e a s  i n  t h e  younger h a b i t a t s  a r e  c o n s t r a i n e d  by t h e  
l a r g e  a r e a  i n  o l d  growth. The i n c r e a s i n g  c o n s t r a i n t  i n  t h e  d i s t r i b u t i o n  of hab i-  
t a t s  is  monitored by t h e  i n c r e a s e  i n  c o n s t r a i n t  quan ta .  

Our concern i s  w i t h  changes 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  of h a b i t a t s ,  
e s p e c i a l l y  an i n c r e a s e  i n  c o n s t r a i n t s  t h a t  would l i m i t  t h e  a v a i l a b i l i t y  of one 
o r  more h a b i t a t s .  The s i g n i f i c a n c e  of t h i s  i n f o r m a t i o n  f o r  w i l d l i f e  i s  g i v e n  by 
S i d e r i t s  and Radtke (1977):  

"A w i l d l i f e  p l a n  o r  program then  becomes t h e  e s t a b l i s h m e n t  
of t h e  d e s i r a b l e  mix tu re  of v a r i o u s  coniponents t h a t  w i l l  
p rov ide  t h e  g r e a t e s t  d i v e r s i t y  th rough  t ime and space on a  
s u s t a i n e d  b a s i s .  A management p l a n  geared  t o  p rov ide  t h i s  
d i v e r s i t y  would have a s  i t s  g o a l  n o t  a  g i v e n  number of 
an imals  of any one s p e c i e s ,  b u t  a  g i v e n  a c r e a g e  of q u a l i t y  
environment t h a t  would s u p p o r t  a  v a r i e t y  of s p e c i e s  i n  
d i f f e r e n t  d e n s i t i e s ,  dependent  upon t h e  i n h e r e n t  c a p a b i l i t y  
of t h e  a r e a  be ing  managed." 

We now c o n s i d e r  a mode of management (Boyce 1977) i n  which r a t e s  of t imber  
h a r v e s t  from t h e  mature  and old- growth s t a n d s  and s i z e s  of openings  would i n c r e a s e  
t h e  random p r o p o r t i o n s  and l o c a t i o n s  of t h e  seven h a b i t a t s .  The CQ v a l u e s  ( f i g .  5)  
d e c l i n e  f o r  about  40 y e a r s  and then  remain a t  about  0 .05 .  The v a l u e  0 .05  s imply 
i n d i c a t e s  l e s s  c o n s t r a i n t  on t h e  d i s t r i b u t i o n  of h a b i t a t s  than when t h e  CQ v a l u e s  . , 

a r e  l a r g e r ,  such a s  0 .34  ( f i g .  4 ) .  R e l a t i v e l y  s m a l l e r  CQ v a l u e s  i n d i c a t e  a  r e l a -  
t i v e l y  mare even d i s t r i b u t i o n  of h a b i t a t s  and t h e  l i v e l i h o o d  of a  g r e a t e r  number 
of genotypes  ( s e c .  2 . 2 ) .  

From Coyle ' s  ( I n  p r e s s )  work w i t h  s p i d e r s ,  one would expec t  more d i f f e r e n t  
k i n d s  of s p i d e r s  t o  be  found i n  t h e  f o r e s t  w i t h  a  CQ v a l u e  of  0 .05  than i n  one 
w i t h  a  CQ v a l u e  of 0 .34 .  However, we do n o t  have enough i n f o r m a t i o n  t o  know what 
range of CQ v a l u e s  f o r  t h i s  p a r t i c u l a r  f o r e s t  and f o r  t h e s e  seven c l a s s e s  of hab i-  
t a t s  would p rov ide  a  l i v e l i h o o d  f o r  t h e  l a r g e s t  numbers of endemic s p e c i e s .  Rela- 
t i o n s h i p s  such a s  t h e  a l g o r i t h m s  f o r  d e e r  ( f i g s .  1 ,  2 ,  and 3) must be  o b t a i n e d  f o r  
each kind of f o r e s t  and f o r  widely  d i v e r s e  k i n d s  of p l a n t s  and an imals .  

One could u s e  a  m o d i f i c a t i o n  of t h e  Shannon- type of f u n c t i o n s  a s  a  r e l a t i v e  
measure of t h e  c o n s t r a i n t  01 h a b i t a t s .  None of t h e  f u n c t i o n s  have any p a r t i c u l a r  
b i o l o g i c a l  s i g n i f i c a n c e .  Such f u n c t i o n s  a r e  no th ing  more than a  r e l a t i v e  measure 
of c o n s t r a i n t  of h a b i t a t s  from evenness .  What is impor tan t  is  t h a t  one s p e c i f y  
t h e  number and k i n d s  of h a b i t a t s  and have ev idence  t h a t  d i v e r s i t y  of t h e  k i n d s  of 
h a b i t a t s  d e s c r i b e d  r e l a t e  t o  t h e  p o t e n t i a l  l i v e l i h o o d  of most ,  i f  no t  a l l ,  endemic 
s p e c i e s .  The s i g n i f i c a n c e  of t h e  c o n s t r a i n t  quantum l i e s  i n  i t s  u s e  t o  i n d i c a t e  
when one o r  more of t h e s e  impor tan t  k i n d s  of h a b i t a t s  i s  being c o n s t r a i n e d  beyond 
a  d e s i r a b l e  d i s t r i b u t i o n .  



PERCENT OF AREA BY HABITATS AND THE CONSTRAINT QUANTA VALUES 

. o  . 1  .2 .3 . 4  S 

.O .2  . 4  . 6  . 8  A681MO* 
0- @ M S - - 8 - * - - ,  - -  - -  - - - -  - -  - - - - -  - -  - 

O S M  8 A 6 . 6 1 . 8 *  
O S M 8  A 6 . 6 1 , 8 '  
. S M " 8  A .  61 . SO 
5 0  M ' 8  A .  6 1  
5 0  M* 8 A .  6 1  
. S  0 *M 8 A. 6 1 

. S  0 * M 8 A  .6 1 

. S  0 * M A  . 6  1 . A 8  

. S  0 * M A 6  1 . A 8  
10,-S-  @ - * - A 8 6  - -1- - - - - - - - - - - - - - - - - - - - - AM 

S O* A68M.  1 
S 0 A 6  8 .M 1 . 0" 
S A 8 1  . A 6 0 , l M  
S A 8  . 1M . A 6 * . 8 0  
. S A * B  0 . 1  M . A 6  
. S  A $8 01 M . A 6  

. S  6 A  8 *  .10 M 

. S  A 8  1 0  M . A 6  

. S  6 A  8 * 1. 0 M 
s ( 3 - 5 -  6 A 8  - - - 1  - - - M O  - - - - - - - - - - - - - - - - - - i f  

. S  6 A 8  1 '. M O .  

. S  6 A 1 * M 0 .  . A 8  

. S 6  A 1 * M 0 . A 8  
. S 6 8 A  1 . *  M .O 

m 
w . S 6 8 A  1 . * M  0 
5 . 5 6 8 A  1 . * M  0 > 5 6 A  1 M 0 . 68,M"  

S 6 A l  . M *  0 . 6 8  
. 5 6  A 1  . M  * 0 . 6 8  

90.- S 6 - A l  - - - - - M - * - - - - - - - - 0 - - - - - - - - - - 6 8  

. 56 A 1  . M 0 .  . 6 8  * 

. 56 1 A  . M 0 .  . 68 * 

. 5 6  1 A  M 0 .  . 68 * 

. 5 6  1A M. 0. . 6 8  * 

. 56 1A M. * .  0. . 6 8  . 5 6 1  A M .  * .  0 . 6 8  

. 5 6 1  A M .  * .  .O . 6 8  
S 1 A  M .  * .  .O . 5 6 8  
S 1 A  M .  * .  .O . 5 6 8  

1 3 0 . -  -51 - A  -M- - - - - - - * - - - - - - - - - 0 - - - - - - - 5 6 8  

S 1 A  M .  * .  . O  . 5 6 8  
S l A M  . * .  . O  . 5 6 8  
. S 1  A M * . . O  . 5 6 8  
. S 1  A M * .  . O  . 5 6 8  . 51 A M  * .  . O  . 5 6 8  
. S l  A M  * . . O  . 5 6 8  . 56 A M  * .  . O  . 5 8 . 6 1  
. 56 A M  * . . O  . 5 8 . 6 1  
. 5 6  A M  * .  . O  . S 8 , 6 1  

170.- -S6  - A - - - - - - - -*- - - - - - - - - - -0- - - - - - - S 8 . 6 1 . A M  

Figure 4.--When no timber is harvested, the proportion of old-growth habitat ( 0 )  increases 
and constrains the amount of mature tlmber ( M ) ,  pole timber (1, 8, 6), saplings (A), and 
seedlings (S). This constraint is indicated by the rise in constraint quanta (*). 
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Figure  5.--The c o n s t r a i n t  quanta of about  0.05 f o r  h a b i t a t s  i n  t h i s  p a r t i c u l a r  f o r e s t  
r e s u l t s  i n  a c e r t a i n  combination of b e n e f i t s  be ing  a v a i l a b l e  a t  a r e l a t i v e l y  h igh  
r a t e .  S = s e e d l i n g  h a b i t a t ;  A = s a p l i n g  h a b i t a t ;  6 = pole-6 h a b i t a t ;  8  = pole-8 
h a b i t a t ;  1 = pole-10 h a b i t a t ;  M = mature t imber  h a b i t a t ;  0 = old-growth h a b i t a t .  
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3 .  HOW TO COMPARE THE DIVERSITY OF TREE SPECIES 

3 . 1  g e c t  Comparisons 

L i s t s  of s p e c i e s  by some mean ingfu l  c h a r a c t e r i s t i c  p r o v i d e  t h r  s i m p l e s t  way 
t o  compare d i v e r s i t y  of t r e e  s p e c i e s  i n  t h e  X a t i o n a l  F o r e s t s  and i n  t h e  Region 
(Oos t ing  1956; Harpe r  1977;  May 1 9 7 6 ) .  One of  t h e  most mean ingfu l  methods i s  t o  
u s e  a  m a t r i x  f o r  t h e  p r o p o r t i o n s  o t  s p e c i e s  by s i z e  c lasses .  This method p r o v i d e s  
a  l i s t  of t h e  most obv ious  s p e c i e s ,  i n f o r m a t i o n  abou t  t h e  d i s t r i b u t i o n  of  s p e c i e s  
by s i z e  c l a s s e s ,  and d a t a  t h a t  may be  used i n  l o g a r i t h m i c ,  b ionomic ,  and g e o m e t r i c  
t r a n s f o r m a t i o n s  ( P i e l o u  1 9 7 7 ) .  We i l l u s t r a t e  t h i s  method. 

From t h e  i n v e n t o r y  d a t a  i o r  t h e  Mountain Region Survey i n  Nor th  C a r o l i n a  
(Cos t  19751,  we p r e p a r e  t h r e e  m a t r i c e s  of t h e  p r o p o r t i o n s  o f  t r e e s  i n  32 s p e c i e s  
and s p e c i e s  groups  and i n  12 d i a m e t e r  c l a s s e s  ( t a b l e s  2 ,  3 ,  and 4 ) .  Each number 
i n  t h e  m a t r i x  i s  t h e  p e r c e n t  o f  t o t a l  i n d i v i d u a l s  r e c o r d e d  and r e p r e s e n t s  a u n i t  
of d i v e r s i t y  of s p e c i e s  and s i z e  c l a s s e s .  The nomenc la tu re  of t h e  c l a s s e s  of 
s p e c i e s  i s  l i s t e d  i n  t h e  F o r e s t  Survey Handbook (U.S. Dep. A g r i c . ,  F o r e s t  S e r v i c e  
1 4 6 7 ) .  I n d i v i d u a l s  a r e  r e c o r d e d  r e g a r d l e s s  of t h e i r  p o s i t i o n  i n  t h e  s t a n d  and 
r e g a r d l e s s  of  t h e  c o n d i t i o n  c l a s s  o f  t h e  s t a n d .  S p e c i c s  a r e  grouped i n t o  c l a s s e s ,  
e i t h e r  because  of t h e  d i f f i c u l t y  o i  i d e n t i f y i n g  i n d i v i d u a l s  i n  a l l  s t a g e s  of  
deve lopment ,  o r  b e c a u s e  t h e  i n d i v i d u a l s  r e p r e s e n t  l e s s  t h a n  0 . 0 1  p e r c e n t  of t h e  
t o t a l .  

Two-inch d i a m e t e r  c l a s s e s  a r e  used t o  c l a s s i f y  a l l  s t ems  from 1 t o  20.9 i n c h e s  
d . b . h .  ( t a b l e s  2 ,  3 ,  and 4 ) .  Because  of  t h e  low f requency  o f  t r e e s  l a r g e r  t h a n  20 
i n c h e s ,  one c l a s s  i n c l u d e s  t r e e s  From 2 1 . 0  t o  28.9  i n c h e s  and a  l a s t  c l a s s  i n c l u d e s  
a l l  t r e e s  l a r g e r  than  29 i n c h e s  d . b . h .  'The d i v e r s i t y  of d i a m e t e r  c l a s s e s  i s  i l l u s -  
t r a t e d  w i t h  l o g a r i t h n i i c  pape r  ( f i g .  6 ) .  These  k i n d s  of c u r v e s  have been known f o r  
many y e a r s  (Husch and o t h e r s  1 9 7 2 ) .  C e r t a i n  k i n d s  o €  management a c t i o n s ,  espe-  
c i a l l y  t h o s e  t h a t  limit t h e  p r e s e n c e  of s t a n d s  i n  c e r t a i n  d i a m r t e r  c l a s s e s ,  can  
change t h e  e l e v a t i o n ,  s h a p c ,  and s l o p e  of t h e s e  c u r v e s  (Assmann 1970; Smith 1 9 6 2 ) .  
F o r  examplc ,  t h e  h i g h e r  e l e v a t i o n  of  t h e  c u r v e  f o r  t h e  P i s g a h  N a t i o n a l  F o r e s t  i n d i -  
c a t e s  a  l a r g e r  a v e r a g e  d i a m e t e r  i o r  t r e e s  i n  t h e  P i s g a h  than  i n  t h e  Nan taha la  and 
i n  t h e  Region.  

The l o g a r i t h m i c  r e l a t i o n s t l i p s  can be  used t o  exanline t h e  r e l a t i v e  d i v e r s i t y  of 
s p e c i e s  by d i a m e t e r  c l a s s e s .  S t a n d s ,  whether  of mixed s p e c i e s  o r  o f  a  s i n g l e  spe-  
c i e s ,  a r e  o r g a n i z e d  o v e r  t ime  by t h e  m o r t a l i t y  of i n d i v i d u a l i s t i c  sys tems (Boyce 
1977,  In p r e s s ) .  D i f f e r e n t  geno types  form w i t h  t h e  environment  d i f f e r e n t  i n d i v i d u-  
a l i s t i c  s y s t e m s ,  each hav ing  a  d i f i e r e n t  p r o b a b i l i t y  t h a t  t h e  e s s e n t i a l  v a r i a b l e s ,  
such  a s  w a t e r  c o n t e n t ,  and r e s p i r a t i o n  r a t e s ,  can  b e  m a i n t a i n e d  w i t h i n  t h e  l i m i t s  
of l i f e .  Thus ,  we woi~ ld  e x p e c t ,  and we f i n d ,  d i f f e r e n t  n a t u r a l  r a t e s  of  m o r t a l i t y  
among geno types  and t h u s ,  s p e c i e s .  The s i g n i f i c a n c e  o f  t h e s e  n a t u r a l ,  b i o l o g i c a l  
mechanisms i s  t o  change t h e  d i v e r s i t y  of s p e c i e s  a s  g roups  of s t a n d s  change t o  
l a r g e r  d i an re te r  c l a s s e s .  

For  example ,  w e  f i n d  a g r e a t e r  d i v e r s i t y  o f  t r e e  s p e c i e s  i n  t h e  s m a l l e r  diam- 
e t e r  c l a s s e s ,  t y p i c a l  u f  s e e d l i n g  and s a p l i n g  h a b i t a t s ,  t han  i n  t h e  l a r g e r  d i a m e t e r  
c l a s s e s ,   typical^ o f  ma tu re  and old- growth h a b i t a t s  ( f o r  d e f i n i t i o n s  of t h e  c l a s s e s  
o f  h a b i t a t s ,  s e e  s e c t i o n  2 . 5 ) .  We i l l u s t r a t e  t h i s  r e l a t i o n s h i p  w i t h  a  l i m i t e d  
number o i  examples .  



I Table 2 .- - R e l a t i v e  numbers of t r e e  s p e c i e s  f o r  d i a m e t e r  c l a s s e s  f o r  t h e  M o u n t a i n  R e g i o n  S u r v e y  i n  N o r t h  C a r o l i n a  

D i a m e t e r  c l a s s  

Tree  s p e c i e s  i 1 . 0 -  i 3 . 0 -  5 . 0-  i 7 .0-  j 9 . 0-  i 1 1 . 0 -  j 1 3 . 0 - i  1 5 . 0 - j  1 7 . 0 - i 1 9 . 0 - i 2 1 . 0 - j  2 9 . 0 a n d :  

2 . 9  ' 4 . 9  ' 6 . 9  ' 8 . 9  ' 1 0 . 9  ' 1 2 . 9  ' 1 4 . 9  ' 1 6 . 9  ' 1 8 . 9  ' 2 0 . 9  ' 2 8 . 9  ' l a r g e r  : T o t a l  

. . . . . . . . . . . . . . . . . . . . . . .  p e r c e n t  - - - - - - - - - - - - - - - - - - - - - - - - - 
S h o r t l e a f  p i n e  0 . 4 0  0 . 2 1  0 . 1 4  0 . 1 8  0 . 1 4  0 . 0 7  0 . 0 4  (L/l (1/1 (L/l LL/) -- 1 . 1 8  
L o b l o l l y  p i n e  . O X  . 0 9  . 0 3  . 0 4  .O1 -- -- -- -- -- -- -- . 2 5  
V i r g i n i a  p i n e  2 . 3 0  1 . 0 5  . 8 2  . 4 8  . 2 5  . 0 8  . 0 3  0 . 0 1  (1/1 LL/) -- -- 5 . 0 2  
P i t c h  p i n e  . 3 8  . 3 9  . 2 9  . 2 2  . 1 5  . 0 6  . 0 3  . 0 2  0 . 0 1  LL/l L1/1 -- 1 . 5 5  
T a b 1  e- M o u n t a i n  p i r l c  . 0 4  -- . 0 3  . 0 3  L1/1 . O 1  . 0 1  L1/) -- -- (1/1 -- . 1 2  
E a s t e r n  w h i t e  p i n e  1 . 9 9  . 5 6  . 2 1  . 2 7  . I 5  . 0 9  . 0 7  . 0 5  . 0 3  0 . 0 1  0 . 0 2  L1/1 3 . 4 5  
E a s t e r n  h e m l o c k  . 8 0  . 2 8  . 2 1  . 0 7  . 0 5  . 0 2  . 0 3  . 0 2  . 0 1  . 0 1  . O 1  L1/1 1 . 5 1  
S p r u c e  a n d  f i r  . 3 9  .OX . 0 2  . 0 4  . 0 2  .O1 L1/1 I L1/) -- -- -- . 5 6  
C e d a r s  . 0 7  . 1 0  . 0 2  (1/1 11/1 -- -- -- -- -- -- -- . 1 9  
S e l e c t  w h i t e  oaks 2 . 1 9  1 . 0 3  . 4 3  . 2 4  . 1 5  . l l  . 0 6  . 0 1  . 0 4  . 0 2  . 0 2  (&'I 4 . 3 2  
S e l e c t  red oaks . 8 5  . 6 8  . 3 1  . 2 0  . 1 4  . 1 2  . 0 8  . 0 6  . 0 4  . 0 3  . 0 4  0 . 0 1  2 . 5 6  
C h e s t n u t  oak 1 . 8 8  1 . 1 8  . 6 8  . 4 6  . 3 2  . 2 0  . I 5  . 1 0  . 0 5  . 0 4  . 0 5  . 0 1  5 . 1 2  
O t h e r  w h i t e  oak . 2 2  . 0 3  . 0 4  .O1 . 0 2  . 0 1  Li/l L / l  -- -- -- L1/1 . 3 3  
O t h e r  r e d  o a k  1 . 8 6  1 . 2 4  . 7 8  . 5 0  . 3 6  . 2 2  . 1 5  . 0 9  . 0 5  . 0 3  . 0 3  (1/) 5 . 3 1  
H i c k o r y  2 . 5 6  . 8 7  . 3 7  . 2 4  . 1 7  .11 . 0 7  . 0 4  . 0 3  . 0 1  . 0 1  (1/1 4 . 4 8  
Y e l l o w  b i r c h  . 1 9  . 2 3  . 1 6  . 0 2  . 0 2  L1/1 . O 1  . 0 1  L1/1 L y l  L1/1 L1/1 . 6 4  
H a r d  maple . 7 1  . 2 h  . 1 4  . 0 5  . 0 2  . 0 2  . 0 2  . O 1  . 0 1  LL/l L1/1 L1/1 1 . 2 4  
S o f t  m a p l e  8 . 0 7  2 . 3 7  . 9 3  . 3 7  . 2 1  . 1 2  . 0 7  . 0 4  . 0 2  . O 1  . 0 1  11/) 1 2 . 2 2  
B e e c h  1 ; 5 4  . 3 2  . 1 9  . 0 7  . 0 5  . 0 4  . 0 3  .O1 .O1 (1/1 . 0 1  -. 2 . 2 7  
Sweetgum -- . 0 3  . 0 1  . O 1  (I/) LL/1 -- LL/1 -. -- -- -. . 0 5  
T u p e l o  a n d  b l a c k g u m  3 . 3 6  .47  . l h  . 0 7  . 0 4  . 0 4  . 0 2  . 0 1  . 0 1  L1/) LL/) -- 4 . 1 8  
Ash . 2 5  . 0 7  . 0 9  . 0 7  . 0 2  . 0 3  . 0 2  . 0 1  . O 1  L1/1 (L/l LL/l . 5 7  
C o t t o n w o o d  -- -- -- -- -- -- -- -- -- -- (L/1 -- (11) 
Basswood . 3 1  . I 4  . 0 5  . 0 5  . 0 3  . 0 3  . O 1  . 0 1  (L/1 L1/1 LL/1 LL/) . 6 3  
Y e l l o w- p o p l a r  3 . 0 4  1 . 4 1  . 7 0  . 5 2  . 3 6  . 2 6  . 1 6  . O R  . 0 4  . 0 2  . 0 2  lL/l 6 . 6 1  
Bay and m a g n o l i a  . 2 9  . I 6  . 0 3  . 0 4  . 0 2  . O 1  . 0 1  . 0 1  Li/1 LL/) (1/1 LL/1 . 5 7  
B l a c k  c b c r r y  . 4 i  . 0 5  . 0 7  . 0 3  . 0 2  .O1 . 0 1  (L/l L1/1 (L/1 L1/1 -- . 6 4  
B l a c k  w a l n u t  . 0 7  . 0 5  . 0 2  . 0 3  . 0 1  .O1 lL/l (1/) LL/) L1/1 LA/) -- . 1 9  
S y c a m o r e  -- -- -. -- . 0 1  -- -- -- -- -- -- -- .O1 
B l a c k  l o c u s t  . 8 1  .38 . 3 3  . 3 0  . 1 8  . l l  . 0 5  . 0 2  .O1 (1/1 . 0 1  -- 2 . 2 0  
Elm . 0 5  -- -- -- -- -- -- -- LL/l -- -- -- . 0 5  
O t h e r  e a s t e r n  h a r d w o o d s  2 2 . 3 6  6 . 4 6  1 . 9 3  . 7 0  . 2 8  . 1 2  . 0 6  . 0 3  . 0 2  .O1 . 0 1  (1/1 3 1 . 9 8  

T o t a l  5 7 . 5 1  2 0 . 1 9  9 . 1 9  5 . 3 1  3 . 2 0  1 . 9 1  1 . 1 9  . 6 6  . 1 9  . 1 9  . 2 4  . 0 2  1 0 0 . 0 0  
-- 

'/ L e s s  t h a n  0 . 0 1  p e r c e n t .  
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DIAMETER CLASS (INCHES) 

Figure 6.--The distribution of diameter classes for all species in the Mountain Region 
Survey and in the Pisgah and Nantahala National Forests. 



The r e l a t i v e l y  i n f r equen t  s p e c i e s ,  l a b e l e d  " o t h e r  e a s t e r n  hardwoods," such a s  
dogwood and sourwood, r e p r e s e n t s  25 t o  32 pe r cen t  of t h e  t o t a l  i n d i v i d u a l s  and 28 
t o  29 percen t  of t h e  stems l e s s  than 5  inches  d .h .h .  ( t a b l e s  2 ,  3 ,  and 4 ) .  This  
kind of d i s t r i b u t i o n  i s  t h e  common ca se  f o r  b i o l o g i c a l  communities ( F i s h e r ,  Corbet ,  
and Williams 1943; P i e l o u  1977) .  D i s t r i b u t i o n s  a r e  n o t  random but  a r e  o f t e n  loga- 
r i t hm ic  o r  f o l l ow  some geometr ic  form. Some of t h e s e  s p e c i e s  ach ieve  l a r g e  s i z e s ,  
bu t  most of them r a r e l y  become dominant and codominant t r e e s .  We can compute t h e  
p ropo r t i ons  of t h e s e  and o t h e r  spec i e s  by diameter  c l a s s e s  by d iv id ing  each percent-  
age f i g u r e  by t h e  t o t a l  f o r  t h e  diameter  c l a s s .  For  example, i n  t h e  2-inch-diame- 
t e r  c l a s s  f o r  t h e  Region, t h e  o the r  e a s t e r n  hardwoods r e p r e s e n t  22.36/57.51=38.8 
percen t  of t h e  stems recorded.  

We p l o t  t h e  percen tages  by diameter  c l a s s e s  on l oga r i t hmic  graph paper ( f i g .  
7 ) .  The p ropo r t i ons  of t h e s e  i n f r equen t  hardwoods r a p i d l y  d e c l i n e  a s  t h e  d iameters  
i n c r e a s e  above 4  i nches .  This  i s  a  consequence of r e l a t i v e l y  high r a t e s  of mortal-  
i t y  a s  t h e s e  s p e c i e s  i n c r e a s e  i n  d iameter .  From t h e  graph ( f i g .  7 ) ,  one can 
observe no ou t s t and ing  d i f f e r e n c e s  between t h e  Region and t h e  Nat iona l  F o r e s t s .  

Next t o  t h e  i n f r equen t  hardwood s p e c i e s ,  s o f t  maple has  t h e  h i g h e s t  percen tage  
of any of t h e  o t h e r  s p e c i e s  o r  s p e c i e s  groups recorded ( t a b l e s  2 ,  3 ,  and 4 ) .  S o f t  
maple r e p r e s e n t s  12 t o  17 percen t  of a l l  t h e  numbers of stems recorded .  However, 
8  t o  11 percen t  of t h e s e  s o f t  maple stems a r e  l e s s  than  3  inches  i n  d iameter .  S o f t  
maple r e p r e s e n t s  one of a  number of s p e c i e s  t h a t  has  ve ry  h igh  r a t e s  of m o r t a l i t y  
i n  t h e  sma l l e r  d iameter  c l a s s e s .  This  can be  observed by p l o t t i n g  t he  p ropo r t i ons  
of s o f t  maple by d iameter  c l a s s e s  on l oga r i t hmic  graph paper ( f i g .  8 ) .  The r a t e s  
of m o r t a l i t y  f o r  s o f t  maple a r e  n o t  ou t s t and ing ly  d i f f e r e n t  between t h e  Na t i ona l  
F o r e s t s  and t h e  Region. The propor t ion  of s o f t  maple r a p i d l y  d e c l i n e s  a s  d iameter  
i n c r e a s e s .  

A s  a  genus, t h e  oaks r e p r e s e n t  a  s l i g h t l y  l a r g e r  p ropor t ion  of t o t a l  stems 
(17 t o  26 pe r cen t )  than  s o f t  maple. I n  c o n t r a s t  t o  s o f t  maple,  t h e  oaks r e p r e s e n t  
a  group of s p e c i e s  i n  which r a t e s  of m o r t a l i t y  a r e  r e l a t i v e l y  low, and consequent ly  
t h e  p ropo r t i on  of oaks i n c r e a s e s  w i th  i n c r e a s i n g  d iameter  c l a s s  ( f i g .  9 ) .  The oak 
genus makes up more than  h a l f  of a l l  t h e  t r e e s  l a r g e r  than  16 i nches  i n  d iameter .  
And t h e  oaks a r e  t h e  most common dominant and codominant t r e e s  on bo th  t h e  Region 
and on t h e  Na t i ona l  F o r e s t s .  

Large numbers of o t h e r  hardwood and con i f e rous  s p e c i e s  have d i f f e r e n t  r a t e s  
of m o r t a l i t y  w i t h  i n c r e a s i n g  diameter  c l a s s e s .  These d i f f e r e n t i a l  r a t e s  of mor- 
t a l i t y  r e s u l t  i n  d i f f e r e n t  combinations of s p e c i e s  occupying dominant and codom- 
i n a n t  p o s i t i o n s  a s  s t a n d s  age  from s e e d l i n g  t o  old-growth h a b i t a t s .  Because of 
t he se  changes,  t h e  d i s t r i b u t i o n  of s p e c i e s  i n  s e e d l i n g  h a b i t a t s  i s  no t  d i r e c t l y  
r e l a t e d  t o  t h e  d i s t r i b u t i o n  of dominant and codominant s p e c i e s  i n  mature and old-  
growth h a b i t a t s .  Some of t h e s e  k inds  of changes which r e s u l t  from d i f f e r e n t  r a t e s  
of m o r t a l i t y  of s p e c i e s  over  t ime can be observed i n  t h e  d a t a  r epo r t ed  by Della-  
Bianca (1971, 1975) ; Lamson and Smith (1978) ; Sander ,  Johnson, and Watt (1976) ; 
and Smith and Lamson (1977).  Thus, i n t e r p r e t a t i o n s  of t h e  d i v e r s i t y  of s p e c i e s  
should cons ide r  d i f f e r e n t i a l  r a t e s  of m o r t a l i t y ,  and t h e  v a r i e t y  of s t and  condi-  
t i o n  c l a s s e s .  

Comparisons should cons ide r ,  a l s o ,  c h a r a c t e r i s t i c s  of indigenous s o i l s .  For 
example, p i t c h  p i n e  i s  more abundant i n  t h e  Na t i ona l  F o r e s t s  than  i n  t h e  Region 
( t a b l e s  2 ,  3 ,  and 4 ) .  The i n t e r p r e t a t i o n  is t h a t  p i t c h  p ine  n a t u r a l l y  r egene ra t e s  
and su rv ive s  t o  m a t u r i t y  on c e r t a i n  k inds  of d ry  r i d g e s .  The k inds  of r i d g e s  a r e  
more abundant on t h e  Na t i ona l  F o r e s t s ,  e s p e c i a l l y  on t h e  P i sgah ,  than  on t h e  Region. 
Thus, t h e  d i f f e r e n c e s  i n  p i t c h  p ine  a r e  i n t e r p r e t e d  t o  be due t o  d i f f e r e n c e s  i n  
indigenous s o i l s .  



F l g u r e  7.- h he proportion of each d lameter  class r e p r e s e n t e d  by " o t h e r  hardwood species" 
(' = Mountam Region Survey;  a = Plsgah;  and o = Nantahala  N a t i o n a l  F o r e s t ) .  



F i g u r e  8.--The proport ion of each diameter c lass  represented by s o f t  maple (. = Mountain 
Region S u r v e y ; A  = Pisgah; and o = Nantahala Nat iona l  F o r e s t ) .  

2 2 



Figure 9.--The proportion of each diameter class represented by oaks ( a  = Mountain Region 
S u r v e y ; A  = Pisgah; and o = Nantahala National Forest). 



Our conclusion is that a direct comparison of the proportions of species by 
diameter classes is an effective way to compare the diversity of tree species in 
the Region and in the National Forests. It is important to use larger areas of 
land which provide a representative sample of diameter classes and species. Sim- 
ilarities and differences may be illustrated by logarithmic transformations of 
the data. 

3.2 Indirect Comparisons with the Shannon Function 

Because of the widespread use of the Shannon function for species diversity, 
we illustrate its use and its deficiencies. We find the Shannon function provides 
inadequate information. 

For each of the three matrices (tables 2, 3, and 4 ) ,  the joint diversity of 
species and diameter classes, H'(S,DC), the diversity for species, H 1 ( S ) ,  and the 
diversity for diameter classes, H'(DC), were compueed by the methods illustrated 
in section 2 . 4  (table 1). For example, in the Mountain Region Survey, 8.07 per- 
cent of the soft maples is less than 3 inches d.b.h. (table 2). The natural log- 
arithm of this value is multiplied by itself to Eorm the logarithmic proportions. 
These values are summed to Eorm the joinc diversity index. H1(S,DC)=3.8036 
(table 2). The totals for ruws are used for species (S) and the totals for columns 
are used for diameter classes (DC). The same computations are made for the two 
National Forests (tables 3 and 4). Evenness is computed as described in section 
2 . 4 .  Values for the Shannon index and for evenness are listed for the three Eor- 
est areas (table 5). The numbers are dimensionless and confounded (sec. 2.4). 

Table 5.--The Shannon diversity and evenness indices for tree species, 
diameter classes, and the joint events for the Mountain Region 
Survey, the Pisgah and the Nantahala National Forests 

, Mountain : 
Category 

Pisgah Nantahala 
: Region Survey National Forest National Forest 

- - - - - - Dimensionless - - - - - - 
Diversity 

Species 2.54 2.37 2 . 4 8  
Diameter class 1.34 1.61 1.43 
Joint event 3.80 3 .74  3.78 

Evenness 
Species .73 
Diameter class .54 
Joint event .64 

One can spend considerable time attempting to attach some kind of meaningful- 
ness to the Shannon numbers (table 5). These kinds of numbers provide inadequate 
information for a rational interpretation of diversity in species and diameter 
classes, as described in section 3.1. We do not recommend the use of Shannon-type 
functions for comparing the diversities of tree species. 



4 .  HOW TO COMPARE THE DIVERSITY OF COMMUNITIES AND ANTICIPATE CHANGES 

4 . 1  D i v e r s i t y  of Communities 

I n  t h i s  s e c t i o n  we u s e  l i s t s  of f o r e s t  t y p e s  by s t a n d  c o n d i t i o n  c l a s s e s  t o  
i l l u s t r a t e  a  s i m p l e  way t o  compare t h e  d i v e r s i t y  of p l a n t  and an ima l  communi t ies .  
A m a t r i x  of f o r e s t  t y p e s  by s t a n d  c o n d i t i o n  c l a s s e s  i s  p r e p a r e d  ( t a b l e s  6 ,  7 ,  and 
8 ) .  Data  a r e  from Cost  (1975) .  Each c e l l  i n  t h e  m a t r i x  i s  o p e r a t i o n a l l y  d e f i n e d  
a s  an  e l emen t  o f  d i v e r s i t y  ( s e c .  2 . 1 ) .  

The oak- hickory t y p e  r e p r e s e n t s  t w o- t h i r d s  t o  t h r e e- f o u r t h s  of a l l  t h e  s t a n d s .  
And, most o f  t h e  aak- hickory  s t a n d s  (39 t o  50 p e r c e n t )  a r e  i n  t h e  sawt imber  and 
old- growth c o n d i t i o n  c l a s s e s .  The c h e s t n u t  oak t y p e ,  1 8  p e r c e n t  of t h e  N a n t a h a l a ,  
i s  an  i m p o r t a n t  type .  Maple- beech- birch,  p i t c h  p i n e ,  and V i r g i n i a  p i n e  t y p e s  each 
r e p r F s e n t  l e s s  t h a n  10 p e r c e n t  of t h e  f o r e s t s .  

Some o f  t h e  d i f f e r e n c e s  ( t a b l e s  6 ,  7 ,  and 8)  i n c l u d e :  30 k i n d s  of d i f f e r e n t  
u n i t s  of d i v e r s i t y  r e c o r d e d  i n  t h e  Region,  1 4  i n  t h e  P i s g a h ,  and 12 i n  t h e  Nanta- 
h a l a ;  a  g r e a t e r  p r o p o r t i o n  of sawt imber  s t a n d s  is r e c o r d e d  on b o t h  N a t i o n a l  For- 
e s t s  than  i n  t h e  Kegion; and t h e  P i s g a h  h a s  t h e  i r ig t les t  p r o p o r t i o n  of nonstocked 
s t a n d s .  These  d i f f e r e n c e s  can h e  r e l a t e d  t o  c l i m a t e ,  s o i l  t y p e s ,  and k i n d s  of 
topography .  For  example ,  t h e  nonstocked a r e a s  on t h e  P i s g a h  a r e  r e l a t i v e l y  s t e e p  
a r e a s  w i t h  rocky s o i l s .  Nonstocked means t h e  a r e a s  do n o t  have  a  minimum number 
of commercial  s p e c i e s  of t r e e s  (Cos t  197.5). These  a r e a s  d o  have an  abundance of 
o t h e r  k i n d s  of  p l a n t s  and do c o n t r i . b u t e  t o  t h e  d i v e r s i t y  of p l a n t  and animal  com- 
m u n i t i e s .  

An a n a l y s i s  o f  t h e  r e a s o n s  f o r  t h e  d i f f e r e n c e s  among t h e  N a t i o n a l  F o r e s t s  and 
t h e  Kcgion cou ld  p r o v i d e  i m p o r t a n t  i n f o r m a t i o n  f o r  ways t o  m a i n t a i n  t h e  c u r r e n t  
d i v e r s i t y  o i  t y p e s  and c o n d i t i o n  c l a s s e s .  Repea ted  i n v e n t o r i e s  ove r  t ime can  pro- 
v i d e  d a t a  f o r  f u t u r e  compar isons  of f o r e s t  t y p e s  by s t a n d  c o n d i t i o n  c l a s s e s  ( t a b l e s  
6 ,  7 ,  and 8)  and f o r  d e t e c t i n g  ma jo r  changes .  One cou ld  u s e  a d d i t i o n a l  e l emen t s  
of d i v e r s i t y ,  s u c h  a s  t h e  a v e r a g e  a r e a  of s t a n d s .  'The e l emen t s  u s e d ,  however,  
s h o u l d  be  m e a n i n g f u l ,  d e f i n i t i v e ,  and measurab le  ( s e c .  2 . 1 ) .  

Comparisons s u c h  a s  t h i s  a r e  u s e f u l  p r i m a r i l y  f o r  m o n i t o r i n g  changes  i n  major  
e l e m e n t s  of d i v e r s i t y  o v e r  t ime.  A  more i m p o r t a n t  c o n s i d e r a t i o n  i s  how t o  a n t i c i -  
p a t e  change.  

4 .2  How t o  A n t i c i p a t e  Changes i n  t h e  D i v e r s i t y  o f  Communities 

I n  t h i s  s e c t i o n  we u s e  a  dynamic a n a l y t i c  s i l v i c u l t u r e  t e c h n i q u e  (Boyce 1977,  
1978) t o  i l l u s t r a t e  a  way t o  a n t i c i p a t e  changes  i n  p l a n t  and ~ n i m a l  communi t ies .  
We show how one  can  a n t i c i p a t e  changes  i n  t h e  d i v e r s i t y  of cornmunities under  na tu-  
r a l  f o r c e s  u n a f f e c t e d  by man and under  f o r c e s  d i r e c t e d  by man. 

For  t h e  i l l u s t r a t i o n  we u s e  an  i n v e n t o r y  of a  hardwood f o r e s t ,  6 ,396  a c r e s ,  
i n  Buncombe County ,  Nor th  C a r o l i n a .  Each of s e v e n  s t a n d  c o n d i t i o n  c l a s s e s  is  
d e f i n e d  a s  a h a b i t a t  ( s e c .  2 . 5 ) .  We u s e  one f o r e s t  t y p e ,  oak- hickory.  I n  p rac-  
t i c e  more t h a n  one f o r e s t  t y p e  may b e  used  and h a b i t a t s  would t h e n  b e  d e f i n e d  a s  
one  of a  number o f  s t a n d  c o n d i t i o n  c l a s s e s  i n  one of a  number of f o r e s t  t y p e s .  



Table 6.--Diversity of forest types by condition classes of stands for the 
Mountain Region Survey ln North Carollna 

C3 
Condition classes of stands I 

Forest types ' Sawtimber and : Pole- : Saplings- : 
. Nonstocked : Total 

' old growth : timber seedlings , 

White pine-hemlock 
Spruce-fir 
L o b l o l l y  pine 
Shortleaf pine 
Virginia pine 
Pitch pine 
Oak-pine 
Oak-hickory 
Chestnut oak 
Elm-ash-cottonwood 
Maple-beech-birch 

Total 

1/ Percent of area. 

Table 7.--Diversity of forest types by condition classes of stands for the 
Pisgah National Forest in North Carolina 

Condition classes of stands 

Forest types 
' Sawti.mber and Pole- : Saplings- ' 

: Nonstocked : Total 
' old growth : timber seedlings . 

White pine-hemlock 
Spruce-fir 
LobloLly pine 
Shortleaf pine 
Virginia pin? 
Pitch pine 
Oak-pine 
Oak-hickory 
Chestnut oak 
Elm-ash-cottonwood 
Maple-beech-birch 

Total 

1 / - Percent of area. 



T a b l e  8 .- - Divers i ty  of f o r e s t  types  by c o n d i t i o n  c l a s s e s  of s t a n d s  f o r  t h e  
Nantaha la  N a t i o n a l  F o r e s t  i n  North  C a r o l i n a  

Condi t ion  c l a s s e s  of s t a n d s  

F o r e s t  t y p e s  1 Sawtimber and Pole-  1 Sap l ings-  ' 
: Nonstocked : T o t a l  : o l d  growth 1 t imber  s e e d l i n g s  , 

1 / - - - - - - - - percent- - - - - - - - - - - - 
White pine-hemlock -- -- -- -- -- 
S p r u c e- f i r  -- -- -- -- -- 

L o b l o l l y  p i n e  -- 1 . 7  -- -- 1.7 
S h o r t l e a f  p i n e  -- -- -- -- -- 
V i r g i n i a  p i n e  -- -- -- -- -- 
P i t c h  p i n e  -- 1 . 2  -- -- 1 . 2  
Oak-pine 5 . 1  -- 2 . 5  -- 7.6 
Oak-hickory 43.6 1 5 . 7  4 . 1  -- 63.4 
Ches tnu t  oak 1 2 . 4  2 .9  3.2 -- 1 8 . 5  
Elm-ash-cottonwood -- -- -- -- -- 
Maple- beech- birch 6 . 1  1 . 5  -- -- 7.6 

T o t a l  67.2 23.0 9 . 8  -- 100.0 

y . ~ e r c e n t  of a r e a .  

Each h a b i t a t ,  a  s t a n d  c o n d i t i o n  c l a s s  of a  f o r e s t  t y p e ,  i s  c h a r a c t e r i z e d  by a  
d e f i n i t i v e  assembly of p l a n t s  and an imals .  H a b i t a t s  a r e  c o n s t a n t l y  changing over  
t ime ;  b i r d s ,  mammals, r e p t i l e s ,  and i n s e c t s  come and go;  t e m p e r a t u r e ,  n u t r i e n t  and 
w a t e r  f l o w s ,  and sediment  movement v a r y  c o n t i n u a l l y ;  t h e  f l o w e r i n g  and growth of 
p l a n t s  change s e a s o n a l l y  and a n n u a l l y ;  and t h e  r a t e s  of m o r t a l i t y  of p l a n t s  change 
a s  t h e  community changes ( s e c .  3 . 1 ) .  We cannot  a n t i c i p a t e  v e r y  a c c u r a t e l y  a l l  t h e  
k i n d s  of s p e c i e s  and t h e  p r o p o r t i o n s  of s p e c i e s  p l a n t s  and an imals  i n  a  f u t u r e  
community. We can a n t i c i p a t e ,  w i t h  a n  a c c e p t a b l e  p r o b a b i l i t y ,  t h a t  most n a t u r a l l y  
e s t a b l i s h e d  f o r e s t  t y p e s  w i l l  remain i n  t h a t  f o r e s t  t y p e  f o r  some r e l a t i v e l y  long  
p e r i o d  of t ime.  Over t i m e ,  p r e d i c t a b l e  changes w i l l  o c c u r  i n  most of t h e  s t a n d  
c o n d i t i o n  c l a s s e s .  Bu t ,  u n p r e d i c t a b l e  changes w i l l  occur  i n  t h e  p r o p o r t i o n s  of 
most p l a n t s  and an imals .  The k i n d s  of dominant and codominant t r e e s  may h e  pre-  
d i c t e d  w i t h  a n  a c c e p t a b l e  p r o b a b i l i t y .  Thus,  t h e  most r e l i a b l e  b a s i s  f o r  a n t i c i -  
p a t i n g  change i s  t h e  p h y s i c a l  changes i n  s t a n d  c o n d i t i o n  c l a s s e s  f o r  a  g iven  f o r e s t  
type .  For  example,  one can  a n t i c i p a t e  t h a t  a  s e e d l i n g  h a b i t a t  of a  f d r e s t  type  
w i l l  change t o  a  s a p l i n g  h a b i t a t  of t h e  same f o r e s t  t y p e  d u r i n g  a  p r e d i c t a b l e  t ime .  
F i g u r e s  4  and 5 d i s p l a y  t h e s e  k i n d s  of a n t i c i p a t e d  changes  i n  t h e  d i v e r s i t y  of com- 
m u n i t i e s .  

I n  s e c t i o n  2 . 5  we used t h e  dynamic a n a l y t i c  s i l v i c u l t u r e  t echn iques  (Boyce 
1977) t o  examine changes a n t i c i p a t e d  by n a t u r a l  f o r c e s  u n a f f e c t e d  by man ( f i g .  4 ) .  
The dominant o l d  t r e e s  a r e  assumed t o  d i e ,  b r e a k ,  o r  blow down a t  about  290 t o  310 
y e a r s  of age .  R e l a t i v e l y  s m a l l  openings  of l e s s  than  0 .6  of a n  a c r e  a r e  formed. 
The s e e d l i n g  h a b i t a t  (S) d e c l i n e s  f o r  about  30 y e a r s .  T h e n , a s  t h e  p r o p o r t i o n  of 
o l d  growth ( 0 )  i n c r e a s e s ,  m o r t a l i t y  of t h e  o l d  t r e e s  i n c r e a s e s  t h e  p r o p o r t i o n  of 
s e e d l i n g  h a b i t a t s  t o  l e s s  t h a n  2 p e r c e n t  of t h e  f o r e s t .  Old-growth h a b i t a t  
i n c r e a s e s  t o  about  63 p e r c e n t  of t h e  f o r e s t .  A f t e r  170 y e a r s ,  each of t h e  o t h e r  
h a b i t a t s ,  o t h e r  than  o l d  growth,  occup ies  l e s s  t h a n  1 0  p e r c e n t  of t h e  f o r e s t .  



Now we change t h e  mode of management. The r e s u l t  i s  t o  i n c r e a s e  t h e  propgr-  
t i o n  of  s e e d l i n g  h a b i t a t s ,  r e d u c e  t h e  p r o p o r t i o n  of oLd g rowth ,  and r e d u c e  t h e  
c o n s t r a i n t s  on t h e  d i s t r i b u t i o n  u f  h a b i t a t s  ( f i g .  5 ) .  With t h i s  mode of manage- 
ment, 30 p e r c e n t  of  t h e  a r e a  i s  p e r m i t t e d  t o  r o t a t e  th rough  a  200-year p e r i o d  and 
70 p e r c e n t  o f  t h e  a r e a  i s  p e r m i t t e d  t o  r o t a t e  th rough  a  LOO-year p e r i o d .  S i z e s  o f  + t h e  open ings  a r e  1 0  - 2 . 4  a c r e s  and a r e  i n t e r s p e r s e d  s o  t h a t ,  i n  t i m e ,  a l l  of t h e  
k i n d s  of  h a b i t a t s  a r e  i n t e r m i n g l e d .  A f t e r  170 y e a r s ,  t h e  s a p l i n g  h a b i t a t  c o v e r s  
t h e  l a r g e s t  a r e a ,  abou t  2 6  p e r c e n t  of t h e  f o r e s t .  A l l  o t h e r  h a b i t a t s  r e p r e s e n t  4 
p e r c e n t  f o r  s e e d l i n g s  t o  1 8  p e r c e n t  f o r  pole-10 h a h i t a t s .  

Opening s

i

z e  i s  a s  i m p o r t a n t  a s  t h e  r a t e  of h a r v e s t  For a n t i c i p a t i n g  t h e  
d i v e r s i t y  of  h a h i t a t s .  The s i z e  of open ings  formed by h a r v e s t  d e t e r m i n e s ,  ove r  
t ime ,  t h e  a r e a  o f  each k ind  of h a b i t a t ,  o l d  growth a s  w e l l  a s  s e e d l i n g .  The 
amount o i  t r a n s i t i o n  a r e a ,  e c o t o n e ,  between h a b i t a t s  is  de te rmined  by  t h e  combi- 
n a t i o n s  of  r a t e  of h a r v e s t  and opening s i z e .  F o r  a  g i v e n  r a t e  o f  h a r v e s t ,  t h e  
amount of e c o t o n e  i n c r e a s e s  a s  opening s i z e  d e c r e a s e s  and d e v i a t e s  i n  s h a p e  from 
a  p e r f e c t  c i r c l e .  S i n c e  h a r v e s t  open ings  a r e  a lmos t  neve r  c i r c u l a r  b e c a u s e  of  
s t r e a m s ,  r o a d s ,  r o c k s ,  and o t h e r  v a r i a b l e s ,  opening s h a p e s  a r e  t y p i c a l l y  v a r i a b l e  

The i n t e r s p e r s i o n  of  h a b i t a t s  i s  r e l a t e d  t o  s i z e  of a p e n i n g .  If t h e  a n n u a l  
r a t e  of h a r v e s t  i s  e q u a l  t o  t h e  opening s i z e ,  t hen  o n l y  one apen ing  is formed pe r  
y e a r  p e r  f o r e s t  t y p e .  A s  opening s i z e  d e c l i n e s  from t h e  a n n u a l  r a t e  of h a r v e s t ,  
t h e  number o i  o p e n i n g s  p e r  y e a r  i n c r e a s e s  and d i s p e r s i o n  of h a b i t a t s  i n c r e a s e s .  
I f  opening s i z e  becomes r e l a t i v e l y  s m a l l ,  l e s s  than  abou t  3 a c r e s ,  t h e  F o r e s t  man- 
a g e r  may choose  t o  c l u s t e r  t h e  open ings  t o  r e d u c e  bo th  t h e  c o s t  of road  c o n s t r u c-  
tion and t h e  movement o f  sed imen t  (Boyce 1 9 7 7 ,  page  16). The c l u s t e r i n g  of s m a l l  
openings  r e d u c e s  t h e  d i s p e r s i o n  o f  h a b i t a t s  i n  t h e  f o r e s t .  Smal l  open ings  cvn- 
s t r a i n  t h e  L i v e l i h o o d  f o r  some p l a n t s  and a r l ima l s ,  and c l u s t e r i n g  of t h e s e  open- 
i n g s  i n c r e a s e s  t i le c o n s t r a i n t .  

One can a n t i c i p a t e  t h e  d i v e r s i t y  of  communities f u r  an  i n f i n i t e  number of 
o t h e r  modes of mariagement by changing t h e  r a t e s  of  h a r v e s t  and t h e  s i z e s  a t  
open ings .  More d e t a i l  i s  g i v e n  by Boyce (1577,  1 5 7 8 ) .  



5. HOW TO RELATE DIVERSITY TO MLILTIPLE BENEFITS 

5 . 1  The I n t e g r a t i o n  of D i v e r s i t y  and B e n e f i t s  

I n  t h i s  s e c t i o n  we d e s c r i b e  how t h e  r e l a t i o n s h i p s  of d i v e r s i t y  and b e n e f i t s  
may be  i n t e g r a t e d  t o  s imul taneous ly  ana lyze ,  e s t i m a t e ,  and s p e c i f y  t h e  consequences 
of a l t e r n a t i v e  p lans  f o r  m u l t i p l e  b e n e f i t s .  

From t h e  theory f o r  m u l t i p l e  b e n e f i t s  (Boyce 1977, I n  p r e s s ) ,  t h e  p ropo r t i ona l  
d i s t r i b u t i o n  of h a b i t a t s  de te rmines  t h e  k inds  of m u l t i p l e  b e n e f i t s  a v a i l a b l e  from 
any s p e c i f i e d  f o r e s t  a r e a .  The r e l a t i v e  amount of a  b e n e f i t  may be  es t imated  by 
a lgo r i t hms  s ca l ed  from 0  t o  1 ( f i g s .  1, 2 ,  and 3 ) .  The a lgor i thms  f o r  b e n e f i t s  a r e  
independent  of each o t h e r  bu t  a r e  t o t a l l y  dependent on t he  s p a t i a l  and temporal 
d i v e r s i t y  of h a b i t a t s .  

The d i v e r s i t y  of h a b i t a t s  can be  used t o  i n t e g r a t e  b e n e f i t s  and t o  s imultane-  
ous ly  examine t h e  consequences of management a c t i o n s .  For t h e  example used i n  
p rev ious  s e c t i o n s  ( s e c s .  2 .5  and 4 .2 ) ,  one can cons ider  how no h a r v e s t  of t imber  
changes t h e  d i v e r s i t y  of s e e d l i n g ,  s a p l i n g ,  pole- 6, pole-8, pole-10, mature t imber ,  
and old-growth s t ands  ( f i g .  4 ) .  And, one can cons ider  how t h e s e  changes a f f e c t  t h e  
r e l a t i v e  amounts of t imber  ha rve s t ed ;  t h e  r e l a t i v e  l i v e l i h o o d  f o r  s q u i r r e l ,  d e e r ,  
and b l u e b i r d s ;  and t h e  r e l a t i v e  amounts of sediment moved ( f i g .  1 0 ) .  S ince  no t i m -  
b e r  i s  ha rve s t ed ,  t h e  p o t e n t i a l  eimber index  (T) is zero .  The l i v e l i h o o d  f o r  dee r  
(D) d e c l i n e s  a s  t he  p ropo r t i on  of s e e d l i n g  h a b i t a t  d e c l i n e s  during t h e  f i r s t  30 
yea r s .  With an i n c r e a s e  i n  t h e  m o r t a l i t y  of o ld  t r e e s ,  dee r  browse i n c r e a s e s  and 
t h e  l i v e l i h o o d  f o r  dee r  i n c r e a s e s  t o  about  0.12. A s  t h e  p ropo r t i on  of hard mast- 
producing t r e e s  i n c r e a s e s ,  t h e  l i v e l i h o o d  f o r  s q u i r r e l s  (Q)  i n c r e a s e s  t o  1 by yea r  
50 and remains a t  t h i s  l e v e l  f o r  about  32 yea r s .  A f t e r  y e a r  80, t h e  l i v e l i h o o d  
f o r  s q u i r r e l s  d e c l i n e s  a s  t h e  dominant t r e e s  exceed t h e  ages  f o r  producing l a r g e  
amounts of mast (U.S. Dep. Agr ic . ,  Fo re s t  Se rv i ce  1971) .  

Without t imber  h a r v e s t i n g ,  a  r educ t i on  i n  open a r e a s  f o r  b l u e b i r d s  (L)  t o  f e ed  
and n e s t  reduces t h e i r  l i v e l i h o o d  t o  ze ro .  And, s i n c e  no roads  a r e  be ing  cons t ruc t-  
e d ,  i nc r ea sed  sediment movement (I) i s  a l s o  ze ro .  (Some sediment movement occurs ,  
of  course ,  under n a t u r a l  cond i t i ons . )  The index (I) is a  r e l a t i v e  measure of t h e  
i nc r ea sed  movement of sediment i n  r e l a t i o n  t o  road c o n s t r u c t i o n .  

Now, we change t h e  mode of management t o  b r i n g  about t h e  d i s t r i b u t i o n  of habi-  
t a t s  de sc r i bed  i n  f i g u r e  5  and i n  s e c t i o n  4 . 2 .  The a v a i l a b i l i t y  of b e n e f i t s  ( f i g .  
11)  is  now d i f f e r e n t  from t h a t  f o r  no timber h a r v e s t  ( f i g .  1 0 ) .  The p o t e n t i a l  t i m -  
b e r  index (T) i n c r e a s e s  t o  about  0 . 75  of t h e  maximum; t h e  l i v e l i h o o d  f o r  deer  (D) 
i n c r e a s e s  t o  about 0.70 of t h e  maximum; t h e  l i v e l i h o o d  f o r  s q u i r r e l  (Q) i n c r e a s e s  
t o  and remains a t  about  0 .75  of t h e  maximum; and t h e  l i v e l i h o o d  f o r  b l u e b i r d s  (L) 
i n c r e a s e s  t o  about 0.65 of t h e  maximum. Sediment movement ( I )  i n c r e a s e s  t o  about 
0.75 of t h e  accep t ab l e  l i m i t .  

I n  t h i s  way, t h e  d i v e r s i t y  of p l a n t  and animal communities can be r e l a t e d  t o  
t h e  s u i t a b i l i t y  of a  s p e c i f i c  l and  a r e a  t o  meet overall multiple-use o b j e c t i v e s .  
The o b j e c t i v e  f o r  mul t ip le- use  management is no t  t o  produce s o  much t imber ,  b e e f ,  
wa t e r ,  game, r e c r e a t i o n ,  hun t i ng ,  f i s h i n g ,  and w i lde rne s s  exper ience .  Ra ther ,  t h e  
o b j e c t i v e  becomes a  s i n g l e  g o a l ,  one of t h e  v a r i o u s  p o s s i b l e  s t a t e s  of f o r e s t  
o rgan i za t i on .  For an i n t e r v a l  of t ime t h e  g o a l  is t o  b r i n g  about  t h e  s t a t e  of 
f o r e s t  o rgan i za t i on  which de te rmines  a  c e r t a i n  d i v e r s i t y  of h a b i t a t s  and, t hus ,  
p rov ides  a  b i o l o g i c a l l y  p o s s i b l e  and d e s i r a b l e  combination of b e n e f i t s .  Th is  goa l  
i s  b i o l o g i c a l l y  p o s s i b l e ,  p h y s i c a l l y  a t t a i n a b l e ,  and economical ly  f e a s i b l e .  
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F i g u r e  10.--When n o  t i m b e r  (TI i s  h a r v e s t e d ,  some b e n e f i t s  such as t h e  l i v e l i h o o d  for deer  
( D ) ,  b l u e b i r d s  ( L ) ,  and ,  i n  t ime ,  s q u i r r e l  ( Q ) ,  are c o n s t r a i n e d .  The r e l a t i v e  amount of 
c o n s t r a i n t  of t h e  h a b i t a t s  from comple te  randomness i s  i n d i c a t e d  by t h e  r i s i n g  c o n s t r a i n t  
q u a n t a  (*) f o r  h a b i t a t s  ( f i g .  4 ) .  
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F i g u r e  11 .- - Ind ices  f o r  e i g h t  b e n e f i t s  and o n e  impac t  f o r  a modera te  mode of management. 
T = p o t e n t i a l  t i m b e r  i n d e x ;  I = sed imen t ;  D = d e e r  h a b i t a t ;  Q = s q u i r r e l  h a b i t a t ;  L = 
b l u e b i r d  h a b i t a t .  T h i s  i l l u s t r a t i o n  is  modi f i ed  from f i g u r e  2 (Boyce 1977) .  I n d i c e s  
are p l o t t e n  a n n u a l l y  f o r  t h e  f i r s t  10  y e a r s ,  t h e n  a t  4- year i n t e r v a l s .  L e t t e r  groups 
a t  t h e  t o p  of t h e  g raph  i n d i c a t e  c o i n c i d e n t  i n d i c e s ;  t h e  f i r s t  l e t t e r  of each group  
a p p e a r s  on t h e  p l o t .  
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The o r g a n i z a t i o n  of t h e  f o r e s t  ( t h e  d i s t r i b u t i o n  of h a b i t a t s )  i s  c o n t r o l l e d  
by schedu l ing  t h e  r a t e s  of h a r v e s t  and t h e  s i z e  of openings  formed by h a r v e s t i n g  
(Boyce 1977, 1978) .  Two o r  more r o t a t i o n  p e r i o d s  may be superimposed s o  t h a t  o l d  
growth and young s t a n d s  a r e  c l o s e l y  i n t e r m i n g l e d  and ,  over  t ime ,  i n t e r c h a n g e a b l e .  
Thus, age  c l a s s e s  of s t a n d s  a r e  d i s f r i b u t e d  i n  v a r y i n g  p r o p o r t i o n s  from 1 y e a r  t o  
some v e r y  o l d  age  s u c h  as 300 y e a r s .  The d i s t r i b u t i o n  of h a b i t a t s  i s  brought  t o  
one of a  l a r g e  number of s t e a d y  s t a t e s .  A t  any one of a  number of s t e a d y  s t a t e s ,  
a  l i v e l i h o o d  f o r  most ,  if n o t  a l l ,  endemic organisms i s  p o s s i b l e  and c e r t a i n  com- 
b i n a t i o n s  of b e n e f i t s  a r e  a v a i l a b l e .  

I n  t h i s  way, p l a n s  can i n c l u d e  t h e  r e s u l t s  of i n t e g r a t e d  a n a l y s e s  and a n t i c -  
i p a t e d  consequences of a l t e r n a t i v e  modes of management. 

5 . 2  Monitor ing D i v e r s i t y  f o r  Multiple-Use O b j e c t i v e s  

The purpose f o r  moni to r ing  d i v e r s i t y  i s  t o  a c q u i r e  i n f o r m a t i o n  t h a t  i s  u s e f u l  
f o r  making d e c i s i o n s  about  t h e  congruence of an implemented p l a n  and t h e  r e a l  Eor- 
e s t .  By congruent  we mean t h a t  a c t i o n s  s e l e c t e d  under t h e  p lan  d i r e c t  t h e  b io log-  
i c a l  systems t o  a c h i e v e  t h e  d e s i r e d  s t a t e  of f o r e s t  o r g a n i z a t i o n  (Boyce, I n  p r e s s ) .  
An impor tan t  way t o  moni to r  d i v e r s i t y  i s  t o  u s e  p e r i o d i c  i n v e n t o r i e s  of  t h e  f o r e s t  
t o  compare t h e  d i v e r s i t y  of e lements  i n  t h e  r e a l  f o r e s t  w i t h  t h o s e  a n t i c i p a t e d  by 
t h e  p l a n .  

The p e r i o d  f o r  f o r e s t  management is  s e p a r a t e d  i n t o  management i n t e r v a l s ,  
t y p i c a l l y  10  y e a r s .  A t  t h e  beg inn ing  of each i n t e r v a l  t h e  f o r e s t  i s  i n v e n t o r i e d  
f o r  t h o s e  e lements  of d i v e r s i t y  t h a r  i n d i c a t e  t h e  s t a t e  of o r g a n i z a t i o n .  The p lan  
a n t i c i p a t e s  a  f u t u r e  s t a t e  of f o r e s c  o r g a n i z a t i o n ;  f o r  example, t h e  d i v e r s i t y  of 
h a b i t a t s  ( f i g .  5 ) .  Data from t h e s e  i n v e n t o r i e s  a r e  used f i r s t  t o  examine t h e  con- 
gruence of t h e  p l a n  and t h e  h a b i t a t s .  For example, one may u s e  a  c h a r t  ( f i g .  6 )  
t o  compare 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 s  o f  s e e d l i n g ,  s a p l i n g ,  and o t h e r  h a b i t a t s  
a t  t ime 10  y e a r s  i n  t h e  p l a n  ( f i g .  5) w i t h  d a t a  from t h e  i n v e n t o r y .  Reasons f o r  
d i f f e r e n c e s  a r e  determined and,  i f  n e c e s s a r y ,  ad jus tments  a r e  made i n  t h e  p l a n  
(Boyce 1977, page 1 9 ) .  

During t h e  10-year management i n t e r v a l s ,  in fo rmat ion  from r e s e a r c h ,  observa-  
t i o n s ,  and e x p e r i e n c e  a r e  used t o  a d j u s t  t h e  a l g o r i t h m s  f o r  b e n e f i t s  t o  f i t  t h e  
s p e c i f i c  f o r e s t  t h a t  i s  under  management. For example, t h e  shape of  t h e  curves  
i n  f i g u r e s  1, 2 ,  and 3 may be  changed t o  a g r e e  w i t h  new f i n d i n g s .  An a d d i t i o n a l  
a l g o r i t h m  may b e  added f o r  t h e  computat ion of a  combined index ( s e c .  2 . 2 ) .  New 
y i e l d  t a b l e s  may be developed f o r  t imber .  Algor i thms may b e  develbped f o r  add i-  
t i o n a l  b e n e f i t s ,  i n c l u d i n g  s t reamf low,  s o c i a l  v a l u e s ,  and economic c o s t  and 
r e t u r n s .  The new i n v e n t o r y  and t h e  r e v i s e d  a l g o r i t h m s  a r e  i n s e r t e d  i n t o  t h e  p l a n ;  
f o r  example, one of t h e  DYNAST modes of management (Boyce 1977, 1978) .  The a n t i c -  
i p a t e d  combinat ions  of b e n e f i t s  f o r  t h e  n e x t  10 t o  100 y e a r s  i s  examined. The 
b e n e f i t s  a r e  then  e v a l u a t e d  i n  terms of consumer a t t i t u d e s .  

New a t t i t u d e s  and d e s i r e s  f o r  s o c i a l  and economic b e n e f i t s  may r e q u i r e  a  
change i n  t h e  mode of management. These changes a r e  made by a d j u s t i n g  t h e  r a t e s  
of t imber  h a r v e s t  and t h e  s i z e s  of openings  f o r  each f o r e s t  type  t o  b r i n g  about  
t h e  d e s i r e d  combinat ion of b e n e f i t s  (Boycr 1977) .  For t h e  n e x t  10 y e a r s ,  t h e  
management g o a l  i s  t o  change t h e  p r e s e n t  s t a t e  of f o r e s t  o r g a n i z a t i o n  toward t h a t  
a n t i c i p a t e d  by t h e  r e v i s e d  p l a n .  

Near t h e  end o f  each management i n t e r v a l ,  t h e  p r o c e s s e s  of i n v e n t o r y ,  a lgo-  
r i t h m  a d j u s t m e n t ,  and change i n  management mode a r e  r e p e a t e d .  I n  t h i s  way, 
moni to r ing  p r o v i d e s  i n f o r m a t i o n  t h a t  is  u s e f u l  f o r  making management d e c i s i o n s  
about  t h e  congruence of t h e  p l a n  and t h e  r e a l  f o r e s t .  The m u l t i p l e- u s e  o b j e c t i v e s  
a r e  k e p t  congruent  w i t h  consumer a t t i t u d e s  f o r  s o c i a l  and economic b e n e f i t s .  
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