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T h e  g r o w t h  o f  t r e e s ,  i n d e e d  t h a t  o f  
a l l  v a s c u l a r  p l a n t s  ,  i n v o l v e s  t h e  t r a n s f e r  
o f  m a t t e r  a n d  e n e r g y  t h r o u g h  t w o  c r i t i c a l  
i n t e r f a c e s  b e t w e e n  t h e  o r g a n i s m  a n d  i t s  
env i ronmen t :  one  be tween  roo t s  and  t he  so i l  
a n d  a  s e c o n d  b e t w e e n  t h e  c a n o p y  a n d  t h e  
a tmosphere.  Studies  on the  root- soi l  inter-  
f a c e  h a v e  l a r g e l y  d e a l t  w i t h  t h e  m o v e m e n t  
o f  p l a n t  n u t r i e n t s  o t h e r  t h a n  c a r b o n ,  w h i l e  
i n v e s t i g a t i o n s  i n  t h e  c a n o p y  h a v e  c e n t e r e d  
o n  c a r b o n  f i x a t i o n  a n d  e n e r g y  b u d g e t s  
(Monteith,  1975).  Where the movement of 
n u t r i e n t s  a c r o s s  t h e  c a n o p y  i n t e r f a c e  h a s  
b e e n  i n v e s t i g a t e d ,  t h e  c a n o p y  h a s  b e e n  r e -  
garded as  a  homogeneous black box for  which 
o n l y  t o t a l  i n p u t s  f r o m  t h e  a t m o s p h e r e  a n d  
f o r e s t  f l o o r  a n d  t o t a l  o u t p u t s  t o  t h e  f o r e s t  
f l o o r  c a n  b e  k n o w n .  T h u s ,  m u l t i p l e  e x -  
c h a n g e s  o f  s u b s t a n c e s  w i t h i n  t h e  c a n o p y  i t -  
s e l f  a n d  t h e  p r o c e s s e s  w h i c h  m e d i a t e  s u c h  
exchanges  have  l a rge ly  been  i gno red .  

Even  the  measu remen t  o f  ne t  i npu t s  a re  
o u t p u t s  f o r  t h e  c a n o p y  s u b s y s t e m  h a s  o f t e n  
p roved  f r augh t  w i th  d i f f i cu l t i e s .  The  co l-  
l e c t i o n ,  s o r t i n g ,  a n d  c h e m i c a l  a n a l y s i s  o f  
l i t t e r f a l l  i s  a  t i m e - c o n s u m i n g  a n d  e x p e n -  
s i v e  t a s k  w h i c h  h a s  b u r d e n e d  e c o s y s t e m s  
i n v e s t i g a t i o n s  s i n c e  t h e i r  i n c e p t i o n .  I n  
m o i s t  c l i m a t e s  s u b s t a n t i a l  a m o u n t s  o f  
m a t e r i a l  m a y  m o v e  f r o m  t h e  c a n o p y  t o  t h e  
f o r e s t  f l o o r  i n  s o l u t i o n  o r  i n  s u s p e n s i o n .  
W h i l e  a n  e x h a u s t i v e  r e v i e w  o f  t h e  l i t e r a -  
t u r e  o n  e l e m e n t a l  c y c l i n g  i n  s t e m f l o w  a n d  
t h r o u g h f a l l  i s  b e y o n d  t h e  p u r v i e w  o f  t h e  
p r e s e n t  d i s c u s s i o n ,  s o m e  m e n t i o n  o f  t h e  
p r o b l e m s  i n v o l v e d  i s  i n  o r d e r ,  i f  o n l y  t o  
j u s t i f y  t h e  m i c r o c o s m  e x p e r i m e n t s  d i s c u s s e d  
i n  t h i s  p a p e r .  M a n y  o f  t h e  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  t h r o u g h f a l l / s t e m f l o w  c o l -  
l e c t i o n  and a n a l y s i s  relate t o  t h e  n e c e s s i t y  
f o r  a  c u m u l a t i v e  s a m p l e  i f  s e a s o n a l  o r  
a n n u a l  t o t a l s  a r e  t o  b e  g e n e r a t e d  f o r  e l e -  
m e n t a l  b u d g e t s .  C o l l e c t o r s  c o n t a i n i n g  w a t e r  
a r e  l e f t  i n  t h e  f i e l d  f o r  p e r i o d s  v a r y i n g  
f r o m  o n e  d a y  t o  f o u r  w e e k s ;  t h e  i n t e g r i t y  

o f  s u c h  s a m p l e s  b e g i n s  t o  d e t e r i o r a t e  t h e  
m o m e n t  t h e  w a t e r  i s  c o l l e c t e d ,  w i t h  t h e  
d e g r e e  o f  a l t e r a t i o n  i n  w a t e r  c h e m i s t r y  
v a r y i n g  w i t h  t h e  c l i m a t e ,  t h e  l e n g t h  o f  t h e  
i n t e r v a l  b e f o r e  t h e  s a m p l e  i s  p r o c e s s e d ,  
a n d  t h e  l o a d  o f  m i c r o b i a l  c e l l s  a n d  o t h e r  
s u s p e n d e d  p a r t i c u l a t e s  i n  t h e  w a t e r .  B e -  
y o n d  t h i s ,  t h e  s i z e  o f  t h e  c o l l e c t i n g  a r e a  
f o r  f i e l d  s a m p l e s  i s  s e l d o m  a d e q u a t e  t o  
p r o v i d e  a  s a m p l e  l a r g e  e n o u g h  f o r  m u l t i p l e  
a n a l y s e s  ( L e w i s  a n d  G r a n t ,  1 9 7 8 ) .  U s e  o f  
s m a l l  s a m p l i n g  a r e a s  g e n e r a t e s  h i g h  v a r i a -  
b i l i t y  i n  t h e  d a t a  a n d  r e q u i r e s  t h a t  l a r g e  
n u m b e r s  o f  c o l l e c t o r s  b e  i n s t a l l e d  t o  p r o -  
v i d e  e s t i m a t e s  o f  s a t i s f a c t o r y  p r e c i s i o n  a t  
a  s t a n d  l e v e l  ( K i m m i n s ,  1 9 7 3 ;  B e s t ,  1 9 7 6 ) .  
M o s t  o f  t h e  t h r o u g h f a l l  s t u d i e s  i n  t h e  
l i t e r a t u r e  p r o v i d e  i n s u f f i c i e n t  i n f o r m a t i o n  

a b o u t  s a m p l i n g  d e s i g n ,  c o l l e c t o r  c o n s t r u c -  
t i o n ,  a n d / o r  s a m p l e  p r o c e s s i n g  t o  a l l o w  c o n -  
s i s t e n t  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  

L e w i s  a n d  G r a n t  ( 1 9 7 8 )  h a v e  d i s c u s s e d  
t h i s  e n t i r e  a r r a y  of d i f f i c u l t i e s  wi th  ad- 
mirab le  s u c c i n c t n e s s  and have proposed an 
improved design f o r  t h r o u g h f a l l  c o l l e c t o r s .  
While use  of such c o l l e c t o r s  w i l l  r e s o l v e  
c e r t a i n  of t h e  problems d i scussed  (adequate 
sample s i z e ,  c o l l e c t i o n  of snow), they do 
n o t  h e l p  wi th  t h e  fundamental quandary of 
sample i n t e g r i t y  ve rsus  cumulative co l l ec-  
t i o n s .  The only t r u l y  s a t i s f a c t o r y  method 
f o r  handl ing t h r o u g h f a l l  invo lves  immediate 
f i l t r a t i o n  of t h e  water through microbio- 
l o g i c a l  f i l t e r s  and f r e e z i n g  t h e  f i l t r a t e  
p r i o r  t o  a n a l y s i s ;  i f  t a r e d  f i l t e r s  a r e  
used, e s t i m a t e s  f o r  t h e  m i c r o p a r t i c u l a t e  
f r a c t i o n  i n  t h r o u g h f a l l  can a l s o  be gener- 
a ted .  Such an approach is labor- in tens ive  
and can only be  used on an e p i s o d i c  b a s i s .  
Because concen t ra t ions  of subs tances  i n  
canopy wash change over  s h o r t  i n t e r v a l s  
dur ing t h e  course  of s i n g l e  ra ins to rms  and 
s e a s o n a l l y ,  from one ra ins to rm t o  t h e  n e x t ,  
d a t a  from single- storm episodes  o r  por t ions  
the reof  cannot be simply e x t r a p o l a t e d  t o  
provide annual t o t a l s .  
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Even i f  such e x t r a p o l a t i o n s  w e r e  l e g i t i -  
mate and i f  the  d a t a  r epor ted  i n  t h e  l i tera-  
t u r e  could be regarded as an a c c u r a t e  re- 
f l e c t i o n  of rea l  n u t r i e n t  exchanges, most 
i n v e s t i g a t i o n s  of e lemental  cyc l ing  i n  
stemflow and t h r o u g h f a l l  s u f f e r  from a 
fundamental d e b i l i t y :  they are e s s e n t i a l l y  
d e s c r i p t i v e  a n d  e m p i r i c a l ,  a n d  a s  s u c h  t h e y  
l a c k  p r e d i c t i v e  power. The informat ion 
from such s t u d i e s  is p e c u l i a r  t o  t h e  f o r e s t  
s t a n d s ,  seasons ,  and cl imatic  cond i t ions  f o r  
which i t  was garnered.  Consequent ly ,  few 
in fe rences  a r e  p o s s i b l e  from e x i s t i n g  
s t u d i e s  about probable n u t r i e n t  exchanges 
i n  canopy wash from d i f f e r e n t  f o r e s t  s t a n d s  
under a d i f f e r e n t  cl imatic regime. Thus, 
t h e  b a s i c  measurement of n u t r i e n t  concen- 
t r a t i o n s  i n  p r e c i p i t a t i o n ,  stemflow, and 
t h r o u g h f a l l  must be r epea ted  each t i m e  a 
new ecosystem is s t u d i e d .  This  w i l l  con- 
t i n u e  t o  be t h e  s i t u a t i o n  as long as w e  
regard the  canopy as a b l a c k  box, as long 
as we l a c k  b a s i c  knowledge of t h e  p rocesses  
involved i n  n u t r i e n t  exchanges as i n c i d e n t  
p r e c i p i t a t i o n  flows and t r i c k l e s  over  
canopy s u r f a c e s .  

NUTRIENT EXCHANGES IN AN OLD- 
GROWTH CONIFEROUS CANOPY 

During t h e  l a s t  t e n  y e a r s ,  as a r e s u l t  
of pioneering work of W. C. Denison and his 
col leagues ,  access techniques  f o r  t h e  can- 
opies  of old-growth Douglas f i r  t r e e s  have 
been developed, and a l a r g e  amount of 
informat ion is a v a i l a b l e  on t h e  biomass and 
d i s t r i b u t i o n  of va r ious  canopy components 
(Denison e t  a l . ,  1972; Denison, 1973; P ike  
e t  a l . ,  1975; P ike  e t  a l . ,  1977). The 
a v a i l a b i l i t y  of a c c e s s i b l e ,  desc r ibed  
canopies  has  permit ted me and my col leagues 
t o  make a more a n a l y t i c a l  approach towards 
es t ima t ing  annual  n u t r i e n t  f l u x e s  i n  t h e  
canopy wash. In  b r i e f ,  w e  hope t o  c o n s t r u c t  
s imula t ion  models of n u t r i e n t  f l u x e s  i n  t h e  
canopy s o l u t i o n ,  based on experiments w i t h  
l abora to ry  microcosms in, which i s o l a t e d  
canopy components are mis ted w i t h  r a i n f a l l  
and n u t r i e n t  concen t ra t ions  i n  the  water 
are monitored be fo re  and a f t e r  c o n t a c t  w i t h  
the  canopy sample. A f t e r  d e s c r i b i n g  our  
progress  and comparing r e s u l t s  wi th  those  
from the per t inent  l i terature ,  I  wil l  dis- 
cuss  the  r o l e  of i n s e c t s  i n  t h e  system 
b r i e f l y  . 

Nut r i en t  Exchanges i n  the  
Canopy So lu t ion  

Ma te r i a l s  and  Me thods .  Al l  s tud i e s  
desc r ibed  were c a r r i e d  out  wi th  samples 
from old-growth Douglas  f i r  (Pseudotsuga 

menz ies i i  (Mirb.) Franco) trees l o c a t e d  a t '  
two s i tes  within the H. J .  Andrews Experi-  
mental  F o r e s t .  Both sites were l o c a t e d  i n  
s t a n d s  corresponding t o  t h e  Tshe/Rhma/Bene 
community type (Frank l in  and Dyrness, 1970) 
and were composed predominant ly  of  400- to  
500- year- old Douglas- fir  t rees .  Samples  
were taken from t h e  canopies  of permanently 
r igged  trees (Denison e t  a l . ,  1972) and 
s t o r e d  o v e r n i g h t  a t  t h e  l a b o r a t o r y  a t  4 º C .  
The fol lowing day they w e r e  picked c l e a n ,  
p laced i n  funne l  assembl ies ,  and mis ted f o r  
one hour a t  16ºC w i t h  p rev ious ly  c o l l e c t e d  
i n c i d e n t  r a inwate r  t h a t  had been s t o r e d  
f rozen  u n t i l  j u s t  p r i o r  t o  use .  A f t e r  m i s t -  
i n g ,  t h e  l e a c h a t e s  were f i l t e r e d  sequen- 
tial ly  through 30 um nylon mesh and Nucle-  
pore  f i l t e r s  w i t h  0.2 um pore  s i z e ;  a l i q u o t s  
were removed f o r  c a t i o n ,  t o t a l  d i s so lved  
s o l i d s ,  and t o t a l  n i t r o g e n  de te rmina t ions ;  
t h e  remainder of t h e  f i l t r a t e  w a s  lyophi- 
l ized,  reconst i tuted to  10 ml,  and s tored 
a t  -20ºC f o r  subsequent  a n a l y s i s .  
cases where n i t r o g e n  concen t ra t ions  w e r e  
extremely low, de te rmina t ions  of t o t a l  
n i t r o g e n  w e r e  c a r r i e d  o u t  on t h e  l y o p h i l i z e d  
samples. 

and a synops i s  of a n a l y t i c a l  methods w i t h  
r e f e r e n c e s  i s  s h o w n  i n  T a b l e  1 .  I n  a l l  
cases n e t  f l u x e s  of materials w e r e  computed 
by s u b t r a c t i n g  concen t ra t ions  of subs tances  
i n  t h e  c o n t r o l  r a inwate r  from those  i n  t h e  
corresponding l e a c h a t e s  and by c o r r e c t i n g  
f o r  t h e  amount of water w i t h  d i s s o l v e d  
substance r e t a i n e d  by t h e  components i n  t h e  
funne l  assembl ies .  I n  o r d e r  t o  assess t h e  
p o s s i b l e  magnitude of n u t r i e n t  t r a n s f e r s  
mediated by t h e  canopy s o l u t i o n ,  w e  i n i t i a t e d  
a biweekly,  and la ter  a monthly, sampling 
and l a b o r a t o r y  m i s t i n g  program. 

We have misted Lobaria  oregana,  moss 
bo l s t e r s ,  2 -  t o  3- yea r- o ld  fo l i age  and  
twigs,  dead twigs,  and l i v i n g  twigs 0.5 t o  
2.0 cm i n  diameter  from t h r e e  h e i g h t s  i n  t h e  
canopy dur ing  each r e g u l a r  sampling epi-  
sode. The sample has  been expanded t o  in- 
clude 1-year-old f o l i a g e ,  5- t o  7-year-old 
f o l i a g e ,  t runk  bark,  A l e c t o r i a  spp. ,  
Sphaerophorus globosus ,  P l a t i s m a t i a  g l a u c a ,  
Hypogymnia spp. ,  and Lobar ia  pulmonaria on 
a q u a r t e r l y  b a s i s .  Occasional ly  we have 
mis ted r o t t i n g  Lobaria t h a l l i ,  both  from t h e  
canopy and from t h e  f o r e s t  f l o o r .  T h i s  pro- 
gram has  provided informat ion i n  f l u x e s  of 
cations (Na+, K+, Ca++, Mg++), total  organic 
n i t r o g e n ,  and t o t a l  phosphorus both  i n  d i s-  
solved,  and p a r t i c u l a t e  form. Subsequently,  
we have c a r r i e d  o u t  prolonged mis t ing  exper i-  
ments wi th  some of the  dominant canopy com- 
ponents.  Since  the  d a t a  f o r  the  c a t i o n  
f l u x e s  have been t r e a t e d  d i f f e r e n t l y  from 
those  f o r  o t h e r  n u t r i e n t s ,  they a r e  d e a l t  
with f i rs t .  

In  some 

A f low chart  i s  presented in  Figure 1 



Results:  ca t ions .  Information on 
ca t ion  f luxes  w a s  analyzed and summarized 
by my colleague, Dr. L. H. Pike, for the bi- 
weekly mist ing episodes from September 1976 
through August 1977. A mu l t i va r i a t e  
approach was taken i n  attempting t o  a s se s s  
the importance of s e v e r a l  f a c t o r s  which may 
inf luence ca t ion  f luxes  from canopy com- 
ponents. Spec i f i c a l l y ,  mul t ip le  regress ions  
were carr ied out with cat ions concentrat ion 
i n  inc ident  r a i n w a t e r ,  day i n  the  water year  
when samples w e r e  co l l ec t ed ,  presence o r  
absence of  at  leas t  2 .0  cm ra in  in the  three  
days preceding sample co l l ec t i on ,  and he ight  
of sample i n  the  canopy as independent 
var iab les  and mean n e t  ca t ion  f l u x  as t he  
dependent var iab le .  This information is  
summarized in  Table  2.  We do not  ascr ibe  
grea t  s i gn i f i c ance  t o  t he  abso lu te  numbers 
i n  the  upper por t ion  of the  t ab l e ,  bu t  many 
of t he  t rends a r e  highly s i g n i f i c a n t ,  with 
t he  r² i n  t he  mu l t i p l e  regress ions  o f t e n  
g r e a t e r  t h a n  0 . 7 .  
K +  f luxes  for  Lobar ia  oregana are  provided 
i n  Pike (1978). 

general  t rends : 

Actual  p lots  of  Ca++ and 

Reference t o  Table 2 reveals s e v e r a l  
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1. Uptake of Ca++ and Mg++ from the 
inc ident  rainwater  occurs q u i t e  commonly 
f o r  the  four  components r egu l a r ly  t e s t e d .  
Uptake of Na+ occurs l e s s  commonly and seems 
t o  be r e s t r i c t e d  t o  Lobaria and moss; uptake 
of K+ occurred only once in all the samples 
monitored. 

ca t ions  i n  the  i nc iden t  r a i n  is the  most 
important independent va r i ab l e  i n  the  multi-  
ple  regress ions .  In  vi r tual ly  every case  an 
increase  i n  t he  concentrat ion of a ca t i on  i n  
t he  inc ident  rainwater  has  r e su l t ed  e i t h e r  
i n  increased uptake o r  decreased leaching 
of t h a t  c a t i on  by the  canopy component. 

f o l i age  and of Na+ from twigs is s t rongly  
inf luenced by t he  day i n  the  water year 
when the  samples were co l l ec t ed ,  wi th  leach- 
ing l o s se s  decreasing wi th  increas ing  ex- 
posure t o  r a i n  i n  t he  f i e l d  during the  f a l l  
and winter .  

4 .  LOSS of K from the  l i chen  
Lobaria  oregana i s  s t rongly affected by the  
occurrence o f  r a i n  i n  t h e  t h r ee  days p r i o r  
t o  sample co l l ec t i on  ( leaching l o s se s  de- 
creased a f t e r  r a in )  and by t he  he ight  i n  

2 .  Generally, t h e  concentrat ion of 

3. The leaching of Na+ and  K+ from 
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Figure 1.  Flow chart  for  processing and analyzing canopy samples  and leachates  



T a b l e  1 .  S y n o p s i s  o f  c h e m i c a l  a n a l y s e s  f o r  l e a c h a t e s .  

No. of samples p e r  
An a 1 y s is Method Nature  of s a m p l e  sampl ing  p e r i o d  

Suspended p a r t i c u l a t e s ,  
0.2-30 um 

Leachate  volume 

Pigment ( p o s t - f i l t r a t i o n  
o p t i c a l  d e n s i t y )  

T o t a l  d i s s o l v e d  s o l i d s  

pH 

Conduc t iv i ty  

T o t a l  o r g a n i c  n i t r o g e n  

+  +  + +  + +  Cations (Na ,K ,Ca ,Mg )  

T o t a l  phosphorus 

T o t a l  p r o t e i n  

T o t a l  p o l y o l s  

S e r i a l  f i l t r a t i o n  through 30u mesh 
+ 0.2 um Nucleopore f i l t e r s ;  d ry  
weights  of material on t a r e d  f i l t e r s  

Measured i n  g radua ted  c y l i n d e r  

O.D. r e a d i n g  (/\=410 nm) 

Evapora t ion  of 5 m l  a l i q u o t s  i n  t i n-  
f o i l  b o a t s  ( t a r e d ) ;  subsequent  
we igh t s  of t a r e d  b o a t s  

Beckman pH meter 

Markson c o n d u c t i v i t y  meter  

P e r c h l o r i c  a c i d  d i g e s t  of 200 ul  
a l i q u o t s ;  N determined as NH 4

+ by 
indophenol b l u e  method ( Jaen icke ,  
1974) 

Atomic a b s o r p t i o n  spec t rophotometry  

P e r c h l o r i c  a c i d  d i g e s t  of 200 u l  
a l i q u o t s ;  P de termined by molybdenum 
b l u e  method ( J a e n i c k e ,  1974) 

Measurement of a b s o r p t i o n  i n c r e a s e  a t  
595 nm by Coomassie  Blue G-250 on 
b ind ing  t o  p r o t e i n  (Bradford ,  1976; 
Sedman and Grossberg ,  1977) 

P e r i o d a t e  o x i d a t i o n  fo l lowed by s p e c t r o -  
photometr ic  de t e rmina t ion  of formalde-  
hyde formed u s i n g  chromotrophic a c i d  
(/\=570 nm) ( T i b b l i n g ,  1968) 

No p r i o r  t r ea tmen t  

F i l t e r e d  l e a c h a t e  

F i l t e r e d  l e a c h a t e  

F i l t e r e d  l e a c h a t e  

F i l t e r e d ,  samples pooled  

F i l t e r e d ,  samples pooled  

F i l t e r e d ,  samples pooled 

F i l t e r e d ,  samples pooled 

F i l t e r e d ,  pooled ,  con- 
c e n t r a t e d  t o  10 m l  

F i l t e r e d ,  pooled ,  con- 
c e n t r a t e d  t o  10 m l  

F i l t e r e d ,  pooled ,  con- 
c e n t r a t e d  t o  10 m l  

36 + 2 c o n t r o l s  

36 + 2 c o n t r o l s  

36 + 2 c o n t r o l s  

36 + 2 c o n t r o l s  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  

9 + 1 c o n t r o l  
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t h e  canopy where t h e  sample w a s  c o l l e c t e d  
( l each ing  l o s s e s  less f o r  samples c o l l e c t e d  
high i n  the  canopy). P i k e  (1978) has  pro- 
vided a c h a r t  of t h e s e  t r ends .  

S i m i l a r  t r ends  have a l ready  been re- 
ported o r  can be i n f e r r e d  from o t h e r  r e p o r t s  
i n  t h e  l i t e r a t u r e .  For i n s t a n c e ,  s t u d i e s  
by Lang, Reiners ,  and Heier (1976) have 
documented uptake of N H 4

+  and l o s s e s  of K 
from t h a l l i  of P l a t i s m a t i a  g l a u c a ,  a chloro- 
phycophilous l i chen .  Throughfal l  s t u d i e s  
of Abee and Lavender (1972) have shown t h a t  
concentrat ions of  K+ in  the throughfal l  
decrease  g r e a t l y  dur ing  the course  of a 
r a iny  season i n  t h e  P a c i f i c  Northwest. 

Part iculate  matter  >0.2um <30um col-  
l e c t e d  from t h e s e  m i s t i n g  episodes  has  n o t  
been analyzed for  cat ions.  Where concen-  
t ra t ions in  solut ion are  low (e .g .  Mg++),  
f l u x e s  i n  p a r t i c u l a t e  f o r m  m a y  c o m p l e t e l y  
overshadow t h e  e f f e c t s  r e p o r t e d  he re .  I f  
such mater ia l  i s  derived f rom microepi-  
phytes ,  i t  may be extraordinar i ly  eff ic ient  
i n  c a t i o n  uptake; t h i s  h a s  been w e l l  demon- 
strated by Odum et  al .  (1970)  and Witkamp 
(1970) f o r  mic roep iphy l l s  i n  a t r o p i c a l  r a i n  
f o r e s t  i n  Puer to  Rico. I n  any case, as 
Table 2 makes clear, t h e  m u l t i p l e  exchanges 
of c a t i o n s  i n  a canopy can be a f f e c t e d  by a 
number of f a c t o r s ,  and any p r e d i c t i v e  
models fo r  c a t i o n  f l u x e s  i n  real canopies  
w i l l  be  n e c e s s a r i l y  complex. 

Resu l t s :  n i t r o g e n .  The canopies of 
the  s t a n d s  s t u d i e d  h e r e  c o n t a i n  l a r g e  popu- 
l a t i o n s  of cyanophycophilous l i c h e n s  which 
are capable  of f i x i n g  n i t r o g e n  (P ike  e t  a l . ,  
1977;  Caldwell e t  a l . ,  1979). Because such 
s t a n d s  are f requen t ly  n i t rogen- l imi ted ,  t h e  
flow of f i x e d  n i t r o g e n  through t h e  canopy 
has  been a focus  f o r  our  l a b o r a t o r y  and 
f i e l d  s t u d i e s  and r e l a t e d  modeling e f f o r t s .  
T o t a l  o rgan ic  n i t r o g e n  i n  s o l u t i o n  has  been 
analyzed by an extremely s e n s i t i v e  micro- 
method which involves  b lock  d i g e s t i o n  of 
0.2 m l  samples w i t h  25 u1 of p e r c h l o r i c  a c i d  
and which can rel iably detect  as l i t t le  as  
0.03 ug of nitrogen (Jaenicke,  1974) .  The 
c o l o r i m e t r i c  r eagen t s  a r e  added t o  t h e  same 
tube in  which the  diges t ion i s  carr ied  out .  
The analysis  i s  simpler ,  fas ter ,  and far  
more s e n s i t i v e  than the  convent ional  micro- 
Kje ldah l  d i g e s t i o n  followed by ammonia d i s-  
t i l la t ion;  i t  deserves  to  be widely adopted 
by l a b o r a t o r i e s  where o rgan ic  n i t r o g e n  and 
ammonia a r e  of i n t e r e s t .  Nitrate concen- 
t r a t i o n s  i n  t h r o u g h f a l l  have been found t o  
be very low i n  t h e  P a c i f i c  Northwest, S O 
n i t r a t e  w a s  n o t  analyzed i n  t h i s  s tudy .  
Organic n i t r o g e n  i n  p a r t i c u l a t e  m a t t e r  was 
determined by d i g e s t i n g  with  a convent ional  
Kje ldah l  procedure t a r e d  Nuclepore f i l t e r s  
on which m i c r o p a r t i c u l a t e s  had been col-  
l e c t e d  and by measuring t h e  n i t r o g e n  i n  the  
d i g e s t  spec t ropho tomet r i ca l ly  a s  desc r ibed  
above. 

+ 

I n  our  i n i t i a l  c o n s i d e r a t i o n  of d a t a  
from our  biweekly and monthly m i s t i n g  Pro- 
gram w e  discovered t h a t  the  meteoro log ica l  
h i s t o r y  of t h e  samples p r i o r  t o  c o l l e c t i o n  
g r e a t l y  a f f e c t e d  f l u x e s  of p a r t i c u l a t e  and 
d i s so lved  n i t r o g e n  from canopy components. 
To assess  the suscept ibi l i ty  of  var ious com- 
ponents i n  canopy l each ing ,  m i s t i n g  ep i sodes  
were  designated "Wet" (>0.5 cm rain in  three 
days preceding sample c o l l e c t i o n )  o r  "Dry" 
(<0.5 cm ra in  in  same per iod) ,  and the data  
f o r  b i w e e k l y  ( 9 / 2 0 / 7 6  -  1 2 / 2 7 / 7 6 )  a n d  
monthly (1/10/77 -  2/12/78)  episodes were 
lumped accordingly.  F igures  2 through 5 
show t h e s e  d a t a  i n  summary form. Although 
the s tandard errors  are  high for  some com- 
ponents ,  several  s t r iking t rends are  evi -  
d e n t  : 

Net  f luxes of  both dissolved and 
p a r t i c u l a t e  n i t r o g e n  are high f o r  cyanophy- 
cophi lous  l i c h e n s  and r e l a t i v e l y  low f o r  
tree components. Ni t rogen con ten t  f o r  
f i l t e r a b l e  s o l i d s  = m i c r o p a r t i c u l a t e s  v a r i e s  
f rom 3 to  4 percent .  

2. Chlorophycophilous l i c h e n s  and 
moss b o l s t e r s  t ake  up d i s so lved  n i t r o g e n  
from t h e  i n c i d e n t  r a i n .  

h i g h e r  f o r  "dry" ep i sodes  than f o r  ' 'wet" 
episodes;  f o r  p a r t i c u l a t e  n i t r o g e n  t h i s  
p a t t e r n  i s  r e v e r s e d .  T h e s e  t r e n d s  a r e  
p a r t i c u l a r l y  s t r i k i n g  f o r  cyanophycophilous 
l i c h e n s .  

4 .  Older f o l i a g e  tends  t o  l e a c h  more 
d i s so lved  n i t r o g e n  than younger f o l i a g e .  

The d i f f e r e n c e s  i n  l each ing  p a t t e r n s  
between w e t  and dry ep i sodes  sugges t  t h a t  
important  changes i n  t h e  l each ing  p o t e n t i a l  
of canopy components occur dur ing  the  t r a n s i -  
t i o n  f r o m  a  d r y  t o  a  w e t  c a n o p y .  W e  i n -  
v e s t i g a t e d  t h i s  t r a n s i t i o n  by moni tor ing 
n u t r i e n t  f l u x e s  dur ing  prolonged (6-48 h r )  
l a b o r a t o r y  m i s t i n g  experiments.  Our 
r e s u l t s  f o r  o n e  s u c h  e x p e r i m e n t  w i t h  & -  
t o r i a  ( a  chlorophycophilous l i c h e n )  and 
Lobar ia  ( a  cyanophycophilous l i c h e n )  have 
been discussed by Pike (1978) .  For  & -  
t o r i a ,  d i s s o l v e d  n i t r o g e n  i s  taken up from 
t h e  i n c i d e n t  r a inwate r  a lmost  from the 
s t a r t  o f  t h e  e x p e r i m e n t ,  w h i l e  p a r t i c u l a t e  
n i t r o g e n  i s  r e l e a s e d .  F o r  L o b a r i a ,  a n  
i n i t i a l  p u l s e  of l e a c h i n g  r e l e a s e s  n i t rogen  
t o  t h e  i n c i d e n t  r a i n ;  a f t e r  2  t o  3  h o u r s  
(1-1.5 cm rain) ,  uptake from the incident  
r a i n  commences, and when cumulative n e t  
f l u x  f o r  a  p r o l o n g e d  e x p e r i m e n t  i s  p l o t t e d ,  
t h e  Lobar ia  i s  a l s o  found t o  be a n e t  s i n k  
f o r  d i s so lved  n i t rogen  ( F i g s .  9- 10).  While 
cumulative n i t rogen  output  i n  p a r t i c u l a t e s  
only p a r t i a l l y  compensates f o r  uptake of  
d i s s o l v e d  n i t r o g e n  i n  A l e c t o r i a ,  t h e  t w o  
q u a n t i t i e s  a r e  roughly equ iva len t  i n  
Lobar ia .  More recen t  mis t ing  experiments 
have shown s i m i l a r  p a t t e r n s  f o r  o t h e r  can- 
opy surfaces ,  notably 2-  to  4-year-old  

1. 

3. Fluxes of d i s so lved  n i t r o g e n  a r e  



u> 
N 1 

T a b l e  2 .  T r e n d s  i n  net  c a t i o n  f l u x e s  from f o u r  c a n o p y  c o m p o n e n t s  a s  i n f l u e n c e d  b y  s e v e r a l  i n d e p e n d e n t  f a c t o r s  

-rl 
0 
XJ 
m Fol iage Dead twigs 

Lobaria Moss (2-3 y r s )  (0.5-2.0 cm diam.) v, 

;TI .. C a  M g  N a  K  C a  M g  N a  K  C a  M g  N a  K  C a  M g  N a  K  
-n 

R 
v, 
I 

Data from mis t ing episodes  

M e a n  n e t  f l u x  S X -10.1 -1.5 10.0 131.5 11.5 1 . 7  16.8 95.7 -5.1 0.60 10.2 52.7 2.8 1.23 9.75 52.2 
(ng g-1ml-1) +/-1 .7  k0.39 53.9 k13.6 24.1 k0.65 k5.1 k 1 8 . 1  k2.1  rt0.23 +1.5 k3 .4  k1.9 k0.21 k1.4 k5.5 g 

Mean c o n t r o l  r a inwate r  .90 .19 1.56 .66 .88 .19 1.60 .58 .93 .18 1 .53  .57 .92 .19 1.69 .55 0 

-0 m 

(PPm) 2 
2 concentra t ion 

No. of samples 
output  
Uptake 

ih 

16 28 36 36 27 29 32 36 f: 
3 8    3 1   1 1   0    8   1 1   9   1    2 0   8     0   0   9   7    4  o x  

showing : 
7-l 

4 11 31 42 28 25 33 35 

Fac to r s  a f f e c t i n g  n e t  f l u x e s  

Cation concen t ra t ion  - 
i n  inc iden t  r a inwate r  (1) 

Day in water year 
(Sept .  1 = Day 1)  

Wet or dry period 
(Dry = 0, Wet = 1) 

Height i n  canopy 

Maximum r² in multiple 
r eg ress ion  wi th  above 
v a r i a b l e s  .79 .78 .81 .26 .61 .76 .76 .89 .40 .39 . 

rn 
0 
0 - 
cn < 
I n  

(3) 

,60  .85 .34 .50 
~~ ~ ~ ~ 

1 +  and -  indicate  the  direct ion of  change in  f lux with  increasing values  of  the  var iable  l is ted.  Numbers  in  parentheses  
i n d i c a t e  o r d e r  o f  e n t r y  i n t o  m u l t i p l e  s t e p w i s e  r e g r e s s i o n  a n d ,  b y  e x t e n s i o n ,  r e l a t i v e  i m p o r t a n c e  i n  i n f l u e n c i n g  c a t i o n  f l u x e s .  
Blank spaces  i n d i c a t e  no s i g n i f i c a n t  e f f e c t .  
f i e l d  dur ing t h r e e  days p r i o r  t o  c o l l e c t i o n ;  samples from dry per iods  were exposed t o  0 .3  c m  o r  less p r e c i p i t a t i o n .  

Samples from "wet" per iods  were exposed t o  2.0 c m  o r  more p r e c i p i t a t i o n  i n  t h e  
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F i g u r e  2 .  M e a n  n e t  f l u x e s  o f  d i s s o l v e d  n i t r o g e n  f r o m  c a n o p y  c o m p o n e n t s  c o l l e c t e d  d u r i n g  
d r y  p e r i o d s .  L e s s  t h a n  0 . 3  c m  o f  r a i n  f e l l  i n  t h e  t h r e e  d a y s  p r e c e d i n g  c o l l e c t i o n s .  B a r s  
i n d i c a t e  o n e  s t a n d a r d  e r r o r  a b o v e  a n d  b e l o w  t h e  m e a n .  l o p u  = L o b a r i a  p u l m o n a r i a ;  l o o r  = 
L o b a r i a  o r e y a n a ;  r o o m  =  r o t t e n  L o b a r i a  o r e g a n a ;  L . 5 - 2 . 0  = l i v i n g  t w i g s  0 . 5 - 2 . 0  c m  i n  
d iameter ;  F1 = aye  c lass  1  f o l iage ,  0-1  yr  o ld ;  F2-3  = aye  c lasses  2 -3  fo l iage ;  F5-7  = age  
classes  5-7 fol iage;  DO-1 = dead twigs 0-1 cm in  diameter;  D1-2 = dead twigs 1-2 cm in  
d i a m e t e r ;  a l s p  = A l e c t o r i a  s p p . ;  h y s p  =  H y p o g y m n i a  s p p . ;  p l s p  =  P l a t i s m a t i a  S p p . ;  s p g l  =  
Sphaerophoros  g lobosus  .  
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N Net Fluxes-Wet Episodes 

I I 

F i g u r e  3.  
w e t  p e r i o d s .  
i n d i c a t e  o n e  s t a n d a r d  e r r o r  a b o v e  a n d  b e l o w  t h e  m e a n .  
a r e  the same a s  i n  F i g u r e  2 .  

Mean net  f l u x e s  o f  d i s s o l v e d  n i t r o g e n  f r o m  canopy  components  c o l l e c t e d  durinq 
More than 2.0 cm of  rain fel l  in  the three days preceding col lect ions.  Bars 

Code names for  canopy components  
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F i g u r e  4 .  Mean net  f luxes  of  f i l terable  sol ids  <30 u m  >0.2 um f rom canopy components  
collected during dry periods .  Less than 0.3 cm of  rain fe l l  in  the three  days preceding 
col lect ions .  Bars  indicate  one s tandard error  above and below the  mean.  FS = f i l terable  
solids.  Code names for  canopy components  are  the same as  in  Figure 2. 
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F i g u r e  5 .  Mean net  f luxes of  f i l terable sol ids <30 um >0.2 um from canopy components  
c o l l e c t e d  d u r i n g  w e t  p e r i o d s .  
col lect ions.  Bars indicate one standard error  above and below the  mean.  FS = f i l terable 
solids.  Code names  for canopy components  are the same as in  Figure 2.  

More than 2.0 cm of  rain fel l  in  the three days preceding 
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f o l i a g e  (Fig.  6 ) ,  l i v i n g  twigs,  and moss 
b o l s t e r s .  For t h e  tree components the  n e t  
f luxes  per  u n i t  weight are lower than f o r  
the epiphytes ,  and longer  per iods of  mist- 
ing  a r e  requ i red  be fore  uptake of d i s so lved  
ni t rogen begins.  

The behavior of canopy s u r f a c e s  i n  
regard t o  t h e i r  i n t e r a c t i o n s  wi th  dissolved 
n i t rogen  becomes more exp l icab le  when t h e  
n a t u r e  of the  re leased  p a r t i c u l a t e s  is  
examined. P a r t i c u l a t e s  washed from t h e  
s u r f a c e  of Lobaria and o t h e r  cyanophyco- 
phi lous  l i c h e n s  c o n s i s t  almost exc lus ive ly  
of rod-shaped b a c t e r i a  (Fin.  7) ;  i n s p e c t i o n  . 
of the  s u r f a c e  of a Lobaria oregana t h a l l u s  
wi th  the  scanning e l e c t r o n  microscope a f t e r  
a mis t ing episode r e v e a l s  dense populat ions  
of similar b a c t e r i a  (Fig.  8). Caldwell 
e t  a l .  (1979) have i s o l a t e d  and i d e n t i f i e d  
b a c t e r i a  from t h i s  s u b s t r a t e .  They r e p o r t  
5-10 x 1 0 5  colony-forming uni ts  (CFU)/g 
from Lobaria c o l l e c t e d  dur ing dry per iods  
and 100-200 x 105 CFU/g during wet periods, 
observat ions  c o n s i s t e n t  wi th  d a t a  on out- 
puts  of mic ropar t i cu la tes  dur ing  d ry  and 
w e t  mis t ing  episodes  i n  t h e  l abora to ry .  
Pseudomonas f luorescens ,  Arthrobacter- l ike  
rods,  and Gram-negative a e r o b i c  rods were 
found t o  be dominant b a c t e r i a l  taxa on 
Lobaria t h a l l i  . 

FOLIAGE yr 2 - 4  

Time Course of N Flux 

during Leaching Episode 

-Dissolved N - -N in Filterable Solids 

Examination of the  m i c r o p a r t i c u l a t e  
f r a c t i o n  from mis t ing  episodes  wi th  f o l i a g e  
reveals a l a r g e  number of fungal  and a l g a l  
cells, microorganisms which are a l s o  pre-  
dominant on needle  and twig s u r f a c e s  
(Bernste in  e t  a l . ,  1973; Bernste in  and 
C a r r o l l ,  1977; C a r r o l l ,  1979; C a r r o l l  e t  
a l . ,  1980). I n  f a c t  t h e  observed d i f f e r-  
ences between cyanophycophilous l i c h e n s  
and o t h e r  canopy components i n  e f f i c i e n c y  
of dissolved n i t rogen  uptake can be l a r g e l y  
asc r ibed  t o  the  prevalence of b a c t e r i a  on 
l i chen  s u r f a c e s  and of eukaryo t ic  micro- 
organisms on o t h e r  canopy s u r f a c e s  : the  
response t ime and doubl ing t imes for  bacter- 
ia l  cel ls  are  much faster  than those for 
eukaryo t ic  microorganisms. In  summary, a l l  
canopy s u r f a c e s  examined dur ing leaching 
time-course experiments have proved u l t i -  
mately t o  be n e t  s i n k s  f o r  d i s so lved  n i t r o-  
gen. For some components (chlorophycophilous 
l i chens )  t h i s  involves  n i t rogen  uptake by 
t h e  sample i t s e l f ;  f o r  most o t h e r  leaching 
s u b s t r a t e s  n i t r o g e n  uptake is mediated by 
ep iphy t ic  microorganisms whose cells are 
re leased  i n t o  the  ra inwater  as t h e  popula- 
t i o n s  grow. 

I Cumulative Volume ( m l )  

Figure 6 .  
during a prolonged mist ing episode.  

Cumulat ive net  f lux of  dissolved ni trogen from fol iage age classes  2-4 yr 
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These resul ts  are  consis tent  with the 
d a t a  of Lang e t  a l .  (1976), who showed n i t r o -  
gen uptake as NH4

+  for  Plat ismatia  glauca,  
and with  numerous th roughfa l l  s t u d i e s  show- 
ing coniferous canopies t o  be n e t  s i n k s  f o r  
dissolved n i t rogen  i n  i n c i d e n t  r a i n f a l l  
(Tamm,. 1951; Voigt,  1960; Nihlgaard, 1970; 
Fos te r ,  1974; M i l l e r  e t  a l . , 1976; F e l l e r ,  
1977; Cronan, 1980). This e f f e c t  is  p a r t i -  
c u l a r l y  p r o n o u n c e d  w h e r e  g l a s s  w o o l  p l u g s  
have been i n s e r t e d  i n  the  necks of the  
c o l l e c t i n g  funnels t o  p a r t i a l l y  block t h e  
entrance of micropar t i cu la te  mat te r  i n t o  t h e  
c o l l e c t i n g  funcel .  

Given this consistency, one may ask 
how far the patterns of nitrogen uptake and 
l o s s  observed f o r  ind iv idua l  components i n  
microcosm rainstorms can be extended t o  
a c t u a l  canopies i n  t h e  f i e l d ,  where m u l t i p l e  
l a y e r s  of intermingled components a r e  s tack-  
ed to  a depth of  40 to  50 m.  Loading the 
funnels  with  mul t ip le  l a y e r s  of a s i n g l e  
canopy component p r i o r  t o  mis t ing  r e p r e s e n t s  
a f i r s t  approximation t o  t h e  f i e l d  s i t u a-  
t i o n .  Figures  9 and 10 show results from a 
prolonged mis t ing  of Lobaria oregana i n  
which d i f f e r e n t  amounts of l i c h e n  w e r e  p u t  
i n t o  t h e  funnels .  
weight  of  1.8 g per  funnel  was used;  in  
Figure 10,  16.8 g per  funnel  was used.  The 

I n  F i g u r e  9  a m e a n  d r y  

t r e n d  i s  c l e a r :  a s  m u l t i p l e  l a y e r s  o f  
l ichen are  added to  the  microcosm, less  and 
less  ni t rogen escapes in  dissolved form and 
more and more i s  re leased in  par t iculate 
f o r m ,  a s  b a c t e r i a l  c e l l  m a s s .  S i m i l a r  
experiments w i t h  o t h e r  canopy components 
revealed the  same trend.  

experiments,  w e  attempted t o  monitor the  
f l u x e s  of ni t rogen  i n  the  f i e l d  during a 
s i n g l e  ra instorm i n  February 1979. Samples 
were taken from six 0.3  m2 throughfal l  
c o l l e c t i o n  troughs placed a t  random beneath 
a s i n g l e  old-growth t r e e  (MINERVA) a t  one 
o f  o u r  c o l l e c t i o n  s i t e s  i n  t h e  H .  J .  
Andrews Experimental  Forest .  Incident  ra in-  
f a l l  w a s  c o l l e c t e d  i n  a s i n g l e  sampler 
loca ted  i n  an ad jacen t  c l e a r c u t .  
samples  beneath the t ree  were  taken at  1, 
2,  3,  and 4  hours ,  those in  the clearcut  at  
2 and 4  hours .  Samples  were f i l tered in  the 
f i e l d  and w e r e  s t o r e d  on ice p r i o r  t o  
a n a l y s i s .  Although samples f o r  t h e  c o n t r o l  
ra inwater  w e r e  n o t  r e p l i c a t e d  i n  t h i s  pre- 
l iminary experiment, t h e  t rends  i n  n i t rogen  
f l u x e s  a r e  r e a d i l y  a p p a r e n t  i n  F i g u r e  1 1 :  
ni t rogen  w a s  taken up from t h e  i n c i d e n t  
r a i n  throughout t h e  por t ion  of t h e  storm 
t h a t  w a s  monitored, a r e s u l t  t h a t  might 
have been pred ic ted  on the  b a s i s  of our 

I n  a d d i t i o n  t o  l abora to ry  time-course 

Water 

Figure 7.  Bacteria from a thal lus  of  Lobaria oregana col lected on a Nucleopore f i l ter  
as seen under the scanning electron microsopce (x  2,500) .  
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60- 

Figure 8. Bacteria on the surface of  a Lobaria thal lus as seen under the  scanning 
electron m i c r o s c o p e  ( x  1,800).  

LOBARIA OREGANA ( I V )  
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Cumulative Volume (ml) 

F i g u r e  9 .  C u m u l a t i v e  net f l u x  o f  n i t r o g e n  
from L o b a r i a  oregana  d u r i n g  a p r o l o n g e d  
m i s t i n g  e p i s o d e ;  1 .8  g d r y  w e i g h t  o f  L o b a r i a  
w e r e  p l a c e d  i n  e a c h  f u n n e l .  

0 

-10 

Cumulative Volume I Cumulative Volume (ml) 

F i g u r e  10.  
f r o m  L o b a r i a  o r e g a n a  d u r i n g  a p r o l o n g e d  
m i s t i n g  e p i s o d e ;  16.8  g d r y  w e i g h t  of  
L o b a r i a  w e r e  p l a c e d  i n  e a c h  f u n n e l .  

C u m u l a t i v e  net f l u x  o f  n i t r o g e n  
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Figure  11. 
during the  course of  a single rainstorm in  the f ield.  

Concentrat ions of  dissolved ni trogen in  incident  precipi tat ion and throughfall  

microcosm experiments.  However, when pat-  
terns of p a r t i c u l a t e  ou tpu t  from t h e  canopy 
are considered,  t h e  e x t r a p o l a t i o n  f a i l s .  
Analysis of f i l t e r  weights  from t h e  f i e l d  
experiment reveals an i n i t i a l  f l u x  of 
p a r t i c u l a t e s  o u t  of t h e  canopy dur ing  t h e  
f i r s t  hour of t h e  storm and low l e v e l s  of 
suspended p a r t i c u l a t e s  i n  t h e  t h r o u g h f a l l  
thereaf ter .  An ent i re  canopy is ,  of course,  
more complex than a funne l  w i t h  several 
l a y e r s  of Lobaria.  

p l e x i t y  and t o  r e s o l v e  d i s c r e p a n c i e s  be- 
tween l a b o r a t o r y  and f i e l d  obse rva t ions ,  w e  
have r e s o r t e d  t o  computer s imula t ion  models. 
My co l l e ague ,  D r .  W. J .  Massman ,  ha s  
developed a p re l iminary  model of canopy 
n i t r o g e n  f l u x e s  i n which t h e  paramount r o l e  
of s u r f a c e  microorganisms i n  r e g u l a t i n g  
n i t rogen  uptake and release i s  e x p l i c i t l y  
recognized. The model is  based on chemo- 
s t a t  theory,  bu t  has  been genera l i zed  such 
t h a t  n e i t h e r  a cons fan t  d i l u t i o n  rate nor  
a cons tan t  volume must be assumed. Fur the r ,  
the  model a l lows f o r  luxury n i t rogen  con- 
sumption by microbes. Cer ta in  s impl i fy ing  
assumptions have. however, been made. 

I n  an at tempt  t o  d e a l  wi th  t h i s  com- 

T h e s e  i n c l u d e :  ( 1 )  n i t r o g e n  i s  t h e  o n l y  
l im i t i ng  nu t r i en t ;  ( 2 )  graz ing  o f  mic rob i a l  
ce l l  mass  does  no t  occur ;  (3 )  microb ia l  
g rowth  i s  non-co lon i a l ;  ( 4 )  t he  c anopy  
s t r a t a  a r e  h o m o g e n e o u s ;  ( 5 )  n i t r o g e n  i s  n o t 
l o s t  from t h e  system i n  gaseous form; and 
(6)  the  flow of n i t r o g e n  i n t o  m i c r o b i a l  
ce l l s  is  u n i d i r e c t i o n a l ;  i . e . ,  l o s s e s  of 
n i t r o g e n  from m i c r o b i a l  ce l l s  do n o t  occur.  
Although c e r t a i n  of t h e s e  assumptions a r e  
b la t an t l y  i nco r r ec t  ( no .  4  above ) ,  mos t  o f  
t h e m  a r e  r e a s o n a b l e ,  a t  l e a s t  o v e r  t h e  t i m e 
span of a s i n g l e  s torm even t .  
t h e  model d e a l s  wi th  t h e  behavior  of s t acked  
s t rata  of only  one component, Lobaria 
oregana. 

t a t i o n s  of t h i s  model, the  degree  of 
q u a l i t a t i v e  agreement between t h e  predic-  
t i o n s  of t h e  s imula t ion  runs  and the  ob- 
served  p a t t e r n s  of n i t rogen  f l u x  i n  both  
l a b o r a t o r y  and f i e l d  i s  encouraging. 
S p e c i f i c a l l y ,  runs of the  model f o r  j u s t  a 
s i n g l e  s t r a t u m  show a rough agreement w i t h  
time-course experiments i n  t h e  l a b o r a t o r y ;  
most no tab ly ,  d i s so lved  n i t rogen  i s  re leased  
i n i t i a l l y ,  bu t  i s  taken up l a t e r  a s  b a c t e r i a l  

Cur ren t ly  

Considering t h e  assumptions and l i m i -  
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growth and r e l e a s e  of p a r t i c u l a t e  n i t r o g e n  
commences.  When several  s t ra ta  are  stacked,  
such t h a t  t h e  ou tpu t  from one becomes t h e  
i n p u t  f o r  the  nex t  lower one, t h e  model pre- 
d i c t s  t h a t  e f f i c i e n c y  of uptake w i l l  in-  
c r e a s e ,  b u t  t h a t  t h e  ou tpu t  of p a r t i c u l a t e s  
w i l l  be delayed. With f i v e  s t ra ta  i n  t h e  
model, t h i s  delay amounts t o  f o u r  o r  f i v e  
h o u r s .  T h u s ,  f o r  o u r  f i e l d  e x p e r i m e n t  
(Fig. 11) we might well have seen a pulse of 
particulates from t h e  bottom of t h e  canopy 
i f  t h e  storm had been monitored f o r  s e v e r a l  
more hours .  During storms of s h o r t  d u r a t i o n  
t h e  m i c r o p a r t i c u l a t e  f r a c t i o n  may never  be  
f l u s h e d  f r o m  t h e  c a n o p y .  I n s t e a d  i t  m a y  b e  
l e f t  as a p a r t i c u l a t e  r e s i d u e  as w a t e r  
evaporates  from t h e  t ree ,  only t o  be  washed 
from the  canopy dur ing t h e  i n i t i a l  phases  of 
t h e  n e x t  s t o r m .  T h i s  p r o c e s s  c o u l d  w e l l  
account f o r  t h e  observed f l u s h  of micro- 
p a r t i c u l a t e s  a t  t h e  beginning of t h e  s i n g l e  
storm w e  monitored.  

Resu l t s  : phosphorus and o rgan ic  
mat ter .  Concentra t ions  of phosphorus and 
c e r t a i n  o rgan ic  subs tances  have a l s o  been 
measured dur ing l a b o r a t o r y  m i s t i n g  exper i-  
ments. 
phosphorus than n i t r o g e n  are p r e s e n t  i n  t h e  
canopy s o l u t i o n ;  p a t t e r n s  of l each ing  and 
uptake resemble those for nitrogen. 
occurrence of h igher  l e v e l s  of phosphorus 
i n  t h r o u g h f a l l  than i n  i n c i d e n t  p r e c i p i t a-  
t i o n  i n  coniferous  s t a n d s  h a s  been widely  
repor ted  i n  t h e  l i t e r a t u r e  ( A t t i w i l l ,  1966; 
Nihlgaard,  1970; Abee and Lavender, 1972; 
F o s t e r ,  1974; H a r t  and P a r e n t ,  1974; 
Henderson e t  a l . ,  1977). Although phos- 
phorus concen t ra t ions  w e r e  s o  low i n  bo th  
i n c i d e n t  r a i n  and t h r o u g h f a l l  dur ing t h e  
storm sequence mentioned ear l ier  t h a t  no 
c o n s i s t e n t  t r ends  w e r e  ev iden t ,  d a t a  from 
ear l ier  s t u d i e s  a t  t h e  same s i t e  i n  which 
t h r o u g h f a l l  and i n c i d e n t  r a i n  were f i e l d -  
f i l t e r e d  i n d i c a t e  n e t  l o s s e s  of phosphorus 
from t h e  canopy. 
uptake of phosphorus c e r t a i n l y  occurs ,  phos- 
phorus i s  probably n o t  a l i m i t i n g  element 
f o r  mic rob ia l  growth i n  most canopies .  

have been l i t t l e  i n v e s t i g a t e d  h e r e  o r  i n  
convent ional  t h r o u g h f a l l  s t u d i e s .  Where 
t o t a l  o rgan ic  m a t t e r  o r  concen t ra t ions  of 
s p e c i f i c  o rgan ic  molecules have been de te r-  
mined i n  t h r o u g h f a l l  and stemflow, they 
have been found t o  b e  h igh  and t o  account 
f o r  a s i g n i f i c a n t  r e t u r n  of f i x e d  carbon t o  
t h e  f o r e s t  f l o o r  (Tamm, 1951; Carlisle, 
1965; C a r l i s l e  e t  a l . ,  1966; Gersper and 
Holowaychuck, 1971; Eaton e t  a l . ,  1973). 
Concentrations of ammonia and n i t r a t e  are 
low i n  th roughfa l l  from coniferous  s t a n d s  
i n  the  P a c i f i c  Northwest and t h e  bulk  of 
n i t rogen  i n  s o l u t i o n  i s  i n  o rgan ic  form; 
t h i s  a l s o  appears t o  be the  case f o r  phos- 
phorus.  

I n  genera l ,  much lower l e v e l s  of 

The 

Thus, whi l e  mic rob ia l  

Fluxes of  organic  matter  in  the canopy 

I f  t h e  s p e c i f i c  n i t rogenous  compounds 
leached from Lobar ia  were i d e n t i f i e d ,  radio-  
i s o t o p e s  could  b e  employed t o  fol low t h e i r  
f a t e  i n  subsequent t r ans fo rmat ions  w i t h i n  
t h e  canopy. Cooper and C a r r o l l  (1978) 
a t tempted t o  i s o l a t e  and i d e n t i f y  dominant 
o rgan ic  n i t rogenous  compounds i n  Lobar ia  
l e a c h a t e s .  T h e y  f o u n d  t h a t  s i m p l e  p r e - 
l iminary f r a c t i o n a t i o n  of t h e  l e a c h a t e s  by 
means of d i a l y s i s  and e x t r a c t i o n  i n  ace tone  
d i d  n o t  r e s u l t  i n  n i t r o g e n  enrichment i n  
any f r a c t i o n ;  they concluded t h a t  a number 
of d i f f e r e n t  n i t rogen- con ta in ing  molecules 
were p r e s e n t .  R i b i  t o l ,  a f ive- carbon sugar- 
a l c o h o l ,  w a s ,  however, i d e n t i f i e d  as a major 
component of t h e s e  l e a c h a t e s .  Subsequent 
s t u d i e s  have shown t h a t  r i b i t o l  accumulates 
i n  t h e  t h a l l i  du r ing  d ry  p e r i o d s  and l eaches  
very  r a p i d l y  i n  subsequent r a ins to rms .  

T h e  c h e m i s t r y  o f  o r g a n i c  m o l e c u l a r  
t r ans fo rmat ions  i n  t h e  canopy i s  undoubtedly 
extremely complex. 
i n v e s t i g a t i o n  is r e q u i r e d  b e f o r e  these 
t rans fo rmat ions  can be  understood, even i n  
broad o u t l i n e .  

A g r e a t  d e a l  of f u r t h e r  

I n s e c t s  and Canopy Processes  

In  the l a s t  t e n  y e a r s  the r o l e  of can- 
opy a r th ropods  i n  r e g u l a t i n g  growth of 
trees i n  f o r e s t  ecosystems has  been i n v e s t i -  
gated by a number of workers.  
have l a r g e l y  focused on t h e  a c t i v i t i e s  of 
d e f o l i a t i n g  i n s e c t s ,  p a r t i c u l a r l y  their 
e f f e c t s  on primary product ion (Frank l in ,  
1970; Rafes ,  1970; Reichle e t  a l . ,  1973),  
and on e lementa l  c y c l i n g  (Kimmins, 1972; 
Ni lsson,  1978; Schroeder ,  1978).  Defoli-  
a t i n g  and sucking i n s e c t s  appear  t o  be  of 
l i t t l e  i m p o r t a n c e  i n  o l d - g r o w t h  c a n o p i e s .  
However, i n  c o l l a b o r a t i o n  w i t h  an entomolo- 
g i s t ,  Dr .  David  Voeg t l in ,  we have  no ted  
s u b t l e  and pe rvas ive  e f f e c t s  of t h e  fauna 
on n u t r i e n t  exchanges w i t h i n  t h e  canopy. 

Materials and methods. Census work 
on canopy consumers w a s  c a r r i e d  o u t  over  a 
3-year  per iod.  Ini t ia l ly ,  we implemented a  
biweekly sampling program i n  which import- 
a n t  and d i s t i n c t i v e  canopy h a b i t a t s  were 
sampled on a cumulat ive  o r  e p i s o d i c  b a s i s .  
More r e c e n t l y ,  i n t e n s i v e  sampling of a r th ro-  
pod communities on need les  and twigs h a s  
been c a r r i e d  ou t .  The h a b i t a t s  sampled and 
techniques used are  summarized in  Table  3.  

Resu l t s  : canopy a r th ropods  . The 
d a t a  from t h e  a r th ropod  census sugges t  t h a t  
t h e  canopy fauna p a r t i t i o n s  t h e  t r e e  very  
f i n e l y ,  both  w i t h  r ega rd  t o  h a b i t a t  type and 
phenology. To d a t e ,  1,200 t o  1 ,500 t axa  
have been c o l l e c t e d ,  from 50 t o  70 pe rcen t  
of them more than once.  Only about  150 of 
these  taxa  can be considered common. I n  
many cases  they are  abundant only i n  one 
h a b i t a t  o r  dur ing one p a r t i c u l a r  season.  

Such s t u d i e s  



Tab le  3.  Biweek ly  sampl ing  t echn iques ,  Doug las - f i r  canopy  ar thropod  survey  (Sep t .  1976  -  Sep t .  1977)  

Number of samples Duration of 
Sampling technique Technique d e s c r i p t i o n  taken and l o c a t i o n  sampling pe r iod  Information produced 

S t i cky  sc reens      20 cm2 screens of ¼"  
hardware, c l o t h  coated 
wi th  s t ikem s p e c i a l  

Tul l g  ren 

Vacuum 

A ser ies  of  funnels  
which use h e a t  and 
l i g h t  above t o  d r i v e  
ar thropods  i n t o  a 
c o l l e c t i n g  v e s s e l  

A backpack blower 
wi th  t h e  i n t a k e  
adapted f o r  sucking 

12 screens,  4 on each 
of  3 halyards  run into  
t h e  lower, middle,  and 
upper canopy 

9 samples (3 per branch 
system); one branch 
system i n  lower, middle,  
and upper canopy 

3 samples, foliage sur- 
f a c e  area of branch 
systems used f o r  t u l l g r e n  
and f i l t r a t i o n  vacuumed 

F i l t r a t i o n      Branchle ts  washed vig- 
orous ly  and t h e  wash 
f i l t e r e d  through a  
series of nes ted  s i e v e s  

6 samples,  3 l iving and 
3 dead branchlets  chosen  
from branch systems used 
f o r  t u l l g r e n  and vacuum 

Cumulative; sc reens   Q u a l i t a t i v e  informat ion on 
t h e  movement and phenology 
of f l y i n g  i n s e c t s  provides  
evidence f o r  in tercanopy 
movement by wingless  ar- 
thropods,  such a s  bal loon-  
i n g  by s p i d e r s  

l e f t  up 2 weeks 

Episodic;  taken   Q u a n t i t a t i v e  informat ion on 
every 2 weeks microarthropods i n h a b i t i n g  

epiphyte- lodged l i t t e r -  
perched s o i l  h a b i t a t  

Episodic ;  taken   Semi- quant i ta t ive  informa- 
every 2 weeks t i o n  ( s u r f a c e  area vacuumed 

is es t ima ted)  on a r th ropods  
found on t h e  need les  and 
twigs.  C o l l e c t s  r a p i d l y  
moving a r th ropods  n o t  col-  
l e c t e d  by o t h e r  techniques .  

Episodic ;  taken   Q u a n t i t a t i v e  informat ion on 
every 2 weeks slower moving organisms 

a s s o c i a t e d  w i t h  f o l i a g e  
and dead b r a n c h l e t  material 

T a b l e  3 c o n t i n u e d  on n e x t  p a g e  



Table 3.  Biweekly sampling techniques ,  Douglas- f ir  canopy arthropod survey (Sept .  1976 -  Sept .  1977)  

Number of samples Duration of 
Sampling technique Technique d e s c r i p t i o n  taken and l o c a t i o n  sampling per iod Information produced 

P i t f a l l  

Trunk s t i c k i e s  

B lack l igh t  

Emergence t r a p s  

Cookie c u t t e r  

P l a s t i c  con ta ine r s  hung 
i n  c a v i t i e s  on t runk,  
con ta in  .water-alcohol- 
ethylene- glycol  mixture 
t o  t r a p  ar thropods  

Screens  of same s i z e  as 
hung from halyards ,  he ld  
approximately 1 cm away 
from t runk 

A l a r g e  funnel  t r a p  run 
i n t o  canopy on halyard  

Tent-shaped t r a p s  set 
on f o r e s t  f l o o r  

Equal s i z e d  samples 
1 dm2 taken from a 
uniform h a b i t a t  

4 samples, loca ted  from 
lower t o  upper canopy 

4 samples, loca ted  nea r  
t h e  four  p i t f a l l s  

1 sample, trap run one 
n i g h t  every 2 weeks 

6 samples, t r a p s  l o c a t e d  
i n  v i c i n i t y  of tree w i t h  
ha lya rds  and s t i c k y  
sc reens  

4 samples, taken from 
l a r g e  moss b o l s t e r s  
i n  lower t o  middle 
canopy 

Cumulative; f l u i d  Q u a l i t a t i v e  informat ion on 
i n  con ta ine r s  movement of ar thropods  on 
changed every 2 the  t runk 
weeks 

Cumulative; sc reens  Q u a l i t a t i v e  informat ion on 
lef t  in  place 2   movement of ar thropods  on 
weeks t h e  t runk  and a l s o  l and ing  

on t runk of f l y i n g  i n s e c t s  

Episodic;  8-12 Q u a l i t a t i v e  informat ion on 

canopy. Funnels f i x e d  s o  
t h a t  only i n s e c t s  f l y i n g  
above i t ,  42 m, can see the 
l i g h t  

hours n igh t- f ly ing  i n s e c t s  i n  t h e  

Cumulative; t r a p s  Q u a l i t a t i v e  informat ion used 
l e f t  i n  p lace  2 as a means of determining 
weeks which i n s e c t s  c o l l e c t e d  i n  

the  canopy come from the  
s o i l  

Episodic;  once Quan t i a t ive  informat ion on 
every month microarthropods i n  a f a i r l y  

uniform h a b i t a t  
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D i s t r i b u t i o n  throughout t h e  canopy is  of t e n  
h igh ly  aggregated.  The major groups of 
a r th ropods  and t h e  techniques  used t o  col-  
lect  them are  l is ted in  Table  4.  

a s s o c i a t e d  w i t h  need les  and twigs were t h e  
d o m i n a n t  g r o u p  i n  t h e  c a n o p y .  M i t e s ,  i n  
par t icular  a new species  of  Camisia ,  Camisia  
c a r r o l l i i  Andre, w e r e  very  numerous on 
needles  and small  twigs.  Microscopic  obser-  
v a t i o n s  of both  f r a s s  and g u t  c o n t e n t s  re- 
vealed t h a t  these  organisms f e e d  a lmost  
exc lus ive ly  on e p i p h y t i c  m i c r o b i a l  ce l l s .  
Fungivorous psoc ids  and collembolans w e r e  
a l s o  p r e v a l e n t  i n  t h e  f o l i a g e .  Numerous 
s m a l l  i n v e r t e b r a t e s ,  inc lud ing  t a r d i g r a d e s ,  
r o t i f e r s ,  and testate amoebae w e r e  p r e s e n t  
o n  v a r i o u s  c a n o p y  s u r f a c e s .  W e  d i d  n o t  
s tudy  t h i s  t r u l y  microfaunal  community, b u t  
t h e s e  organisms presumably g r a z e  on popula- 
t i o n s  of e p i p h y t i c  b a c t e r i a .  

While w e  have no d a t a  on t h e  i n t e n s i t y  
wi th  which canopy microorganisms are grazed,  
i n d i r e c t  evidence sugges t s  t h a t  t h e  canopy 
microfauna may s i g n i f i c a n t l y  a f f e c t  s t a n d i n g  
crops  of microepiphytes  and thus  i n d i r e c t l y  
a f f e c t  p a t t e r n s  of n u t r i e n t  exchange w i t h i n  

In terms of abundance, microar thropods  

t h e  canopy. Berns te in  and C a r r o l l  (1977) 
and C a r r o l l  (1979) made v i s u a l  estimates of 
m i c r o b i a l  s t a n d i n g  crops  f o r  v a r i o u s  age- 
classes of need les  a t  s e v e r a l  h e i g h t s  i n  the  
c a n o p y ,  w h e r e  m i t e s  a r e  m o s t  a b u n d a n t  
(Voegt l in ,  unpub.) .  When microbial  s tanding 
c rops  are considered wi th  r ega rd  t o  need le  
age,  a s t r i k i n g  p a t t e r n  f r e q u e n t l y  emerges. 
P e r c e n t  cover and c e l l  volume p e r  need le  
r i s e  s t e ad i l y  f r om yea r  1  t h rough  yea r  3  
a n d  t h e n  d r o p  p r e c i p i t o u s l y  o n  y e a r  4  
need les .  The mic rob ia l  popu la t ions  then 
r e t u r n  t o  peak abundance a t  y e a r  8. More 
r e c e n t l y  t h e s e  p a t t e r n s  have been confirmed 
( C a r r o l l ,  unpub.) us ing  t h e  method of 
Swisher and C a r r o l l  (1980),  i n  which t h e  
h y d r o l y s i s  of f l u o r e s c e i n  d i a c e t a t e  and 
release of f l u o r e s c e i n  dye i s  used as an  
index of m i c r o b i a l  s t a n d i n g  crop.  
p l a u s i b l e  exp lana t ion  f o r  such p a t t e r n s  
invokes g raz ing  by f o l i a r  microar thropods ,  
which f e e d  s e l e c t i v e l y  on need les  4 t o  6 
y e a r s  o l d .  Andre and Voegt l in  ( i n  p r e s s )  
have noted t h a t  popu la t ions  of t h e  twig- 
dwel l ing  m i t e  C a m i s i a  c a r r o l l i i  are concen- 
t r a t e d  o n  t w i g s  4  t o  1 0  y e a r s  o l d .  T h u s ,  

A 

Tab le  4 .  
a r t h r o p o d s  c o l l e c t e d  b y  e a c h  m e t h o d  

Samp l ing  t e chn iques  u sed  dur ing  b iweek l y  samp l ing  and  ma jor  ca t egor i e s  o f  

Arthropods 
Techniques Commonly c o l l e c t e d  I n f r e q u e n t l y  c o l l e c t e d  

S t i c k y  s c r e e n s  Diptera ,  Neuroptera ,  Hymenoptera, T r i c h o p t e r a ,  P l e c o p t e r a ,  
Homoptera, Hemiptera, Coleoptera  Acar ina ,  Collembola, 

Thy s anop t era 

Tu l lg ren  and 
cookie  c u t t e r  

Vacuum 

F i l t r a t i o n  

P i t f a l l  

Acarina,  Collembola, Coleoptera  
larvae and a d u l t s  

Dip te ra  l a r v a e ,  Araneae, 
Pseudococcidae,  Hymenoptera 

Acarina,  Collembola, Thysanoptera,  Coleoptera ,  Psocoptera  
Dip te ra  larvae, Lepidoptera  larvae 
Homop tera 

Acarina,  Collembola, Thysanoptera,  Araneae, Hymenoptera 
Dip te ra  l a r v a e ,  Lepidoptera  larvae, 
Homop t era 

Collembola, Araneae, Phalangida ,  Acar ina ,  Hymenoptera, 
Coleoptera,  Dip te ra ,  Psocoptera  Lepidoptera  

Trunk s t i c k i e s  Araneae, Dip te ra ,  Phalangida ,  
Coleoptera ,  Psocoptera  

Acar ina ,  Collembola 

Black1 igh  t Lepidoptera  (moths),  Tr i chop te ra ,  Ephemeroptera, Homoptera 
P lecop te ra ,  Dip te ra ,  Coleoptera ,  
Hymenoptera, H e m i p t e r a  

Emerg en c e Dip te ra ,  Collembola Hymenoptera 
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the re  i s  precedent f o r  such p r e c i s e  p a r t i -  
t ioning of h a b i t a t s  among fol iage-  and twig- 
dwelling microarthropods. 

a r e l a t i v e  pauci ty  of d e f o l i a t o r s  and suck- 
ing  i n s e c t s .  Measurement of f r a s s - f a l l  
during per iods  of peak needle  consumption 
in  the summer suggests  that  less  than 1 per- 
cen t  of t h e  new f o l i a g e  is consumed by 
caterpillars each year .  Voegtlin (unpub.) 
considers t h i s  s t r i k i n g  aspec t  of old-growth 
canopy i n s e c t  communities t o  be a r e s u l t  of 
the  l a r g e  numbers of s p i d e r s ,  o t h e r  pre- 
da tors ,  and p a r a s i t o i d s  found i n  the  canopy. 
During t h e  win te r  months l a r g e  numbers of 
mycetophilid f l i e s  and a d u l t s  of a q u a t i c  
i n s e c t s  are trapped on s t i c k y  screens.  
Studies  wi th  emergence t r a p s  r e v e a l  t h a t  
these  i n s e c t s  o r i g i n a t e  i n  the  f o r e s t  f l o o r  
o r  streams, where they feed as la rvae .  
This inpu t  of a d u l t  i n s e c t s  from t h e  f o r e s t  
f l o o r  may provide a food source f o r  s p i d e r s  
and o ther  canopy predators  dur ing the  win te r  
and e a r l y  spr ing  and s e r v e  t o  maintain t h e i r  
populations a t  h igh l e v e l s  throughout t h e  
year .  Thus, herbivorous i n s e c t s  i n  these  
f o r e s t s  never experience a season i n  which 
t o  develop r e l a t i v e l y  f r e e  from preda t ion  

Census s t u d i e s  by Voegtlin have shown 

bacteria 
and 

0 , 

pressure  and, as  a consequence, t h e i r  popu- 
l a t i o n s  never b u i l d  t o  l e v e l s  which s i g n i f i -  
can t ly  a f f e c t  the  t r e e s .  

CONCLUSIONS 

Stud ies  i n  the  canopy of an old-growth 
coniferous f o r e s t  have revealed b i o l o g i c a l  
communities whose d i v e r s i t y  and t roph ic  
s t r u c t u r e  resemble those found i n  t h e  s o i l  
and streams. Primary producer,  decomposer, 
and consumer populat ions  a r e  a l l  prominent 
and appear t o  func t ion  i n  e lemental  cycl ing 
wi th in  t h e  canopy i n  a fashion p a r a l l e l  t o  
t h a t  i n  t h e  s o i l  a n d  a q u a t i c  s y s t e m s .  W e  
now have  ev idence  fo r  t he  ope ra t ion  o f  
mechanisms f o r  t h e  conservat ion of n u t r i e n t s  
wi th in  t h e  canopy. With regard t o  n i t rogen  
these  mechanisms involve t h e  f i x a t i o n  of 
atmospheric n i t r o g e n  by cyanophycophilous 
l i chens ,  t h e  l o s s  of o rgan ic  n i t rogen  from 
such l i chens  through leaching,  the  uptake 
of leached organics  from d i l u t e  canopy 
s o l u t i o n  by microorganisms and o t h e r  epi- 
phytes,  and t h e  consumption of a por t ion  of 
t h e  r e s u l t i n g  microb ia l  production by can- 
opy microarthropods. Thus, leached 
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organ ics  s e r v e  i n d i r e c t l y  as a base  f o r  many 
canopy food cha ins .  Conservation of n u t r i -  
e n t s  w i t h i n  t h e  canopy o p e r a t e s  c o n t i n u a l l y  
a g a i n s t  t h e  f o r c e  of g r a v i t y ;  i n  old-growth 
s t a n d s  canopy product ion must be  balanced 
u l t i m a t e l y  by a r e t u r n  of materials t o  the  
f o r e s t  f l o o r  ( s e e  Fig .  12) .  

Microorganisms and ep iphy tes  p lay  a 
key r o l e  i n  r e g u l a t i n g  f l u x e s  of n u t r i e n t s  
from t h e  bottom of t h e  tree. These pro- 
cesses are probably n o t  of u n i v e r s a l  
occurrence i n  f o r e s t  s t a n d s ,  and t h e r e f o r e  
i t  i s  of interest  to  consider  the cl imat ic  
and b i o l o g i c a l  f a c t o r s  which enhance develop- 
ment of t h e s e  canopy popu la t ions .  A p r i-  
mary requirement  f o r  any system i n  which 
l each ing  p lays  a r o l e  i s  t h e  i n p u t  of 
a tmospher ic  mois tu re  i n  t h e  form of r a i n  o r  
f o g .  L e a c h i n g  i s  a  s o l u t i o n  p r o c e s s . ,  I n  
a d d i t i o n ,  p o i k i l o h y d r i c  organisms such as 
l i c h e n s ,  mosses, and microepiphytes  r e q u i r e  
p e r i o d i c  a d d i t i o n s  of l i q u i d  w a t e r  i n  o r d e r  
t o  s u r v i v e .  A s  a  r e s u l t ,  t h e  p r o c e s s e s  
descr ibed above wil l  not  be of  much import- 
ance i n  d e s e r t  environments w i t h  low pre- 
c i p i t a t i o n  o r  i n  s u b a r c t i c  and s u b a l p i n e  
s t a n d s  where much of t h e  annual  p r e c i p i t a t i o n  
i s  rec ieved  as snow t h a t  f a l l s  from t h e  
canopy b e f o r e  me l t ing .  Beyond t h i s ,  condi- 
t i o n s  which l e a d  t o  t h e  a v a i l a b i l i t y  of 
f i x e d  carbon and n i t r o g e n  i n  t h e  canopy 
s o l u t i o n  w i l l  f o s t e r  growth of h e t e r o t r o p h i c  
microep iphy tes .  These  cond i t ions  inc lude  
t h e  p reva lence  of r e a d i l y  leached s u r f a c e s  
such as those  of o l d e r  evergreen l e a v e s  and 
cyanophycophilous l i c h e n s .  Evergreen 
f o l i a g e  p e r s i s t s  f o r  a number of y e a r s ,  
providing a d d i t i o n a l  s u r f a c e  area f o r  t h e  
bui ldup of p e r e n n i a l  co lon ies  of microepi-  
phytes .  Conversely,  deciduous canopies  i n  
which t h e  leaves are shed annua l ly  should  
show less evidence of n u t r i e n t  uptake and 
release by m i c r o b i a l  ce l ls .  Other s i t u a-  
t i o n s  where concen t ra t ions  of macroelements 
i n  t h e  canopy s o l u t i o n  may b e  h igh  involve:  
(1)  aphid infestat ions,  which are  widely 
r epor ted  t o  encourage the  growth of y e a s t s  
and sooty  molds on canopy s u r f a c e s  coa ted  
w i t h  honeydew ( F r a s e r ,  1937; Reynolds, 
1975) ; ( 2 )  ou tb reaks  of d e f o l i a t i n g  i n s e c t s  
(Kimmins, 1972; Ni l s son ,  1978; Schroeder ,  
1 9 7 8 ) ;  ( 3 )  f o l i a r  f e r t i l i z a t i o n ;  a n d  ( 4 )  
atmospheric p o l l u t i o n .  I n  t h i s  f i n a l  in-  
s t a n c e ,  t h e  e x t e n t  of n u t r i e n t  enrichment 
i n  p r e c i p i t a t i o n  from p o l l u t i o n  i s  a t t e s t e d  
t o  by t h e  enhanced growth of pigmented f u n g i  
on painted surfaces  in  cit ies  and by the  
n e c e s s i t y  f o r  adding mic rob ic ides  t o  p a i n t  
t o  prevent  such growth. 

canopies of mois t  evergreen f o r e s t s  i n  
temperate and t r o p i c a l  r eg ions  should prove 
t o  be  mic rob io log ica l ly  a c t i v e ,  whatever 
t h e  s p e c i f i c  i d e n t i t i e s  of t h e  trees and 

In  view of t h e  above c o n s i d e r a t i o n s ,  

t h e  canopy i n h a b i t a n t s ,  wherever they occur  
w i t h i n  t h a t  cl imatic zone. Indeed, micro- 
ep iphy tes  are abundant on t h e  l e a v e s  of 
broadleaved t ropical  evergreens (Odum et 
a l . ,  1 9 7 0 ;  R e y n o l d s ,  1 9 7 5 ) ,  a n d  s e v e r a l  
s t u d i e s  sugges t  t h a t  they f u n c t i o n  i n  up- 
t a k e  of canopy n u t r i e n t s  j u s t  as those  
s t u d i e d  i n  t h e  A n d r e w s  F o r e s t  d o  ( O d u m  e t  
a l . ,  1970; Witkamp, 1970) .  I f  t h e  canopy 
n i t r o g e n  model developed f o r  t h e  old-growth 
Douglas- fi r  trees i n  t h e  Andrews F o r e s t  
were t o  b e  t e s t e d  i n  f u n c t i o n a l l y  s i m i l a r  
f o r e s t s  e lsewhere ,  eve rg reen  broadleaved 
f o r e s t s  throughout t h e  t r o p i c s  and t h e  gym- 
nosperm f o r e s t s  of New Zealand and South 
America should provide appropriate  s tands.  
Closer  t o  home, t h e  model could  b e  t e s t e d  
by exper imen ta l  man ipu la t ion  of t h e  canopy 
n u t r i e n t  regime w i t h  f e r t i l i z a t i o n  o r  i n s e c t  
d e f o l i a t i o n  programs. Such an approach 
dese rves  s e r i o u s  c o n s i d e r a t i o n .  
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