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National projections show substantial increases in the dcrnantl 
for  wood and wood fiber-based products, cspecially housing mate- 
rials. Environmental considerations favor extending the use of 
wood, a renewable resource that canbe processed with less energy 
and less pollution than alternative materials. Present utilization 
standards and logging practices leave large amounts of residue-- 
small t rees,  cull and broken logs, tops, and dead timber--on the 
ground following harvesting. These residues can contribute to the 
forest 's  nutrient reservoir, reduce erosion, protect seedlings, im- 
prove soil quality (by either natural decay or as a fuel for natural 
wildfire) and provide wildlife cover. Rowever, in the quantities 
that frequently occur, residues can also create an unnaturally high 
fire hazard, inhibit regeneration, detract from esthetic values, 
ancl waste scarce fiber resourccs. 

Interactions between logging systems, silvicultural treatments 
(such as prescribed firc) ,  and thcir respective residues will be 
manifested by changes in the soil microflora. These contributions 
a r e  controlled by the basic physical and chemical aspects of the 
forest: environment that a r e  influenced by man's activities in the 
forests. Results of thesc activities will affect the nature and 
function of both individual and collectivc microbial populations. 
Microbial activities will be mediated primarily through changes in 
the soil which may have a subsequent effect on site quality. 

Prescntly, little is known about the optimum amount and kinds 
of residue needed to maintain or improve soil quality after timber 
i s  harvested. This compendium was prepared as  a basis for ini- 
tiating research into the microbiological effects of alternative 
rcsidues management procedures and to bring aboul an awareness 
of the potential problems and opportunities in  this arena of environ- 
mental manipulation. 

Past research reports many instances wherein management 
actions have had unforeseen effects on soil quality. This reflects 
a lack of knowledgc of many forest environments and emphasizes 
the need to examine each forest condition individually. Only by 
better understanding the net effects wrought by management prac- 
ticcs on each forest environment, can its soil be protected as  a 
storehouse of essential microbial activity, mineral nutrients, and 
physical characteristics, which together comprise the substrate 
for growth of future forests, 
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ABSTRACT 

Reviews  c u r r e n t  knowledge of the e f fec t s  of in tens ive  wood 
uti l ization,  p r e s c r i b e d  burning,  o r  a combination of both  t r e a t -  
m e n t s ,  on  the  m i c r o b i a l  ecology of f o r e s t  so i l s .  Identif ies 
a d d i t i o n a l r e s e a r c h  that  mus t  b e  done to  f i l l vo ids  in knowledge. 



Intensive Utilization 

S o i l s  a r e  dcvcloped by t h e  i n t eg ra t ed  ac t i on  of environmental f o r c e s  upon paren t  
materials. The s o i l s  produced have phys i ca l ,  chemical,  and b i o l o g i c a l  p r o p e r t i e s  t h a t  
de r ive  firom the  r e l a t i v e  i n f l uence  of paren t  m a t e r i a l s ,  c l imate ,  l i v i n g  organisms, 
topograllhy , and t ime.  

A s  f o r e s t  s o i l s  mature, t h e i r  p r o p e r t i e s  become more d i s t i n c t  and more s t a b l e .  
The h igh ly  c h a r a c t c r i s t i . ~  p r o p e r t i e s  of Eorest s o i l s  a r e  dependent on t he  presence of 
o rganic  ~n l a t e r i a l  on t h e  s o i l  su r f ace ,  t h e  continuous o r  p e r i o d i c  add i t i ons  of f r e s h  
ma te r i a l  a s  l i t t e r f a l l ,  and decaying woody ma te r i a l s .  To t h e  ex t en t  t h a t  it changes 
t h e  r a t e  of depos i t ion  and decay of organic  ma te r i a l  depos i ted  on t h e  f o r e s t  f l o o r ,  
u t i l i z a t i o n  may a l t e r  t h e  r a t e  o r  d i r e c t i o n  of s o i l  formation processes. 

Whon organic  ma te r i a l s  a r e  removed from a s i t e ,  such a s  by logging, t h e  r e l e a s e  
of unava i lab le  n u t r i e n t s  i n  s o i l  i s  acce l e r a t ed  (Borman and o t h e r s  1968). Likcns and 
o t h e r s  61969) demonstrated t h a t  severe t rea tments  of watersheds r e s u l t  i n  t h e  i nc r ea se  
of n i t r a t e s  and o t h e r  mineral  anions i n  streamflow. European ex e r i ence  has  a l s o  
shown t h a t  continuous l i t t o r  and r e s idue  removal i n h i b i t s  growthP (Krause and Har te l  
1935; Waidemann 1934, 1935; Alber t  1924). Close u t i l i z a t i o n  of r e s idues  has no t  been 
widespread i n  North America. tiowever, i n  c e r t a i n  l o b l o l l y  p ine  s tands  i n  ea s t e rn  
Maryland where 1-eaf l i t t e r  had been r e g u l a r l y  removed a s  a  bedding ma te r i a l  f o r  animals ,  
Cope (19251 rcported a  decrease  of both he ight  growth and volume. I n  Quebec, Weetman 
and Webbar (1972j i nd i ca t ed  t h a t  on d ry  s i t e s  with low organic  r e se rves ,  whole t r e e  
logging may dep l e t e  n u t r i e n t s  dur ing  the second r o t a t i o n .  Zinke and Colwell (1972) 
agree ,  and i n d i c a t e  t h a t  on ly  stems and t runks  should be removed dur ing  ha rves t i ng .  
Fol iage,  branches, and r o o t s  should be l e f t  as  an organic  resource .  

Decaying woody ma te r i a l s  con t r i bu t e  t o  t h e  d e s i r a b l e  p r o p e r t i e s  of f o r e s t  s o i l s  
and p e r s i s t  f o r  decades (McFce and Stone 1966). Fur ther ,  decaying woody ma te r i a l  
cons t i t lu tes  t h e  primary food base f o r  a  myriad of decay fungi  t h a t  may se rve  a s  n u t r i -  
en t  s i nks  t h a t  reduce Losses from leaching of mineral  n u t r i e n t s  (Stark 1972). Thus, 
removal of t h e  organic  ma te r i a l  may rcduce s o i l  n u t r i e n t s  t h a t  r e q u i r e  many decades t o  
r e c o n s t i t u t e ,  n a t u r a l l y  o r  o therwise ,  

Even on favorab le  s i t e s  wi th  s t a b l e  s o i l s ,  changes i n  organic  r e sou rce s  could have 
shor t - te rm e f f e c t s .  For i n s t ance ,  any t reatment  t h a t  a l t e r s  t h e  r e l a t i v e  a b i l i t y  o f  
c o n i f e r s  and brush spec i e s  t o  compete dur ing  recovery s t ages  could a f f e c t  e a r l y  
success iona l  development. Whether o r  n o t  such changes are d e s i r a b l e  depends on manage- 
ment o b j e c t i v e s .  

C l ea rcu t t i ng  has g r e a t  impact on r e s idue  reduc t ion  and s o i l  d i s turbance .  Clear-  
c u t t i n g  temporari ly  i n t e r r u p t s  t h e  cyc l ing  of n u t r i e n t s  between t h e  p l a n t s  and t h e  s o i l  
arid it inc rea se s  both s o i l  temperatures  (Day and Duffy 1963) and moisture (Bethlahmy 
1962). Those changes favor  decomposition of  r e s idues  and o t h e r  processes  t h a t  i nc r ea se  
n u t r i e n t  r e l e a s e  t o  t h e  s o i l  (Likens and o t h e r s  1969). Removal of t h e  p lant  cover a l s o  
i n t e r r u p t s  evapot ransp i ra t ion  and i nc rea se s  water movement through t h e  s o i l  system 

' l e sn ik5  Prgce. 1933. Damages caused by removal of f o r e s t  l i t t e r .  Vol. 1 2 :  137-146, 



(Bethlnlimy 1962; Co l t t l a rp  1960) ,  increasing t h c  p r o l ~ a b i l i t y  of  n u t r i e n t  l o s s  through 
leaching. Ilowcvcr, nlost f o r e s t  s o i l s  have a  h igh  c a p a c i t y  t o  r e t a i n  n u t r i e n t s  a g a i n s t  
ground and s u r f a c e  r u n o f f  ( F r e d r i c k s o n  1972; Cole and Gesse l  1 9 4 5 ) .  I f  r e v c g e t a t i o n  
o c c u r s  r a p i d l y ,  w i t h i n  a  few y e a r s  systcrns c h a r a c t e r i s t i c  of t h e  a r e a  a r e  r e e s t a b l i s h e d  
(Marks and Rormari 1972) .  

Thc amount and d i s t r i b u t i o n  o f  s l a s h  and t h e  e x t e n t  o f  d i s t u r b a n c e  t o  t h e  f o r e s t  
f l o o r  and s o i l  sys tems a r e  s t r o n g l y  i n f l u c n c c d  by t h e  method of c l e a r c u t t i n g  ( B e l l  and 
o t -he r s  1974) . Under sonre c i r c u m s t a n c e s ,  even e x t e n s i v e  t h i n n i n g  can c a u s e  s i t e  damage 
('l'amrn 1969) .  S i m i l a r l y ,  whole t r e e  u t i l i z a t i o n  rnay cause  smal l  l o s s e s  o f  n u t r i e n t s  
t h a t  cou ld  b c  s i g n i f i c a n t  a f t e r  many h a r v e s t  removals  (Boyle and o t h e r s  1973; White 
7 4  'l'he n e e d l e s  and t w i g s  c o n t a i n  a. l a r g c  p r o p o r t i o n  of  t h e  n u t r i e n t s  o f  t h e  t r e e  
(Boyle and o t h e r s  1973; Keays 1970, 1971) .  Thus,  t h e  combined e f f c c t  o f  c l e a r c u t t i n g ,  
logg ing  method, and i . n t c n s i v e  o r  whole t r c c  u t i l i z a t i o n  may have s j . g n i f i c a n t  impacts  
on s i t c  q u a l i t y .  'I'hese impac t s  and t h e  a b i l i t y  o f  s p e c i f i c  s i t c s  t o  w i t h s t a n d  them 
rernnin t o  11c de te rmined .  
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The main eco log i ca l  e f f e c t  of  f i r e  i s  t o  compress t h e  ox ida t i ve  a c t i v i t i e s  of  
decay i n t o  a very  s h o r t  time span. Most of  t h e  products  o f  e i t h e r  b i o l o g i c a l  o r  hea t  
ox ida t ion  a r e  s i m i l a r  i n  chemical composition and i n  q u a n t i t y  (Hall 1972; Komarek 
1970). With t h e  except ion o f  charcoa l ,  f i r e  r e s idues  a r e  even tua l l y  consumed by 
microbes as they  would be i n  b i o l o g i c a l  decomposition. Charcoal r e s i d u e s  a r e  not only 
h igh ly  r e s i s t a n t  t o  decomposition, t hey  a l s o  change t h e  s o i l  environment (Tyron 1948). 
Charcoal has been known t o  p e r s i s t  i n  s o i l s  f o r  s eve ra l  hundred years  (Soper 1919). 

. Thus, f i r e  o r  t h e  lack of  f i r e  can have longstanding e f f e c t s  on f o r e s t  s o i l s .  

F i r e s  i n  heavy f u e l s  can s t e r i l i z e  and change t h e  b i o l o g i c a l ,  physica1,and chemical 
c h a r a c t e r i s t i c s  of  t h e  upper s o i l  horizons (Neal and o t h e r s  1965). Changes inc lude  
i nc rea s ing  s o i l  pH from 0 .3  t o  1 . 2  u n i t s  widening t h e  C : N  r a t i o s  o f  s o i l  o rganic  
ma t t e r ,  and reducing s o i l  pore s i z e ,  a e r a t i o n ,  water-holding capac i t y  (Kalston and 
Hatchel 1971; Neal and o t h e r s  1965), and water i n f i l t r a t i o n  r a t e s  (DeBano and Rice 
1973). These changes u s u a l l y  reduce microbial  a c t i v i t i e s  f o r  varying pe r iods  a f t e r  
t h e  burn (Ahlgren and Ahlgren 1965; Wright and Tar ran t  1957). Reinoculat ion occurs  
from windblown spores  o r  o t h e r  d e b r i s ,  and through invas ion  from subsur face  l a y e r s .  
Because burning change-s t.he so i l ' * s  phys i ca l  and chemical p r o p e r t i e s  and e l im ina t e s  
many.potential.competitors, microbes adapted t o  t h e  changed s o i l  enuironment have an 
advantage i n  t h e  r eco lon i za t i on  process .  

When moisture i s  s u f f i c i e n t ,  t h e  microbia l  populat ion i s  quick ly  r e c o n s t i t u t e d ,  
p r imar i l y  from organisms adapted t o  t h e  new s o i l  environment. The r e c o n s t i t u t e d  
popula t ion  may be g r e a t e r  and more a c t i v e  than t h e  o r i g i n a l  one (Ahlgren and Ahlgren 
1965), perhaps because of  t h e  l a r g e  q u a n t i t y  of  mineral n u t r i e n t s  r e l ea sed  from t h e  
ash and because of o t h e r  s h i f t s  i n  s o i l  chemistry.  For example, spo re s  o f  t h e  r o o t  
pathogen Rhiz ina  undulata Fr. germinate only a f t e r  exposure t o  e l eva t ed  temperatures  
(Gremmen 1971). I t  thereby ga in s  access  t o  s o i l s  t h a t  a r e  r i c h  i n  n u t r i e n t s ,  t h a t  are 
l i k e l y  f o  conta in  young and s u s c e p t i b l e  con i f e r  r o o t s ,  t h a t  harbor  few competing - 

'organisms,  and t h a t  have low concent ra t ions  of  h e a t - l a b i l e  growth i n h i b i t o r s  (Watson 
and Ford 1972). Increases  i n  o t h e r  p o t e n t i a l  c o n i f e r  r oo t  pathogens have a l s o  been 
repor ted  a f t e r  burning (Wright and Bollen 1961; Tar ran t  1956). 



Temporary r e d u c t i o n s  i n  c o n i f e r - f u n g a l  mycor rh iza l  c o n s o c i a t i o n s  have been found 
a f t e r  burn ing  (Wright 1971, 1958; Mikola and o t h e r s  1964; Wright and T a r r a n t  1957; 
T a r r a n t  1956) .  Exper imental  h e a t  s t e r i l i z a t i o n  of  s o i l s  stimulates t h e  p r o d u c t i o n  o f  
b i o l o g i c a l l y  d e g r a d a b l e  p h y t o t o x i n s  (Rovira  and Howen 1966) .  C r e a t i o n  o f  such t o x i n s  
by s u r f a c e  f i r c s  and t h e i r  subsequen t  m i c r o b i o l o g i c a l  breakdown may r e p r e s e n t  impor tan t  
processes in f o r e s t  s o i l s .  b lycorrhizal  f u n g i  have been r e p o r t e d  t o  n e u t r a l i z e  t h e  . 
e f f e c t s  o f  such  t o x i n s  (Zak 19711. These  changcs w i l l  v a r y  i n  degree  and d u q a t i o n ,  
depending on t h e  i n t e n s i t y  o f  t h e  burn,  s o i l  t y p e ,  c l i m a t i c  c h a r a c t e r i s t i c s ,  and t h e  
t y p e  of v e g e t a t i o n  t h a t  becomes e s t a b l i s h e d  a f t e r  t h e  burn .  

Most s o i l  n i t r o g e n  (N) i s  p r e s e n t  i n  t h e  form o f  n i t r o g e n o u s  compounds con ta ined  
i n  l e a v e s ,  smal l  t w i g s ,  and o t h e r  m a t e r i a l s  o f  t h e  decay ing  d u f f .  Both l a b o r a t o r y  
(Knight 1966) and f i e l d  s t u d i e s  (Metz and o t h e r s  1961) have e s t a b l i s h e d  t h a t  s u b s t a n -  
t i a l  n e t  l o s s e s  o f  N o c c u r  clue t o  b u r n i n g .  However, N and o t h e r  minera l  n u t r i e n t s  i n  
s p e c i f i c  res ic lue  m a t e r i a l s  'can i n c r e a s e .  The apparen t -  a c t i v i t y  of micro-organisms 
a c t i v e  i n  t h e  N c y c l e  i s  i n c r e a s e d  in  pos tburn  s o i l s  ( Jo rgensen  and Wells 1971; Neal 
and o t h e r s  1965) .  Although n e t  l o s s e s  o f  N o c c u r  th rough  v o l a t i l i z a t i o n  and l e a c h i n g ,  
i n c r e a s e s  i n  N- f ix ing  orga.nisms o f  many s o i l s  may r e c o n s t i t u t e  a  p o r t i o n  o f  t h i s  l o s s  
(Metz and o t h c r s  1961; Wells 1971) .  Thus, t h e  e x t e n t  o f  N f i x a t i o n  and subsequent  
s o i i  N t r a n s f o r m a t i o n s  o c c u r r i n ~  a f t e r  f i r e  a r e  c r i t i c a l  f a c t o r s  i n  e v a l u a t i n g  t h e  
long- term c f f e c t s  on s i t c  q u a l i t y .  

Although E i r c  can have many d e t r i m e n t a l  e f f e c t s  on t h e  s o i l  environment ,  f r e q u e n t  
burn ing  on s t a b l e  s o i l s  docs  n o t  s i g n i f i c a n t l y  damage s i t e  q u a l i t y  (Stone 1971; Wells 
1971) .  F u r t h e r ,  most f o r e s t e d  ecosystems i n  North America have evolved under  t h e  
d i r e c t  i n f l u e n c e  o f  f i r e  (I-iabeck and Mutch 1973; Komarek 1962; Ahlgren and Ahlgren 
1960) .  I n  n o r t h  t empera te  f o r e s t s  ene rgy  i s  s t o r e d  a t  r a t e s  t h a t  exceed n a t u r a l  u t i l % -  
z a t i o n  (Olsen 1963) .  T h e r e f o r e ,  E i r c  o r  s i l v i c u l t u r a l  a l t e r n a t i v e s  may h e  r e q u i r e d  t o  
m a i n t a i n  s i t e  q u a l i t y  by f r e e i n g  energy  and n u t r i e n t s  bound i n  f o r e s t  r e s i d u e s .  Not 
y e t  clef ined a r c  t h e  l i m i t s  and c o n d i t i o n s  under  which t h e  r e j u v e n a t i v e  (Lyons and 
Pcnge l ly  1970: Kamarek 1962) and p r o t e c t i v e  s i l v i c u l t u r a l  b e n e f i t s  (Davis 1959) provided 
by f i r e  exceed i t s  p o t e r l t i a l  f o r  damage. 
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- RELATIONSHIP OF UTlLlZATlON INTENSITY 
AND FIRE TO MICROBIAL ECOLOGY 

Thc major m i c r o b i a l  f u n c t i o n s  i n  a  f o r e s t  ecosystem a r e  c a r r i e d  ou t  i n  t h e  s o i l  
envixonmcnt. The ~ u r f a c e  l a y e r s  o f  a f o r e s t  s o i l  may c o n t a i n  10 t o  100 m i l l i o n  b a c t e r i a  
and I t o  100 thousand fungi  p e r  gram (0.035 0 2 ) .  The m i c r o b i a l  mass i n  t h e  t o p  6 inches  
(15 .2  cm) o f  a n  a c r e  o f  f e r t i l e  a g r i c u l t u r a l  s o i l  has  beer) es t i rnatcd a t  1,000 l b  (450 k g )  
of  bacterial and 2,000 l h  (900 kg)  of  funga l  biomass,  on a  d r y  weight h a s i s  (Bol len  
1959) .  S o i l ,  l i t t e r ,  and woody r e s j d u c ,  l a r g e l y  i n  the form of  c e l l u l o s e  and l i g n i n ,  
c o n s t i t u t e  t h e  energy base  f o r  t h i s  i n t e n s e l y  a c t i v e  component of  a  f o r e s t .  Thc mineral  
n u t r i e n t s  r e q u l r e d  t o  m a i n t a i n  a  f o r e s t  ecosystem a r e  l a r g e l y  d e r i v e d  from such r e s i d u e  
and t h e  m i c r o b i a l  a c t i v i t y  it s u p p o r t s .  

P l a n t  nutrients a r c  d e r i v e d  d i r e c t l y  from t h e  atmosphere o r  s o i l  p a r e n t  m a t e r i a l s ,  
rnainly th rough  r n i  c r n b i a l  metabolism. 'The a c c u n ~ u l a t i o n  o f  o r g a n i c  m a t e r i a l s  i n  o r  on 
f o r e s t  s o i l s  p r o v i d c s  n o t  o n l y  t h e  energy source  f o r  mic rob ia l  growth, b u t  a l s o  a  r e s e r -  
v o i r  f o r  a v a i l a l j l c  n u t r i e n t s .  Thus, a  f o r c s t e d  ecosystem i c  c h a r a c t e r i z e d  by a l a r g e ,  
h i g h l y  e f f i c i e n t ,  i n t e r n a l  c i r c u l a t i o n  system t h a t  t r a n s f e r s  minera l  n u t r i e n t s  between 
t h e  p l a n t  cover  and t h e  s o i l .  Prodrrction of  l a r g e  q u a n t i ~ i e s  o f  biomass from f o r e s t  
s o i l s  i s  t h e  r e s u l t  o f  t h i s  system (Oviiigton 1962) .  

Ilow f o r e s t  r e s i d u e s  contribute t o  t h e  s o i l  r e s o u r c e ,  through n a t u r a l  decay o r  p r e -  
s c r i b e d  f i r e ,  must bc unders tood and managed if extreme changcs in s o i l  p r o p e r t i e s  a r e  
t o  be avo ided .  The s o i l  i s  a dynamic system t h a t  i s  main ta ined  by an u n s t a b l e  e q u i l -  
i b r j  uni o f  p h y s i c a l ,  chemical, and h i o l o g i c a l  p r o c e s s e s .  Residue e f f e c t s  a r e  mediated 
p r i m a r i l y  through changes i n  s o i l  pa ramete r s ,  e . g . ,  t empera tu re ,  m o i s t u r e ,  a e r a t i o n ,  
a c l d i t y ,  n u t r i e n t  and energy supp ly ,  and a v a i l a b l e  b i o t a  (Bol len 1 9 7 4 ) .  I t  i s  a p p r o p r i -  
a t e  t o  examine i n  d e t a i l  how c l o s e  u t i l i z a t i o n  o r  burn ing  of  r e s i d u e s  a f f e c t s  t h e  s i x  
f a c t o r s  d i r e c t l y  invo lved  i n  t h i s  d e l i c a t e  e q u i l i b r i u m .  

Temperature 

kach micro-organism has  an o ~ ~ t i m u m  tempera tu re  bo th  f o r  growth and f o r  each of  Inany 
metabolic p r o c e s s e s  t h a t  c o n t r i b u t e  t o  i t s  e c o l o g i c a l  f u n c t i o n s .  Outs ide  t h e s e  tempera- 
t u r c  opt ima,  growth o r  f u n c t i o n  c e a s e s  o r  changes (Raney 1965) .  Within any given f o r e s t ,  
micro-organism p o p u l a t i o n s  a r e  comprised p r i m a r i l y  o f  t h o s e  we l l  adapted t o  t h c  prevail- 
i n g  t empera tu re  regime.  Radical  changes i n  s o i l  t empera tu res ,  such a s  t h o s e  r e s u l t i n g  
from c l e a r c u t t i n g ,  p a r t i c u l a r l y  when a s s o c i a t e d  w i t h  r c s i d u e  removal o r  burn ing ,  can 
cngcnder r a d i c a l  changcs i n  mic rob ia l  populations ( P a r r  1968) .  'I'hese f l u c t u a t i o n s  a r e  
most p r o n o ~ ~ n c e d  i n  t h e  uppermost s o i l  l a y c r s  whcre t empera tu res  a r c  s t r o n g l y  i n f l u e n c e d  
by r a d i a t i o n  exchange o r  s h o r t - t e r m  c f f e c t s  of  burn ing .  The s u c c c s s  of t h e  subsequent  
f o r e s t  depends upon t h i s  l a y e r .  

Moisture 

'I'lie optimum m o i s t u r e  c o n t e n t  of  f o r e s t  s o i l s  f o r  m i c r o b i a l  a c t i v i t y  i s  n e a r  SO 
p e r c e n t  o f  i t s  wate r -ho ld ing  c a p a c i t y  (Bol lcn 1974) .  A s  m o i s t u r e  d e c r e a s e s  below t h a t  
l c v c l ,  growth and mctabolism of t h e  s o i l  m i c r o f l o r a  a r e  reduced .  When s o i l  becomes 
a i r - d r y ,  both  p r o c e s s e s  c s s e x ~ t i a l l y  c e a s e .  On t h c  o t h e r  hand, a s  m o i s t u r e  i n c r e a s e s ,  
t h e  a i r  supp ly  i s  reduced ( d i s p l a c e d ) .  A s  a i r  d i sp lacement  i n c r e a s e s  bcyond 50 p c r c c n t ,  
m i c r o b i a l  growth and lnetabolism a r e  a g a i n  reduced,  u n t i l  a l l  a e r o b i c  p r o c e s s e s  come t o  
a n e a r  s t a n d s t i l l  ( S t o l z y  and Van Gundy 1968) .  Treatment o f  f o r e s t  r e s i d u e s  profoundly 



a f f e c t s  bu f f e r i ng  of s o i l  moisture extremes, p a r t i c u l a r l y  t he  r a p i d i t y  of drying of upper 
s o i l  l a y e r s  dur ing  t h e  summer (Day 196.7; Day and Duffy 1963).  Drying r a t e  i s  a l s o  
s t rong ly  a f f e c t e d  by c l ima te  and s i t e .  For example, r e s idues  i n  wet spo t s  ren~ain  
s a t u r a t e d  f o r  most of t h e  year  and decompose very  slowly; and s o i l  moistrrre l o s s  i n  t h e  
summer w i l l  be morc c r i t i c a l  t o  t h e  microbial  a c t i v i t y  of a  southwest-facing s lopc  than 
of a no r th - f ac ing  s lope .  

Aeration 
Gaseous oxygen (02 ) ,  carbon d ioxide  (C02), and n i t rogen  IN2) a r c  components of 

t h e  atmosphere v i t a l  t o  microbial  metabolism. Oxygen i q  r equ i r ed  f o r  most processes  
t h a t  decompose carbon compounds, t o  produce energy f o r  growth. Most micro-organisms 
r e q u i r e  a t  l e a s t  a  t r a c e  of  C02 t o  i n i t i a t e  growth. This conlpnund i s  a l s o  an end 
product o f  energy- rc la tcd  metabolism. Excessive amounts of C02 can r e t a r d  microbial 
a c t i v i t y  (Wimpenny 1969).  Cer ta in  N-fixing organisms incorpora te  gaseous n i t rogen  
d i r e c t l y  i n t o  c e l l u l a r  c o n s t i t u e n t s .  Thus, movement of atmospheric gases  i n t o  t h c  
s o i l  must be adequate f o r  s a t i s f a c t o r y  exchange. Any r e s idue  t rea tments  t h a t  impede 
v e n t i l a t i o n  w i l l  p r ed i c t ab ly  reduce microbia l  a c t i v i t y  j)y r e s t r i c t i n g  O2 suppl ies  o r  
by pe rmi t t i ng  gases  t o  reach t o x i c  concent ra t ions  (Clark and Kemper 1967). Treatments 
t h a t  encouragc compaction o r  t h e  formation of: impermeable s o i l  l a y e r s  can be exceed- 
ing ly  de t r imen ta l .  Accumulation of o rganic  s o i l  r e s idue  docs no t  adverse ly  a f f e c t  t he  
gas exchange process .  

Hydrogen Ion Concentration [pH] 
Concentrat ion of  hydrogen ions  i n  t h c  s o i l  s t r ong ly  a f f e c t s  microbial  a c t i v i t y .  

The observed e f f e c t s  of s o i l  a c i d i t y  on micro-organisms may be a t t r i b u t e d  t o  
(1) changes i n  organic  mat te r  a v a i l a b i l i t y ;  ( 2 )  pH-caused n u t r i e n t  d e f i c i e n c i e s ;  
( 3 )  t o x i c  e f f e c t s  of hydrogen or  aluminum ions ;  o r  ( 4 )  a  combination of  t h e  above 
f a c t o r s  (Jurgensen 1973). Micro-organisms d i f f e r  i n  t h e i r  degree of t o l e r ance  t o  ptl 
change. Some t h r i v c  on ly  i n  a  very narrow range and o t h e r s  t o l e r a t e  wide extremes 
(Davey and Danielson 1968) . 

Radical changes i n  s o i l  pI1 r e s u l t  from t h e  e f f e c t s  of r e s idue  management, 
e s p e c i a l l y  f i r e  (Wells 1971).  The presence of ash o r  charcoal  i nc r ea se s  b a s i c i t y .  
When such a  change occurs ,  organisms with e i t h e r  a  wide pH range o r  a narrow pll range . 

s u i t a b l e  t o  t h e  new regime r e p l a c e  t h e  prev ious ly  e x i s t i n g  b i o t a .  This  e f f e c t  i s  
p a r t i c u l a r l y  pronounced a s  s o i l  pH nears  n e u t r a l i t y  and t he  acid-base a c t i v i t i e s  
approach balanced l e v e l s .  Thus, t h e  microbio logica l  a c t i v i t i e s  of weakly ac id  f o r e s t  
s o i l s  are  h ighly  s u s c e p t i b l e  t o  d r a s t i c  change. 

Fores t  s o i l s  a r e  t y p i c a l l y  ac id .  Leaching i nc rea se s  a c i d i t y  through l o s s  of  
mineral elements.  The ex t en t  and r a t e  of n u t r i e n t  l o s s  is a func t ion  of ca t i on  
exchange capac i t y  i n  a r e a s  of  s u f f i c i e n t  r a i n f a l l .  P a r t i a l l y  decomposed r e s idues  
provide an important  source of exchange s i t e s ,  p a r t i c u l a r l y  in coarse- tex tured  s o i l s .  

Nutrient and Energy Supply 
Because most s o i l  organisms a r e  he t e ro t roph i c ,  they r e q u i r e  a  source of  energy i n  

t h e  form of  carbon compounds. The e f f e c t  of f o r e s t  l i t t e r  and woody r e s idues  on s o i l  
microbial  a c t i v i t y  depends on t h e  type  of ma te r i a l ,  i t s  n u t r i e n t  conten t ,  and on t h e  
i n i t i a l  f e r t i l i t y  of  t h e  s o i l  (Davey and Danielson 1968; Waksman and Tcnney 1928). A 
l ack  of  s u i t a b l e  organic  s u b s t r a t e s  normally l i m i t s  t h e  growth of he t e ro t roph i c  
micro-orghnisms i n  s o i l  (Gray and Williams 1971). 

Although an abundance of  carbon (C] compounds i s  d e s i r a b l e ,  excess ive  amounts can 
produce marked expansion of microbia l  popula t ions  and excess ive  competi t ion f o r  mineral  
n u t r i e n t s .  S o i l  micro-organisms r e q u i r e  many of t h e  same n u t r i e n t  elements a s  do 



h l g h e r  p l a n t s  and c a n ,  d t  t l rnes ,  p r o v l d c  i n t e n s e  compet i t ior l  t o  p l a n t s  f o r  t h e s e  
nutrients. Because of t h e  low N s u p p l y  i n  most woody r e s i d u e s  and o t h e r  s i m i l a r  
m a t e r i a l s ,  co rnpc t l t l on  g e n e r a l l y  r e s u l t s  in  s e v e r e  N d e f i c i e n c i e s  tcrmed "immohiliza- 
t l o n "  ( Z o c t t l  1965) .  The inimobilized N i s  used i n  t h e  p r o d u c t i o n  o f  m i c r o b i a l  c e l l s  
and ,  a l t h o u g h  ~t i s  n o t  l o 5 t  t o  t h e  ~ i t e ,  i t  i s  u n a v a i l a b l e  t o  h i g h e r  p l a n t s  u n t i l  
d e a t h  and d e c o ~ n p o s i t l o n  o f  t h e  mic robes  exceed t h e i r  p o p u l a t i o n  growth (Mulder and 

* 

o t h e r s  1969) .  For  an  optirnum r a t e  o f  t lccomposi t ion ,  t h e  C t o  N r a t i o  shou ld  Approxi-  
mate 2 5 : l .  I n  decay-resistant woody r e s ~ d u e s ,  t h c  r a t l o  1s much widcr  ( approx ima te ly  
400: I ) ,  b u t  much oE t h l s  C i s  I n  t h e  form ~f 1  i g n i n s ,  which b reak  down s l o w l y  ( A l l i s o n  
2nd o t l l e r s  1963) .  I l lus,  l l g r i l c o l o u s  m a t e r i a l 5  e x c r t  low b u t  long- t e rm N demands. 
Ilumus, and t h e r e f o r e  mo5t s o i l s ,  ~ h o u l c l  have a  narrow C-to-N r a t i o  ( approx ima te ly  2 0 : l )  

Ilumus i s  mos t ly  made up of h i g h l y  decomposed m a t e r i a l .  l 'he m a t e r i a l  t h a t  i s  n o t  
dccolnposed j s 11igl1 l y  r e s j . s t a n t  t o  f u r t h e r  breakdown. Humus a l s o  c o n t a i n s  a  l a r g e  
quanti1.y o f  t h e  a v a i l a b l e  c a t i o n  exchange c a p a c i t y  f o r  n u t r i e n t  s t o r a g e .  M i n e r a l i z e d  
s o i l  N ih e a s i l y  y e l e a s e d  from t h e s e  c a t i o n  exchange s i t e s  and i s  r e a d i l y  a v a i l a b l e  
f o r  p l a n t  o.r m i c r o b i a l  growth.  N d c f i c i c n c i c s  in  humus nornia l ly  o c c u r  o n l y  when hi.gh 
C-to-N r a t i o ,  r c a d i l y  dcconiposihle r e s i d u e s  become i n c o r p o r a t e d .  T h i s  b e g i n s  a  r a p i d  
decay p r o c e s s  t h a t  q u i c k l y  immo1)ilizes much of  t h e  s o i l  N s u p p l i e s  (Ba.rtholomew 1965) .  
On t h e  o t h e r  hand,  r e s i d u e s  t h a t  remain on but  n o t  i n  t h e  s o i l  may, th rough  l o w  decay,  
a c t u a l l y  i r i c r e a s c  N s u p ] - ~ l i c s  t o  t h e  s o i l  under t h e  r i g h t  cond i t . i ons .  

Available Biota 

S o i l  org;inisrns compete f o r  m i n e r a l  n u t r i e n t s ,  food s u p p l i e s ,  and p o s s i b l y  oxygen 
(Clark  196!)), wh-ich lead:; t o  I ~ i g h l  y  r e f i n e d  c o m p e t i t i v e  mechan,i.sms a d a p t e d  f o r  spec ia l ' -  
i zed  n i c h e s .  Prot11rct.ion o f  a n t i h i o t  i c s ,  and p a r a s i t i s r ~ i ,  p r e d a t i o n ,  and symbios i s  
s e r v e  a s  examples. Cornpet.-itior~ so~rletimcs l i m i t s  t h e  dcvclopment of c e r t a i n  s p e c i e s  
and lcacis t o  s u c c e s s i o n s  o f  orj ianisms a s  decomposi t ion  p roceeds  (Alcxander  1964) .  

Frcrlllent 1 y ,  t h e  n a t u r e  o f  t h c  microhi  a1 s u c c e s s  ions  i s  d i c t a t e d  by t h c  p i o n e e r  
organisnis  p r e s c n t  when a  food s o u r c e  1)ecomes a v a i l a b l e .  P i o n e e r  organisms a r e  l a r g e l y  
c o r l t ~ o l l e d  by t l ,e  p r e v i o u s l y  d e s c r i b e d  p h y s i c a l  and chemical  p a r a m e t e r s  t h a t  govern  
macr 'ohahi. tat .  P i o n e c r  s p e c i c s  may imposc permanent changes  on t h e  subsequen t  sucoes -  
s j o n s  o f  micro , -organisms u n t i l  a s p e c i f i c  food s o u r c e  i s  exhaus ted  (Shigo and E l l i s  
1973) .  l<es iducs  arld r e s i d u c  t r e a t m e n t s  d i r e c t 1  y  i n f l u e n c e  t h e  s u c c e s s i o n a l  p a t t e r n s .  
'l 'hus, t h e  p i o n e e r  orga1.1isrns p r e v a l e n t  d u r i n g  t h e  season  i n  which t h e  r e s i d u e s  a r e  
j icnernted may c o n t r o l  subsequcrit  m i c r o b i a l  ~ ~ o p u l a t i o n s .  

A s  i n d i c a t e d  p r t , v i o u s l y ,  a v a i l a b l e  m o i s t u r e ,  t e m p e r a t u r e ,  and amount and k ind  of 
o r g a n i c  substrate d i c t a t e  t h e  t y p e  o f  organisms a c t i v e  i n  t h e  s o i l  a t  any g iven  t ime .  
B i o t i c  h i s t o r y  can a l s o  in f lue r l ce  s o i l  rn i c ro f lo rn .  For example,  p r e v i o u s  a c t i v i t y  of 
s o i l  p a t h o g e r ~ s  o r  s tem decays  may a f f e c t  r e f o r e s t a t i o n .  Rcs idues  i n d i r e c t l y  a f f e c t  
s o i l  a c t i v i t y  j u s t  a s  t h e y  a f f c c t  t h e  e s t ab l i sh rncn t  o f  h i g h e r  p l a n t s  on t h e  s i t e ,  e . g . ,  
t h e  e s t a h l  i s h ~ n e n t  o f  Alnus or C'eanothus s p e c i e s  f o l l o w i n g  b u r n i n g  p r o v i d e s  h o s t  - roo t s  
f o r  c e r t a i n  s y m b i o t i c  organisms (Youngberg and IVollum 1 9 7 0 ) .  S i rn i la . r ly ,  s p e c i f i c  
c o n i f e r s  a r c  h o s t s  f o r  c e r t a i n  ectonrycor-rhi z a l  f u n g i .  

Thc s o o t s  o f  p i o n e e r i n g  p l a n t s  d i r e c t l y  i n f l u e n c e  t h c  s o i  1 .  'I'he s o i l  a r e a  
s u r r o u n d i n g  t h e  r o o t s  o f  h i g h c r  p l a n t s ,  termed t h e  r h i z o s p h e r e ,  i s  c h a r a c t e r i z e d  by ' 

v e r y  i n t e n s e  nlicl 'ohial  a c t i v i t y .  T h i s  a c t i v i t y  i s  based on l e a k a g e  o r  s l o u g h i n g  o f  
food m a t e r i a l s ,  such  a s  c e r t a i n  s u g a r s  and amino a c i d s ,  from t h e  ro0 t . s  (Rov i ra  1969; 
S l a n k i s  and o t h e r s  1964) .  'The e x t e n t  and . inf luence  o f  such  r o o t  sys t ems  i n  s o i l s  a r e  
l i t t l e  a p p r e c i a t e d .  A s i n g l e  r y e  p l a n t  grown i n  2  f t 3  (0 .06 m3) o f  s o i l  had 13 ,800 ,000  
r o o t s  w i t h  a  t o t a l  l e n g t h  o f  387 m i  ((319.2 kmj, and 14 by l o 9  r o o t  h a i r s  w i t h  a t o t a l  
l e n g t h  o f  6 ,600  m i  ( lO,( i lS  km), and p rov idcd  a t o t a l  s u r f a c e  a r e a  o f  6 ,874 f t 2  (638.6 m2).  
The t o t a l  e x t e r n a l  s u r f a c e  o f  t h e  s h o o t s  and l e a v e s  of t h i s  p l a n t  p rov ided  o n l y  51.38 
f t 2  (4 .72 m7.) o f  s u r f a c e  a r e a  (Ditmer 1937) . A 55-yea r -o ld  D o u g l a s - f i r  i s  r e p o r t e d  



t o  havc 464 f t  (141.4 m2) o f  r o o t s  g r e a t e r  t h a n  1 cm i n  d i a m e t e r  (McMinn 1963) ,  b u t  
t h e  g r e a t e s t  l e n g t h  and s u r f a c e  a r e a  would be  c o n t r i b u t e d  by s m a l l e r  r o o t s .  Dead 
r o o t s  a r c  a l s o  impor tan t  a s  food s u p p l i e s  f o r  decay organisms -i.n deep s o i l  s t r a t - a .  
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IMPACT OF 
RESIDUE MANAGEMENT PRACTICES 
ON CRITICAL MICROBIAL ACTIVITIES 

Of the lnariy important activities of soil micro-organisms likely to be influcnccd 
by residuc nlanagcmcnt practices, the following arc critical and are corisidercd priority 
items for research: (1) Recycling of rnatrrials bound in woody resjdues through decomposi- 
tion and decay; (2) cstahlishmcnt and funct ion of n~ycorrhi zal activities; (3) acc~~mula- 
tion and retention of soil N in the forest ecosystem;rand (4) activities of indigenous 
plant pathogens. 

Decay 

For purposcs here, decomposition or dccay is defined as thc cnzyrnatic oxidation of 
chemically con~plcx woody plant materials by micro-organisms, prcdominar~tly fungi 
(Satchel1 1971) , to more sirnple compounds and nutrients that become part of the so i J . 
Thesc matcrials make up the nutritional organic basc of thc forest. Woody materials in 
the various stages of decay may be at the soil surface or be totally or partially 
imbedded in it. Tree residues, depending on size, persist up to 150 years or more 
(McFee and Stone 1966; Dimbclby 1953). In thc surface foot of soil, woody residue 
comprises a significant volume, up to 30 percent (McFee and Stone 19hh). Ilence decom- 
posing woody tissues are an important component of the organic-containing soil layers 
in temperate forests. As integral parts of the soil system and function, their impact 
is yet to be fully elucidated. 

The Ko le  o f  Residue Ikcay i n  the  F'orest Ecosystem 

Thc decay and decomposition of plant materials have long been the subject of papers 
and discussions in both forestry and agriculture. The Carbon Cycle is particularly 
important to both disciplines. This is the process by which C is photochemically fixed, 
assimilated by the plant and, aftcr its death, reduced to a variety of simple organic 
compounds and COP by the soil rnicroflora (fig. 1). The left side of figurc 1 enconlpasses 
the processes involved in Cop fixation by tree growth, the right side depicts C02 release 
through decomposition associatcd with fungi and other micro-organisms. The decomposi- 
tion of plant materials in a forest is one of the more complex phenomena associatcd 
with this cycle. 

In any ecosystem, there is a balance between fixed and decomposed carbon. The 
principal controlling factors in this cycle are: 

1. Light 
2. Tcmperature 
3. Moisture and Moisture Rcgimes 
4. Latitude, Slope, and Aspect (insolation) 

I' 

Restrictive limitations imposed by any one of these factors normally result in responses 
from thc plant community that are reflected in the rate of biomass production and its 
decomposition (Loman 1965, 1962; Olson 1963; Spaulding 1929a, 1929b). 



Figwe 1. --Th@ r o l e  of 
fungi i n  cyn2-i-ng carbon 
within an ecosystem. 
O n  $he l e f t  i s  the  
.symbiotic cycZe direct Ly 
using photosynthetic . 
products. The decom- 
pos i t ion  cyc le  i s  shown 
on the right (uf ' ter  
H a r l ~ y  1971) .  

When examining t h e  C c y c l e s  o f  f o r e s t  t r e c s  and a g r i c u l t u r a l  c r o p s ,  t h e  major  
d i f f e r e n c e s  hetween t h e  two a r c  r e a d i l y  a p p a r e n t .  A g r i c u l t u r a l  p r a c t i c e  u s u a l l y  invo lves  
annual  harve ' s t  and si t c  management ( w i t h  , a p p r o p r i a t e  m i n e r a l  and o r g a n i c  f e r t i l i z e r  
amer~ciments). Tn f o r e s t .  p r a c t i c e ,  h a r v c s t  o c c u r s  between 80 t o  150 y e a r s  (sawt imber)  o r  
15 t o  25 y e a r s  (pulpwood) and s i t e  management r e l a t e d  t o  f e r t i l i t y  and p r o d u c t i o n  of t h e  
new c r o p  i s  l e f t  p r i m a r i l y  t u  n a t u r a l  ~ ~ r o c c s s e s .  Man's i n t e r f e r e n c e  wi.th t h e s e .  
p r o c c s s c s  h a s  been r e s t r i c t e d  t o  (1)  l i m i t e d  f o r e s t  f e r t i l i z a t i o n ,  ( 2 )  nursery-grown 
o u t p l a n t s ,  (3) b r o a d c a s t  s e e d i n g  ( o f t e n  w i t h  r o d e n t  c o n t r o l ) ,  and (4)  s i l v i c u l t u r a l  
p r a c t i c e  t h a t  rnay cha.nge f o r e s t .  t y p e .  

Man's most r ecen t .  . i n t e r c e s s i o n  i n  t h e  n a t u r a l  e v e n t s  of f o r e s t  r e g e r i e r a t i o n  and 
s t a n d  developmcnt ( i n  adcli t  i or) t o  p r e v i o u s  and c x i s t : i n g  t i m b e r  h a r v e s t i n g  and management 
pr 'ac. t . ices) 113s 1)eerl t h e  removal o f  b o t h  n a t u r a l  and manmade f o r e s t  r e s i d u c s - - a  p r a c t i c e  
s t j m u l a t c d  by : increased needs  f o r  wood f i b e r  (Fou lge r  and Harris 1972; Gardner and 
Hann 1 9 7 2 ) .  'l 'hcsc p r a c t i c e s  have  g e n e r a t e d  q u e s t i o n s  regarding t h e  e f f e c t s  o f  r e s i d u e  
removal on f u n g a l  popu la t - ions  a s  t h e y  r e l a t e  t o  ~ n y c o r r h i z a l  and d i s e a s e  a c t i v i t y ,  and 
n u t - r i e n t  r e l e a s e  th rough  decompos j t i  on. S u r v i v a l  o f  c o n i f e r  s e e d l i n g s  d u r i n g  t h e  
i n i t i a l  p e r i o d  o f  e s t ab l i shmer l t  i s  i n t i m a t e l y  r e l a t c d  t o  t h e s e  p o p u l a t i o n s  and p r o c e s s e s .  
S u r v i v a l  becomes e s p e c i a l 1  y c r i t i c a l  on t h e  d r i e r  s i t e s  (Day 1963; Day and 1)uffy 1963) .  

The Nature o f  Hesicluue Decay 

The form and age  o f  r c s i d u e s  i n f l u c n c e  the r a p i d i t y  of decay .  Residues  formed 
from young m a t e r i a l s  have a  f a s t  t u r n o v c r  r a t e ,  under  optimum decay c o n d i t i o n s ,  due  t o  
t h c l r  h i g h  c a r b o h l d r a t e  c o n t e n t  ( o r  lower  l i g n i n  c o n t e n t s ) .  Res idues  formed from o l d -  
growth t i m b e r  a r c  more r e s i s t a n t  t o  decay  (IVaksman arid Tcnncy 1928) .  Po lyyheno l i c  
m a t e r i a l  ( t a n n i n )  d e r i v e d  from l i g n i n  o r  l i g n i n  l i k e  compounds a r e  a component of f o r e s t  



s o i l s  i n  t h c  form o f  r e s i d u c s  a t  v a r i o ~ ~ s  s t a g e s  of decay.  They u l t i m a t e l y  c o n t r o l  t h e  
n a t u r c  o f  t h e  o r g a n i c  r e s o u r c e  and t h e  n u t r i t i o n a l ,  p h y s i c a l ,  and b i o l o g i c a l  q u a l i t y  o f  
t h e  s o i l  ([lavies 1971) .  For example, Bol len and Lu (1969) r e p o r t e d  t h a t  t a n n i n s  
(polyphenols)  i n  bark o f  D o u g l a s - f i r  s t i m u l a t c  c e r t a i n  111olds i n  t h e  s o i l .  

S t u d i e s  on t h e  decomposi t ion of f o r e s t  l i t t e r  have been conducted by Adam and 
Cornfor th  (1973) ,  Kowal (196Y), Daubenmire and Prusso (1963) ,  Witkamp (19661, and 
IIayes (1965a, b ) .  These workers have d e a l t  p r i m a r i l y  wi th  l e a v e s ,  smal l  t w i g s ,  and 
b a r k .  A l l i s o n  arid Murphy (1963) and A1114011 (1961) s t u d i e d  t h e  decom~los i t ion  of  wood 
and bark p a r t i c l e s  i n  s o i l  b u t  d l d  no t  examine whole wood on b a r k .  111 most of  t h e  above 
work, t h e  s p c c i f i c  fungi a s s o c i a t e d  with  t h e  decornposit lon p r o c e s s e s  were not  ~ n d i c d t e d .  
Agrawal (1971) ,  i n  c o n t r a s t ,  d i d  u t l l i z e  s p e c i f i c  l i t t e r  fung i  t o  a s s a y  t o r  c e l l u l y t ~ c  
c a p a c i t y .  IIis exper iments ,  however, were c o n f ~ n e d  t o  prepared c e l l u l o s e  which does  riot 
lend i t s e l f  t o  a c c u r a t e  e c o l o g i c a l  i n t e r p r e t a t i o n .  

Wagener and Offord (1972) have p rescn tcd  d a t a  on t h e  r e l a t i o n s h i p  of t ime t o  s l a s h  
dccay i n  n o r t h e r n  C a l i f o r n i a .  A f t e r  34 y e a r s ,  43 and 85 p e r c e n t  volume r e d u c t i o n s  o f  
p i l e d  s l a s h  were observed in  two d i f f e r e n t  experimental a r e a s .  Es t imates  of  s l a s h  
volume decayed over  p e r i o d s  o f  t ime have a l s o  been p r ~ v i d e d  by Toole (1965) ,  Koff and 
Eades (1959) ,  G i l  and Aridrews (19.561, Kimmey (1(355), Spauldirlg and Han4hrough (1944a, b ) ,  
Kimmcy and F u r n i s s  11 943) ,  C h i l d s  (1939) ,  Spaulding (192Yn, b) , 1-lubert (192.0) , and 
Long (1917).  

The Fun.ct~:on o f  Residua Decay 

Tn a d d i t i o n  t o  t h e  f u n c t i o n  o f  decay a s  a mineral  r e c y c l i n g  a g e n t ,  S e i d l c r  ancl 
o t h e r s  (1972) have r e c e n t l y  sugges ted  t h a t  t h e  decomposition o f  woody t i s s u e s  i n  cor i i fer  
stems o f  t h e  P a c i f i c  Northwest may prov ide  a s i g n i f i c a n t  e c o l o g i c a l  n i c h e  f o r  N- f ix ing  
b a c t e r i a  o f  t h e  genus Clnstridiwn. Cornaby and Waide (1973) r e p o r t e d  t h e  m i c r o b i a l  f i x a -  
t i o n  o f  a tmospher ic  n i t r o g e n  i n  decaying and dccaycd logs  of  C~istanecx dentatu- i n  t h e  
s o u t h e a s t e r n  Uni tcd S t a t e s  arid p r e s e n t e d  convincing evidence t o  suppor t  t h e  h y p o t h e s i s  
a s  s t a t e d  by Cowling and M e r r i l l  (1966):  t h e  p o s s i b l e  dcpcndcncc on e x t e r n a l  s o u r c e s  of 
N t o  suppor t  decay f u n g i  i n  woody m a t e r i a l s .  The : i s soc ia t ion  of  N-f ixing organisms with  
t h e  decay p r o c e s s  may be ex t remely  impor tan t  411 two ways: (1) by a f f e c t i n g  t h e  r a t e s  o f  

d e c a y  i n  f o r e s t  r e s i d u e s ,  and ( 2 )  by s i t e  N-replenishment as a f f e c t e d  by k inds  and 
amounts o f  woody r e s i d u e s .  

Another impor tan t  e f f e c t  o f  r c s i d u c s ,  b u r i e d  o r  o t h e r w i s e ,  i s  t h e i r  mois tu re -  
ho ld ing  c a p a c i t y  (Bar r ,  1930) .  Largc ( l o g - s i z e d )  r e s i d u e s  a c t  a s  perched wate r  t a b l e s  
t h a t  may e v e n t u a l l y  d r y  o u t ,  bu t  a t  much s lower  r a t e s  than  t h e  a s s o c i a t e d  s o i l  o r  smal l  
( l i t t e r  and branch)  r e s i d u e s .  Such r e s i d u e s  p rov ide ,  i n  many c a s c s ,  we l l -de f ined  
e c o l o g i c a l  n i c h e s  i n  o r  on which f u n g i  s u r v i v e  and f u n c t i o n  i n  an environment o t h e r w i s e  
unfavorab le  t o  thcm (Zak 1969) .  

Decaying r e s i d u e s  s t r o n g l y  i n f l u e n c e  n u t r i e n t  accumulat ion through funga l  a c t i v i t y  
and n u t r i e n t  r e l e a s e  ( S t a r k  1973) .  S t a r k  (1972) h a s  p r e s e n t e d  d a t a  s u g g e s t i n g  t h a t  
funga l  hyphae a c t  a s  " n u t r i e n t  s inks"  by i n c o r p o r a t i n g  and b ind ing  ( c o n c e n t r a t i n g ? )  
e s s e n t i a l  n u t r i e n t s  i n t o  t h e i r  s t r u c t u r c s .  The funga l  soma i s  e v e n t u a l l y  decomposed, 
r e s u l t i n g  i n  slow n u t r i e n t  r e l e a s e .  That fung i  a r e  accumulators  o f  s u b s t r a t e  n u t r i e n t s  
has  a l s o  been p o i n t e d  o u t  by Harley (1971).  

Z'he Fungi Associat~d With Residue Decay 

Maqy s p e c i e s  o f  decay f u n g i  have been c o l l e c t e d  and s t u d i e d  by mycolog i s t s  and. 
. p a t h o l o g i , s t s .  These f u n g i  have been d e t a i l e d  a s  p a r t s  o f  c h e c k l i s t s  i n  monographs, o r  
no ted  a s  o c c u r r i n g  i n  r e s t r i c t i v e  e c o l o g i c a l  n iches  (Richards  1970) .  For t h e  most p a r t  
t h e y  have n o t  been r e l a t e d  a s  p a r t i c u l a r  s p e c i e s ,  o r  even a s  broad taxonomic groups,  
t o  e c o l o g i c a l  f u n c t i o n s  (Hering 1972) .  The f u n g i  r e s p o n s i b l e  f o r  decomposi t ion a r e  i n  



themselves  complex i n  g e n e t i c a l , ,  p h y s i o l o g i c a l ,  and e c o l o g i c a l  makeup. They c o n s t i t u t e  
a  group of  organisms t h a t  a r c  b o t h  a d a p t a b l e  and u n s t a b l e .  T h e i r  s u r v i v a l ,  growth,  and 
reproduct- ion may f r e q u e n t l y  be  l i m i t e d  by t h e i r  c c o l o g i c a l  r e q u i r e m e n t s .  Only r e c e n t l y  
have i n v e s t i g a t o r s  a t t e n ~ p t e c l  t.o e s t a b l i s h  more p r e c i s e l y  t h e  r o l e s  o f  decay f u n g i  i n  t h e  
f o r c s t  environment (Aho 19711; Shea 1960) .  I t  i s  n o t  enough t o  know t h e  f11ng.i p r e s e n t ;  
knowing why t h e y  a r c  o r  a r c  n o t  p r e s e n t  under p a r t i c u l a r  for .es t  env i ronments ,  manmade - 
o r  o t h e r w i s e ,  i s  e q u a l l y  i m p o r t a n t .  I 

P r o c e s s e s  invo lved  i n  decompos i t ion  a r e  e s s e n t i a l  a s p e c t s  o f  ca rbon ,  n i t r o g e n ,  and 
rrlineral c y c l i n g ,  a l l  o f  which a r e  i n t i m a t e l y  r e l a t e d .  llowever, p r e s e n t  knowledge i s  ,, 

f r agmenta ry ,  p a r t i c u l a r l y  whcn e c o l o g i c n l l y  L n t c r r c l a t e d  p r o c e s s e s  concerned w i t h  
r e s i d u e  decay a r e  examined. T e n t a t i v e  c o n c l u s i o n s  a r e  t h a t  con t jnuous  c ropp ing  and 
i n t e n s i v e  u t  i l i z a t . i o n  d e c r e a s e  s i t e  p r o d u c t i v i t y  ( P i e r o v i c h  and Smith 1973; White 1974) .  
I n  e c o l o g i c a l 1  y se11sit:ive a r e a s ,  r c s i d u e s ,  a s  s u b s t r a t e s  f o r  s p e c i f i . c  f u n g i ,  may have t o  
be managed a s  i n t e n s i . v c l y  a s  t h e  t r e e s  themsclvcs  i f  p r o d u c t i v i t y  i s  t o  be  main ta ined .  

Rs.sc?rzrch Needs 

'I'he fol lowir lg  questions remai.11 t o  be  answered.. How much h e t e r o -  and a u t o t r o p h i c  
p l a n t  biomass i s  a  p a r t i c u l a r  s i t e  p roduc ing?  flow much docs  t h e  N econolliy o f  a  f o r e s t e d  
s i t . c  dcpcnd on r c s i d u e  decay and a s s o c i a . t e d  micro-organisms? I n - t e r m s  o f  s i t e  k a i n t e -  
Ilance, do more desi.:rable or.  l e s s  d e s i r a b l e  p o p u l a t i o n s  ant1 s p e c i e s  o f  f u n g i  o c c u r ?  How 
does onc manngc o r  s e l e c t  f o r  f u n g a l  p o p u l a t i o n s  and s p e c i e s  most b e n e f i c i a l  f o r  s i t e  
maintenance'? 'I'hese complex, i n t e r r e l a t e d  q u e s t i o n s  r e f l c c t  t h e  k i n d s  o f  r c s e a r c h  t h a t  
musr he  done.  
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Mycorrhiza Formation 

Wit11i.n t h e  zone in f lue r l ced  by p l a n t  r o o t s  e x i s t s  a  wide v a r i e t y  o f  f u n c t i o n a l  
a s s o c i a t i o r i s  between r o o t s  and c e r t a i n  micro-organi  sms (I.ewis 1973) . Pcrhaps  t h e  most 
s p e c i a l  i zed o f  t h e s e  a r e  t h e  m u t u a l i s t i c  (syrrtbiotic)  a s s o c i a t i o n s ,  termed rnycorrlli zae ,  
t h a t  o c c u r  bctween t l le  r o o t s  o f  most hi .gher p l a n t s  and c e r t a i n  f u n g i .  Most p a r t i c i -  
p a t i n g  f u n g i  and t h e i r  h o s t s  have evolved a  s t r o n g  i n t e r d e p e n d e n c e  f o r  s u r v i v a l  i n  
~ l a t u r a l  ecosystems (Har ley  1971,  1 9 6 9 ) .  I n  mycor rh iza l  a s s o c i a t i o n s ,  each p a r t n e r  
b e n e f i t s  from t h e  o t h c r  (Trappe and Fogel 1974) .  T h i s  i s  i . l l u s t r a t e d  by t h e  cornplete 
f a i l u r e  o f  a f f o r e s t a t i o n  from seed o r  s e e d l i n g  i n  a r e a s  whcre s o i l s  l a c k  t h e  a p p r o p r i a t e  
m y c o r r ~ ~ i z a l - f o r m i n g  f u n g i  (Mikola 1!>73; Vozzo and IIacslcaylo 1971; '1'ra.ppe arid S t r a n d  1969) 
and by t h e  d i f f i c u l t y  i n  c u l . t u r i n g  t h e  f u n g i  in t h e  absence  o f  t h e  h o s t  r o o t  ( P a l n e r  
1971; Gerdeinann 1968) .  Many f u n g i  form mycor-rh-izae on one ,  o r  orlly a  few s p e c i e s  o r  
t y p e s ,  o f  h o s t  p l a n t  (Gerdemann and Trnppe 1974; C h i  l v e r s  19731, s o  changes  i n  v e g e t a t i o n  
can r c s u l t  i n  d i r e c t  a l t e r a t i o n s  i n  popula t i .ons  o f  mycor rh iza l  f u n g i .  'I'hus, s i t e  t r e a . t -  
rtlents t .ha t  a f f e c t  p o p u l a t i o n s  o f  mycor rh iza l  fungi  , c i  t h e r  d i r ' ec t l  y  o r  through compcti - 
t i o n ,  o r  t h e  a b i l i t y  o f  tl-iesc f u n g i  t o  forrrr t h e  r n u t u a l i s t i c  a . s s o c i a t i o n ,  cou ld  c r e a t e  
J l i g h l y  s i g n i f i c a n t  i ~ n p a c t s  on growth o r  r e g e n e r a t i o n  o f  t h e  succeed ing  s t a n d .  

Mycorrhi,zal Anatomy and UeveZoprn~nt 

Four  rnajor t y p e s  o f  mycor rh izae  a r e  r e c o g n i z e d  on t h e  b a s i s  o f  i n t e r n a l  and c x t e r -  
n a l  anatomy. The o r c h i d a c e o u s  and e r i c a c c o u s  mycor rh izac  a r c  a  d i v e r s e  group o f  fungi  
w i t h  s e p t a t e  hyphae,  no rmal ly  found on members o f  t h e  E r i c a c e a e  and Orch idaceae .  These 
a r e  c h a r a c t e r i z e d  by i n t r a c e l l u l a r  penc t ra t i . on  t h a t  u l t i m a t e l y  d i g e s t s  t l ie  h o s t  c e l l s .  
Thc ves . i . cu1a r -a rbuscu la r  mycor rh iza l  f u n g i  have n o n s e ~ t a t c  hyphae and u s u a l l y  o c c u r  on 
members o f  t h e  Cupressaceae ,  Taxod iaccac ,  Accraccae ,  so~nc  s p e c i e s  of t:he E r i c a c e a c ,  most 
hert)accous s p e c i c s ,  and a l l  woody p l a n t s  n o t  e c t o m y c o r r h i z a l  . 'I'hese f u n g i  occur  on 
more p l a n t  s p e c i e s  t h a n  any o t h e r  t y p e .  They p e n e t r a t e  t h e  r o o t  h11t form s p o r e s  
e x t e r n a l  t o  t h e  root. and c a u s e  1  i t t l e ,  -if any,  cha.nge i n  morphology. The ectomycor- 
r l i i z a l  f u n g i  a r e  found on members o f  t l ie  P i n a c e a e ,  Fagaceac ,  B e t u l a c c a c ,  ' f i l i a c e a c ,  and 
s e v e r a l  o t h e r  minor p l a n t  f a m i l j e s .  Thc cc tomycor rh izae  a r e  c h a r a c t e r i z e d  by a h i g h l y  
specialized morphology and a r c  r e q u i r e d  f o r  t h e  s u r v i v a l  o f  t h e  P inaceae  and s e v e r a l  
o t h e r  woody p l a n t  f a m i l i e s  in t e m p e r a t e  ecosystems (Trappe and Foge l ,  i n  p r e s s ;  Mcyer 
1973) .  'The f u n g i  invo lved  a r c  g e n e r a l l y  h i g h e r  bas id iomyce tes  o r  ascomycetes  t -ha t  form 
a  c h a r a c t e r i s t i c  man t l e  o f  f u n g a l  t i s s u e  comple te ly  e n c l o s i n g  t h e  h o s t  r o o t l e t .  P e n e t r a -  
t i o n  by t h e  fungus  i s  l a r g e l y  l i m i t e d  t o  t h e  i n t e r c e l u l a r  r e g i o n s  and o n l y  r a r e l y  o c c u r s  
w i t h i n  t h e  c e l l .  I n t e r c e l l u l a r  r a m i f i c a t i o n  by t h e  f u n g i ,  w i t h  t h e  absence  of  c e l l u l a r  
d i g e s t i o n ,  r c s t u l t s  i n  t h e  f o r m a t i o n  o f  a  n e t l i k e  s t r u c t u r e ,  termed t h e  ItHar.tig n e t , "  
wherein  funga l  t i s s u e s  c o m p l e t e l y  su r round  t h e  c o r t i c a l  c e l l s .  I n v a s i o n  d o e s  n o t  
proceed beyond t h e  endodermis (Har ley  1969) .  111 some i n s t a n c e s ,  i r ~ t e r m e d i a r y  t y p e s  
(ec tendomycorrhizac)  a r e  formed and a r c  c h a . r a c t e r i s t i c  o f  c e r t a i n  s p e c i e s  (Zak 1 9 7 1 ) .  
The f o l l o w i n g  d i s c u s s i o n  w i l l  emphasize t h e  e c o l o g i c a l l y  o b l i g a t o r y  a s s o c i a t i o n s  hetween 
members of t h e  P inaceae  and t h e  e c t o m y c o r r h i z a l  f u n g i  because  of t-he d i r e c t  r e l a t i o n -  
s h i p  w i t h  r e g e n e r a t i o n  o f  t h c  impor tan t  w e s t e r n  t imber -p roduc ing  s p e c i e s .  

Normal ly ,  a young c o n i f e r  s e e d l i n g  i s  i n f e c t e d  d u r i n g  t h e  f i r s t  growing s e a s o n  
(Robinson 1967) .  The fungus  s p r e a d s  a s  a wef t  o f  mycclium [ funga l  s t r a n d s )  ove r  t h e  
young r o o t s  u n t i l  t h e  e n t i r e  s u r f a c e  o f  t h e  r o o t ,  i n c l u d i n g  t h e  apex ,  i s  covered .  
U l t i m a t e l y ,  a  t y p i c a l  t h i c k  man t l e  o f  f u n g a l  t i s s u e  i s  formed. P e n e t r a t i o n  i n t o  t h e  
r o o t  g e n e r a l l y  c o i n c i d e s  w i t h  b u t  can p r e c c d c  t h e  n la tu ra t ion  o f  t h e  m a n t l e .  A s  r o o t  
sys tems e n l a r g e ,  each  new c r o p  o f  r o o t s  becomes i n f e c t e d .  I n f e c t e d  young r o o t l c t s ,  
devoid  of r o o t  h a i r s ,  emerge from t h c  l a t e r a l  r o o t  comple te ly  enshea thed  by t h e  fungus 
and a r e  g r a d u a l l y  t r ans fo rmed  i n t o  a c h a r a c r e r i s t l c  m y c o r r h i z a l  s t r u c t u r e .  Young 
l a t e r a l  r o o t s  become t r ans fo rmed  i n t o  an  e a s i l y  r e c o g n i z a b l e  s e r i e s  o f  s h o r t ,  o f t e n  much 
branched s e r i e s  of c l u b l i k e  r o o t  t i p s .  Branching p a t t e r n s ,  c o l o r s ,  and o t h e r  c h a r a c -  
t e r i s t i c s  a r e  o f t e n  a s s o c i a t e d  w i t h  p a r t i c u l a r  hos t - fungus  combina t ions  (Zak 1971; 
wi lcox 1968) .  



Mycorrhizae  a r e  s u b s t a n t i a l l y  l o n g e r  l i v e d  t h a n  nonmycorrhiza l  r o o t s  (Har l cy  1969; 
Or lov  1968) .  In  a d d i t i o n ,  t h e  f u n g a l  hyphae f u n c t i o n  as e x t e n s i o n s  of t h e  r o o t  sys t em,  
a b s o r b i n g  and t r a n s l o c a t i n g  s o i l  n u t r i e n t s  and wnte r  t o  t h e  h o s t  (Bowen 1973; Har l ey  
1969) .  They may a l s o  a c t ,  i n  c o n c e r t  wi th  o t h e r  f u n g i ,  a s  n u t r i e n t  s i n k s  f o r  conse rva -  
t i o n  o f  n u t r i e n t s  on t h e  s i t c  ( S t a r k  1972; H a r l e y  1971) .  

The f u n g a l  symbinr~t.  i s  n o t  g e n e r a l  1  y  c a p a b l e  of  u t i l  i z i n g  complex c a r b o h y d r a t e s  a s  
an  enc rgy  s o u r c e  and i s ,  t h c r e f o r c ,  l a r g e l y  dependent  on t h e  h o s t  f o r  a  supp ly  o f  s i m p l e  
s u g a r s  (I-lacskaylo 1973; Har l ey  1969) .  [ lu r ing  t i m e s  of ex t reme  d r o u g h t ,  t h e  s u r f a c e  s o i l  
l a y e r s  which normal ly  c o n t a i n  t h e  mycor rh iza l  f u n g i  a r c  most a f f e c t e d  and t h e  h o s t  may 
supp ly  b o t h  w a t e r  and n u t r i e n t s  from deep  s o i  1 h o r i z o n s  ( i n  a d d i t i o n  t o  t h e  ene rgy  
s o u r c e )  and e n a b l e  a  m y c o r r h i z a l  p a r t n e r  t o  s u r v i v e .  

I l l t i rnn tc ly ,  m y c o r r h i z a l  hyphae and s t r u c t u r c s  deri .ved from them can f u s e ,  forming 
l a r g e  networks  o f  i n t c r c o n n c c t e d  furlgal  b o d i e s ,  p e r m i t t i n g  i n c r e a s e d  a h s o r p t i o n  and 
t . r a i ~ s l o c a t i o n  of nu.tr i .ent .s  betwccn l l o s t s  s h a r i n g  a  common f u n g a l  network [Furman and 
l ' rappe 1971; Reid and Woods 19691.  Among t r e e s  d i r e c t  g r a f t i n g  o f  r o o t s  a l s o  o c c u r s  
(:Barman 1966; b!c.P.linn 1963) .  Thus t h e  f o r e s t  s o i l  c o r i s i s t s  of' an i n t e r c o n n e c t e d  s e r i e s  
of p i p e l i n e s  t h a t  a c q u i r e  and s h a r e  r e q u i r e d  m a t e r i a l s  th rough  a  h i g h l y  s o p h i s t i c a t e d  
and d c l i c a t e  b a l a n c e  o f  s t r u c t u r e s  d e r i v e d  from bot.11 h i g h e r  p l a n t s  and t h e i r  f u n g a l  
symbion t s .  P h o t o s y n t h a t c  ( s u g a r s )  and minc ra l  n u t r i e n t s  can be  t r a n s f e r r e d  between 
p l a n t s  th rough  t h e  v a r i o u s  components o f  t h i s  sys tem (Kcid and Woods 1969; Borman 1946; 
Woods and B-rock 1 9 6 4 ) .  Of ] - ) a r t i c u l a r  s i g r l i f i c a n c c  a r e  t h e  p o s s i b l e  i n c r e a s e s  i n  u p t a k e  
and t r a r l s p o r t  o f  ammonium n i t r o g e n  (Melvin and Ni l s son  1 9 5 2 ) ,  s y n t h e s i s  o f  amino a c i d s  i n  
t h e  m y c o r r h i z a l  s t r u c t u r e s  (Krupa and o t h e r s  1973) ,  and i n c r e a s e d  a b s o r p t i o n  o f  phns- 
[ )hate  (13i.eleski 1973; Bowcn 1!17.3-) . 

'The advan tages  oT an u r~derg round  p l p c l i n e ,  p a r t i c u l a r l y  t o  p l a n t s  growing i n  a 
h a r s h  and i n f e r t i l e  f o r e s t  s o l 1  environmcrlt ,  a r e  r e a d i l y  a p p a r e n t .  Mine ra l  n u t r i e n t s ,  
wn te r ,  and even p h o t o s y n t h a t c  may he  s t ~ p l ) l i e d  t o  new s e e d l i n g s  o r  t o  i n d i v i d u a l  t r e e s  
occupying extremely h a r s h  rnicrosi  t e s .  An e a r l y  a c q u i s i t i o n  o f  t h e  b e n e f i t s  p r o v i d e d  by 
t h i s  s o i l  p i p e l i n e  i s  p a r t i c u l a r l y  c r i t i c a l  t o  sced l i r lg  s u r v i v a l .  I n  t h e  absence  of 
mycorr l l izac ,  s e e d l i n g  r o o t  p e n e t r a t i o n  helow t h e  summer d r o u g h t  zone and r o o t  s u r f a c e  
a r e a  a r e  n o t  a d e q u a t e  t o  p r o v i d e  s u f f j c i e r l t  n l lncra l  n u t r i e n t s  d u r i n g  t h e  E i s s t  s e v e r a l  
s e a s o n s  i n  even t h e  most rnodcratr  f o r e s t  s o i l  c o n d i t i o n s .  'Thus. some o f  t h e  most 
s u c c e s s f u l  p l a n t s  t h a t  o c c u l ~ y  r l g o r o u s  rloridesert s i t e s ,  such a s  t i m b e r l i n e  o r  c o a l  s p o i l  
banks ,  a r e  e c t o m y c o r r h i z a l  (Schramm 1 9 6 0 ) .  Fungi a d a p t e d  t o  p a r t i c u l a r  environments  
appea r  t o  have evo lved  concomi tan t ly  wi th  t h e  a b i l i t y  o f  c e r t a i n  p l a n t s  t o  s u r v i v e  i n  
cxt rcme erivirorllnents (Marx and 13ryall 1971; Moser 19581. Many s p e c i e s  o f  m y c o r r h i z a l  
f u n g i  a s s o c i a t e  w i t h  o n l y  a s i n g l e  genus  o r  even subgenus o f  h o s t ,  o t h e r s  a r e  a p p a r e n t l y  
n o n s p e c i f i c  ( C h i l v c r s  1973; Smith 1971 ; 'I'rappe 1962, 1371 j . 

The l a r g e  a s semblage  o f  mycor rh iza l  f u n g i  encompasses a  wide spec t rum o f  phys io -  
l o g i c a l  and e c o l o g i c a l  c a p a b i l i t i e s .  P o t e n t i a l  f u n c t i o n a l  d i f f e r e n c e s  between s p e c i e s  
a r e  e x p r e s s e d  i n  h a b i t a t  p r e f e r e n c e s  :inrl s u c c e s s i o n a l  changes  i n  f u n g i  w i t h  t h e  age  
o f  h o s t  and s e a s o n  (Anderson 1966; Mikola 1965; Uominik 1961, 1958) .  Fungal s p e c i e s  
have demons t ra t ed  d i . f f e r c n c e s  i n  r e s i s t a n c e  t o  t e m p e r a t u r e  o r  n ~ o i s t u r e  s t r e s s  (Mexal and 
Reid 1973; t i acskay lo  and o t h e r s  1965; Moser 1 9 5 8 ) ,  and n i t r o g e n  u t i l i z a t i o n  (Bowen 1973; 
L,undcberg 1970) .  I l i f f e r e n t i a l  growth r e s p o n s e s  o f  v a s c u l a r  p l a n t s  t o  d i f f e r e n t  
mycor rh iza l  f u n g i  have f r e q u e n t l y  been observed (Bowen 1973; Mikola 1973; Laiho 1970) .  
Mycorrhizac  can  i n  some i n s t a r l c e s  be p i v o t a l  f a c t o r s  c o n t r o l l i n g  p lan t .  s u c c e s s i o n  
(Robinson 1972; Handley 1963) .  N i t r o g e n - f i x i n g  organisms may be s t i m u l a t e d  by 
mycorrhi  zae  (Rambcl l i  197.7; S i  l v e s t e r  and Rerinett 1973) . 



Mycorrhizal  s e e d l i n g s  r e s i s t  drought  b e t t e r  t h a n  ~lontllycorrhizal s e e d l i n g s  (Bowen 
1973; Shemakhanova 1962) .  I n  one c a s c  a  severed sp ruce  shoot  su rv ived  f o r  8 months a s  
a  r e s u l t  o f  an i n t a c t  connec t ion  betwcen a rnycorrhizal r o o t  and t h e  rhizomory~h of a  
mycor rh iza l  fungus emanating from t h e  s o i l  on which it l a y  (Simonsberger and Kohcrg 
1967) .  S e e d l i n g  l o s s e s  r e l a t e d  t o  d e s i c c a t i o n  a r e  p a r t i c u l a r l y  s e v e r e  i n  c l e a r c u t s  
where s o i l  and p l a n t  s u r f a c e  t empera tu res  can k i  11 t i s s u e s  (Day 1963) .  Limited wa te r  
s u p p l i e s  make s e e d l i n g s  even more s u s c e p t i b l e  t o  hea t  i n j u ~ y ,  arid r e s u l t a n t  l o s s e s  
impose long  d e l a y s  i n  r e s t o c k i n g  c u t  u n i t s  (bay 1963; Day and Duffy 1963) .  Ear ly  
fo rmat ion  o f  mycorrhizal  s t r u c t u r e s  may be  p a r t i c u l a r l y  s i g n l f l c a n t  i n  reduc ing  h e a t  
m o r t a l i t y  by i n c r e a s i n g  t h e  s e e d l i n g s '  a c c e s s  t o  s o i l  n lo i s tu res .  

In summary, c o n t a c t  wi th  s p e c i f i c  mycorrhizal  networks and s o i l  c o n d i t i o n s  
a p p r o p r i a t e  f o r  mycor rh iza l  e s tab l i shment  a r e  e s s e n t i a l  t o  t h e  s u r v i v a l  and growth o f  
c o n i f e r  r e g e n e r a t i o n  ( Z e r l i n g  1960) .  

Distr ibut ion  o f  Mycorrhizal Fungi 

L i t t l e  j s  known about  t h e  d i s t r i b u t j o n  and p e r s i s t e n c e  of  ectomycorrhiznl  fungi  
a p a r t  from t h e i r  h o s t s .  A s  a r u l e ,  mycorrhizal  f u n g i  do riot produce f r u i t i n g  bodies  o r  
s p o r u l a t c  i n  t h e  absence of l i v e  h o s t  r o o t s  (Komcll 1938) .  Surv iva l  i n  t h e  form of 
s a p r o p h y t i c  hyphae i n  t h e  s o i l  i s  probably l i m i t e d  (Ilarley 1969; Gerderriann 1968) .  
Hyphal a g g r e g a t i o n s  termed rhizomorphs may p c r s i s t  f o r  sorne t ime due t o  t h e i r  tough 
o u t e r  l a y e r s  and a b i l i t y  t o  t r a n s p o r t  n u t r i e n t s ,  b u t  t h e y  a r e  p robab ly  l i m i t e d  t o  
w i t h i n  a  few f e e t  o f  a c t i v e  h o s t  r o o t s .  Mycorrhizal  s h o r t  r o o t s  may s u r v l v e  a s h o r t  
whi le  a f t e r  t r e e  h a r v e s t  due t o  t h e  tough o u t e r  mant lc  and p o s s i h l c  s t o r a g e  of food 
m a t c r i a l s .  Howevcx, evidence t o  suppor t  any o f  t h e  l a t t e r  c o n t e n t i o n s  i s  n o t  a s  
y e t  a v a i l a b l e .  

A t  p r c s e n t ,  i t  i s  g e n e r a l l y  thought  t h a t  ~ n y c o r r h i z a l  f u n g i  do n o t  s u r v i v e  f o r  
extended p e r i o d s  i n  t h e  absence o f  h o s t  r o o t s  (IIacskaylo 1973) ,  and t h a t  t h e y  r e i n v a d e  
through a i r b o r n e  s p o r e s  (Lamb and Richards  1974) o n l y  a f t e r  t h e  appearance of s u i t a b l e  
h o s t s  on t h e  s i t e .  Thus, c l e a r c u t t i n g  may drastically rcduce  t h e  p o p u l a t i o n s  of 
rnycorrhizal f u n g i  i n  d i r e c t  p r o p o r t i o n  t o  t h e  removal o f  t h e  h o s t s ,  p a r t i c u l a r l y  
conifers. L i t t l e  o r  n o t h i n g  d e f i n i t i v e  i s  known concern ing  s p o r e  d i s p e r s a l  p a t t e r n s  
and t h e i r  ge rmina t ion  requ i rements ,  o r  t h e i r  c f f c c t i v c n e s s  i n  r e e s t a b l i s h i n g  mycorrhizal  
f u n g i  o t h e r  than  t h e y  have been observed t o  a c t  i n  some i n s t a n c e s  a s  e f f e c t i v e  inoculum 
('l'heodorou and Bowen 1973) .  

Potential  Impacts o f  Residues Management on the  Mycor~rhizaZ Associat ion 

In  a d d i t i o n  t o  t h e  requ i rement  f o r  a  s u i t a b l e  h o s t  and fungus,  t h e  environment i n  
which t h e  two meet imposes a  s t r o n g  i n f l u e n c e  on t h e i r  a b i l i t y  t o  form a  s u c c e s s f u l  
mycorrhizal  a s s o c i a t i o n  (BjBrkman 1970) .  Thus, t h c  s o i l  f a c t o r s  a f f e c t e d  by c l e a r c u t -  
t i n g  and burn ing  cause  s i t e  changes t h a t  could a l t e r  mycorrhizal  symbios i s .  

Temperature d i r c c t l y  a f f e c t s  r o o t  c o l o n i z a t i o n  by mycor rh iza l  fung i  (Bowen and 
'I'heodorou 1973; Theodorou and Bowen 1971) and t h e i r  growth i n  v i t r o  ( l iar lcy 1969; 
Ilacskaylo and o t h e r s  1965) .  'The r e l a t e d  f a c t o r  o f  s o i l  m o i s t u r e  can a l s o  l i m i t  growth 
o f  mycor rh iza l  f u n g i  (Bowen and Theodorou 1973) ,  and i n  some i n s t a n c e s  low s o i l  mois tu re  
may be r e s p o n s i b l e  f o r  t h e  replacement  o f  somc mycor rh iza l  f u n g i  by o t h e r s  (Worley and 
Hacskaylo 1959) .  S i m i l a r l y ,  s o i l  a e r a t i o n  a s  r e l a t e d  t o  s o i l  wa te r  c o n t e n t  has  been 
r e p o r t c d  t o  a f f e c t  mycorrhiza  format ion (Mikola 1973; Mikola and Laiho 1962; Hcikurainen 
1955) .  S o i l  a c i d i t y  appears  p a r t i c u l a r l y  c r i t i c a l  i n  s u c c e s s f u l l y  c o n t r o l l i n g  s p e c i e s  
o f  mycor rh iza l  f u n g i  on t h e  s i t e  and i n  t h e  a b i l i t y  o f  t h e  fungi  t o  form t h e  mycorrhizae 
(Bowen and Theodorou 1973; Theodorou and Bowen 1969; Richards  1961) .  'She complex s e r i e s  
of p h y s i c a l ,  chemica l ,  and b i o t i c  changes wrought by f o r e s t  burn ing  r e s u l t  i n  temporary 
r e d u c t i o n s  i n  mycor rh iza l  r o o t s  on c o n i f e r  r e g e n e r a t i o n  (Wright 1971; Mikola and o t h e r s  
1964; Wright and T a r r a n t  1958; l ' a r r a n t  1956) .  



Other  rnore s u b t l e  e f f e c t s  o f  rr~anagement on t h c  q u a l i t y  o f  f o r e s t  s o i l s  may c o n t r o l  
t l ic  a b i l i t y  o f  mycor rh izn l  f u n g i  and t h e i r  h o s t s  t o  form t h e  m y c o r r h i z a l  a s s o c i a t i o n .  
A v a i l a b i l i t y  of  11ut.r- jents,  o r g a n i c  m a t t e r ,  and a n  ene rgy  s u p p l y  i n  t h e  form o f  s imple  
s u g a r s  a r e  c r i t i c a l  t o  mycor rh iza l  f u n g i .  I n  g e n e r a l ,  mycorrhi  zn forrnati.on i s  enhanced 
when t h c r c  i s  a  m i  l ( 1  deficiency o f  nlirleral n u t r i e n t s  ( t i e s t e r b e r g  and .Turgensen 1972) .  
Hatch (1937) r c p o r t c d  a d e f i c i c n c y  o f  n i t r o g e n ,  phosphorus ,  po tas s ium,  o r  ca lc iuni  
s t i m u l a t e d  mycorr l i iza l  devclnpmcnt .  Bjorktnan (1942) found t h e  amount. of  s o i l  n i t r o g e n  
and phosphorus  t o  be  d e c i s i v e  f a c t o r s  i n  t h e  f-ormation o f  t h e  a s s o c i a t i o n .  Ile a l s o  
fourld t h a t  t h e  a d d i t i o n  of  a s h  t o  c c r t a i n  s o i l s  i n c r e a s e s  t h e  nunil)ers o f  mycorrhizne  
(Bjgrknia~l 1941) .  

Ihough 111,111ts w l t h  r r~ycorrhlzae  can be c u l t i v a t c d  i n  s o i l s  w i t h  a low o r g a n i c  
c o n t e n t  (Hjijrknlan 1956, 1954) ,  hlgli l e v c l s  o f  o r g a n i c  m a t t c r  a r c  r c p o r t c d  t o  have 
favora1) le  e f f e c t s  on mycorr l l lza l  developrnent (Ruhtov 1964; Rayrler 1936,  1 9 3 8 ) .  As a  
s i n g l e  arne~idrnent, o r l p n i c  m a t t e r  can promote for inat ion of ~ n y c o r r h i z a c  i n  d e f i c i c n t  s o i l s  
(blikola 1973) .  Fore5 t  r e s i d u e  l c v c l s  would g r c a t l y  a f f c c t  t h c  subsequent o r g a n l c  m a t t c r  
c o n t e n t  o t  r 11e s o i l .  S ~ m l l a r l y ,  t h e  p resence  o f  decay ing  r o o t s  a p p e a r s  t o  promote 
mycor rh iza  l orinat i  on (McMinn 19h3) . 

011e o f  t l l c  ~ n o ~ t  n o t n b l c  p h y s i o l o g i c  c h a r a c t e r i s t i c 5  of most n i y c o r r h i ~ a l  fung i  i s  
t h c i r  r.cttu i  reliirrlt f o r  s i r n ~ ~ l e  s u g a r s  :IS enc rgy  s o u r c c s .  Such s u b s t a n c e s  a r e  g e n e r a l l y  
though t  t o  bc  sul )p l  i ed th rough  p l a n t  r o o t  e x u d a t i o n  (Hacskaylo 1973) . Ihus ,  f a c t o r s  
t h a t  i n f l u c i i c c  s u g a r  l e v e l s  in  t h c  h o s t  p l a n t  and i t s  t r a n s p o r t  t o  and l i b e r a t i o n  from 
r o o t s ,  such  J S  s ~ ~ n l i g h t  ~ n d  mi i icra l  n u t r i t i o n ,  may a f f e c t  mycorrl-~i  t a l  d e v e l o ~ > m e r ~ t  
(Bj&rkm:rn 1370) . 

Stand  coinl~os i t  ion ,  a t  t h e  t inic o f  h ; ~ r v e s t i n g ,  rnay condj  t i o n  t h e  s o i  1  e i t h e r  f a v o r -  
a b l y  o r  u n f a v o r a b l y  f o r  t h e  succeedir lg  c r o p  th rough  t l ie  i n f l u e n c e  of r o o t s  ancl t h c i r  
e x u d a t c s .  Rlli zosphurc  n i i c r o f l o r a  t h a t  compete f o r  s i m p l e  s u g a r s  exuded from r o o t s  may 
d i r e c t l y  a f - f cc t  i i iycorrl i izal  fungi  (Har l ey  1969) ;  a n t a g o n i s t i c  r h i z o s p h e r e  f u n g i  may have 
s1 .11)~ress- ive  e f f e c t s  (Lcvisohn 1 9 5 7 ) ;  r o o t  pa thogens  may i n f l u e n c e  development of  mycor- 
r l i i z n c  o r  v j c e  versa.  (Marx 1'3733; and ccrtai .11 micro-organisnis comnion .in t h e  v i c j n i . t y  of 
r o o t s  may be s y n e r g j  st i c  1.0 t l ie  f o r m a t i o n  o f  mycor rh iza l  structures (Voznyakovskaya and 
Ryzllkova 1955) .  I l igher  p l a n t s  o r  l i c h e n s  nlay r e l e a s e  s o i l  chem-icals t .ha t  t r i g g e r  
a l l e l o p a t h  i c responses anlong rnycorrhiza l  f u n g i  (Handlcy 1963; W i  l d e  1954; Brown and 
Mi.kola 15374). E a r l y  s u c c e s s i o n  of s l l r l ~ h  s p c c i e s ,  which a r e  t y p i c a l  1 y  v e s i c u l a r -  
a rh r r scu la r  1nyco1-rllizal, nlny a f f e c t  t.lie es tabl ishrr icnt  o f  ec tornycorrhiza l .  f u n g i  arid t h e r e -  
f o r e  t h e i r  llo:;ts, such a s  p i n e s  ( ' l ' r ;~ppe ,  p e r s o n a l  communication) . 

Mdl~agemcnt o f  temperntr, f o r e s t s  f o r  op t ima l  t r e e  growth an? l o  f a v o r  s e l e c t e d  
s p e c i e s  will a l s o  r ec lu l r e  tlic r i ~ a n a g c ~ ~ ~ c n t  o f  t h e  funga l  ~ y m h l o n t s  on which t l i c ~ c  t r c c s  
d c p c r ~ d .  P r e s e n t  anti cotitcmplatccl f o r e s t  r e s i d u e  1)rac t  i c e s  wi 11  d i r e c t l y  i n f l u e n c e  t h e  
~ ) ~ ~ n l ) i o t  I L r n y c ~ f l u r ~ i .  F ~ ~ ~ ~ ~ i l ~ i a t l o ~ i  o f  t h e  n c t  e f f e c t s  of t h e s e  i n f l u e n c e ?  w i l l  p rov ide  
valu , lb lc  ~ n f o r m a t  i on r e g a r d  I ng b i o l  o g i c a l  lmp,lcts o f  mandgemelit d r~d  may p r o v i d e  d i r e c t  
i n p u t s  l i l t o  ~n,rnagerncnt t a c t l c s  des lgncd  t o  a c h i e v e  o p t i m a l  growth o f  p rnde i  ermi ned 
s p e c l c s .  

Befo re  ~t I S  p o s s l h l e  t o  a 5 s c s s  t h e  environmental impact5  o f  t r e a t m e n t s  on v a r i o u s  
s i t e s  i n  f o r c s l e d  ccos)fsteiiis, t h e  f o l l o w i n g  q u e s t i o n s  t h a t  r e l a t e  mycor rh iza l  develop-  
ment t o  i n t e n s i  v r  u t i l i z a t i o n  and p r e s c r i h c d  b u r n i n g ,  o r  t o  h o t h ,  must h e  answered.  
Docs ex te r l s ivc  rernoval o r  bu rn lng  o f  h o s t  t r e c s  o r  o r g a n l c  m a t e r i a l  r educe  o r  change 
~ ) o p u l a t l o n s  of rnycorrhizdl  furlgi a t  s p e c i f i c  s i t c s ?  I f  s o ,  how q u i c k l y  and by what 
means do t h e s e  p o p u l a t i o n s  r e c o n s t i t u t e  thcrnselves?  I f  e f f e c t s  a r c  significant, do 
t h e y  constitute a  haza rd  t n ,  o r  d e l a y ,  t h e  e s t a b l i s h m e n t  and growth of  t h e  succeed ing  
s t  and? 
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Soil Nitrogen Fixation and Transformations 

Of t h e  many elements  e s s e n t i a l  f o r  p l a n t  growth, n i . t rogen (N) i s  r e q u i r e d  i n  
g r e a t e r  amounts t h a n  any o t h e r  minera l  n u t r i e n t  and has  been found t o  be a  l i m i t i n g  
f a c t o r  f o r  t r e e  growth i n  bo th  e a s t e r n  and wcsT.ern f o r e s t  s o i l s  (Stonc 1973; Heilrnarl 
1961) .  The amounts o f  N p r e s e n t  and i t s  subsequent  a v a i l a b i l i t y  i n  f o r e s t  s o i l s  depend 
on a v a r i c t y  of chemica l ,  p h y s i c a l ,  and b i o l o g i c a l  processes. 

Nit rogcn v a l u c s  v a r y  from l e s s  t h a n  0.02 p e r c e n t  i n  s u b s o i l s  t o  g r e a t e r  t h a n  2 . 5  
p e r c c n t  i n  o r g a n i c  s o i l s .  The average  N c o n t e n t  i n  t h e  s u r f a c e  l a y e r  o f  most s o i l s  
r anges  from 0 . 0 3  t o  0 . 4  p e r c e n t ;  t h e  amount d e c r e a s e s  wi th  s o i l  dcp th  (Kremner 1967) .  
S p a c i a l  v a r i a t i o n s  i n  N d i s t r i b u t i o n  a r e  especially e v i d e n t  i n  f o r e s t  s o i l s  where 
c o n s i d e r a b l y  g r e a t e r  alnounts o f  N a r c  found i n  t h e  l i t t c r  l a y e r  t h a n  i n  t h e  minera l  
s o i l  (Gessel  and. o t h e r s  1973) .  Es t imates  of  N l e v e l s  p r e s e n t  i n  t h c  l i t t c r  beneath  
wes te rn  s t a n d s  have ranged from 80 kg/ha f o r  pinon p i n e - j u n i p e r  t o  over  1 ,300 kg/ha i n  
second-growth D o u g l a s - f i r  (Zavi tkovski  and Newton 1967; Youngberg 1966) .  

Man, by h i s  i n t e r v e n t i o n  i n  t h e  f o r e s t  ecosystem, can have a s i g n i f i c a n t  impact on 
t h e  N c y c l e  and corlsequently on s i t e  p r o d u c t i v i t y  (Wollum and Davey 1975) .  Nirsogcn i s  
un ique  among t h e  s o i l  n u t r i e n t s  because i t  i s  p r e s e n t  i n  t h c  s o i l  alnlost  e n t i r e l y  as 
o r g a n i c  forms. No i n o r g a n j c  r e s e r v e  is  normal ly  p r e s e n t  t o  a l l e v i a t e  s o i l  N l o s t  t o  
t r e e  removal,  t o  v o l a t i  l i z a t i o n ,  o r  t o  l c a c h i n g  ( Z o e t t l  1965) .  In ~ l a t u r a l  ecosystems 
t h e  atmospherc s u p p l i e s  N t o  t h e  s o i l  through t h e  f i x a t i o n  o f  i n e r t  N2 i n t o  forms 
u s e f u l  t o  p l a n t s .  ilowcver, t h e s e  g a i n s  i n  t o t a l  N can be  balanced by l o s s c s  through 
b i o l o g i c a l  convers ion  of n i t r a t c  t o  t h e  gases  N7 o r  N20 ( d e n i t r i f i c a t i o n ) ,  rcmoval by 
t imber  h a r v e s t i n g  o r  hurn ing ,  and by l e a c h i n g  i n t o  t h e  s u b s o i l  (Knight 1966; N o r r i s  
1962) .  Each p r o c e s s  i n  t h e  N c y c l c  i s  r e l a t e d  t o  s i t e  p r o d u c t i v i t y  and would bc 
s t r o n g l y  s u h j e c t  t o  change by f o r e s t  management p r a c t i c e s .  

Cons iderab le  work h a s  been done i n  a t t e m p t i n g  t o  e v a l u a t e  t h e  r e l a t i o n s h i p  o f  
N - f i x a t i o n  ( d i n i t r o g e n  f i x a t i o n )  t o  t h e  o v e r a l l  s o i l  N ba lance  and t o  i n c r e a s e  t h e  
e x t e n t  o f  f i x a t i o n  i n  t h e  s o i l .  However, t h e  s i g n i f i c a n c e  and c o n t r i b u t i o n  o f  
N - f i x a t i o n  i n  many ecosystems have s t i l l  n o t  bccn r e s o l v e d .  G e n e r a l l y ,  smal l  amounts 
o f  N a r e  added t o  t h e  s o i l  by p r e c i p i t a t i o n  ( A l l i s o n  1965) and a b s o r p t i o n  o f  NM3 from 
t h e  a i r  by s o i l  and p l a n t s  (Malo and P u r v i s  1964) .  I t  has  been advocated t h a t  t h e  
slow o x i d a t i o n  of  s o i l  o r g a n i c  m a t t e r  couplcd wi th  s u n l i g h t  f i x e s  s j z a b l e  p o r t i o n s  of 
N (Dhar 1960) .  IIowevcr, few i f  any o t h e r  i n v e s t i g a t o r s  suppor t  t h e  l a t t e r  view. 
T h e r e f o r e ,  most o f  t h e  N added t o  t h e  s o i l  i s  cons ide red  t o  have come from b i o l o g i c a l  
f i x a t i o n .  

Symbiot ic  

Probably t h e  b e s t  known symbio t i c  r e l a t i o n s h i p  a s s o c i a t e d  w i t h  N f i x a t i o n  i s  t h e  
b a c t e r i a l  genus Rhizobium and t h e  r o o t  nodule  it forms on members of  t h e  legume f a m i l y  
Lcguminosae. Leguminous p l a n t s ,  such a s  soybean, pea ,  and a l f a l f a ,  axe p a r t  of food 
and f o r a g e  p r o d u c t i o n  and have been found t o  add up t o  200 kg N/ha/yr t o  t h e  soil 



under  p r o p e r  management (S tewar t  1 9 6 6 ) .  Itowever, most work h a s  c e n t e r e d  on a g r i c u l t u r a l  
sys t cms  a n d ,  w i t h  t h e  e x c e p t i o n  o f  b l a c k  l o c u s t  ( I k c  and S t o n e  1958) ,  v e r y  l i t t l e  i s  
known r e g a r d i n g  t h e  e x t e n t  and s i g n i f i c a n c e  of t h c  Rh izob iwn- l ike  legume a s s o c i a t i o n  i n  
f o r e s t  ecosystems (Wollum and Davey 1975) .  In fo rmat ion  i s  needed on t h e  d i s t r i b u t i o n  
o f  legurnes i n  f o r e s t  s t a n d s ,  and shou ld  i n c l u d e  t h e  wide ly  d i s t r i b u t e d  he rbaceous  and 
s11rut)by s p e c i e s .  

P o s s i b l y  of g r e a t e r  impor tance  t h a n  legumes t o  t h e  f o r e s t  ecosystem i s  t h e  
o c c u r r e n c e  o f  nonlegutninous bu t  r lodula ted  p l a n t s .  Morc than  113 s p e c i e s  have been 
r e p o r t e d  t o  form n o d u l e s .  Included a r e  t h e  common wcs te rn  p l a n t s  r e d  a l d e r  Alnus rubra 
and snowhush Crrnuthun ve lu t inus  (Youngberg and Wollilm 1970) .  The e x a c t  n a t u r e  o f  t h e  

,nodule-forming endophytc  h a s  n o t  been det .ermined.  Var ious  i n v e s t i g a t o r s  have i s o l a t e d  
Strepf;omyc~s from s u r f a c e  s t e r i l i z e d  r .oots  o f  s e v e r a l  nodu le - fo rming  g e n e r a  ( e .  g . ,  
Wol lum and o t h e r s  1966) .  However, t h e s e  a c t i n o t ~ ~ y c e t e s  d i d  no t  c a u s e  n o d u l a t i o n  when 
grown under  s t e r i l e  c u l t u r e  c o n d i t i o n s .  

Nonleguin~nous p l a n t s  have heen found t o  f i x  t i p p r c c i a b l e  amounts o f  N .  Lahora to ry  
s t u d i c s  have  r e p o r t e d  f i x a t i o n  r a t c s  e q u i v a l e n t  t o  56 kg/N/ha/yr f o r  AZnus rugosa, 15 
kg/N/haiyr f o r  Hippophac rhunmoides, and 4 kg/N/ ha /y r  f o r  Myri:ca c e r ~ i f ~ r a  (Akkermans 
1971; S j  l v e r  and Mague 1 9 7 0 ) .  Cor is iderahly  h i g h c r  v a l u e s  have been r e p o r t e d  from f i e l d  
s t u d i e s  on snorvbush and r e d  a l d e r  [VanCleve and o t h e r s  1971; Youngherg and Wollum 1970; 
IVewton ant1 o t h e r s  1 9 6 8 ) .  

C e r t a i n  l i c l ~ e r i s  a r e  a n o t h e r  example o f  a. s y m b i o t i c  N - f i x i n g  r e l a t i o n s h i p ;  i n  t h i s  
c a s e ,  hetween b l u e - g r e e n  a l g a e  and f u n g i .  A number of s p e c i e s  have heen found t o  f i x  
N hoth -in tile l a b o r a t o r y  and .in t h e  f i e l d  (Henr iksson and Simu 1971; Vogg and S t e w a r t  
1968) .  The a . c t u a l  c o i i t r i h u t i o n s  o f  l i c h e n s  t o  t h e  s o i l  N supp ly  would depend on 
weather, s o i l  p r o p e r t i e s ,  and ext -cnt  o f  1.jchcn c o v e r .  A s t u d y  on v a r i o u s  v o l c a n i c  and 
a r i d  s o i l s  found 2 t o  4 t i m e s  g r e a t e r  amounts o f  N a s s o c i a t e d  w i t h  l i c h e n  c r u s t s  t h a n  
w i t h  t h e  h a r e  s o i l  s u r f a c e  ( S h i e l d s  1957) .  F i x a t i o n  r a t c s  from 10  t o  100 kg/N/ha/yr 
havc hccn a t t r i h u t c d  t o  l i c h e n s  i n  d e s c r t  s o i l s  of  Utah (Rhychc:rt and S k u j i n s  1974) .  
'The o c c u r r e n c e  and development o f  l i c h e n s  on c e r t a i n  f o r e s t  s i t e s  have been i n v e s t i -  
g a t e d  ( P i k e  and o t h e r s  19721, but. t h e  significance o f  t h e s e  o rgan i sms  t o  t h e  f o r e s t  N 
hn 1 ancc  i s  unknown. 

In c o n t r a s t  t o  s y m b i o t i c  N - f i x a t i o n ,  t l le  irriportance o f  f r e e - l i v i n g  N- f ix ing  
mi.cro-organisms i n  s o i l  i s  s t i .11  unccr t r - l in .  Lt. i s  g c n e r a l l y  conceded t h a t  t h c  nonsym- 
b i o t i c  N-f i x i n g  m i  c r o f  l u r a  contribute o n l y  smal l  amounts of  N t o  a r a b l e  s o i l s  (Jensen 
1965; 1lenzcl:l and N o r r i s  1962) .  Ilowevcr, i n  n o n c u l t i v a t c d  s o i l s  such a s  g r a s s l a n d s  and 
f o r e s t s  where o r g a n i c  m a t t e r  i s  n o t  removed from t h e  s i t e ,  N ga ins  may h e  s i g n i f i c a n t  
(Moore 1,966). S t u d i e s  on s o i l  N accumuln t ion  and c y c l i n g  on f o r e s t e d  s i t e s  have 
- ind ica ted  s u b s t a n t i a l  g a i n s  o f  N .  I n  t empera te  zones ,  annua l  N a d d i t i o r i s  havc been 
r e p o r t e d  t o  r ange  fro111 4 kg /ha /y r  i n  young s t a n d s  t o  between 10  and 25 k g / h a / y r  i i i  
lnaturc s t a n d s  ( R i c h a r d s  and Voig t  19h5) ,  a l t h o u g h  c o n s i d c r a h l y  h i g h e r  v a l u e s  may b e  
o b t a i n e d  on c e r t a i n  s i t e s  (R icha rds  1 9 6 4 ) .  T r o p i c a l  r a i n  f o r e s t s  appea r  t o  have a 
much h i g h e r  f i x a t i o n  r a t e ,  l i k e l y  a v e r a g i n g  ovc r  SO kg /ha /y r  (Greenland and Kowal 1960) .  
Recent s o i l  s t u d i e s  u s i n g  d i r e c t  meas~xrement t e c h n i q u e s  i n  t h e  f i e l d  have i n d i c a t e d  f a r  
lower f j x n t i o n  r a t c s ,  a v e r a g i n g  i n  t h e  o r d e r  of  1 t o  10 k g / h a / y r  (Hardy and o t h e r s  1973) 

T h i s  anomaly betwecn t h e  e x t c n t  o f  N g a i n s  on f o r e s t  s i t e s  and t h e  measurement of  
nonsyrnhiot ic  N f i x a t i o n  i n  soi.1 may h c  i n  p a r t  e x p l a i n e d  by t h e  enhanced m i c r o b i a l  
a c t i v i t y  i n  t h e  r h i z o s p h e r c .  N - f i x i n g  micro-organisms would bc s t i m u l a t e d  by t h e  
g e n e r a l l y  low N c o n t e n t  o f  o r g a n i c  m a t e r i a l s  s e c r e t e d  and s loughed o f f  by p l a n t  r o o t s  
( S t a r k e y  1958) .  N i t rogcn  g a i n s  o c c u r r i n g  i n  t h i s  narrow zone around t h e  r o o t  would n o t  
no rmal ly  be  measurccl i n  s t u d i e s  on s o i l  N - f i x a t i o n .  Recent i n v e s t . i g a t i o n s  have shown 
considerably h i g h e r  N f i x a t i o n  r a t e s  a s s o c i a t e d  w i t h  t h e  r h i z o s p h e r e  o f  c o n i f e r  r o o t s  



than  w i t h  r o o t - f r e e  s o i l  (Richards  1973; S i l v c s t e r  and Bennet t  197.71. S i m i l a r  s t i rnula-  
Tion o f  N- f ixa t ion  has  been r e p o r t e d  i n  t h e  r h i z o s p h e r e  o f  v a r i o u 5  g r a s s e s ,  c o r n ,  and 
r l c c  (ilommergues and o t h e r s  1973; Yoshida and Ancajas 1973) .  Some i n v e s t i g a t o r s  have 
i n d i c a t e d  t h a t  N- f ix ing  mic ro-organ i sn~s  a r c  favored  111 t h e  r h l z o s p h c r e  o f  mycorrhizae ,  
a s  cornpared t o  nonmycorrhizal r o o t s  (Rambelli 1973; S i l v e s t e r  and Bennett  1973) .  
However, t h e  reduced r h i z o s p h e r c  f i x a t i o n  r a t e s  a s s o c i a t e d  w i t h  s l a s h  p i n e  mycorrhizae  
(Richards  1973) show t h a t  t h i s  a s p e c t  of  nonsymbiot ic  N - f i x a t l o n  must be s t u d i e d  f u r t h e r  

Another s o u r c c  o f  N i n  f o r e s t  systems may be t h e  l c a f  s u r f a c e  o f  p l a n t s  o r  
u p h y l l o s p h e r e . "  Ruinen (1956, 19h5) i s o l a t e d  N- f ix ing  organisnis from t h c  l eaves  o f  
numerous p l a n t  s p e c i e s  and showed t h a t  l e a f  exuda tes  were s u i t a b l e  s u b s t r h a t c s  for'  
t h e i r  development.  Various s p e c i e s  of  Aznkobacter have been found i n  t h e  phy l losphere  
of  over  50 s p e c i e s  o f  t r e e s ,  c r o p s ,  o rnamenta l s ,  and a q u a t i c  p l a n t s  (Iswaran and o t h c r s  
19733. Vlassak and o t h e r s  (1973) have i s o l a t e d  bluc-green a l g a e  from phy l l o s p h c r e  
samplcs o f  Ceratodon purpureus. The a l g a e  showed a p p r e c i a b l e  N-f ixing c n p a b i l i t i c s .  
In s t u d i e s  on t h e  t r o p i c a l  g r a s s  Tripsacurn Luxurn, l e s s  than  1 kg/N/ha t o  3 . 5  kg/N/ha 
havc been a t t r i b u t e d  t o  phy l losphere  f i x a t i o n  (Bessems 1973; Ruincn 1971)). In a  s i m i l a r  
l a b o r a t o r y  s t u d y ,  Jones  (1970) a t tempted t o  de te rmine  t h e  e x t e n t  o f  N- f ixa t ion  o c c u r r i n g  
on t h e  l e a v e s  o f  Douglas - f i r  where he  i s o l a t e d  n i t r o g e n - f i x i n g  b a c t e r i a .  Jones con- 
c luded t h a t  a s  much a s  65 g/ha/day o f  N could be f i x e d  i n  some Douglas - f i r  s t a n d s .  
Although such N g a i n s  under n a t u r a l  c o n d i t i o n s  would appear  u n l i k e l y ,  t h i s  s o u r c e  o f  
addcd N t o  f o r c s t  s i t e s  could be o f  importance.  

In t h e  p a s t ,  t h e  a b i l i t y  of  micro-organisms t o  grow on s o - c a l l e d  "N-free" media 
was cons ide red  proof  o f  N-f ixing c a p a c i t y .  However, growth on t h e s e  nledia i s  no t  
p o s i t i v e  proof  because smal l  amounts o f  f i x e d  N a r e  always p r e s e n t ,  arid anln~onia can be 
absorhed from t h e  a i r .  Although t h e  i n c o r p o r a t i o n  o f  1 5 ~  i s  t h e  most d e f i n i t i v e  nlethod 
by which N- f ixa t ion  i s  e s t a b l i s h e d ,  t h e  a c e t y l e n e  r e d u c t i o n  t e c h n i q u e  is now normal ly  
used f o r  f i e l d  i n v e s t i g a t i o n s .  Many s t u d i e s  have shown t h a t  micro-organisms a b l e  t o  
fix N a l s o  have t h e  a b i l i t y  t o  reduce  a c e t y l e n e  t o  e t h y l e n e  ( e . g . ,  llardy and o t h e r s  
1973) .  Product ion o f  e t h y l e n e  from a c e t y l e n e  is almost  complete ly  r e s t r i c t e d  t o  
N- f ix ing  organisms,  and i s  cons ide red  presumptive  ev idence  f o r  t h e  occur rence  o f  
N - f i x a t i o n .  Because o f  i t s  s e n s i t i v i t y ,  c a s e  i n  measurement, and economy (Ilardy and 
o t h c r s  1968) ,  t h e  a c e t y l e n e  r e d u c t i o n  t echn ique  i s  p r e f e r r e d  over  t h e  15 a n a l y s i s .  

N 

Numerous genera  o f  b a c t e r i a  and b lue -green  a l g a e  have bcen found t o  c o n t a i n  
s p e c i e s  o r  s t r a i n s  having an N- f ix ing  a b i l i t y .  Var ious  f u n g i  and y e a s t s  have a l s o  
becn r e p o r t e d  t o  f i x  N ,  a l though  more r e c e n t  cv idcnce  i n d i c a t e s  t h a t  N f i x a t i o n  does  
n o t  occur  i n  t h c s e  groups ( P o s t g a t e  1971) .  S e v e r a l  o f  t h e  nonsymbiot ic  N- f ix ing  
micro-organisms, such a s  Azotobacter and t h e  b luc -green  a l g a e ,  a r e  normal ly  r e s t r i c t e d  
t o  n e a r l y  n e u t r a l  o r  a l k a l i n e  s o i l s .  However, many o t h e r s ,  p a r t i c u l a r l y  t h e  spore -  
forming anaerobes ,  a r e  s o  wide ly  d i s t r i b u t e d  t h a t  a l a c k  of N-f ixing rn ic ro f lo ra  would 
n o t  l i k e l y  be  a  f a c t o r  l i m i t i n g  N- f ixa t ion  i n  f o r e s t  s o i l s  (Jurgensen and Davey 1970) .  

Near ly  a l l  o f  t h e  N i n  s o i l  i s  t i e d  up a s  o r g a n i c  complexes which, wi th  t h e  pos-  
s i b l e  excep t ion  o f  a  few amino a c i d s ,  a r e  n o t  a v a i l a b l e  f o r  p l a n t  up take .  The N must 
f i r s t  undergo b i o l o g i c a l  t r a n s f o r m a t i o n  by v a r i o u s  components o f  t h e  s o i l  m i c r o f l o r a  t o  
be eventually r e l e a s e d  a s  ammonium, an h form r e a d i l y  used by p l a n t s .  Thi. r e l e a s e ,  o r  
" m i n e r a l i z a t i o n "  o f  o r g a n i c  N ,  t o g e t h e r  wi th  N p r e s e n t  i n  p r e c i p i t a t i o n ,  f u l f i l l  t h e  
N r equ i rements  o f  t h e  p l a n t  community (Wollum and Davey 1975) .  

Ni t rogen m i n e r a l i z a t i o n  i s  g e n e r a l l y  determined by t h e  f a c t o r s  t h a t  i n f l u e n c e  
decomposi t ion o f  o r g a n i c  m a t t e r ,  such a s  kind o f  o r g a n i c  m a t e r i a l ,  s o i l  moisture, 
n u t r i e n t  l e v e l s ,  and t h e  s o i l  macro- and m i c r o f l o r a  (Bartholomew 1965; Witkamp and 
van d e r  Drift 1961) .  S p e c i e s  v a r i a t i o n  h a s  been l i n k e d  t o  changes i n  decomposi t ion 
r a t e s  of  f o r e s t  t r e e  l i t t e r  (Witkamp 1966) .  M i n e r a l i z a t i o n  r a t e s  g e n e r a l l y  a r e  t h e  



h i g h e s t  a t  s o i l  m o i s t u r e  l c v e l s  n e a r  f i e l d  c a p a c i t y  ( S t a n f o r d  and E p s t e i n  1974) .  
Ammonium p r o d u c t i o n  d e c r e a s e s  a t  h i g h e r  m o i s t u r c  t e n s i o n s  b u t  s t i l l  o c c u r s  even when 
t h e  s o i l s  a r e  helow t h e  permanent w i l t i n g  p o i n t  ( M i l l e r  and Johnson 1 9 6 4 ) .  A s i m i l a r  
r e d u c t i o n  i n  N r e l c n s c  i s  observed i n  wet and p o o r l y  d r a i n e d  s o i l s  (T~rsncem and P a t r i c k  
1971).  S o i l  chemical  p r o p e r t i e s  a r c  s i g n i f i c a n t  hecause  t h c  a p p l i c a t i o n  o f  f e r t i l i z e r  
and l ime  can c a u s e  l a r g e  i n c r e a s e s  i n  n ~ j r ~ e r a l i z a t i o n  r a t e s  [Wil l iams 1972; Broadbent 
1965) .  

N i t r i f i c a t i o n ,  t l ie  c o n v e r s i o n  o f  ammonium t o  n i t r a t e  by s o i l  mic ro -o rgan i  sms, h a s  
r e c e n t l y  been r e c e i v i n g  c o r l s i d e r a b l e  a t t e n t - i o n  1)ccause of i n c r e a s e d  awareness  of t h e  
r o l e  o f  n i t r a t e s  i n  s t r eam,  l a k e ,  and ground wa te r  p o l l u t i o n .  I n  c o n t r a s t  t o  t h e  
p o s i t i v e l y  cha-rged a~nnioniurrl i on ,  t h e  n i t r a t e  arl ion i s  n o t  t i g h t l y  h e l d  on soi l .  exchange 
s i t e s  and i s  r e a d i l y  l eached  t h r o u g h  t:he s o i l  p r o f i l e .  D i f f e r c n c e s  i n  t h e  u p t a k e  o r  
" p r e f e r e n c e "  o f  t r e c s  f o r  ilrnrnonium v s .  n i t r a t e  have a l s o  been found ( K r a j i n a  and 
o t l > c r s  1973;  van den U r i e s s c h e  1971) ,  t1111s making s o i l  n i t r i f i c a t i o n  a f a c t o r  i n  
deve lop ing  a ~ ~ d  e v a l u a t i n g  f o r e s t  f e r t i l i z a t i o n  programs.  

The b u l k  of  n i t r a t e  producetl  i n  s o i l s  i s  g e n e r a l l y  assumed t o  come from t h e  
a c t i v i t y  of  a  s e l c c t  g roup  o f  a u t o t r o p h i c  b a c t e r i a ,  p a r t i c u l a r l y  Ni1:rosc~rnonne and 
Ni:trnhacber. Thcse  organisms o b t a i n  t l ~ c i  r cne rgy  s o l e l y  from t h e  o x i d a t i o n  of  N 
cornpo~rnds. Thc  l e v e l s  o f  s o i l  o r g a n i c  m a t t e r  have l i t t l e  o r  no d i r e c t  c f f e c t  on 
n i t r i f y i n g  b a c t - e r i a  because  t h e y  u s e  ca rbon  d i o x i d e  a s  a  ca rbon  s o u r c e  (Wallace and 
Nicliolas 1869) .  However, o r g a n i c  matter .  -indirectly a f f e c t s  n i t r i f i c a t i o n  by i n f l u -  
cnc ing  s o i l  mo. is ture  l e v e l s ,  s o i l  terrlperature,  and c a t i o n  exchange c a p a c i t y .  N i t r i f y -  
i n g  organisms a r e  much more s e n s i t i v e  t o  v a r i a t i o n s  in  t h e  s o i l  environment  than  micro-  
organisms a c t i v e  .in m i n e r a l i z a t i o n .  N i t r i f i c a t i o n  i s  d r a s t i c a l l y  reduced a t  low soj.1 
n ~ o j s t u r e  l e v e l s  and under  a c i d  s o i l  cor ld i t  ions  ( S i e f e r t  1970; Mel'ri 1 1  and Dawson 1967; 
Re i chtnan and o t h e r s  1'366) . 

The t y p e  and l e v e l s  o f  wood r c s i d u c  r -~ f fec te t l  by v a r i o u s  rnanajiemcnt p r a c t i c e s  
g r c a t l y  i n f l u e n c e  t h c  development o f  t h e  s o i l  m i c r o f l o r a ,  e s p e c i a l l y  t h o s e  a c t i v e  i n  
t h e  N-cycle .  1r.creast.d r c s  idue  u t i  1 i z a t i o n  and p r e s c r i b e d  burn ing  would r educc  t h e  
amount o f  o r g a n ~ c  m a t e r i a l  incorporated i n t o  t h e  s o i l .  Because many d i v e r s e  micro-  
organisms f u n c t i o n  il-1 t h e  c y c l i n g  of  s o j l  N ,  such r e d u c t - i o n s  i n  r e s i d u e  cou ld  havc many 
r a m i f i c a t i o n s .  I n  o r d c r  t o  f u l l y  e v a l u a t e  t h e  p o s s i b l e  s i g n i f i c a n c e  o f  res i .due  p r a c -  
t i c e s  on s o i l  N t r a n s I o r m a t i o n ,  2111 a s p e c t s  of  t h e  N-cyclc must be c o n s i d c r c d .  

Ni t rogen  1: ixat ion 

The Impact o f  f o r e s t  nianagcment practices on t h e  i n c l d c n c e  and a c t i v i t y  o f  symbi- 
o t i c  N- f ix ing  a s s o c i a t i o n s  d e s e r v e s  s t u d y ,  particularly t h e  l e s s  consp icuous  symbiotic 
p l a n t s .  Opening o f  t h e  f o r e s t  canopy, e l t h e r  th rough  harvesting o r  f l r e ,  and t h e  
r e s u l t a n t  change i n  s o i  1  chcmlcal  a r ~ d  pllys i c a l  p r o p e r t l e q  cou ld  f a v o r  o r  r e s t r i c t  t h e  
clcvclopmcnt and e f f l c l e n c y  o f  an N - f l x l n g  f l o r a  (1.oneragan 1972; Nutman 1972) .  In  
e i t h e r  c a s e ,  t h e  p o t e r ~ t i a l  o f  such changes  shou ld  LC c o n s i d e r e d .  

Most o f  t h e  N- f ix ing  mlcro-organlsrns,  o t h e r  t h a n  t h e  b lue -g reen  a l g a e  and t h c  
a n a e r o b i c  p h o t o t r o p h l c  bacteria, r e q u i r e  a  supp ly  o f  o r g a n i c  ca rbon  a s  an  ene rgy  s o u r c e .  
Adeci~rate ene rgy  s o u r c e s  would seem p a r t i c u l a r l y  impo-r.tant f o r  t h e s e  organisms because  
t h c y  a r c  i n c f f i c i c n t  u s e r s  o f  carbohydrates (S tewar t  1 9 b 9 ) .  The r e l a t i o n s h i p  o f  s o i l  
o r g a n i c  m a t t e r  t o  N f l x a t i o n  depends  on t h e  t y p e  o f  m a t e r i a l ,  i t s  n u t r i c n t  c o n t e n t ,  
and on t h e  i n l t l a l  f e r t i l i t y  of t h e  s o i l  (Ricc and o t h e r s  1967) .  Thus,  t h c  removal of  
o r g a n i c  m a t t e r  from t h e  s i t e  by logg ing  o r  r c s i d u e  u t l l i z a t l o n  could  a f f e c t  t h e  



a c t i v i t y  of  nonsymbiotic N-f ixers  i n  s o i l  o r  i n  woody r e s idue .  This nlay be accomplished 
by reducing t h e  organic  sources a v a i l a b l e  t o  t he se  organisms o r  by changing t he  physi-  
c a l  and chemical environmerit o f  t h e  s o i l  (Jurgenscn 1973). 

The breakdown and decay of woody t i s s u e  could a l s o  i n f luence  t h e  f o r e s t  eco- 
system by d i r e c t l y  a f f e c t i n g  N-f ixa t ion .  The N conten t  of wood/unit carbon i s  lower 
than most o t h e r  types of p l a n t  t i s s u e .  llowever, i n  s p i t e  o f  t he se  low l e v e l s  of N, 
wood-destroying fungi  a r c  a b l c  t o  metabol ize t h e  carbon-r ich s u b s t r a t e  and produce 
sporocarps and l a r g e  numbers of spores  comparat ively r i c h  in N (Mer r i l l  and Cowling 
1966). One pos s ib l e  explana t ion  f o r  t h i s  phenomenon i s  fungal  use  of N produced 
hy N-fixing organisms presen t  i n  t h c  wood. The N-fixing populat ion could use simplc 
sugars  produccd by t h e  fungal  breakdown of wood and i n  r e t u r n ,  supply N t o  t he  primary 
decomposers. The p o s s i b j l i t y  of such a s y n e r g i s t i c  r e l a t i o n s h i p  was s t rengthened by 
t he  r ecen t  s tudy of Cornaby and Waide (1973) who showed low but s i g n i f i c a n t  amounts of 
N were being f i xed  i n  decaying chestriut logs .  S e i d l e r  and o t h e r s  (1972) and Aho and 
o the r s  (1974) have found t h a t  a  s i z a b l e  f r a c t i o n  of  b a c t e r i a  i s o l a t e d  from decay zones 
i n  white f i r  had an N-fixing c a p a b i l i t y .  Knutson (1973) has observed t h a t  b a c t e r i a  
i s o l a t e d  from hea l t hy  and water-soaked aspen were ab l e  t o  grow on N-free media. 

Reductions in  r e s idue  l e v e l s  by f i r e  would have f a r  d i f f e r e n t  consequences on N -  
t r ansformat ions  than wood removal through logging. As noted e a r l i e r ,  s t u d i e s  conducted 
i n  t h e  Southeast  over  a  20-year per iod have shown no s i g n i f i c a n t  l o s s  of N from the  
s o i l  due t o  prescr ibed  burning; i n  f a c t ,  s o i l  N i nc r ea se s  of 23 kg/N/ha/yr a s soc i a t ed  
with annual burning on some s i t e s  have been repor ted  (Jorgensen and Wells 1971). Other 
i n v e s t i g a t i o n s  have a l s o  r epo r t ed  i nc r ea se s  i n  t h e  s o i l  N conten t  upon burning ( e . g . ,  
Klemmedson and o t h e r s  1962). These N ga in s  have been a t t r i b u t e d  t o  an increased  legume 
component i n  t h e  ground vege t a t i on  a f t e r  f i r e  (Stone 1971).  Another p o s s i b i l j . t y  i s  t he  
g r e a t e r  a c t i v i t y  of  nonsymbiotic N-f ixers ,  p a r t i c u l a r l y  t h c  au to t roph i c  blue-grccn 
a lgae .  Thc increased  l i g h t  and n u t r i e n t  l e v e l s  o f  t h e  s o i l  su r f ace  a s  a r e s u l t  of 
burning would favor  t h e  development of such organisms (Jurgensen and Lhvey 1968). 

Minera l iza t ion  

The mine ra l i z a t i on  of  N from s o i l  o rganic  mat te r  can be a l t e r e d  by f o r e s t  manage- 
ment p r a c t i c e s .  Harvest ing,  f i r c ,  and s i t e  p r epa ra t i on  techniques have a l l  been shown 
t o  a c c e l e r a t e  t h e  r e l e a s e  of o rganic  N (DeBell and Ralston 1970; Likens and o t h c r s  1970; 
Neal and o t h e r s  1965). This  i s  due, a t  l e a s t  i n  p a r t ,  t o  t h e  r e s u l t a n t  changes of 
microclimate on t h e  s o i l  microf lora  (Borman and o t h c r s  1968). The r e l e a s c  of n u t r i e n t s  
and pll i nc r ea se  a f t e r  burning o r  logging may a l s o  favor  t h e  organisms r e spons ib l e  f o r  
N m ine ra l i z a t i on .  Much of t h e  ammonium re l ea sed  may be immobilized i n  t h e  breakdown of 
woody ma te r i a l s .  Addit ional  N w i l l  e n t e r  t he  s o i l  and become a v a i l a b l e  f o r  uptake by 
t r e e s .  However, some may be leached below t h e  r o o t  zone o r  l o s t  through overland flow 
i f  t h e  topography i s  s t e e p  (DeByle and Packer 1972). 

N i t r i f i c a t i o n  

E f f e c t s  of f o r e s t r y  p r a c t i c e s  on s o i l  n i t r i f i c a t i o n  r a t e s  and t h e  n i t r a t e  conten t  
of water supp l i e s  a r e  now being quest ioned.  Likens and o t h e r s  (1970) showed t h a t  
c l e a r c u t t i n g  and he rb i c id ing  of  nor thern  hardwoods i n  New Hampshire g r e a t l y  increased  
t h e  s o i l  popula t ions  of n i t r i f y i n g  b a c t e r i a  and, consequent ly,  t h e  l e v e l s  of n i t r a t e  
i n  neighboring watersheds.  However, t h e  l o s s  of n i t r a t e  a f t e r  c l e a r c u t t i n g  has been 
found t o  be much lower i n  o t h e r  p a r t s  o f  t h e  country (Reinhart  1973). These d i f f e r -  
ences seem t o  be r e l a t e d  t o  s o i l  type,  with podzols being e s p e c i a l l y  s u s c e p t i b l e  t o  
n i t r a t e  l o s s e s .  

Burning of  logging r e s idues  has r e s u l t e d  i n  l a r g e  i nc r ea se s  i n  s o i l  ammonium 
l e v e l s  (Chris tensen 1973; Neal and o t h e r s  1965), which may inc rea se  s o i l  n i t r i f i c a t i o n  
r a t e s .  The r i s e  i n  s o i l  pH a f t e r  a f i r e  would a l s o  favor  t h e  n i t r i f y i n g  b a c t e r i a .  



Vegetational changes  f o l l o w i n g  h a r v e s t i n g  o r  f i r e  may a f f e c t  t h e  l e v e l s  o f  s o i l  n i t r a t e .  
The n i t r a t e  c o n t e n t  o f  s o i l s  s u p p o r t i n g  r e d  a l d e r  is c o n s i d e r a b l y  g r e a t e r  t h a n  s o i l  
under  w e s t e r n  c o n i f e r s  (Trappe 1972) .  T h i s  s p e c i e s  d i f f e r e n c e  may be r e l a t e d  t o  t h e  
t a n n i n  c o n t e n t s  o f  t r e e  b a r k  and i t s  effect  on n i t r i f i c a t i o n  (Bollen and Lu 1969). 
P l a n t  s p e c i e s  i n v a d i n g  a  f o r e s t  s i t e  a f t c r  d i s t u r b a n c e  have been a s s o c i a t e d  w i t h  
nitrification r a t e s  h i g h e r  t h a n  r ;* tes  i n  c l imax  e c o s y s t c ~ n s  (R ice  and Pancholy  1972) .  

N i t r i f i c a t i o n  i s  a n  i n e v i t a b l e  p r o c e s s  o c c u r r i n g  i n  m i l d l y  a.cid t o  a l k a l i n e  s o i l s .  
Although t h e r e  h a s  been c o n s i d e r a b l e  i n t e r e s t  i n  s u p p r e s s i n g  t h e  n i t r i f y i n g  b a c t e r i a  by 
a p p l y i n g  chen l i ca l s  ( P a r r  1 9 7 3 ) ,  t h e s e  treatments, even i f  s u c c c s s f u l ,  would l i k e l y  be  
l i m i t e d  t o  r e l a t i v e l y  s m a l l  a r e a s  o f  p a r t i c u l a r  env i ronmenta l  c o n c e r n .  Lncreases  i n  
n i t r i f i c a t i o n  w i l l  g e n e r a l l y  o c c u r  a f t e r  h a r v e s t i n g  o r  s i t e  t r e a t m e n t  o p e r a t i o n s ,  and 
due t o  t h e  n a t u r c  o f  t h e  n i t r a t e  i o n ,  w:il.l r e s u 1 t ' i . n  i n c r e a s e d  N l o s s  from t h e  s o i l .  
The e f f e c t  o f  N l o s s  on s i t e  p r o d u c t i v i t y  depends on t h e  amount o f  N l o s t ,  i . n i t i a 1  s o i l  
f e r t i l i t y ,  and t h e  e x t e n t  of  N g a i n s  coming from N - f i x a t i o n .  

Ni t rogen  i s  s u b j e c t  t o  v a r i o u s  b i o l o g i c a l  t r a n s f o r m a t i o n s ,  many o f  which occur  
s i m u l t a n e o u s l y  i n  t h e  s o i l .  Any n a t u r a l  o r  man-induced charlges i n  t h e  p h y s i c a l  and 
chemica l  p r o p e r t i e s  of a fo res t .  s i t e  w i l l  g r e a t l y  a f f e c t  t h e  a c t i v - i t y  o f  t h e  r e s p o n s i b l e  
s o i l  micro-organisms.  I t  i s  i m p o r t a n t  t o  u n d e r s t a n d  t h c  impact  f o r c s t  management 
t -echniques  and 0 t ) j e c t i v e s  havc on t h e s e  p r o c e s s e s .  By i n v e s t i g a t i n g  t h e  N c y c l e  and 
t h e  organisms a c t i v e  i n  i t s  f u n c t i o n i n g ,  problem a r e a s  can be  : i d e n t i f i e d  and r e s o l v e d  
by a p p r o p r i a t e  management and s i 3 . v i . c u l t u r a l  a c t i o n .  
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Pathogen Activity 

F o r e s t  d i s e a s e s  have heen r e f e r r e d  t o  a s  n e g a t i v e  i ~ ~ f l u e n c e s  i n  t h e  f o r e s t  
environment (Boyce 1961; l luher t  1931) .  Ilowcver, i n  tcrms of  p roduc t - iv i ty  and s t a h i l i z a -  
t i o n  o v e r  many generations, many d i s e a s e s  nlay prove u s e f u l  t o  n a t u r a l  f o r e s t  ecosystems,  
p a r t i c u l a r l y  i n  n o r t h  t empera te  f o r e s t s  where o r g a n i c  m a t t e r  i s  g e n e r a l l y  produced a t  
a  h i g h e r  r a t e  t h a n  i t  can be  r c c y c l e d  t l ~ r o u g h  t h e  p r o c e s s  o f  decay (Olsen 1963) .  

I t  i s  g e n e r a l l y  thought  t h a t  overmature f o r e s t s  a r e  more p rone  t o  f i b e r - d e s t r o y i n g  
d i s e a s e ,  p a r t i c u l a r l y  stem dccays ,  than  young v igorous  f o r e s t s  (Koyce 1961) .  As more 
and more o f  a s i t e ' s  raw m a t e r i a l s  become t i e d  up i n  p l a n t  b o d i e s ,  t h e  p l a n t s  occupying 
t h a t  s i t e  become l e s s  t h r i f t y  ancl more prone t o  i n s e c t  and d i s e a s e  a t t a c k .  Th i s  condi-  
t i o n  w i l l  e v e n t u a l l y  l e a d  t o  an ccosystem whose p r o d u c t i v i t y ,  i n  tcrms o f  u s a b l e  f i b e r  
p roduc t ion  and game h a b i t a t ,  may be ex t remely  low. Other  a s p e c t s  of p r o d u c t i v i t y ,  f o r  
example, watershed p r o t e c t i o n ,  may n o t  h e  g r c a t l y  impaired. As dead p l a n t  b o d i e s  ( f u e l )  
accumulate ,  t h e y  become s u b j e c t  t o  f i r e s  d u r i n g  d r y  seasons .  E v e n t u a l l y ,  i n s e c t  and 
d i s e a s e  a t t a c k s ,  in  c o o r d i n a t i o n  w i t h  d r y  seasons  and l i g h t n i n g  s t o r m s ,  p rov ide  
c o n d i t i o n s  i n  which w i l d f i r e s  a r e  t h c  pr imary nlearis o f  r e j u v e n a t i n g  t h e  system (Lyons 
and Penge l ly  1970; Komarek 1963) .  Under n a t u r a l  c o n d i t i o n s  t h i s  p r o c e s s  ( c y c l e )  i s  
r e p e a t e d  f r e q u e n t l y .  

Disease  l l l o s s o s , q q  a s  t r a d i t i o n a l l y  viewed by f o r e s t e r s  and p a t h o l o g i s t s ,  may be 
n a t u r a l  s i t e  c h a r a c t e r i s t i c s  s i m i l a r  t o  s u n l i g h t ,  m o i s t u r e ,  and o t h e r  f a c t o r s .  In  a t  
l e a s t  one c a s e ,  a stem decay h a s  been c i t e d  a s  an agcn t  t h a t  may h e l p  t o  p r e s e r v e  a  
f o r e s t  c l imax t imber  t y p e ,  t h c  C a l i f o r n i a  redwood (Stone and o t h e r s  1972) .  In t h i s  
c a s e ,  sten1 decay c o n t r i b u t e s  t o  stetn breakage d u r i n g  h i g h  winds which i n  t u r n  p r e v e n t s  
u p r o o t i n g ,  t h u s  s t i m u l a t i n g  r o o t  s p r o u t  r e g e n e r a t i o n .  Fxcess l o s s e s ,  however, can be  
i n t e r p r e t e d  a s  a  b i o t i c  i n d i c a t o r  t h a t  s i t c  r e j u v e n a t i o n  i s  r e q u i r e d  o r  an i n a p p r o p r i -  
a t e  s t a n d  compositiori must be changed i n  o r d e r  t o  main ta in  s t a b i l i t y .  



I n t r o d u c e d  pa thogens ,  such  a s  w h i t e  p i n e  b l  i s t e r  r u s t ,  a r e  r io t ab le  e x c e p t i o n s  t o  
a  sys tem w i t h i n  \~iliich cndcmic d i s e a s e s  nlay s e r v e  a n a t u r a l  f u n c t i o n .  Imported d i s e a s e s  
i n t e r r u p t  n a t u r a l  f low o f  enc rgy  1)y c r c a t  ing f  i r e - c o n d u c i v e  c o n d i t i o n s  i n  u n n a t u r a l  
c i r c u m s t a n c e s .  t - la rves t ing a c t i v i t i e s ,  when n o t  conducted w i t h i n  t h e  framework o f  t h e  
n a t u r a l  ecosys tem,  may a l s o  s e r v e  t o  i n t e r f e r e  w i t h  n a t u r a l  s i t e  development t o  c r e a t e  
b i o t i c  p rob lems .  Management s h o u l d  complement t h e  f low o f  t h e  ecosystem and c o u l d  
improve t l ~ e  e f f i c i e n c y  u f  n a t u r a l  p r o c e s s e s .  

By removirlg rcs i . s t :ant  h o s t s  from t h e  p r o x i m i t y  of  h c a v i l y  i n f e c t e d  s t a n d s ,  f i r e  
Inay have changed t h e  g e n e t i c  evol i l t . ion  o f  h o s t s  and p a r a s i t e s  i n  f i r e - d o m i n a t e d  
f o r e s t s .  The accumula t ion  o f  r c s i s t a n c c ,  no rmal ly  a s s o c i a t e d  w i t h  d e l i c a t e l y  ba lanccd  
h o s t - p a r a s i t e  c o e v o l u t i o n ,  may have bcen p r e v e n t e d  th rough  elimination o f  t h e  h e s t  
s o u r c e  o f  genes  t o  p r o v i d e  r c s  i s t a n c e .  'l 'hus, r e s i s t a n t  i n d i v i . d u a l s ,  due  t o  t h e i r  
c l o s e  1)roximity t ,o hcavy f u c l s  jdcad o r  ( lying n e i g h b o r s ] ,  have a  h i g h  1i .keli l iood o f  
d t , s t ruc t i . on  by  w i l d f i r e .  Such an e x p l a n a t i o n  has  been sugges ted  f o r  t h e  l a c k  o f  
r e s i s t a n c c  t o  certn.il.1 dwarf m i s t l e t o e s  (Ruth 1966). C e r t a i n l y ,  t h e  r e l a t i v c  e f f i c i e r l c y  
of  w i l d f i r e  s a n i t a t i o l ~  h a s  bcen a  major  f a c t o r  i n  l i m i t i n g  dwarf l i i i s t l e t o e s  i n  some 
s i t u a t i o n s  and  c l i s p c r s i n g  tllenl i n  o t l l e r s  (Alexander and tiawksworth 1975) .  O the r  
d i s e a s e s ,  p a r t - i  c u l  a r l y  o f  t h e  a e r i a l  p a r t s  of- f o r c s t  t r e e s ,  have p r o b a b l y  hecn cori- 
s t r a i n e d  t o  v a r y i n g  d e g r e e s  (Chapman 1 9 2 7 ) ,  dependi.ng on t h e i r  dispersal c a p a b i l i t y .  
A s  2 r e c y c l i n g  a g e n t  i n  t h e  f o r e s t .  ecosystem,  d i s e a s e  may h e  s o  impor tan t  t h a t  
i . n t e rna1  mechanisms have deve loped  t o  d i s c o u r a g e  t h e  i n c o r p o r a t i o n  o f  r e s i s t a n c c  
genes i n  h o s t  ~ ~ o p u l  a t .  i o n s .  'T'his would a s s u r c  a c o n t i n u i n g  r o l e  f o r  pa thogcns .  '.l31~e 
a l ~ p a r c ~ ~ t  l a c k  of e f f c c t i v c  r c - s i s t a n c c  t o  rnnny f o r e s t .  d i . s eases  may, t h e r e f o r e ,  be a  
rli r c c t  r c s u l t  o r  n a t u r a l  w i  l d f  i r e .  

A s  martagenlent becolnes more i n t c n s i v c  and u t . i l i z a t i o n  r e p l a c e s  o r  moderates  some o f  
(lie e f f e c t s  of f i r e  i n  many a s p e c t s  o f  t h e  ene rgy  c y c l i n g  o f  f o r e s t s ,  pe rhaps  t h e  
e r a d i c a t i v c  e f f e c t  of w i l d f i r e  on r e s i s t a n t  genotypes can  be r e v e r s e d .  C o n s i d e r a b l e  
b e n e f i t  may h e  a v a i l a b l e  th rough  p e r m i t t i n g  resistance t o  d i s e a s e s  t o  h e  i n c o r p o r a t e d  
i n t o  t he  gene p o o l s  o f  f o r c s t  p l a n t s .  T h i s  could  be  clonc th rough  management o f  f u c l s  
by  p r e s c r i b e d  f i r e  and i n c r c a s c d  u t i l i z a t i o n  i n  c o n c e r t  w i t h  selection o f  l e a v e  t r e e s ,  
p l a n t  i r ~ g  s t o c k ,  o r  botl-1. 

Fire trs r l  Dll.sljer::iq Agent 

A1 though w i l d f i r e  i s  ~ n n i n l y  an  a g e n t  of-: s a n i t - a t  i on ,  i t s  v a r y i n g  i n t e n s i t i e s  some- 
t i rnes c r e a t e s  t l i s c o n t i n u o u s  e f f e c t s .  Seve ra l  g e n e r a t i o n s  ( c y c l e s )  of  f i r e  rrlay b e  
r e q u i r e d  t o  l u l l y  covc!r a  f o r e s t .  ecosystem.  On a more l o c a l i z e d  and t i m e - l i m i t e d  
t ~ a s i s ,  p a r t . i c u l a r l y  i n  a r e a s  w i t h  I - c l a t - i v e l y  low f i r e  f r equency  and d i s c o n t i n u o u s  
s p r e a d ,  i n c r e a s e s  in  t h e  i n t c n s i t y  and l o s s e s  from d i s e a s e s  can r e s u l t .  

F i r e  frequency v a r i e s  w i t h  s p e c i f i c  c o n d i t i o n s  and i s  c h a r a c t e r i s t i c  of t h e  s i t e  
(Ilabeck and Mutch 197.3). Pres~irnably ,  s i t e ,  s p e c i e s ,  and f i r e  f r e q u e n c i e s  havc evolved 
s o  a s  t o  ba lance  t h e  ccosystern a t  t h e  maximum p-roduct ion l e v e l  c o n s i s t e n t  w i t h  
s t a b i l i t y .  Al though a s p e c i f i c  s t a n d  ma); riot. be o p t i m a l l y  productive o r  s t a b l e ,  t h e  
ecosystem i s .  When f i r e  o c c u r s ,  i t  a c t s  a s  a n a t u r a l  s a n i t i z i n g  and r e j u v e n a t i n g  
a g e n t  (T\luller 1'321); Wcir 19233, which s e r v c s  t o  b a l a n c e  ene rgy  f l o w .  In  t h e  n a t u r a l  
s t a t e ,  t h i s  sys tcm p r o v i d e s  a  hc te rogc~ncous  f o r e s t  of  h i g h l y  mixed a g e s  and s p e c i e s  
(Ilabeck and Mutch 19731,  a  s i t u a t i o n  t h a t  can be c o n s i d e r e d  i d e a l  w i t h  r e s p e c t  t o  
minimizing triost d i s e a s e  l o s s e s .  Converse ly ,  f i r c  e x c l u s i o n  o v e r  a. l ong  p e r i o d ,  o r  
d e v a s t a t i n g  f i r e s  o v e r  l a r g e  a r c n s ,  produce a  s i t u a t i o n  :innlogous t o  a g r i c u l t u r a l  
monocul ture :  l a r g e  expanscs  o f  f r e q u e n t l y  ovc r s tocked  s i n g l e - a g e  f o r e s t s  w i t h  l i m i t e d  
numbers o f  s p e c i e s .  T h i s  s i t u a t i o n  i s  i d e a l  f o r  max in~ iz ing  s p r e a d  and i n t e n s i t y  o f  
most d i s e a s e s  (Day 1 9 5 5 ) .  



\:ire s c a r s  r e p r e s e n t  a  major r ~ d t u r a l  i n f e c t i o n  c o u r t  f o r  marly r o o t  and b u t t  r o t  
f u n g l  (Hepting and Shlgo 1972; Toolc  1959; Nordin 1958; tL~sham 1957; Toole and I:urnival 
1957; Burns 1955; Gustafson 11146; Gxrren 1941; Hcptlng 1941; l l a r t  1938; S t i c k e l  and 
Marco 1936; Hept ing and 1Iedgccock 1935; Kaufert  1933; Nclson and o t l ~ e r s  1933; McCarthy 
1928; S c h n ~ i t z  and Jacksoil 1927; Lachmund 1923, I t - ) t l ;  Doyce 1921) ,  ancl  a t  l e a s t  a s i g -  
r i l f i c d n t  onc f o r  s e v e r a l  stem canker  f u n g i  (Ilaig 19.78; Dearness and Ilansbrough 1934) .  
Incomplete p o s t f i r e  r e n ~ o v a l  of  dwarf m i s t l e t o e - i n f e c t e d  o v e r s t o r y  c r e a t e s  a  s i t u a t i o n  
i d e a l  f o r  t h e  sp read  and i n t e n s l f i c a t l o n  o f  damagc from t h e  n ~ l s t l e t o e  p a r a s i t e s  
(Alexander and Ilawkswortll 19753 . W i l d f i r e  a l s o  c o n t r i b u t e ?  t o  i n c r e a s e d  d i s e a s e  pro])- 
l e n ~ s  by c r e a t i n g  t h i c k  s t a n d s  'In w h ~ c h  I n t e n s e  compet i t ion  f u r  s p a c e ,  m o i s t u r e ,  and 
~ i u t r l e n t s  wcakcns t r c e s .  Such a s t a n d  i s  an i d e a l  s u b s t r a t e  f o r  r o o t  and stern decay 
fung I (Kaxter  19h7; Boyce 1961) .  

D i s e a s e s ,  l i k c  dwarf m i s t l e t o e ,  whosc d i s t ~ i b u t i o r l  and i r ~ t e n s i t y  arc  d i r e c t l y  
dcpcndent on f i r c  h i s t o r y  (Alexandcr and HawkswortE~ 1975) ,  should g radua l  1  y he e l  i l n i  na ted  
through improved h a r v e s t i n g  p r a c t i c e s .  The e f  f c c t s  of  rnost o t h e r  endentic pathogens can 
he minimized by c o n t r o l  l , ing s t a n d  a g e ,  v i g o r ,  composi t ion,  and inoculum. 'They probably 
have been reduced through t h e  s a n i t i z i n g  c f f c c t  of r ~ a t u r a l  w i l d f i r e  (Ileinselnian 1971; 
Chaparan 1927) .  

past GffirLs of Disease  Conf~roL I h m i ~ g h  Usa of' Fire 

'The e f f e c t i v e n e s s  o f  p r e s c r i l ~ e d  f i r c  and rcmoval. of r e s i d u e s  a s  a  s a n i t i z i n g  t r e a t . -  
ment f o r  d i s e a s e  i s  wide ly  recogn ized  and has  provided t h e  impctus  f o r  a  number of  bo th  
s u c c e s s f u l  and u n s t ~ c c e s s f u l  a t t e m p t s  t o  c o n t r o l  fo res t :  pa thogens .  Tn Michigan, 
a t t e m p t s  t o  e r a d i c a t e  t h e  swec t fc rn  b l i s t e r  rus t .  (Crlonarjtiwn cornpt;oniae) by burn ing  t h e  
i n f c c t e d  p i n e s  and t h e  a l t e r n a t e  h o s t  were unsuccess fu l  [Baxter  1967) .  In  t h e  l a t c  
1940 '5 ,  p r e s c r i b e d  burn ing  t o  c o n t r o l  t h e  f u s i f o r m  r u s t  (Cr~onnrl; im fusiforme) i.n t h e  
s o u t h e r n  Uni ted S t a t e s  f a i l e d  (S iggers  1949) .  I n  t h e  l a t t c r  c a s e ,  inoculum was reduccd,  
b u t  c o u n t c r l ~ a l a n c i n g  ep idemio log ica l  f a c t o r s  were s u f f i c i e n t .  t o  o f f s e t  t h e  gai.n. 
Inoculum r e d u c t i o n  and lowered d i s e a s e  i n c i d e n c e  were achicved by f i r e  i n  t h e  sou th -  
e a s t ,  and i n  I n d i a  w i t h  t h e  brown-spot n c e d l e  d  i s e n s e  (:;c~rrhia rzcic?ola) and S e p t o ~ ~ i a  
p i n i  o f  l o n g l c a f  pi.ne (S iggers  1944, 1932; Gihson 1938; Chapman 1 9 2 7 ) .  

111 many s e c t i o n s  o f  t h e  coun t ry ,  f i r c  i s  a s s o c i a t e d  wi th  an i n c r e a s e  i n  Hibes 
p o p u l a t i o n s  (Davis and Klehm 1939) t h a t  suppor t  whi te  p i n c  h l i s t e r  r u s t ,  and an i n c r c a s c  
i n  oaks t h a t  s c r v c  a s  a1 t e r n a t e  h o s t s  f o r  t h e  f u s  iforni r u s t  i n  t h e  s o u t h e a s t .  'I'he 
sp read  and i n t e n s i f i c a t i o n  of Nectricr and C:jtospor>a cankcr  (Haig 1938; Dearncss and 
~Iansbrough 1934) and m o d i f i c a t i o n  o f  s e v e r a l  o t h e r  funga l  d i s e a s e s  have been associated 
wi th  burn ing  (Muller  1 9 2 9 ) .  Thc u s e  of  p r c s c r i h e d  f i r e  appears  wcl l  s u i t e d  a s  an 
a g e n t  u s e f u l  f o r  t h e  c o n t r o l  o f  dwarf r r l i s t lc toc  under  c e r t a i n  s i t c  c o n d i t i o n s  (Alexander 
and llawksworth 1975) .  Weir (1923) observed t h a t  b r o a d c a s t  burn ing  reduced growth and 
f r u i t i n g  o f  t h e  most impor tan t  c u l l - p r o d u c i n g  fungi  i n  Idaho and Montana. He noted t h a t  
c h a r r e d  stumps and l o g s  a r c  r a r e l y  r e i n f e c t e d  by t h e  c u l l  f u n g i  o f  t h c  Living t r e e .  
Boyce (1961) observed t h a t  c h a r r i n g  o f  stumps i n  t h e  Southwest c o n t r o l l e d  f r u i t i n g  o f  
c u l l - p r o d u c i n g  f u n g i ,  and Koth (1956, 1943) r e p o r t e d  r e d u c t i o n s  i n  d e f e c t  of  f i r e -  
t h i n n e d  oak wheri compared t o  normal ly  h a r v e s t e d  o r  t h i n n e d  s t a n d s .  Many o f  t h e  above 
c i t e d  e f f e c t s  of f i r c  could be d u p l i c a t e d  by c l e a r c u t t i n g  arid i n t e n s i v e  u t i l i z a t i o n .  

Residue a.s a ~ i s ~ e r s i n g  Agent 

Whether r e l a t e d  t o  b i o t i c  f o r c e s ,  p h y s i c a l  f o r c e s  such a s  h i g h  winds and w k l d f i r c s ,  
o r  t o  man's a c t i v i t i e s ,  p l a n t  r c s i d u c s  l e f t  i n  p l a c e  can pose  d i s e a s e  problems. C u l l -  
caus ing  decay f u n g i  producc s p o r e s  from f r u i t i n g  s t r u c t u r e s  that deve lop  on stumps o f  
f a l l e n  t r e e s  and o t h e r  woody r e s i d u e  ( G i l l  and Andrews 1956; S p a l ~ l d i n g  1934; Wright 
1934; Hubert  1920) .  Many r o o t  d i s e a s e s  a r c  dcpcndent on stunlps and r o o t s  i n  t h e  s o i l  
o r  decay ing  t r e e  b u t t s  i n  c o n t a c t  wi th  t h e  f o r e s t  f l o o r  (Boyce 1961; Kaarik and 
R e n n e r f e l t  1957).  'I'hese r e s i d u e s  a c t  a s  a  s u b s t r a t e  f o r  growth and s p o r u l a t i o n  and 
p r o v i d e  t h e  inoculum f o r  new i n f e c t i o n s .  



No o t h e r  c l a s s  o f  f o r e s t  d i s e a s e s  c a u s e s  more t i m b e r  damage t h a n  r o o t  decays  
(Nelson and l lnrvey 1 9 7 4 ) .  The s a p r o p h y t i c  s t a g e s  o f  t h e s e  f u n g i  a r e  c o ~ n p l e t e l y  depend- 
e n t  on woody r e s i d u e  t o  s u r v i v e  from onc g e n e r a t i o n  o f  h o s t  p l a n t s  t o  t h e  next. .  Thus ,  
r e s i d u e s  may e n a b l e  t h e  i n t e n s i f i c a t i o n  o f  r o o t  d i s e a s e  i n  p r o p o r t i o n  t o  t h e i r  volume 
and s u i t a b i l i t y  f o r  c o l o n i z a t i o n  by i n c r e a s i n g  t h e  p r o b a b i l i t y  o f  s u r v i v a l  of t h e  
c a u s a l  f u n g i  (fludson 1968) . ArmiZZaria mellea, Poria weirii, and Fomes annosus a r e  
i m p o r t a n t  examples of t h i s  t y p e  o f  pa thogen .  H e a r t - r o t t i n g  f u n g i  can a l s o  h e  
p ropaga ted  i n  t h i s  manner (Iiudson 1968;  Meredi th  1 9 6 0 ) .  However, s t a n d i n g  dead o r  
l i v e  d e f e c t - i v e  t r e e s  a r e  proba.bly more i m p o r t a n t  a s  a  s o u r c c  of i.noculuni f o r  h e a r t - : r o t  
f u n g i .  D i s e a s e s  t.ha.t a t t a c k  f o l i a g e ,  and t h e n  produce s p o r e s  on dead and f a l l e n  
n c c d l e s  , niay a l s o  r e p r e s e n t  r c s  idue  h a z a r d s .  Lophodsrrniwn, Herpotrichiwn, and IVeopeckia 
a r e  r e j ) r c s e n t a t j . v e  g e n e r a  ( l leptir lg 1971; [Iudson 1968; Boyce 1961) .  

S u r v i v a l  o f  pa thogens  on r e s i d u e  depends  or1 many f a c t o r s :  ( I )  s i z e  and s p e c i e s  o f  
r e s i d u e ;  ( 2 )  c h a r r i n g ;  ( 3 )  s o i l  phys ica l .  and chemical  ch : l . r ac t e r i s t i . c s ;  (4)  s i t e ;  
(5) h o s t  t r e c s  available; (6 )  r e l a t i v e  l o c a t i o n  o f  r c s i d u e s  t o  t h e  s o i l  and h o s t  p l a n t s ;  
(7)  s p e c i e s  of  pathogenic .  f u n g i  p r e s e n t . ;  (8) r e l a t i v e  v i g o r  of t h e  h o s t s ;  and (9 )  t h e  
a d a p t i v e  c a p a c i t i e s  o f  t h e  pa thogens  and t h e i r  p o t e n t i a l  h o s t s .  Through a d e q u a t e  
r e d u c t i o n  o f  f o r e s t  r e s i d u e s ,  - i n t e n s i v e  u t i  1 i z a t i o n  and f i r e  can s u p p r e s s  many t y p e s  o f  
d i s e a s e s .  C o n v e r s e l y ,  a l l o w i n g  r c s i d u e s  t o  accumulate  can encourage t h e s c  same d i s e a s e s .  

Residual Ef'fect:; of Ffre and ilurziesling on Site Factors That InfZu~nce Disease Problems 

In  a d d i t i o n  t o  t h e  s ; l r r i t a t ion  i n f l u e n c e  p rov ided  hy p h y s i c a l  removal of  wood o r  
bu rn ing ,  t.he s i x  macroenvironmenta l  p a r a m e t e r s  t h a t  change a s  a  r e s u l t  o f  t h e s e  t r e a t -  
ments ( t en lpe ra tu rc ,  m o i s t u r e ,  a e r a t i o n ,  a c i d i t y ,  n u t r i e n t  arid cner f iy  s u p p l y ,  and 
a v a i l a b l e  b i o t a )  a l s o  p r o v i d e  d i r e c t  in l ' lucnces  on d i s c a s c  organisms on ,  i n ,  o r  
a s s o c i a t e d  w'ith s o i l  comporler~ts. For  example, s u r v i v a l  and d i s t r i b u t i o n  o f  c u l l -  
p roduc ing  f u n g i  i n  s l a s h  can be  d i r e c t l y  in f luc r l ced  by temperatures brough t  abou t  by 
exposure  t o  i n s o l a t i o n  (Loman 1965, 1962) .  

S o i l  tcmpera7:ures o f  60' t o  70' C f o r  10 minu tes  a r c  normal ly  s u f f i c - i e n t  t o  k i l l  
most root.  pa thogens  (.Johnson 1946) .  S u r f a c e  f i r e s  may cause  t e m p e r a t u r e s  i n  t h i s  
r ange  wi th i r i  t h e  upper  4 i n c h e s  o f  f o r e s t  s o i l s  (Van Wagncr 1970; Beadle 1940; Raymond 
S h e a r e r ,  p e r s o n a l  communicat ion) .  T h e r e f o r e ,  s t r h s t a r i t i a l  r e d u c t i o n s  i n  t h e  numbers of  
c e r t a i n  f e e d e r  r o o t  pathogens i n  t h e s e  shallorv s o i l  l a y e r s  ( 2  t o  4  i n c h c s )  rnay o c c u r .  
flowever, t h e  reporTed r e d u c t i o n  i n  f'ungnl and batter-ial p o p u l a t i o n s  -induced by s u r f a c e  
f i r e  (Neal  rid o t h e r s  1965:) and p o s s i b l e  conco~n:i.tant h e a t  o r  n u t r i e n t - i n d u c e d  e l i m i n a -  
t i o n  o f  s o i l  f u n g i s t a s i s 7  (Watson and Ford 1972, Uobbs and o t h c r s  1!-)60) cou ld  l e a d  t o  
i n c r e a s e s  i n  any p a t h o g e n i c  orgar~isrns  su rv iv i r ig  i n  t h e s e  s o i l  l a y c r s .  Pathogens  c o u l d  
he  i n t r o d u c e d  on o r  i n  t h e  s e e d  (Bloomberg 1 9 6 6 ) .  l n c r c a s e d  n u t r i e n t  a v a i l a b i l i t y  and 
reduced cornpet i t  ion can c o n t r  i l m t e  t.o s o i  1 c o l o n i z a t i o n  advan tages  by surv:i .ving f e e d e r  
r o o t  pa thogens  and may l e a d  t o  t h e  f i r e  r e l a t e d  1)ui ldup of t h e s e  pa thogens  ( H a r t l e y  and 
I ) i c rcc  1917) .  I n  a d d i t i o n ,  t h e  suppressive e f f e c t s  o f  h e a t  arid f i r e  g e n e r a t e d  s o i l  
e x t r a c t s  on s o i l  f u n g i  have been r e p o r t e d  t o  h e  g r e a t e r  on f u n g i  norrnally a n t a g o n i s t i c  
t o  f e e d e r  r o o t  p a t h o g e r ~ s  t h a n  on t h e  pa thogens  (Widden and Pa rk inson  1975; Bo l l en  1969) 

'The p o t e n t i a l  f o r  f - i r e - i n d u c e d  f e e d e r  roo t  d i s e a s e  damage by R. undulata t o  c o n i f e r  
r e g e n e r a t  i or1 i n  t h e  Nor the rn  Rocl<y Mauntains i s  poor l  y d e f i n e d  . I t  i s  known, however, 
t o  be p r e s e n t  i n  w e s t e r n  Montana and n o r t h e r n  Idaho (Weir 191.5). 'I'he l a c k  o f  r e c e n t  
r e p o r t s  on t h e  fungus  i n  t h i s  a r e a  may be due,  a t  l e a s t  i n  p a r t ,  t o  c f f e c t . i v e  f i r e  
e x c l u s i o n  and l i m i t a t i o r i .  T h i s  p a r a s i t e  h a s  d e m o r ~ s t r a t e d  i t s  p o t e n t i a l  t o  c a u s e  
e x t e n s i v e  damage t o  c o n i f e r  s e e d l i n g s  and even mature  t r e e s  i n  Grea t  B r i t a i n  and 
Ellrope (Gremmen 1971; . J a l a l l rdd in  1967; Murray and Young 1961) .  I t  h a s  a l s o  been 
r e p o r t e d  t.o h e  d e s t r u c t i v e  t o  c o n i f e r  s e e d l i n g s  i n  wes te rn  Washington (Morgan and 

--- - 

2 ~ ~ i  i n h i b i t o r y  f a c t o r  t h a t  l i n ~ i t s  ge rmina t ion  o f  f u n g a l  s l lo res  i n  s o i l s .  Such 3 

f a c t o r  h a s  been r e p o r t e d  p r e s e n t  i n  f o r e s t  s o i l s  (1)obbs and Bywater 1959) .  



Driver  1973, 1972) .  One r e p o r t  a s s o c i a t e d  t h i s  organism wi th  a  d i s e a s e d  condition i n  
an 80-year-old  s p r u c e  i n  Vermont (I'hompson and T a t t a r  1973) .  Thus,  a l though  i t s  
~ ~ o t e n t l a l  i n  t h e  Intermountain  r c g i o n  i s  unknown, ~ t s  presence  h e r e  arid i t s  c a p a b ~ l i t y  
t o  i n f e c t  c o n i f e r  r e g e n e r a t i o n  i n  r e c e n t l y  burrled a r e a s  a r c  recogn ized .  

A f t e r  t h e  i n i t i a l  s o i l  n ~ i c r o f l o r a  r e d u c t i o n s  fo l lowing  f i r e ,  m i c r o b i a l  p o p u l a t i o n s  
g r e a t e r  than  t h e  o r i g i n a l  can occur  (Kcnbuss and o t h c r s  1973; Ahlgrerl 1965).  'I'he p r e s -  
ence o f  p o t e n t i a l l y  damaging f e e d e r  r o o t  d i s e a s e s ,  i n c l u d i n g  Phykophdhorn, P!jhhiwn, 
Fusariwn, and Hhizoctonia in n a t u r a l  f o r e s t  s o i l s ,  amd t h e i r  s u r v i v a l  a f t e r  burns  of 
v a r i o u s  i n t e n s . i . t i c s  has  been docunlerlted (Wright and Kollen 1 9 6 1 ) .  I n c r e a s e s  i n  damaging 
f e e d e r  r o o t  pathogens have been r e p o r t e d  i n  p o s t f i r e  s o i l s  ( H a r t l e y  and P i c r c c  1917);  
Wright and Bol len 1961; T a r r a n t  1956) .  Conversely ,  charcoa l  has  heen r e p o r t e d  t o  
reduce  damping-off o f  c o n i f e r  s e e d l i n g s  (Beltrarn 1963; Radovanovi.~ 1962; Commonwealtl~ 
of Pennsy lvan ia  1930; Boyce 1925) .  Very s h o r t  exposures  t o  i r icreased s o i l  t cmpcra tu rcs  
r e s u l t i - n g  from p r e s c r i b e d  f : i r e s  o r  w i l d f i r e s  may cause  s h i f t s  i n  s p e c i e s  composi t ion 
and numbers o f  s o i l  f u n g i  (Pe te r son  1970; Seaver  and Cla rk  1910) .  I n c r e a s e s  i n  t h e  
a c t i v i t y  o f  asconlycetes such a s  t h e  r o o t  pathogen l?hisinu unduZata (Morgan and Dr iver  
1972; Ginrls 1908; J a l a l u d d i n  1968) a f t e r  burning p rov ide  a  s p e c i f i c  example. 

A l k a l i n e  s h i f t s  i n  s o i l  pll havc been w e l l  clocunlented subsequent  t o  s i t e  burning 
(Ncal arid o t h e r s  1965) and weakly a c i d ,  n e u t r a l ,  o r  a l k a l i n e  s o i l s  a r e  g e n e r a l l y  f a v o r -  
a b l e  t o  s o i l  f e e d e r - r o o t  pathogens.  Secd l ing  damping-off has been c o r r e l a t e d  d i r e c t l y  
t o  r a i s i n g  f o r e s t  s o i l  pH l e v e l s  (Tar ran t  1956) .  I n  add i t io r i ,  h igh  n ~ o i s t u r c  and l a c k  
of a e r a t i o n  may be caused by f i r e  o r  h a r v e s t i n g  p r a c t i c e s  (Ra l s ton  ant1 I Ia tchc l l  1971; 
Rethlah~ny 1962) and axe g e n e r a l l y  conclucivc t o  s o i l - i n h a b i t i n g  p l a n t  d i s e a s e s  (Kaney 
1970) .  The e f f e c t s  o f  f i r e  and n i t r o g e n  f e r t i l i z a t i o n  a r e  sin1.i l a r  (Sagara 1973) and 
h igh  n i t r o g e n  l e v e l s  c o n t r i l l u t e  t o  an i n c r e a s e d  s u s c e p t i b i l i t y  t o  f e e d e r  r o o t  d i s e a s e s  
(Rowan 1971; F o s t c r  1968) .  T h i s  i n d i c a t e s  a r e a l  p o s s i b i l i t y  of f e e d e r - r o o t  pathogen 
problems, p a r t i c u l a r l y  on r e g e n e r a t i o n  e s t a b l i s h e d  d u r i n g  t h e  c a r l y  pos tburn  p e r i o d .  
The p o t e n t i a l  e f f e c t s  o f  t h e s e  f a c t o r s  on t h c  es ta1) l ishmcnt  o f  mycor rh iza l  a s s o c i a t i o n s  
(Bjorkman 1970) and t h e  apparcn t  r c s i s t a r i c c  t o  f e e d e r - r o o t  pathogens provided by 
mycorrhizac  (Marx 1973) p r o v i d e  an a d d i t i o n a l  and p o t e r ~ t i a l l y  s i g n i f i c a n t  f a c t o r .  

C l e a r c u t t i n g  o r  burn ing  may t h r e a t e n  t h e  subsequent  t imber  c rop  through e x c e s s i v e  
r e l e a s e  o f  n u t r i e n t s .  Changes i n  s o i l  n u t r i e n t s ,  p a r t i c u l a r l y  n i t r o g e n ,  cm1 i n f l u e n c e  
d i s e a s e  (Hes te rbcrg  and Jurgensen  1972; F o s t e r  1968; Sadasivan 1965) .  For i n s t a n c e ,  
because t h e  a d d l t i o n  o f  n i t r o g e n  t o  f o r e s t  n u r s e r i e s  i n c r c a s c s  i n c i d e n c e  o f  darnping-off 
d i s e a s e s ,  a p p l i c a t i o n s  a r e  de layed  u n t i l  seccll ings havc grown beyond t h e  s u s c e p t i b l e  
s t a g e  (Rowan 1971; F o s t e r  1968) .  Adclitions o f  n i t r o g e n ,  phosphorus ,  and potass ium t o  
young s l a s h  p i n c  i n c r e a s e d  i n c i d e n c e  of f u s i f o r m  r u s t  ( B l a i r  and Cowling 1974; H o l l i s  
and o t h e r s  1972; Gilmore and L iv ings ton  1958; Bogess and S t a h e l i n  1948) .  Conversely ,  
r e g u l a t i o n  o f  s o i l  n u t r i e n t  ba lance  can reduce  i n c i d e n c e  of  t h i s  d e s t r u c t i v e  pathogen 
( H o l l j  s, p e r s o n a l  communication) . 

Root d i s e a s e  causcd by Fomes annosus decreased  when po tass ium and magnesium were 
added t o  t h e  s o i l ,  b u t  i n c r e a s e d  wi th  a d d i t i o n s  of manganese and i n c r e a s i n g  s o i l  pH 
[Yde-Anderson 1970) .  1 ; roe l i ch  and Nicholson (1973) r e p o r t e d  a  r e d u c t i o n  o f  F. annosus 
r o o t  r o t  a s  l a r g c  q u a n t i t i c s  o f  s u l f u r  were added. T h i s  may have been more t h e  r e s u l t  of 
a  lowering i n  s o i l  pI-I t h a n  t h e  i n c r e a s e d  l e v e l s  of a v a i l a b l e  s u l f u r  i n  t h e  s o i l .  
Addi t ions  o f  n i t r o g e n  a l l c v i a t e  l i t t l e  l e a f  d i s c a s e  (Roth and Copeland 1957; Roth and 
o t h e r s  1948) ,  V ~ r t i c i Z Z i w n  w i l t  o f  maple ( C a r o s e l l i  1956) ,  and maple d e c l i n e  (Mader 
and Thompson 1969) .  

Addi t ion  o f  s o i l  n u t r i e n t s  p robab ly  i n f l u e n c e s  d i s e a s e  through c o n t r o l  o f  p l a n t  
h e a l t h  and v i g o r .  However, n u t r i e n t s  may a l s o  d i r e c t l y  a f f e c t  t h e  s u r v i v a l  and growth 
of t h e  s a p r o p h y t i c  s t a g e  o f  many r o o t  pathogens.  Again, n i t r o g e n  o r  t h e  form of  
n i t r o g e n  can be  s i g n i f i c a n t  (Huber and Watson 1974) .  Ni t rogen  l e v e l  a p p e a r s  t o  
r e g u l a t e  t h e  formati.on and germina t ion  o f  Fusariwn chlamydospores ( G a r r e t t  1 9 7 0 ) .  



N i t r a t e  f a v o r s  CurvuZarin d i s e a s e  a s  compared t o  ammonium (Sadas ivan  1965) ,  and 
n i t r a t e  i s  a p o o r  n i t r o g e n  s o u r c e  f o r  Fomes annosus (Johanson 19701, P o r i a  w e i r i i ,  and 
Armillaria rneZZea (Cowling 1970) .  

Any sudden i n c r c a s e  i n  a v a i l a b l e  n u t r i e n t s  w i l l  a l t e r  t h e  q u a n t i t y  and q u a l i t y  of 
r o o t  e x u d a t i o n  and therefore t h e  r h i z o s p h e r e .  Both f e r t i l i z a t i o n  and l i m i n g  have 
g r e a t e r  i n f l u e n c e s  on t h e  r h i z o ~ p h e r e  n i i c r o f l o r a  t h a n  on organisms i n  t h e  s u r r o u n d i n g  
s o i l  (Voznyakovskaya and Avrovn 1968; Welte and T r o l l e n d e n i e r  1961) .  Thus, r h i z o s p h e r e -  
dependent  mic ro -o rgan i sms ,  such a s  f e e d e r  r o o t  pathogens  and mycor rh izae ,  shou ld  b e  
t h e  f i r s t  a f f e c t e d .  
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From t h e  many p o t e n t i a l  e f f e c t s  on microbial  ecology t h a t  could r c s u l t  from t h e  
p r a c t i c e s  o f  i n t e n s i v e  f i b e r  u t i l i z a t i o n  o r  p rescr ibed  burning i n  fo r e s t ed  ecosystems, 
f ou r  major func t i ona l  a r e a s  d i r e c t l y  in f luence  subsequent s i t e  q u a l i t y .  'I'hese inc lude :  
(1) decay with i t s  e f f c c t s  on carbon t ransformat ions ,  carbon, and mineral cyc l i ng ,  and 
t h e  a s soc i a t ed  s o i l  development; ( 2 )  t h e  formation and func t i on  of mycorrhizal r o o t s ;  
( 3 )  f i x a t i o n  o f  N and i t s  t ransformatior ls ;  and (4 )  t h e  development and damage caused by 
p l a n t  d i s e a s e  fung i .  The e x i s t i n g  l i t c r a t u r e  on cach of t h e s e  s u b j e c t s  was i n t e n s i v e l y  
reviewed t o  provide  t h e  b a s i s  f o r  t h e  fol lowing t e n t a t i v e  conc lus ions .  

'The processes  and organisms involved i n  r e s idues  decomposition a r e  e s s e n t i a l  t o  
s o i l  development through carbon and mineral cyc l ing  and conserva t ion ,  and may c o n t r i b u t e  
i n d i r e c t l y  t o  n i t r ogen  acquis . i t ion .  Therefore,  t h e  r a t e  of  t imber  ha rves t i ng  i n  con- 
junct ion with p r e sc r ibed  burning o r  i n t e n s i v e  f i l l e r  u t i l i z a t i o n  should he ad ju s t ed  t o  
provide an adequatc organic  mat te r  base f o r  t he se  processes .  F a i l u r e  t o  do so  i n  t h e  
pa s t  has r e s u l t e d  in decreased s i t e  p roduc t iv i t y .  

The o b l i g a t e  a s soc i a t i on  between most con i f e r s  and t h e i r  mycorrhizal p a r t n e r s  
emphasizes t h a t  management o f  f o r e s t  ecosystenls f o r  optimal growth of  s e l ec t ed  spec i e s  
w i l l  r e q u i r e  management of  t h e  fungal  symbionts on which t h e  t r e e s  depend. In s eve ra l  
i n s t ances  pos tha rves t  s i t c  t rea tments  d i r e c t l y  a f f e c t e d  t h e  a b i l i t y  of  c o n i f e r  s eed l ings  
t o  e s t a b l i s h  mycorrhizal a s s o c i a t i o n s .  

Nitrogen i s  sub j ec t  t o  va r ious  t ransformat ions  hy s o i l  micro-organisms. Any 
changes i n  t h e  phys i ca l  and chemical p r o p e r t i e s  of a  f o r e s t  s o i l  w i l l  a f f e c t  t h e  
a c t i v i t y  o f  t h e s e  organisms. The most important n i t r ogen - r e l a t ed  microbia l  a c t i v -  
i t i c s  a r e  t he  f i x a t i o n  o f  atmospheric N i n t o  a form usable  by p l a n t s  and t h e  
convcrsion o f  o t h e r  forms of  N i n t o  n i t r a t e  t h a t  i s  sub j ec t  t o  leaching  l o s s e s .  These 
a r c  d i r e c t l y  r e spons ib l e  f o r  t h e  input  and outflow of n i t r ogen  i n  Eorcst  s o i l s .  
Becausc of jts importance t o  f o r e s t  ecosystems, management a c t i v i t i e s  should bc  
d i r e c t e d  toward provid ing  maxinlun~ inpu t  and minimum outflow of n i t r ogen .  Both burning 
and ex tens ive  f i b c r  reinoval a r e  known t o  inf luence n i t rogen  t ransformat ion .  

Disease problems a r c  no t  c u r r e n t l y  known t o  be g r e a t l y  a f f e c t e d  by res idues  
management. Prescr ibed  burning may inc rea se  t h e  a c t i v i t i e s  of  t h e  p o t e n t i a l l y  damaging 
Rhizinu roo t  r o t  o r  o t h e r  f eede r  roo t  d i s ea se s  on young con i f e r  s eed l ings .  Large 
buried r e s i d u e s ,  stumps, and r o o t s  i n f ec t ed  by o r  sub j ec t  t o  i n f e c t i o n  by s eve ra l  r o o t  
pathogens a r e  known t o  pe rpe tua t e  such pathogens. I n  some circumstances proper  manage- 
~nent  of  such n ~ a t e r i a l s ,  o r  a  l ack  t he reo f ,  could c r e a t e  s i g n i f i c a n t  impacts i n  pos t -  
t reatment  fo r e s t - s .  
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