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ABSTRACT 

dynam 

D e t r i t a l  m i c r o b i a l  community development and phosphorus 

c s  i n  a l o t i c  system were i n v e s t i g a t e d  i n  n o n - r e c i r c u l a t  ng 

l a b o r a t o r y  streams c o n t a i n i n g  l e a f  d e t r i t u s .  Temporal p a t t e r n s  

o f  m i c r o b i a l  c o l o n i z a t i o n ,  as determined by scanning e l e c t r o n  

microscopy,  i n d i c a t e  l e a f  spec ies dependency and t h a t  b a c t e r i a  were 

t h e  f i r s t  c o l o n i z e r s  f o l l o w e d  by f u n g i .  

l a y e r  developed. 

An e x t e n s i v e  g l y c o c a l y x  

Phosphorus i n c o r p o r a t i o n  r a t e s  o f  bo th  t h e  whole community 

and i n t r a c e l l u l a r  components were determined by t irne-course measure- 

ments o f  33P04 o r  32P04. 

t h e  maple community was 1.67 ng P h - 1  cm-2 and t h e  r a t e  f o r  i n t r a c e l l u l a r  

components ranged f rom 0.28 ng t o  0.74 ng P h -1  cm-2. The r a t e s  

f o r  t h e  oak m i c r o b i o t a  were 0.159 ng and 0.163 ng P h -1  cm-2 and 

t h a t  f o r  i n t r a c e l l u l a r  components ranged f rom 0.020 ng t o  0.073 

ng P h - l  cm-2 and 0.022 ng t o  0.069 ng P h -1  

and grazed m i c r o b i o t a ,  r e s p e c t i v e l y .  

The phosphorus i n c o r p o r a t i o n  r a t e  f o r  

f o r  t h e  ungrazed 

Phosphorus t u r n o v e r  r a t e s  were determined by a s e q u e n t i a l  

doub le - labe l  i n g  procedure u s i n g  33PO4 and 32PO4, i n  which t h e  m i c r o b i o t a  

were l a b e l e d  w i t h  33P u n t i l  i n  i s o t o p i c  e q u i l i b r i u m ,  then 3*P was 

added. 

o f  t he  r a t i o  32P t o  33P. 

was 0.319% h-1  and ranged f rom 0.3793 h-1  t o  0.577% h-1  f o r  t h e  

i n t r a c e l l u l a r  components. The t u r n o v e r  r a t e s  for  t h e  ungrazed and 

The t u r n o v e r  r a t e  was determined by t ime-course measurements 

The t u r n o v e r  r a t e  f o r  t h e  maple community 

x v  



grazed oak microbiota were Q,126% h - 1  and 0.131% h - 1 ,  r e s p e c t i v e l y ,  

and ranged between 0.096% h-]- t o  0.194% h-]-  and 0.111% h - 1  t o  0.245% 

h-1  r e s p e c t i v e l y  f o r  the i n t r a c e l l u l a r  components, 

Snail  grazing r e s u l t e d  i n  an increase  i n  phosphorus metabolism 

per u n i t  microbial  biomass; however, per u n i t  a r ea  o f  l e a f  s u r f a c e  

no increase  was observed. Grazing a l s o  caused a two-fold reduct ion 

i n m i  c ro  b i a 1 b i oma s s . 
The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  microbiota 

a s s o c i a t e d  w i t h  decomposing leaves slowly recyc le  phasphorus, a r e  

slowly growing, and have a low metabolic a c t i v i t y .  The s p i r a l i n g  

length i s  shortened by m i c r o b i o t a  on a short- term b a s i s ;  however, 

i t  may increase  on a long-term b a s i s  d u e  t o  hydrological t r a n s p o r t  

of d e t r i t u s  downstream. 

x v i  



I. LITERATURE REVIEW 

The i n t e r r e l a t i o n s h i p  between t h e  carbon and phosphorus c y c l e s  

makes i t  necessary t o  have an unders tand ing  o f  each b e f o r e  a complete 

comprehension of s t ream ecosystems can be achieved. 

c y c l e s ,  carbon dynamics i s  b e s t  understood, however t h e  importance 

o f  phosphorus can n o t  be over looked.  

O f  t h e  two 

Small woodland s t ream ecosystems i n  temperate zones, p a r t i c u l a r l y  

headwater streams, a r e  h e t e r o t r o p h i c  (Ne1 son and S c o t t  1962; M i n s h a l l  , 
1967; F i s h e r  and L ikens ,  1972; Hynes, 1963; Petersen and Cumrnins, 

1974; Cummins, 1974). The h e t e r o t r o p h i c  n a t u r e  o f  stream systems 

i s  due i n  p a r t  t o  t h e  h i g h  r a t i o  o f  l a n d  t o  water  s u r f a c e  and t h e  

i n p u t  o f  a l l och thonous  o r g a n i c  m a t t e r  and e lementa l  n u t r i e n t s  f rom 

t h e  su r round ing  watershed. The i n p u t  o f  n u t r i e n t s  i n t o  streams 

i s  con t inuous ;  however, two pu lses  o f  n u t r i e n t s  can occu r  d u r i n g  

t h e  yea r .  One p u l s e  occurs  i n  t h e  autumn which i s  t h e  p e r i o d  o f  

maximum l e a f  f a l l ,  and t h e  o t h e r  occurs ,  i n  n o r t h e r n  l a t i t u d e s ,  

d u r i n g  the  s p r i n g  due t o  r u n o f f  f rom m e l t i n g  snow. 

Small streams a r e  c h a r a c t e r i z e d  by r h i t h r o n  reaches i n  which 

t h e  stream bot tom i s  r o c k y  o r  s toney  w i t h  g r a v e l  and sand, t h e  water  

f l o w  i s  t u r b u l e n t ,  and the  f l o w  volume i s  smal l  w i t h  h i g h  d i s s o l v e d  

oxygen l e v e l s  and low water  temperature ( <20°C) (Hynes, 1963; Hawkes , 

1975). The p r i m a r y  consumers i n  t h e  r h i t h r o n  a r e  b e n t h i c  i n v e r t e b r a t e s  

o f  which t h e  g r e a t  m a j o r i t y  i n  woodland streams a r e  d e t r i t i v o r e s .  

Hynes (1961) has r e p o r t e d  t h e  a c t i v i t y  c f  b o t h  he rb i vo rous  and 

1 
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carnivorous i n v e r t e b r a t e s  was highest  i n  the wiriter wh 

the importance of the  seasonal pulse  of organic  mattcel- 

ch suggests  

Decomposition .... . . . .. .. . of Leaf L i t t e r  .. ... ... .- 

Upon en te r ing  a s t ream, l e a f  l i t t e r  i s  converted t o  l i v i n g  

biomass, d i sso lved  organic  mat te r  and C02. The i n i t i a l  event o f  

t h i s  conversion i s  the leaching ,  which occurs  r ap id ly ,  of so lub le  

nutrients,  both organic  and inorganic  (Meyer, 1980; Petersen and 

C u m m i n s ,  1974; Kaushik and I-lynes, 1971) .  Cowen and Lee (197.3) s tud ied  

leaching o f  so luble  phosphorus from oak and poplar  leaves .  

found t h a t  82% and 86% o f  the phosphorus l eacha te  o f  poplar and 

oak  l eaves ,  r e spec t ive ly ,  was so luble  r e a c l i v e  phosphorus. The 

leaves  y ie lded  54 Hg t o  276 pg P 9-1 o f  l e a f .  Oak leaves which  

were c u t  i n t o  sinal1 pieces  leached approximately th ree - fo ld  more 

phosphorus than i n t a c t  l eaves .  Total so lub le  phosphorus from leaves  

i n  the l i t t o r a l  a r ea  o f  Lake Mendota were about t h ree - fo ld  lower 

than leaves  c o l l e c t e d  on shore.  These datd i n d i c a t e  leaves  a r e  

a source of phosphorus f o r  aqua t i c  ecosystems. 

(1974) found a mean weight loss  f o r  a 24 h per iod ,  d u e  t o  leaching ,  

o f  15% f o r  a l l  of t he  l ea f  spec ies  examined. Triska e t  a l .  (1975) 

observed low concent ra t ions  o f  phosphorus i n  decomposing l ea f  l i t t e r ,  

r e l a t i v e  t o  l i t t e r  p r i o r  t o  placement in lhe stream. The major 

loss of phosphorus, due t o  l eaching ,  occurred within a few days.  

Following the i n i t i a l  leaching per iod ,  t he  phosphorus concent ra t ion  

s t a b i l i z e d  and increased s l i g h t l y  w i t h  time in the stream. 

During and fol lowing the leaching per iod ,  microbial  coloniza-  

t i o n  and growth, r e fe r r ed  t o  a s  condi t ion ing ,  occurs  on l e a f  l i t t e r .  

They 

Petersen and C u m m i n s  
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Microbial a c t i v i t y  on the l i t t e r  i n c r e a s e s  w i t h  time u p  t o  a maximum 

and then d e c l i n e s  (Boling e t  a l . ,  1975). Fungi, a t  l e a s t  i n i t i a l l y ,  

seem t o  be more important than b a c t e r i a  i n  l e a f  decomposition (Kaushik 

and Hynes, 1968, 1971; Suberkropp and Klug, 1974). 

Aquatic hyphomycetes a r e  the dominant members a f  the fungal 

populat ion assoc ia ted  w i t h  l e a f  l i t t e r  i n  streams (Suberkropp and 

Klug, 1976). 

l a t e  underwater, whereas most t e r r e s t r i a l  fungi do not  (Bdrlocher 

and Kendri ck, 1974).  

This dominance i s  p a r t l y  due  t o  their  a b i l i t y  t o  sporu- 

Bacter ia  rep lace  the fungi during l a t e r  s t a g e s  of condi t ion ing  

(Suberkropp and Klug, 1976a; Paul e t  a l . ,  1977). Microbial co loniza t ion  

occurs r a p i d l y  on veins and on a r e a s  near  the s tomates .  T h i s  p a t t e r n  

of  co loniza t ion  was suggested t o  be due t o  leaching o f  disso lved  

organic  mat ter  from these a r e a s  a s  a r e s u l t  o f  i n s e c t  damage while 

the leaves were s t i l l  on the tree (Paul e t  a l , ,  1977). 

During l a t e  s t a g e s  of  c o l o n i z a t i o n ,  fungal a c t i v i t y  i s  assoc i -  

a t e d  w i t h  the i n t e r i o r  por t ion  of  the l e a f  while b a c t e r i a l  a c t i v i t y  

i s  assoc ia ted  w i t h  the  l e a f  sur face  (Suberkropp and Klug, 1974). 

An increase  i n  o rganic  debris  on the l e a f  s u r f a c e  i s  a l s o  assoc ia t2d  

w i t h  l e a f  condi t ion ing  (Paul e t  a l . ,  1977),  w h i c h  i s  probably due 

t o  both b i o t i c  production ( P a e r l ,  1974) and ex te rna l  accumulation. 

Aquatic hyphomycetes have the necessary enzymes f o r  c e l l u l o s e  

degradat ion and some can a l s o  break down hemicel lulose (Suberkropp 

and Klug, 1980). In pure c u l t u r e  studies, these fungi cause the 

sof ten ing  of l e a f  tissue and the l o s s  o f  parenchyma t issue from 
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leaves suggest ing t h a t  maceration o f  leaves by fung-i may be an import- 

a n t  component i n  d e t r i t a l  processing (Suberkropp and Klug, 1980). 

I t  i s  important t o  note t h a t  t hese  s t u d i e s  were b a c t e r i a l - f r e e ,  

thus any i n t e r a c t i o n  between the e x t r a c e l l u l a r  polysaccharide produced 

by b a c t e r i a  and the l e a f  t issue was n o t  occurr ing.  

Bac te r i a l  exopolysaccharides may a c t  a s  a cementing agen t ,  

s lowing  dswxi the loss o f  ? e a f  tissue d u e  t o  maceration, thus reducing 

the r a t e  o f  f ine p a r t i c u l a t e  organic  mat te r  (FPOM) production. 

Bacter ia  a t tached t o  sur faces  in  streams have been s tudied  by Geesey 

e t  a l .  (1977, 1978). Bac te r i a l  populat ions assoc ia ted  wl’th t he  

sl ime l a y e r  on submerged sur faces  were predominantly Gram negat ive 

b a c t e r i a .  

Klug  (1976) f o r  b a c t e r i a  on l eaves .  

colony formation by preventing c e l l  d i s p e r s a l  a s  well a s  a c t i n g  

a s  an anchor holding the b a c t e r i a  f i r m l y  t o  the sur face  preventing 

the b a c t e r i a  from being washed down stream. The polysaccharide 

s l ime may a l s o  behave i n  an ion exchange c a p a c i t y  removing nutrients 

from so lu t ion  (Lock e t  d l . ,  1984; Lange, 1976). 

S imi la r  r e s u l t s  were a l s o  reported by Suberkropp and 

The slime l a y e r  a i d s  in  micro- 

The entrapment o f  b a c t e r i a  by the slime l a y e r  may have a 

Slime degradat ive r o l e  w i t h  respec t  t o  the s i t e  o f  attachment.  

mater ia l  a i d s  i n  the attachment o f  Ruminococcus t o  c e l l u l o s e  

( P a t t e r s o n  e t  a1 . , 1975) and rnyxobacteria t o  cyanobacteria ( S h i l o ,  

1970). T h u s ,  the polysaccharide sl imes seem t o  play several  r o l e s :  

1) anchor b a c t e r i a  t o  s u r f a c e s ,  2 )  a l low surface-associated enzymes 

t o  come i n t o  c l o s e  proximity t o  t h e i r  inso luble  s u b s t r a t e s  ( S h i l o ,  
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1970; Berg, 1975), and 3 )  f o rm an i o n  exchange t o  concen t ra te  n u t r i -  

en ts .  

The chemical compos i t i on  o f  l e a f  l i t t e r  changes d u r i n g  p ro -  

cess ing  i n  streams. Kaushik and Hynes (1968, 1971) observed an 

i nc rease  i n  p r o t e i n  c o n t e n t  o f  decaying l eaves  and specu la ted  t h a t  

t h e  i nc rease  was due t o  funga l  biomass. 

i nc reases  i n  n i t r o g e n  c o n t e n t  o f  decaying l i t t e r  i s  due t o  p r o t e i n .  

Odum e t  a l .  (1979) , however, suggest t h a t  a p o r t i o n  o f  t h e  n i t r o g e n  

inc rease  may be due t o  c h i t i n ,  a c e l l  w a l l  component o f  f u n g i .  

Suberkropp and Klug (1976b) observed a r a p i d  l o s s  o f  r e d u c i n g  sugars 

and polyphenols  w i t h i n  2 weeks, f o l l o w e d  by l o s s  o f  l i p i d s ,  c e l l u l o s e  

and hemice l l u lose .  

component o f  leaves.  

i n t e r a c t  w i t h  n i t r o g e n - c o n t a i n i n g  compounds i n  leaves t o  fo rm r e c a l -  

c i t r a n t  complexes. T r i s k a  e t  a l .  (1975) observed inc reases  i n  t h e  

n i t r o g e n  and phosphorus c o n t e n t  o f  l eaves  undergoing decomposi t ion.  

Elwood e t  a l .  (1981) observed t h a t  d u r i n g  phosphorus enr ichment  

o f  a stream, t h e  n i t r o g e n  c o n t e n t  o f  decomposing l e a f  l i t t e r  i nc reased  

s i g n i f i c a n t l y  more i n  t h e  P-enr iched s e c t i o n  than i n  t h e  c o n t r o l ,  

t hus  l i n k i n g  n i t r o g e n  accumulat ion and phosphorus c y c l i n g .  

It has been assumed t h a t  

L i g n i n  was found t o  be t h e  most r e c a l c i t r a n t  

They a l s o  p o s t u l a t e d  t h a t  p l a n t  p h e n o l i c s  

The i n p u t  o f  l e a f  l i t t e r  i n t o  streams n o t  o n l y  a f f e c t s  t h e  

b i o t i c  components o f  stream systems, b u t  a l s o  a b i o t i c  f a c t o r s .  

S lack and F e l t z  (1968) observed decreases i n  d i s s o l v e d  oxygen and 

pH, and increases i n  water  c o l o r ,  c o n d u c t i v i t y ,  i r o n ,  b i ca rbona te ,  

and manganese l e v e l s  as t h e  amount o f  l i t t e r  i n  t h e  stream increased.  
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The r a t e  of leaf  decomposition i s  spec ies  s p e c i f i c  (Kaushik 

and Hynes, 1971; Suberkropp and Klug, 1976; Petersen a n d  Cummins, 

1 9 7 4 ) .  The d i f f e r e n t i a l  r a t e  of decoiiiposition i s  a t t r i b u t e d  t o  

d i f f e rences  in the r a t e  o f  microbial co loniza t ion  o f  l ea f  types.  

I t  should a l s o  be noted t h a t  n o t  a l l  p a r t s  of the l ea f  a r e  decomposed 

a t  the same r a t e .  P e t i o l e s ,  midribs ,  and major veins p e r s i s t  much 

longer than the c e l l u l o s i c  l e a f y  t i s s u e  o f  leaves. in s t reams.  

Leaf d e t r i t u s  i n  streams i s  unevenly d i s t r i b u t e d .  Clumps 

or aggregates  o f  leaves accumulate a t  deb r i s  dams. 

o f  l ea f  clumps depends upon the cu r ren t  pa t t e rns  and the physical 

s t r u c t u r e  o f  the  stream bed. The stream bed s t r u c t u r e  a l s o  a f f e c t s  

the r a t e  a t  which leaves a r e  decomposed (Reice ,  1974; Meyer, 1980).  

Leaf decomposition i s  slower in stream h a b i t a t s  w i t h  high sediment 

deposi ti  on t h a n  in h a b i t a t s  with 1 ow sediment deposi t i  on. Meyer 

(1980) a l s o  observed the slowest decomposition r a t e s  occurred a t  

d e b r i s  dams i n  comparison t o  pools  and r i f f l e  h a b i t a t s ,  shallow 

areas  where water flow i s  swi f t  and broken i n t o  waves by submerged 

'The d i s t r i b u t i o n  

obs t ruc t ions .  

Other f a c t o r s  a l s o  inf luence leaf  processing such as  the 

s i z e  of the l ea f  clump which a f f e c t s  water moveliient and o x y g e ~  ava i l a -  

b i l i t y  within the l ea f  clump. Leaf clumps a re  corit riuously forming 

and  r e d i s t r i b u t i n g ,  thus the s t a b i l i t y  of the clump w i l l  a f f e c t  

the r a t e  of leaf  processing.  

abrasion and fragmentation of leaf  d e t r i t u s  (Meyer, 1980) ,  a n d  i n -  

c reas ing  microbial  a c t i v i t y  (Whitford and Schumacher, 1961, 1964; 

Water flow i s  important ,  causing physical 
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Schumacher and Whi t ford ,  1965). Water temperature i s  an important 

f a c t o r  cont ro l  1 i n g  the processing r a t e  (Kaushi k and Hynes , 1971).  

I t  i s  i n t e r e s t i n g  t h a t  the temperature a t  which maximal l e a f  processing 

occurs  does n o t  co inc ide  with the maximum stream temperature .  

s i z e  of the d e t r i t a l  p a r t i c l e  i s  a l s o  important .  Hargrave (1972) 

demonstrated an inc rease  i n  mass-specif ic  microbial  a c t i v i t y  w i t h  

a decrease in d e t r i t a l  p a r t i c l e  s i z e .  

Microorganisms a s soc ia t ed  w i t h  l e a f  d e t r i t u s  a r e  not only 

The 

important i n  a decomposer r o l e ,  b u t  a r e  a l s o  important a s  food sources  

t o  higher organisms i n  the  s t reams.  Many stream i n v e r t e b r a t e s  ( d e t r i -  

t i v o r e s )  have a preference  f o r  detr i tus  which has been colonized 

by microorganisms (Kaushik and Hynes, 1971; Petersen and C u m m i n s ,  

1977; Bxrlocher and Kendrick, 1973). Rodina (1963) cons iders  the 

accumulated b a c t e r i a  a s  components of detritus. Microbial biomass 

may, t h e r e f o r e ,  be an important r e g u l a t o r  o f  stream p roduc t iv i ty .  

The microorganisms in  woodland temperate s t reams may be envisaged 

a s  the "primary" producer,  i n  which detr i tus  i s  the primary energy 

source f o r  microorganisms ( f u n g i  and b a c t e r i a )  and the microorganisms 

a r e  the energy source f o r  the animals.  

Phorphorus Dynamics 

Phosphorus dynamics i n  stream ecosystems, a s  i n  a l l  ecosystems, 

c o n s i s t s  o f  both b i o t i c  and ab 

a r e  independent of t he  o t h e r .  

an oxida t ion  number o f  V and a 

e x i s t s  a s  orthophosphate i n  a1 

o t i c  components, n e i t h e r  of which 

Phosphate i s  f u l l y  oxidized w i t h  

coord ina t ion  number of 4 .  Phosphate 

known minerals  w i t h  t he  i o n i c  form 
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o f  P043-. 

i n g  and d i s s o l u t i o n  o f  phosphate m i n e r a l s ,  b-s ’o logicai  i n p u t s ,  and 

atmospher ic  i n p u t s  (Peters ,  1977). Organic phosphates and condensed 

i n o r g a n i c  phosphates found i n  waters  a r e  p roduc ts  o f  b i o l o g i c a l  

growth.  The predominant d i s s o l v e d  or thophosphate species between 

pH 5 and pH 9 a r e  H2P0g1- and HP042- (Stumm and Morgan, 1970). 

Table 1 shows some d i s s o l v e d  phosphorus forms and Table 2 shows 

s o l i d  phosphorus forms o f  impor tance i n  n a t u r a l  waters .  

The d i s s o l v e d  phosphate i n  n a t u r a l  water  comes f rom weathcr-  

The r o l e  o f  sediments i n  phosphorus dynamics w i l l  be dependent 

on t h e  c o n c e n t r a t i o n  o f  phosphate, pH, complexing meta ls  (Fe,  A l ,  

Ca) , and o t h e r  1 i gands (carbonates o r g a n i c  m a t t e r )  (Stumm and Morgan, 

1970). The coniplexing o f  phosphates and meta l  i o n s  can a f f e c t  ttw 

d i s t r i b u t i o n  o f  phosphate, t h e  metal  i o n ,  o r  b o t h  (Wetzel ,  1975). 

,Jackson and S c h i n d l e r  (1975) u s i n g  32P as a t r a c e r ,  found phosphorus 

was a s s o c i a t e d  w i t h  i r o n  and aluminum, t h e  h i g h e s t  r a d i o a c t i v i t y  

was assoc ia ted  w i t h  t h e  f r a c t i o n  h i g h e s t  i n  humic m a t t e r .  Thus, 

t h e y  concluded t h a t  phosphorus was bound t o  Fe and A 1  complexes 

o f  humic m a t t e r .  They a l s o  noted t h a t  on a p e r  Nmole o f  Fe and 

A I ,  more 32P was bound i n  t h e  f u l v i c  a c i d  f r a c t i o n  than i n  the  humic 

a c i d  f r a c t i o n .  Francko and Heath (1979, 1982) observed t h a t  SOX 

t o  30% of the  d i s s o l v e d  phosphorus f r a c t i o n  i n  bog water  was assoc ia ted  

w i t h  a h i g h  m o l e c u l a r  we igh t  f r a c t i o n  which was u n r e a c t i v e  w i t h  

a c i d  molybdate reagents o r  a l k a l i n e  phosphatase, and co-chromatographed 

w i t h  d i s s o l v e d  h i g h  molecu la r  we igh t  humic m a t t e r .  

phosphorus, however, was re leased f rom phosphate- i ron complexes 

So lub le  r e a c t i v e  



Table 1. D isso lved phosphorus forms o f  p o s s i b l e  s i g n i f i c a n c e  i n  n a t u r a l  waters .  

Form Representa t ive  Compounds o r  Species 

Orthophosphate HzPO4-, HP042- P043-, FeHPOq', CaH2P04+ 

Ino rgan ic  condensed phosphates 

pyrophosphate 

t r i  p o l y p  hos p ha t e  

t r i metap hospha t e  

Organic orthophosphates W 

sugar phosphates Glucose-l-phosphate, Adenosine monophosphate 

i n o s i  t o 1  phosphates I n o s i t o l  monophosphate, I n o s i t o l  hexaphosphate 

phospho l i p ids  Glycerophosphate, Phosphat id ic  ac ids ,  
Phospha t idy l cho l i ne  

phosphoamides Phosphocreat ine,  Phosphoarginine 

p h o s p h o p r o t e i n s 

Organic condensed phosphates Adenos ine -5 ' - t r i phuspha te ,  Coenzyme A 

Taken f rom Stumm and Morgan, 1970. 
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Table 2. Solid phase forms of phosphorus o f  possible significance 
in natural water systems. 

Form Rep re se n ta ti ve Compounds /Su bs tances 

Soil and Rock Mineral Phases 

hydroxylapatite 

brushite 

varisci te, strengi te Alp04 2H20, FePQ4 2H20 

Mixed Phases, S o l i d  Solutions, 
Sorbed Species, etc. 

clay-phosphate [ s i  205AL2(0H)4 (PO4)I 

metal hydroxide-phosphate [Fe ( O H  ) x (  PO41 1-x/3I 

[A1 (OH )x( PO4 )1-~/31 

clay-organophosphate [Si205A12(OH)4 ROP] 
clay-pesticide, etc. 

[ Fe ( OH ) 3 i nos i to 1 hexap hospha te] metal hydroxide-inositol 
phosphate 

Suspended o r  Insoluble Organic 
Phosphor us 

bacterial cell material Inositol hexaphosphate or phytin, 

plankton material phospholipid, phosphoprotein, 

plant debris nucleic acids, polysaccharide 

proteins phosphate 

Taken f rom Stumm and Morgan, 1970. 
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upon exposure t o  low l eve l  u l t r a v i o l e t  l i g h t  due t o  the photoreduction 

of i ron. 

McCal1 i s t e r  and Logan (1978) a t t r i b u t e d  phosphorus adsorpt ion 

c a p a c i t y  o f  a river sediment t o  the high conten t  o f  amorphous i ron  

and aluminum components. 

have a h i g h  phosphorus adsorpt ion c a p a c i t y ,  the capac i ty  was not 

s a t u r a t e d .  The adsorpt ion o f  phosphorus by sediments has been impli-  

ca ted  a s  an important mechanism f o r  phosphorus r e t e n t i o n  and control  

of  s o l u b l e  phosphate concen t r a t i a n  (Meyer , 1979; H i  11, 1982).  Green 

e t  a l .  (1978) observed t h a t  the t o t a  phosphorus i n  suspended sedi-  

ments was g r e a t e r  than i n  the bottom sediments. 

They pointed o u t  t h a t  even though sediments 

Phosphorus dynamics i n  lakes  s b e t t e r  understood than i n  

s t reams,  Lean (1973a,b) , using r a d j o a c t i v e  phosphate i n  conjunct ion 

w i t h  gel chromatography, examined the b i o l o g i c a l l y  important forms 

of  phosphorus i n  lake water .  He observed rapid establ ishment  of  

a s t e a d y - s t a t e  between r a d i o a c t i v e  phosphate and fou r  components 

o f  phosphorus i n  the lake water:  a p a r t i c u l a t e  f r a c t i o n  (>0.45 

pm) which contained the major i ty  of  the phosphorus, a low molecular 

weight organic  phosphorus , c o l l o i d a l  phosphorus (>5xlQ6 M W )  , and 

s o l u b l e  inorganic  phosphate. He demonstrated t h a t  the small molecular 

w e i g h t  organic  phosphate and c o l l o i d a l  phosphate a r e  produced only 

i n  the presence o f  b a c t e r i a ,  a l g a e ,  and o t h e r  p a r t i c u l a t e  ma t t e r .  

Both small molecular weight compounds and c o l l o i d a l  phosphate were 

found t o  be negat ive ly  charged a s  determined by anion exchange. 

Jackson and Schindler  (1975)  confirmed Lean's conclusion t h a t  the 
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f o r m a t i o n  of c o l l o i d a l  phosphate i s  due t o  microorganisms. They 

found t h a t  w i t h i n  14 hours of  adding 32P04, a l l  o f  t h e  d i s s o l v e d  

3*P was i n  c o l l o i d a l  fo rm (>5000 MW). 

Lean and Nalewajka (1976) examined t h e  f l u x  o f  phosphate 

u s i n g  axenic  a l g a l  c u l t u r e s .  

between the c e l l s  and t h e  medium. A l l  o f  t h e  a l g a l  spec ies examined 

produced c o l l o i d a l  phosphorus i n  t h e  medium. The e x c r e t i o t i  o f  d i s -  

so lved o r g a n i c  phosphorus occur red  when t h e  phosphate was n e a r l y  

d e p l e t e d  f rom t h e  medium. Fuhs and C a n e l l i  (1970) s t u d i e d  d ia toms 

w i t h  the  use o f  33P mic roautorad iography  and observed h o t  spo ts  

a s s o c i a t e d  w i t h  an unknown e x t r a c e l l u l a r  component; no c e l l  s were 

a s s o c i a t e d  w i th  t h i s  m a t e r i a l .  

c o l l o i d a l  m a t t e r .  Paer l  and Lean (1976) exatnined t h e  movement o f  

phosphorus between a lgae,  b a c t e r i a ,  and a b i o t i c  p a r t i c l e s  i n  l a k e  

water  b y  mic roautorad iography .  

i n i t i a l l y ,  much more dense ly  l a b e l e d  than t h e  a lgae;  however, s i n c e  

t h e  a l g a l  biomass was much g r e a t e r  than t h a t  o f  t h e  b a c t e r i a ,  t h e  

a l g a l  uptake o f  phosphorus was t h e  more i m p o r t a n t  pa th .  

l a t i o n  o f  33P i n  d e t r i t u s  and t h e  e x t r a c e l l u l a r  po lysacchar ide  sur -  

round ing  Anabaena was a l s o  demonstrated. 

o f  t h e  s i t e s  o f  accumulat ion,  t h e y  observed m a t e r i a l  o f  c o l l o i d a l  

n a t u r e .  They specu la ted  t h a t  e x t r a c e l l u l a r  s l i m e  o f  microorganisms 

may be an i m p o r t a n t  s to rage s i t e  o f  phosphorus f o r  microorganisms 

which can n o t  produce polyphosphates.  

They found t h a t  t h e  major  f l u x  was 

The m a t e r i a l  may be s i m i l a r  t o  Lean 's  

They showed t h a t  b a c t e r i a  were, 

The accumu- 

Upon f u r t h e r  examinat ion  

Downes and P a e r l  ( 1978) separated two d i s s o l v e d  r e a c t i v e  

phosphorus f r a c t i o n s  i n  l a k e  water ;  a r e a c t i v e  h i g h  molecu la r  we igh t  
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phosphorus f r a c t i o n  (RHMW-P, >5000 MW) wh ich  p r o b a b l y  c o n t r i b u t e s  

t o  t h e  o v e r e s t i m a t i o n  o f  or thophosphate,  and a smal l  m o l e c u l a r  we igh t  

phosphorus f r a c t i o n  cor respond ing  t o  or thophosphate.  The b i o l o g i c a l  

a v a i l a b i l i t y  o f  these phosphorus p o o l s  was determined u s i n g  phosphorus 

s t a r v e d  C h l o r e l l a .  The r e s u l t s  i n d i c a t e d  f r e e  or thophosphate i s  

p r e f e r r e d ;  however, t h e  RHMW-P f r a c t i o n  can be u t i l i z e d  upon l o n g e r  

i n c u b a t i o n s  (96 h )  ( P a e r l  and Downes, 1978). The RHMW-P f r a c t i o n ,  

t h e r e f o r e ,  i s  l e s s  a v a i l a b l e  on a s h o r t - t e r m  bas is ,  b u t  97% was 

u t i l i z e d  b y  96 hours.  T h i s  suggests t h a t  once t h e  or thophosphate 

pool  i s  dep le ted ,  o t h e r  phosphorus pools ( o r g a n i c  phosphate) w i l l  

be u t i l i z e d .  

chromatography techn ique o f  Downes and P a e r l  examined t h e  d i s t r i b u -  

t i o n  and b i o l o g i c a  a v a i l a b i l i t y  o f  RHMW-P i n  n a t u r a l  waters .  They 

found t h a t  e u t r o p h  c l a k e s  and streams ( p a s t o r a l  a g r i c u l t u r a l  c a t c h -  

ments) con ta ined d s s o l v e d  r e a c t i v e  phosphorus which corresponded 

t o  or thophosphate and RHMW-P. 

t o  100% o f  t h e  d i s s o l v e d  r e a c t i v e  phosphorus i n  some l a k e s  i n  t h e  

summer. They a l s o  observed t h a t  40% t o  50% o f  t h e  RHMIW-P was u t i l i z e d  

i n  c o n t r a s t  t o  P a e r l  and Downes (1978) who found t h a t  97% was u t i l i z e d .  

White and Payne (1980) u s i n g  a m o d i f i c a t i o n  o f  t h e  

Orthophosphate accounted f o r  63% 

Minear (1972) c h a r a c t e r i z e d  n a t u r a l l y  o c c u r r i n g  d i s s o l v e d  

o r g a n i c  phosphate compounds. 

phorus i n  a l g a l  c u l t u r e  media was a h i g h  m o l e c u l a r  we igh t  f r a c t i o n  

(>50,000 MW) and t h a t  as much as 50% o f  t h i s  h i g h  molecu la r  we igh t  

f r a c t i o n  was DNA ( p r o b a b l y  l a r g e  o l i g o n u c l e o t i d e s ) .  

due t o  c e l l  death is  accumulated i n  s o l u t i o n  r a t h e r  than  b e i n g  

He found t h a t  20% o f  t h e  o r g a n i c  phos- 

DNA r e l e a s e d  
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hydrolyzed, Lorenm e t  a l .  (1981) f o u n d  t h a t  DNA-sediment i n t e r a c -  

t i o n s  pro tec ted  the DNA from nuclease a c t i v i t y .  They a l s o  descr ibed 

a procedure f o r  determining DNA conten t  i n  marine sediments.  Holm- 

Hansen (1968) showed t h a t  D N A ,  i n  s u b s t a n t i a l  amounts, was bound 

t o  d e t r i t u s .  

An i n t e r e s t i n g  approach used i n  the  c h a r a c t e r i z a t i o n  o f  phos- 

phorus has been performed by Newman and l a t e  (1980).  

nuc lear  magnetic resonance, they found t h a t  i n  s o i l s  inorganic  or tho-  

phosphate and orthophosphate monoesters a r e  the predominant forms 

o f  phosphorus. I t  wou ld  be va luable  t o  use such an approach i n  

a q u a t i c  systems t o  c h a r a c t e r i z e  phosphorus. 

Using 31P- 

Phosphorus turnover  times i n  l ake  water can range from seconds 

t o  hours (White e t  a l . ,  1981; Paerl  and Lean, 1976; R ig le r ,  1956; 

Porneroy, 1960).  Phosphate turnover  t imes f o r  a lga l  c u l t u r e s  varying 

from about 3 minutes t o  11,000 minutes,  depending upon growth s t age  

o f  the c u l t u r e ,  and algal-phosphorus turnover  t imes ranging from 

115 minutes t o  about 10,000 minutes have been reported by Lean and 

Nalewajko (1976) .  Paerl  and Downes (1978) found turnover  times 

f o r  P i n  water were v a r i a b l e ,  d e p e n d i n g  upon the s i z e  of phosphate 

(PO4) and RHMW-P pools .  

t o t a l  r e a c t i v e  phosphorus was PO4) had no d e t e c t a b l e  turnover  within 

4 hours ; however, when the ma j o r i  t y  of r e a c t i v e  phosphorus was RHMW-P,  

r e l a t i v e l y  s h o r t  PO4 turnover  times occurred,  3.7 hours.  T h u s ,  

t h e  smal le r  the pool s i z e  o f  orthophosphate ,  the f a s t e r  the  turnover 

r a t e .  Factors  a f f e c t i n g  phosphorus turnover  times have been examined. 

Lake water with l a r g e  PQ4 pools (88% of 
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Turnover  t i m e  was found t o  be n e g a t i v e l y  c o r r e l a t e d  t o  biomass, 

p o s i t i v e l y  r e l a t e d  t o  t h e  d i s s o l v e d  phosphate c o n c e n t r a t i o n ,  and 

s h o r t  i n  i n s t a n c e s  o f  phosphorus l i m i t a t i o n  (Whi te  e t  a l . ,  1982). 

Streams a l s o  have a d i s s o l v e d  r e a c t i v e  h i g h  m o l e c u l a r  we igh t  

phosphorus f r a c t i o n .  White and Payne (1980) found streams i n  New 

Zealand t h a t  con ta ined a smal l  p r o p o r t i o n  o f  d i s s o l v e d  r e a c t i v e  

phosphorus as RHMW-P. 

d i d  n o t  c o n t a i n  RHMW-P, suggest ing  t h a t  groundwater does n o t  have 

RHMW-P m a t e r i a l .  Pe ters  (1978) s t u d i e d  t h e  phosphorus f r a c t i o n  

i n  streams e n t e r i n g  Lake Memphremagog. He found t h a t  t h e  t o t a l  phos- 

phorus c o n c e n t r a t i o n  v a r i e d  f rom 18 pg t o  64 pg L - l ,  however t h e  

p r o p o r t i o n  o f  phosphorus i n  each f r a c t i o n  (RHMW-P and PO4) remained 

r e l a t i v e l y  c o n s t a n t .  

o f  t h e  t o t a l  phosphorus, and or thophosphate,  as determined b y  a 

r a d i o a c t i v e  b ioassay,  was l e s s  than 10% o f  t h e  t o t a l  phosphorus 

p o o l .  The s o l u b l e  phosphorus poo l  was e q u a l l y  d i v i d e d  between RHMW-P 

(>5000 MW) and a smal l  m o l e c u l a r  we igh t  f r a c t i o n  (<400 MW) c o n t a i n i n g  

or thophosphate and some smal l  o r g a n i c  phosphate compounds. Tracer  

s t u d i e s  i n d i c a t e d  a l l  o f  t h e  phosphorus f r a c t i o n s  were i n v o l v e d  

i n  phosphorus exchange w i t h  or thophosphate which i n d i c a t e d  b i o l o g i c a l  

a v a i l a b i l i t y .  I t  was a l s o  found t h a t  t h e  p e r c e n t  o f  t o t a l  P f o r  

t h e  s o l u b l e  phosphorus pool  and or thophosphate inc reased d u r i n g  

p e r i o d s  o f  low stream f l o w .  

The water  f rom f i v e  streams a r i s i n g  as s p r i n g s  

S o l u b l e  phosphorus accounted f o r  about  o n e - t h i r d  

Phosphorus dynamics i n  stream systems has been s t u d i e d  t o  

a l e s s e r  e x t e n t  than t h a t  i n  l a k e  systems, The unders tand ing  o f  
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phosphorus dynamics has been a i d e d  by t h e  f a c t  t h a t  the  r a d i o a c t i v e  

i s o t o p e s  o f  t h i s  element ( 3 2 P  and 3 3 P )  have a r e l a t  v e l y  s h o r t  h a l f -  

l i f e  (14 .3  days and 25.2  days, r e s p e c t i v e l y ) .  

a t  t r a c e r  l e v e l s  t o  streams and t h e  phosphorus dynamics f o l l o w e d .  

32P0 ha5 been added 

Using such an approach, B a l l  and Hooper (1963) were a b l e  

t o  f o l l o w  t h e  t r a n s l o c a t i o n  o f  phosphorus i n  a r i v e r  ecosystem. 

They were a b l e  t o  e s t i m a t e  t h e  d i s t a n c e  phosphorus t r a v e l e d  b e f o r e  

be ing  l o s t  f rom t h e  water  (411  t o  10,274 meters ) .  T h e i r  t r a v e l  

d i s t a n c e  may be overes t imated due t o  t h e  way i n  which t h e  32P was 

i n t r o d u c e d  i n t o  t h e  stream. These workers used a drum which was 

f i l l e d  w i t h  u n f i l t e r e d  stream water  i n t o  which t h e  3 2 P  was d i l u t e d ,  

Depending upon t h e  microbes i n  t h e  s t ream water  a c e r t a i n  p o r t i o n  

o f  t h e  32P may have been a s s i m i l a t e d  and n o t  a v a i l a b l e  ( u n t i l  c y c l e d  

f o r  uptake upon e n t r y  i n t o  t h e  stream. I t  i s  l i k e l y  t h a t  t h e  genera 

t r e n d s  observed by B a l l  and Hooper concern ing  t h e  s i t e s  o f  32P ac- 

cumula t ion  w i l l  h o l d  t r u e .  These i n v e s t i g a t o r s  observed t h a t  most 

o f  t h e  uptake o f  32P was due t o  aufwucks ( a t t a c h e d  microorganisms)  

and a q u a t i c  macrophytes. 

Nelson e t  a1 a (1969) extended t h e  32P r e l e a s e  techn ique t o  

a mass balance approach t o  e s t i m a t e  t h e  s t a n d i n g  c rop  o f  aufwuch 

and t h e  e f f e c t i v e  s u r f a c e  area o f  a stream reach. They observed 

t h a t  about 75% o f  3*P r e l e a s e d  was accumulated by t h e  aufwuchs w i t h  

t h e  remain ing be ing  t r a n s p o r t e d  downstream o f  t h e  100 m reach s t u d i e d .  

The s t a n d i n g  c rop  o f  aufwuch and t h e  s u r f a c e  area were e s t i m a t e d  

t o  be 1 . 5  kg AFDW and 560 m*, r e s p e c t i v e l y .  They a l s o  showed t h a t  
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comparatively l i t t l e  32P was adsorbed by sediments and f r e s h  leaves .  

The 32P concent ra t ion  of the aufwuch demonstrated h a b i t a t  dependency, 

the 32P concent ra t ion  in the r i f f l e  s i t e s  being g r e a t e r  t h a n  i n  

pools as  a r e s u l t  of cu r ren t  e f f e c t s .  

Elwood and Nelson (1972)  used the  mater ia l  balance method 

These workers 

1) recyc l ing  of 32P w i t h i n  the  aufwuch community; 2 )  32P 

t o  es t imate  aufwuch production and grazing r a t e s .  

found: 

sorp t ion  onto leaves from the stream was a funct ion o f  aufwuch growth;  

3 )  s n a i l s  i n  the  stream were g r a z i n g  on the  labeled aufwuch; and 

4 )  g r a z i n g  1 imi ted aufwuch production r a t e s  by cont ro l  1 ing the  s t a n d -  

ing crop of aufwuch. 

Gregory (1978) examined the physical and  b io logica l  sorp t ion  

processes of  phosphorus o n t o  inorganic  and organic  s u b s t r a t e s  i n  

a l abora tory  stream system. Sorption o f  phosphorus onto s t e r i l e  

stream substratum ( a l d e r  l eaves ,  con i f e r  needles ,  f r ac t ioned  s e d i -  

ment) was l e s s  t h a n  t h a t  sorbed by n o n - s t e r i l e  substratum. 

demonstrated t h a t  the longer the residence time o f  leaves and  needles 

in  the s t ream, the more 32P accumulation occurred ,  and t h a t  uptake 

per u n i t  mass o n t o  the  maple leaves was g r e a t e r  than t h a t  of the  

con i f e r  needles .  

producers ind ica ted  t h a t  e p i l i t h i c  a lgae  were respons ib le  f o r  the 

g r e a t e s t  amount of phosphorus accumulation following 32P r e l e a s e  

i n t o  the stream. 

predominantly a b io logica l  process.  

He a l s o  

Examination of  32P adsorpt ion by aqua t i c  primary 

He concluded t h a t  the  uptake o f  phosphorus i s  

The t r anspor t  and t ransformation of phosphorus has a l s o  been 

s tudied  using a mass balance approach ( i n p u t - o u t p u t ) .  Meyer a n d  
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L i kens  (1979) used such crn approach t o  s tudy  phosphorus r e t e n t i o n  

and p rocess ing  o f  t h r e e  s i z e  c lasses  o f  phosphorus f n  a f o r e s t e d  

stream i n  New Hampshire. The phosphorus i n p u t  budget was: t r i b u t a r y  

s t ream (62%) ;  f a l l i n g  and b lown- in  l i t t e r  ( 2 3 % ) ;  sub-sur face  water  

(10%); and p r e c i p i t a t i o n  ( 5 % ) .  Mass balance da ta  i n d i c a t e d  t h a t  

phosphorus r e t e n t i o n  i n  t h e  stream occurs ,  annual i n p u t s  exceeding 

o u t p u t s .  

phosphorus exceeded t h e  o u t p u t s  o f  these phosphorus c lasses ;  however, 

t h e  o u t p u t  o f  f i n e  p a r t i c u l a t e  m a t t e r  exceeded i t s  i n p u t .  They 

concluded t h a t  p rocess ing  o f  phosphorus t o  f i n e  p a r t i c u l a t e  phos- 

phorus occurs and t h a t  f i n e  p a r t i c u l a t e  phosphorus i s  the major  

fo rm ( 6 7 %  o f  t o t a l  phosphorus) expor ted  downstream. 

Meyer (1979)  examined t h e  r o l e  o f  sediments and bryophy tes  

They found t h a t  i n p u t s  o f  d i s s o l v e d  and coarse p a r t i c u l a t e  

i n  stream phosphorus dynamics. She r e p o r t e d  t h a t  i nc reased  phosphorus 

a d s o r p t i o n  t o  stream sediment was a f u n c t i o n  o f  p a r t i c l e  s i z e  ( i n -  

creased a d s o r p t i o n  w i t h  decreas ing  p a r t i c l e  s i z e )  and o r g a n i c  m a t t e r  

and aluminum c o n t e n t  ( i nc reased  a d s o r p t i o n  w i t h  i n c r e a s i n g  c o n t e n t ) .  

Sediments had l e s s  a d s o r p t i v e  c a p a c i t y  f o r  l e a f - l e a c h a t e  phosphorus 

than orthophosphate.  She s t a t e s  t h a t  t h e  m i c r o b i a l  community p l a y s  

a minor  r o l e  i n  t h e  r e t e n t i o n  o f  phosphorus i n  t h e  sediment. These 

da ta  may be b iased  due t o  t h e  ex t reme ly  h i g h  c o n c e n t r a t i o n  o f  phos- 

phates  used (1OOOx - i n  s i t u  c o n c e n t r a t i o n ) .  

s a t u r a t i o n  o f  t h e  a d s o r p t i v e  s i t e s  o f  sediment p robab ly  occu r red  

and may have exceeded t h e  c a p a c i t y  f o r  uptake by t h e  m i c r o b i a l  com- 

ponent, thus  over  emphasiz ing t h e  importance o f  sediments. 

Under t h i s  c o n d i t i o n ,  
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Phosphorus i s  an e s s e n t i a l  n u t r i e n t  and o f t e n  l i m i t s  p r o d u c t i v i t y  

i n  a q u a t i c  ecosystems. 

a r e  compl icated by t h e  downstream f l u x  o f  phosphorus. 

s p i r a l i n g ,  a concept which couples t h e  c y c l i n g  and t h e  downstream 

f l u x  o f  t h e  n u t r i e n t ,  has been desc r ibed  by Webster (1975). 

w i t h  t h e  comp le t i on  o f  a n u t r i e n t  c y c l e  i s  a downstream disp lacement  

which s t r e t c h e s  t h e  n u t r i e n t  c y c l e  i n t o  a cont inuous s p i r a l .  

can be viewed as a n u t r i e n t  c y c l e  which i s  b o t h  c l o s e d  and open. 

I t  i s  c losed  i n  t h e  sense t h a t  d u r i n g  t h e  res idence  t ime  i n  t h e  

stream a n u t r i e n t  can go th rough  t h e  same ecosystem compartment 

o r  t r o p h i c  l e v e l  many t imes .  The c y c l e  i s  open i n  t h e  sense t h a t  

upon complet ion o f  a c y c l e  t h e  n u t r i e n t  i s  d i s p l a c e d  s p a t i a l l y  d o w n h i l l ,  

thus t h e  c y c l e  i s  n o t  completed i n  p lace .  

Phosphorus dynamics o f  l o t i c  ecosystems 

N u t r i e n t  

Concurrent 

S p i r a l i n g  

F igu re  1 compares t h e  concept o f  n u t r i e n t  c y c l i n g  i n  a c l o s e d  

and open system w i t h  t h a t  o f  s p i r a l i n g  i n  an open, s p a t i a l l y  d i s t r i b u t e d  

system. N u t r i e n t s  c y c l e  i n d e f i n i t e l y  i n  a c losed  system ( F i g u r e  

l a ) .  

t h e  system ( F i g u r e  l b ) ,  t hus  n u t r i e n t s  i n  an open system a r e  c y c l e d  

a s p e c i f i c  number o f  t imes be fo re  l e a v i n g  t h e  system. 

s p i r a l i n g  i n  open systems d i f f e r s  f rom t h e  o t h e r  c y c l i n g  model i n  

t h a t  s p i r a l i n g  emphasizes the  d o w n h i l l  t r a n s l o c a t i o n  o f  a n u t r i e n t  

w i t h i n  the  system, the  s p a t i a l  d imension o f  t h e  model ( F i g u r e  I C ) .  

I n  an open system, n u t r i e n t s  move i n t o ,  through,  and o u t  o f  

N u t r i e n t  

The concept o f  n u t r i e n t  s p i r a l i n g  has been advanced by t h e  

n u t r i e n t  s p i r a l i n g  group a t  t h e  Oak Ridge N a t i o n a l  Laboratory ,  
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Environmental Sciences Division ( O R N L - E S D )  (Newbold e t  a l . ,  1981, 

1983; Elwood e t  a l . ,  1983). These workers have developed s p e c i f i c  

ind ices  t o  descr ibe  n u t r i e n t  s p i r a l i n g  in l o t i c  ecosystems (F igure  2 ) .  

Sp i r a l ing  length ( S )  i s  defined by the express ion:  S = Sw +. Sp;  

where Sw, the average uptake l eng th ,  i s  the d i s t ance  t rave led  by 

a n u t r i e n t  before i t  i s  taken u p  by the stream benthos, and Sp,  

the turnover l eng th ,  i s  the average d i s t ance  a n u t r i e n t  t r a v e l s  

in the p a r t i c u l a t e  s t a t e  before re turn ing  t o  the  water.  

length of a reach o f  stream i s  an index o f  the e f f i c i e n c y  with which 

a n u t r i e n t  i s  u t i l i z e d  r e l a t i v e  t o  the  downstream f l u x .  The s h o r t e r  

the s p i r a l i n g  l eng th ,  the g r e a t e r  the number o f  times a n u t r i e n t  

i s  u t i l i z e d  within a given reach of stream. 

ments a r e  independent of the stream length over which they a re  measured 

so they can be compared between streams of d i f f e r e n t  s i z e s .  

The s p i r a l i n g  

Sp i r a l ing  length measure- 

Phosphorus s p i r a l i n g  s t u d i e s  in Walker Branch, a small woodland 

stream in Oak Ridge National Laboratory Environmental Research Park, 

revealed a s p i r a l i n g  length o f  a b o u t  193 m in Ju ly  (Newbold e t  a l . ,  

1981) and t h a t  the uptake length ( t h e  d i s t ance  a n u t r i e n t  t r a v e l s  

i n  the water before being so rbed) ,  a component of the s p i r a l i n g  

l eng th ,  var ies  seasonal ly  with a measurement of 164 m in the summer 

t o  6 m in the  autumn a f t e r  the f o r e s t  canopy l i t t e r  f a l l  (Elwood 

e t  a l . ,  1982).  Phosphorus s p i r a l i n g  i n  Walker Branch i s  assoc ia ted  

with t h e  microbial component o f  the stream (90% o f  phosphorus s p i r a l i n g  

due t o  microbes) (Elwood e t  a l . ,  1 9 S i ) ,  whereas macroinvertebrates  

accoun t  f o r  3% (Newbold e t  a l . ,  1983).  
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Mulholland e t  a l .  (1985) examined seasonal p a t t e r n s  of  phosphorus 

s p i r a l i n g  and found t h a t  coarse  p a r t i c u l a t e  organic  mat te r  (CPOM), 

defined a s  p a r t i c u l a t e  organic  mat ter  g r e a t e r  than 1 mm in  s i z e ,  

plays an important r o l e  i n  regula t ing  phosphorus s p i r a l i n g .  They 

found a rapid uptake of  phosphate and s h o r t e s t  s p i r a l i n g  length  

i n  autumn a f t e r  l e a f  f a l l .  The removal o f  CPOM resulted i n  longer  

s p i r a l i n g  l eng ths .  Phosphorus uptake r a t e s  were lowest d u r i n g  the 

summer when the s tanding crop of  CPOM i s  a t  i t s  annual m i n i m u m .  

Examining the uptake of  phosphorus by the a t tached  microbial  

community t o  l eaves ,  Mulholland e t  a l .  (1984) found t h a t  the microbial  

a c t i v i t y  on the leaves  i s  more important than the biomass w i t h  r e s p e c t  

t o  phosphate u t i l i z a t i o n .  They a l s o  found t h r e e  c e l l u l a r  pools 

of phosphorus, each w i t h  a c h a r a c t e r i s t i c  turnover  r a t e .  Mulholland 

e t  a l .  (1983) have a l s o  examined the e f f e c t  of grazing on phosphorus 

s p i r a l i n g  i n  an au to t rophic  stream and found t h a t  the presence o f  

s n a i l s  reduced aufwuchs biomass and primary p r o d u c t i v i t y ,  increased 

the  s p i r a l i n g  l eng th ,  and increased the weight -spec i f ic  uptake of 

phosphorus by aufwuch. 

however, decreased. 

The a r e a - s p e c i f i c  uptake o f  phosphorus, 

Paerl  and Merkel (1982) s t u d i e d  the phosphorus a s s i m i l a t i o n  

by a t tached  and unattached b a c t e r i a  u s i n g  microautoradiography. 

They observed t h a t  a t tached  b a c t e r i a  had higher  phosphate uptake 

on a per c e l l  b a s i s  than f r e e - l i v i n g  b a c t e r i a .  

the extent  t o  which a t tached  b a c t e r i a  were more a c t i v e  was g r e a t e s t  

under o l i g o t r o p h i c  condi t ions  and l e a s t  under eu t rophic  condi t ions .  

They a l s o  observed 



24 

Thus, t h e  a v a i l a b i l i t y  o f  P and sur faces  f o r  at tachment a r e  i m p o r t a n t  

i n  phosphorus c y c l i n g .  

Barsdate e t  a l ,  (1974) examined t h e  e f f e c t  o f  b a c t e r i a l  g razers  

on phosphorus c y c l i n g  i n  microcosms c o n s i s t i n g  o f  p l a n t  l i t t e r .  

They found t h a t  phosphorus uptake p e r  c e l l ,  on t h e  average, was 

about  four  t imes h i g h e r  f o r  t h e  system w i t h  g razers  than f o r  t h e  

nongrazer  system (9 .38  x 

x pg phosphorus pe r  bacter ium, r e s p e c t i v e l y ) .  They a l s o  found 

t h a t  s t i m u l a t i o n  o f  d e t r i t u s  m i n e r a l i z a t i o n  was enhanced i n  t h e  

presence o f  g razers .  

iq phosphorus p e r  bac ter ium and 2.32 

Phosphorus i s  an e s s e n t i a l  n u t r i t i o n a l  e lement f o r  m i c r o -  

organisms, and upon i t s  e n t r y  i n t o  t h e  c e l l  phosphorus i s  used i n  

t h e  b i o s y n t h e s i s  o f  c e l l u l a r  companents. The c e l l u l a r  d i s t r i b u t i o n  

o f  phosphorus r e v e a l s  f i v e  s i t e s  o f  accumulat ion:  d e o x y r i b o n u c l e i c  

a c i d  ( D N A ) ,  r i b o n u c l e i c  a c i d  ( R N A ) ,  p h o s p h o l i p i d s ,  polyphosphates,  

and a small m o l e c u l a r  we igh t  s o l u b l e  pool  (Rober ts  e t  a l . ,  1957; 

M i t c h e l l  and Moyle, 1953, 1954; R o l t o n  e t  a l . ,  1955; Fuhs, 1969). 

The i n c o r p o r a t i o n  o f  J2P i n t o  t h e  a c i d - s o l u b l e  pool  occurs r a p i d l y  

and subsequent ly  i s  i n c o r p o r a t e d  i n t o  p h o s p h o l i p i d s  and n u c l e i c  

a c i d s  ( B o l t o n  e t  a1 e ,  1955) .  The i n c o r p o r a t i o n  of  phosphorus i n t o  

po lyphosphate occurs o n l y  a f t e r  growth ceases and n u c l e i c  a c i d  s y n t h e s i s  

has stopped. 

t i o n  o f  polyphosphate occurs w i t h  t h e  i n c o r p o r a t i o n  o f  t h e  phosphorus 

i n t o  RNA (Haro ld,  1963a). I t  has a l s o  been shown t h a t  t h e  accumulat ion 

o f  polyphosphate i s  dependent on t h e  growth medium (Haro ld,  l 9 6 3 b ) ,  

under h i g h  phosphate c o n d i t i o n s  polyphosphate accumulates.  

Once n u c l e i c  a c i d  s y n t h e s i s  begins again a r a p i d  degrada- 
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Phosphorus metabo l ism i n  E s c h e r i c h i a  c o l i  has been s t u d i e d  

(Rober t  e t  a l . ,  1957). 

c e l l s  showed t h a t  20% was i n  t h e  m e t a b o l i t e  poo l ,  15% a s s o c i a t e d  

w i t h  phospho l i p ids ,  and 63% was i n  t h e  n u c l e i c  ac ids .  The d i s t r i b u t i o n  

was dependent on t h e  c o n d i t i o n s  and t h e  d u r a t i o n  o f  t ime  t h a t  c e l l s  

The d i s t r i b u t i o n  p a t t e r n  o f  3*P i n  l a b e l e d  

were exposed t o  t h e  t r a c e r .  

was found i n  t h e  m e t a b o l i t e  poo l .  

t r a c e r  and then a l l owed  t o  grow i n  t r a c e r - f r e e  medium had low  l e v e l s  

o f  t r a c e r  i n  t h e  m e t a b o l i t e  p o o l .  

For s h o r t  pu lses,  most o f  t h e  t r a c e r  

C e l l s  grown i n  t h e  presence o f  

M i t c h e l l  and Moyle (1953) s t u d i e d  t h e  t r a n s f e r  o f  phosphorus 

th rough  Micrococcus pyogenes (now commonly r e f e r r e d  t o  as Staphylo-  

-- coccus aureus)  under v a r i o u s  p h y s i o l o g i c a l  s t a t e s .  Res t i ng  c e l l s  

(no s u b s t r a t e  p r e s e n t )  e x h i b i t e d  a r e c i p r o c a l  exchange ( i n f l u x  and 

e f f l u x )  o f  phosphorus between t h e  c e l l s  and t h e  medium w i t h  a T1/2 

o f  70 minutes ; however , r e s p i r i n g  ( g l  ucose p r e s e n t )  and growing 

c e l l s  had t h e  same r a t e  o f  phosphorus accumulat ion ( i n f l u x )  as r e s t i n g  

c e l l s ,  b u t  no e f f l u x  occurred.  The p r i n c i p l e  components o f  phosphorus 

accumulat ion were t h e  m e t a b o l i t e  pool  and p h o s p h o l i p i d s  (90%) i n  

r e s p i r i n g  c e l l s ,  b u t  a l l  f r a c t i o n s  (RNA, DNA, p h o s p h o l i p i d ,  e t c . )  

were l a b e l e d  d u r i n g  growth. 

phosphol ip id-phosphorus and m e t a b o l i t e  i n o r g a n i c  phosphate i n  r e s p i r -  

i n g  and growing c e l l s  w i t h  l i t t l e  o r  no t u r n o v e r  o f  RNA o r  DNA phosphate 

w i t h  t h e  o t h e r  phosphate f r a c t i o n s .  

They observed a r a p i d  t u r n o v e r  o f  t h e  

Cuhel and coworkers (1983, 1984) s t u d i e d  m i c r o b i a l  growth 

and metabol ism by u s i n g  i n o r g a n i c  n u t r i e n t  uptake and s u b c e l l u l a r  
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incorporat ion p a t t e r n s .  The d i s t r i b u t i o n  o f  phosphorus i n  the sub- 

c e l l u l a r  f r a c t i o n s  of a uniformly labeled (isotopic equi l ibr ium)  

i iarine cyanobacteri  urn, Synechococcus reported a s  p e r c e n t  o f  t o t a l  

r a d i o a c t i v i t y ,  was 51%, O . $ % ,  44%, and 3%, r e s p e c t i v e l y ,  f o r  the 

ac id  s o l u b l e ,  l i p i d ,  RNA, and DNA f r a c t i o n s .  The p a t t e r n  f o r  sho r t -  

term l a b  

0.8% f o r  

s o l u b l e ,  

sample a 

l i n g  was 80%, O % ,  19%9 and O%, and 6Q%, 0.2%, 32%, and 

a 2h and 6 .5  h l a b e l i n g  per iod,  r e s p e c t i v e l y ,  f o r  ac id  

l i p i d ,  RNA,  and DNA. The p a t t e r n  observed f o r  an oceanic  

S Q  ind ica ted  the importance o f  the length of l a b e l i n g  t o  

the p a t t e r n  observed. The  p a t t e r n  observed f o r  the 48 h l a b e l i n g  

(assumed t o  he uniformly l a b e l e d )  average about 41%, 9%, 38%, and 

10% f o r  the ac id  s o l u b l e ,  l i p i d ,  RNA, and DNA, r e s p e c t i v e l y .  

The  microbial community of the Sargasso Sea was in a more 

balanced growth s t a t e  than the cont inenta l  s lope  community a s  i n d i -  

cated by the near ly  i d e n t i c a l  r a t e s  a t  which phosphorus was incorpor- 

a t ed  i n t o  the s u b c e l l u l a r  f r a c t i o n s  f o r  the Sargasso microbiota .  

Cuhel e t  a l .  a l s o  s t r e s s  the u t i l i t y  o f  inorganic  nu t r ien t  ass imi la -  

t i o n  studies in e x t e n d i n g  our understanding of microbial  ecology. 

The major i ty  of t h e  phosphorus studies t o  d a t e  emphasize 

a l g a e  and i n  some ins tances  a l g a l - b a c t e r i a l  i n t e r a c t i o n s .  Phorphorus 

uptake k i n e t i c  studies i n d i c a t e  both Michaelis-Menten type k i n e t i c s  

( C h e n ,  1974; Burmaster and Chisholm, 1979) and a devia t ion  from 

Michaelis-Menten r e l a t i o n s h i p  (Brown e t  a l . ,  1978). 

Brown and Harr i s  (1978) showed t h a t  phosphorus uptake r a t e  

( V )  was dependent  upon both the ex te rna l  phosphorus Concentration 
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and t h e  c e l l  quota (phosphorus c o n t e n t  o f  t h e  c e l l ,  Q) .  

w i t h  decreas ing Q f o r  each e x t e r n a l  c o n c e n t r a t i o n  examined. They 

a l s o  demonstrated t h a t  t h e  growth r a t e  ( U )  i nc reased  t o  t h e  maximum 

growth r a t e  (Umax) as Q i nc reased  f rom KQ (minimum c e l l  n u t r i e n t  

c o n t e n t  c o n s t a n t )  t o  20 x 10-8 pg phosphorus c e l l ' l .  

t h e  c e l l  quota concept is u s e f u l  i n  examining m i c r o b i a l  growth r a t e  

r e l a t i o n s h i p s  t o  changes i n  n u t r i e n t  l e v e l s  which a r e  growth r a t e  

l i m i t i n g  (moderate t o  h i g h  l e v e l ) .  

V i nc reases  

They suggest 

Phosphorus c o m p e t i t i o n  s t u d i e s  between a Pseudomonas 2. 

and a Scenedesmus 3. i n d i c a t e  t h a t  t h e  bac te r ium can suppress a l g a l  

growth.  The suppressed a l g a l  growth was a t t r i b u t e d  t o  t h e  r a p i d  

growth r a t e  o f  t h e  bac te r ium which l i m i t e d  t h e  phosphorus l e v e l  

a v a i l a b l e  t o  t h e  a lgae (Rhee, 1972). 

t h a t  b a c t e r i a  dominate orthophosphate u t i l i z a t i o n  i n  l e n t i c  systems, 

accoun t ing  f o r  g r e a t e r  than 97% o f  t h e  t o t a l  community uptake.  

They a l s o  suggest t h a t  a lgae  a c q u i r e  phosphorus f rom e x c r e t e d  o r g a n i c  

phosphorus compounds as opposed t o  arthophosphate.  

C u r r i e r  and K a l f f  (1984) r e p o r t e d  

Phosphorus n o t  o n l y  a f f e c t s  growth r a t e  o f  microorganisms 

(Brown and H a r r i s ,  1978; Rhee, 1972; Fuhs, 1969), b u t  i t  has a l s o  

been i m p l i c a t e d  as a c o n t r o l l i n g  f a c t o r  o f  c e l l  d i v i s i o n  i n  Chlyamy- 

domonas r e i n h a r d t i  ( L i e u  and Knutsen, 1973). Phosphate c o n c e n t r a t i o n  

a f f e c t s  t h e  r a t e  o f  g lucose uptake and r e s p i r a t i o n  r a t e  o f  a bac te r ium 

i s o l a t e d  i n  t h e  Plussee (Overbeck and Toth,  1978). D e f i c i e n c y  i n  

b a c t e r i a l  c e l l  w a l l  t e i c h o i c  a c i d s  i n  response t o  phosphorus l i m i t a t i o n  

has been observed (Lang e t  a l . ,  1982). 
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I n  summary, the microbial community assoc ia ted  with leaf  

l i t t e r  has several  r o l e s :  1) n u t r i e n t  r e t e n t i o n ;  2 )  l i t t e r  dscomposi.- 

t i o n ;  3) n u t r i e n t  regenera t ion ;  and 4 )  food source f o r  higher organisms. 

The cycl ing o f  n u t r i e n t s  i n  l o t i c  ecosystems can be best  understood 

r e l a t i v e  t o  the n u t r i e n t  s p i r a l i n g  concept w h i c h  couples cycl ing 

and downstream t r ans loca t ion  of the n u t r i e n t .  Sp i r a l ing  length 

i s  an index of the  e f f i c i e n c y  w i t h  which a n u t r i e n t  i s  u t i l i z e d  

re1 a t i  ve t o  the downstream t r a n s p o r t .  The s h o r t e r  the s p i r a l  i ng 

l ength ,  the g r e a t e r  the number of times a given n u t r i e n t  i s  u t i 1  

within a given reach o f  stream. Phosphorus s p i r a l i n g  length v a r  

s easona l ly ,  being s h o r t e s t  i n  the  a u t u m n  a f t e r  leaf  f a l l ,  and  i s  

zed 

es 

assoc ia ted  with the microbiota.  Grazing of the periphyton increases  

phosphorus s p i r a l i n g  length as a r e s u l t  of decreasing biomass. 

Evidence poin ts  t o  the  hypothesis t h a t  the  microbial community plays 

an important r o l e  in regula t ing  phosphorus s p i r a l i n g  in stream eco- 

systems. This hypothesis ,  however, r equ i r e s  supporting evidence 

from a d e t a i l e d  ana lys i s  o f  the  r o l e s  o f  microbial  community biomass 

and a c t i v i t y  assoc ia ted  with CPOM in r egu la t ing  phosphorus s p i r a l i n g .  



I I .  OBJECTIVES 

The goal  o f  t h i s  i n v e s t i g a t i o n  was t o  e l u c i d a t e  t h e  phosphorus 

dynamics o f  m i c r o b i o t a  a s s o c i a t e d  w i t h  l e a f  CPOM i n  a l o t i c  system. 

The s p e c i f i c  o b j e c t i v e s  were: 

1. t o  de termine t h e  temporal  p a t t e r n  o f  m i c r o b i a l  c o l o n i z a t i o n  

and a c t i v i t y  on d i f f e r e n t  spec ies o f  l e a f  CPOM. 

2. t o  determine t h e  r e l a t i o n s h i p  between community biomass, 

phosphorus i n c o r p o r a t i o n ,  and t u r n o v e r  r a t e s  f o r  t h e  m i c r o b i o t a  

a s s o c i a t e d  w i t h  l e a f  CPOM. 

3. t o  determine m i c r o b i a l  community a c t i v i t y  and t h e  phosphorus 

i n c o r p o r a t i o n  and t u r n o v e r  r a t e s  f o r  t h e  i n t r a c e l l u l a r  phosphorus 

p o o l s  ( p h o s p h o l i p i d ,  RNA, DNA, m e t a b o l i t e  p o o l ) .  

4. t o  de termine t h e  e f f e c t  o f  g r a z i n g  on t h e  m i c r o b i a l  com- 

m u n i t y  and phosphorus i n c o r p o r a t i o n  and t u r n o v e r  r a t e s .  

The r e s u l t s  o f  these s t u d i e s  w i l l  c o n t r i b u t e  t o  t h e  under-  

s t a n d i n g  o f  t h e  q u a n t i t a t i v e  r o l e  m c r o b i o t a  a s s o c i a t e d  w i t h  CPOM 

have i n  r e g u l a t i n g  phosphorus s p i r a  i n g  dynamics i n  l o t i c  ecosystems. 

29 



I I I .  EXPERIMENTAL A P P R O A C H  

To meet the o b j e c t i v e s  o f  th is  i n v e s t i g a t i o n ,  a r t i f i c i a l  

s t ream ecosystems conta in ing  l ea f  CPOM were used so t h a t  s p e c i f i c  

v a r i a b l e s ,  such a s  graz ing  and co lon iza t ion  time, could be s tudied  

u n d e r  con t ro l l ed  cond i t ions .  The a r t i f i c i a l  streams were s e t  u p  

t o  s imula te  a s ec t ion  of  a he te ro t rophic  woodland stream. 

Scanning e l e c t r o n  microscopy was used t o  observe the temporal 

p a t t e r n  of microbial  co lon iza t ion  of d i f f e r e n t  l ea f  spec ie s .  The 

temporal pa t t e rn  of he t e ro t roph ic  a c t i v i t y  f o r  d i f f e r e n t  l e a f  spec ie s  

was determined by examining the metabolism of glucose (1%-labe led)  

by the developing microbiota .  Dogwood, red maple, and white oak 

were the l ea f  spec ie s  used f o r  t hese  temporal s t u d i e s .  

Phosphorus ( P )  dynamics of the microbial  community a s soc ia t ed  

with decomposing leaves  (red maple o r  white oak)  was s t u d i e d  using 

r ad ioac t ive  t r a c e r s  (33P and 32P). 

f o r  syn thes i s  f o r  the microbial  community a s soc ia t ed  w i t h  decompos- 

ing leaves  and the i n t r a c e l l u l a r  phosphorus pools were determined 

by a double-label ing procedure.  B r i e f l y ,  33P04 was re leased  i n t o  

the streams u n t i l  i t  achieved i s o t o p i c  equi l ibr ium w i t h i n  t h e  microbial 

community; 3*PO4 was then added and the  r a t i o  of 32P t o  33P i n  the 

microbia’? community and i n t r a c e l l u l a r  phosphorus pools was followed 

over  time. Phosphorus incorpora t ion  r a t e s  f o r  the community and 

i n t r a c e l l u l a r  phosphorus poo l s  were determined by fol lowing 33P 

o r  32P accumulation; whereas, the phosphorus turnover r a t e s  f o r  

Phosphorus turnover  r a t e  cans t an t s  
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degradat ion were determined by fol lowing the l o s s  o f  both 33P and 

32P a f t e r  the add i t ion  of the t r a c e r s  was stopped. 

The phosphorus dynamics of  the i n t r a c e l l u l a r  phosphorus pools  

(metabol i te  pool ,  phosphol ipid,  RNA, DNA) was determined a f t e r  the 

microbiota  were labe led  w i t h  the t r a c e r  (descr ibed  above) and each 

phosphorus conta in ing  pool was f r a c t i o n a t e d ,  and the r a d i o a c t i v i t y  

i n  each was q u a n t i f i e d .  

The  biomass o f  the microbiota  a s soc ia t ed  w i t h  l e a f  CPOM was 

used f o r  comparative purposes ( co lon iza t ion  time and graz ing  e f f e c t s )  

and f o r  the genera t ion  of  biomass-specif ic  r a t e s  o f  P incorpora t ion  

and turnover .  

The e f f e c t  o f  s n a i l  grazing on the microbial  biomass and 

the phosphorus dynamics of  the microbiota  a s soc ia t ed  w i t h  l eaves  

was s tud ied  by using two a r t i f i c i a l  s t reams,  one of  which contained 

s n a i l s  and the o t h e r  d id  not .  



IV. MATERIALS AND METHODS 

Miscellaneous Materials 

The following materials were obtained froin Sigma Chemical 

Company (St. Louis, MO): DNA (sodium salt, Type 111, salmon testes); 

RNA (yeast, Type 111); protein (albumin bovine, Fraction V powder); 

m-cresol; diethyl pyrocarbonate; 8-hydroxyquinoline; and carbonyl- 

cyanide rn-chlorophenyl hydrazone. Trichloroacetic acid as a 5% 

solution or crystalline; Gelman glass fiber filters, Type A/E (25 

and 47 mm); sodium dodecyl sulfate (SDS); and sodium naphthalene 

1,5-disulfonate were obtained f r om Fisher Scientific Company (Norcross, 

GA) .  Filtration apparatii (glass microanalysis holders, 25 and  

47 m m )  used were obtained from Micro Filtration Systems (Dublin, 

CA). All chemical solvents used were reagent/analytical grade. 

All glassware was soaked in 20% hydrochloric acid (HCl), miriimum 

time 12 h and rinsed repeatedly with deionized distilled water prior 

to use. 

Radionuclides 

The following radionuclides were obtalned f r o m  New England 

Nuclear ( N E N )  (Boston, M A ) :  phosphatidyl ethanolamine, L-a-dipalmitoyl- 

(dipalmit0yl-l-1~C), specific activity (S. A . )  110 mCi mmol-1; adenine- 

(Z-3H), s. A. 21.6 inCi mmol-I; carrier-free orthophosphoric acid-32P, 

1 mCi, glucose-D-(14C-U), S. A. 329 and 360 rnCi rnmol'l; deoxycytidine 

5'-triphosphate, tetra-(triethylammonium) salt (ci-32P), S. A. 3000 

C i  rnmol-1. Carrier-free orthophosphoric acid-33P was obtained from 
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Oak Ridge National Laboratory,  Nuclear Divis ion,  Oak Ridge, TN. 

Pa lmi t ic  acid-3H ( 4  x lo6 cpm ml- l ,  S.  A .  unknown) was kindly provided 

by Dr. Leaf Huang of  the Biochemistry Department a t  the Univers i ty  

o f  Tennessee. 

Prel iminary S tudies  

Prel iminary studies were performed t o  develop and define 

the l i m i t s  o f  the procedures t o  be used and t o  t e s t  the e f f e c t i v e n e s s  

of  the organophosphorus f r a c t i o n a t i o E  procedure and the method used 

t o  dis lodge b a c t e r i a  from the l e a f  CPQM. In a d d i t i o n ,  

p a t t e r n s  o f  microbial  a c t i v i t y  and microbial  c o l o n i z a t  

l e a f  CPOM was i n v e s t i g a t e d .  

Closed-system phosphorus uptake.  - Closed-system 

the temporal 

on of  decomposing 

phosphorus 

uptake experiments were done t o  become f a m i l i a r  w i t h  working w i t h  

l e a f  CPOM and 32P and t o  examine phosphorus uptake k i n e t i c s  during 

s h o r t  uptake times ( r e l a t i v e  t o  the times t o  be used f o r  the double- 

l abe l  s t u d y ) .  Determining the importance of a b i o t i c  adsorpt ion 

of phosphorus t o  CPQM was a l s o  a point  of  i n t e r e s t  i n v e s t i g a t e d .  

Phosphorus uptake studies were done using g l a s s  c r y s t a l l i z a t i o n  

dishes (50 x 100 m m )  w i t h  a s t a i n l e s s  s t e e l  basket  system t o  hold 

l e a f  disks i n  p lace while s t i r r i n g .  F i l t e r e d  (0.2 p Nuclepore f i l t e r s )  

Walker Branch stream water was used f o r  phosphate uptake s tudies;  

t o t a l  volume of 200 ml was used. 

a c i d  were added. 

was determined by adding carbonyl-cyanide m-chlorophenyl hydrazone 

( C C C P )  ( f i n a l  concent ra t ion  0.1 mM) 20 m i n  p r i o r  t o  32P a d d i t i o n .  

Tracer amounts of 3*P-orthophosphoric 

Abio t ic  adsorpt ion of phosphate t o  l e a f  disks 
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CCCP i s  an uncoupler  O F  o x i d a t i v e  p h o s p h o r y l a t i o n ,  thus  caus ing  

a d e p l e t i o n  o f  b o t h  t h e  p r o t o n  g r a d i e n t  a n d  !,Ti’ which a r e  r e q u i r e d  

f o r  or thophosphate t r a n s p o r t .  Uptake s t u d i e s  were done i n  temperature 

c o n t r o l l e d  env i ronmenta l  chambers a t  - i n  s i  t u  temperatures o f  Walker 

Branch. 

Homogenization t i m e  course s tudy .  A t i m e  cout-se d e t e r m i n a t i o n  

f o r  t h e  maximal removal o f  microbes f rom l e a f  CPQM was conducted. 

B a c t e r i a  d i s l o d g e d  f rom t h e  s u r f a c e  o f  t h e  CPOM were used t o  determine 

t h e  r e l a t i v e  p o p u l a t i o n  d e n s i t y  on the  CPOM. D isks  were homogenized 

i n  a Stomacher Model 80 l a b  b lender  (Tekmar, C i n c i n n a t i ,  O H )  f o r  

v a r i o u s  l e n g t h s  o f  t ime.  A l i q u o t s  o f  t h e  homogenate were d i l u t e d  

and spread p l a t e d  on YEPG agar  p l a t e s  ( S a y l e r  e t  a l . ,  1979). 

B a c t e r i a l  removal e f f i c i e n c y .  Removal e f f i c i e n c y  o f  b a c t e r i a  

from CPOM was determined by m o n i t o r i n g  and comparing dehydrogenase 

a c t i v i t y  o f  CPOM t o  t h a t  i n  CPOM e x t r a c t s .  

d i a . )  were p laced i n  40 m l  o f  w e l l  water  and 4 m l  o f  0.2% 2-p- iodophenyl  

3-p-n i t rophenyl -5-phenyl  t e t r a z o l i u m  c h l o r i d e  ( INT)  (Sigma Chemical 

Co., S t .  Louis ,  MO) was added, and incubated  a t  20°C f o r  30 min.  

Twenty d i s k s  ( 1 . 4  cm 

The d 

m l  o f  

min.  

d i  r e c  

sks were d i v i d e d  i n t o  two equal  groups. To one group, 10 

acetone and 5 m l  o f  w e l l  water  was added and shaken f o r  10 

The second group was homogenized as i n  t h e  a c r i d i n e  orange 

counts procedure (see page 37), and 5 m l  o f  homogenate was 

e x t r a c t e d  w i t h  10 m l  acetone. The acetone e x t r a c t  was f i l t e r e d  

( g l a s s  f i b e r ,  Type A / E ) .  

a t  490 nrn u s i n g  a Bausch and Lomb Spect ron ic  21 spect rophotometer .  

The absorbance o f  t h e  e x t r a c t  was read 
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Background absorbance ( l e a v e s  o n l y )  was sub t rac ted .  

o f  b a c t e r i a  (based on t h e  pe rcen t  INT-formazan recovered)  was determined 

u s i n g  t h e  f o l l o w i n g  equa t ion :  

Removal e f f i c i e n c y  

((Abs. homogenate - Abs. background) x t )  
Abs. leaves - Abs. background 

where t = 10 because o n l y  1/10 o f  t h e  t o t a l  homogenate volume was 

e x t r a c t e d  e 

A n a l y t i c a l  r e c o v e r y  o f  c e l l u l a r  components. The a n a l y t i c a l  

r e c o v e r y  s tudy  was done t o  determine t h e  e f f e c t i v e n e s s  o f  t h e  p ro -  

cedures used t o  recove r  s p e c i f i c  organophosphorus compounds. 

r e c o v e r y  e f f i c i e n c i e s  were used t o  c o r r e c t  va lues t o  100% recovered.  

A n a l y t i c a l  r e c o v e r i e s  were determined by u s i n g  a r a d i o l a b e l e d  

The 

t r a c e r  o f  each component and t h e  e x t r a c t i o n  procedures desc r ibed  

i n  t h e  s e c t i o n  on a n a l y s i s  o f  t r a c e r  l a b e l e d  c e l l u l a r  poo ls  (see 

below).  L i p i d  phosphate a n a l y t i c a l  r e c o v e r y  was determined u s i n g  

3H-palmi t i c  a c i d  o r  1%-phosphat idyl  ethanolamine. 

a n a l y t i c a l  recove ry  was determined u s i n g  14C-91 ucose as a rep resen ta -  

t i v e  a c i d  s o l u b l e ,  smal l  mo lecu la r  we igh t  compound. 

32P-DNA used t o  determi  ne a n a l y t i c a l  recove ry  was syn thes i zed  

M e t a b o l i t e  pool  

by n i c k  t r a n s l a t i o n  of  salmon t e s t e s  DNA w i t h  32P-dCTP acco rd ing  

t o  m a n u f a c t u r e r ' s  p r o t o c o l  (Bethesda Research Labora to ry ,  Gai t he rsbu rg ,  

MD). 

t i d e s  was done u s i n g  a 2 cc 6-50 sephadex column prepared i n  a 3 

cc s y r i n g e .  

The s e p a r a t i o n  o f  t h e  32P-labeled o l i g o n u c l e o t i d e s  f rom nucleo-  

Approx ima te l y  0.5 m l  f r a c t i o n s  were c o l l e c t e d  and t h e  
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r a d i o a c t i v e  peaks were mon i to red  u s i n g  a hand-held g e i g e r  counter .  

The c o l l e c t e d  f r a c t i o n s  compr is ing  t h e  f i r s t  peak ( o l i g a n u c l e o -  

t i d e s )  were pooled t o g e t h e r .  

3H-RNA used t o  determine a n a l y t i c a l  r e c o v e r y  was pre-  

pared by growing I___I  E .  c o l i  v517 i n  t h e  presence o f  %-adenine 

as f o l l o w s :  1 m l  o f  a 24 h c u l t u r e  o f  E. c o l i  v517 was added 

t o  50 m l  basal  s a l t s  ( S a y l e r  e t  a l . ,  1979) c o n t a i n i n g  0,4% g l u -  

cose and 5 mCi o f  3W-adenine. Approx imate ly  22 h l a t e r ,  0.2 in1 

o f  1% y 

growth,  

The c u l  

a Sorva 

water .  

a s t  e x t r a c t  was added t o  t h e  c u l t u r e  due t o  slow 

and t h e  c u l t u r e  was incubated  f o r  an a d d i t i o n a l  16 h. 

u r e  was c e n t r i f u g e d  a t  GOO0 rpm f o r  10 min a t  4°C i n  

1 RC2-B c e n t r i f u g e  and washed once w i t h  d i s t i l l e d  

RNA was e x t r a c t e d  as descr ibed by Johnson (1981).  

M i c r o b i a l  Biomass and C e l l  D e n s i t y  

Adenosine t r i p h o s p h a t e  ( A T P ) .  ATP q u a n t i  t a t i o n  was per formed 

by t h e  l u c i f e r i n - l u c i f e r a s e  assay u s i n g  a Lumac B iocounter  M1020 

photometer (Lurnac, Medica l  Products  D i v i s i o n ,  3M, S t .  Paul ,  MN) .  

Ins t rument  s e t t i n g s  were as f o l l o w s :  i n t e g r a t i o n  t ime,  10 seconds; 

temperature,  o f f  p o s i t i o n .  Leaf  d i s k s ,  c u t  w i t h  a #7 c o r k  b o r e r  

(1.4 cm d iameter )  were q u i c k  f r o z e n  by p l a c i n g  a d i s k  i n t o  a 2.0 

m l  c ryo tube (Vangard I n t e r n a t i o n a l ,  Neptune, NJ) w i t h  200 ill o f  

phosphate b u f f e r  (50  mM, pH 7 . 7 5 )  and f r e e z i n g  i n  a d r y  i ce-acetone 

b a t h  ( f o r  t h e  maple CPOM s t u d y )  or  b y  p l a c i n g  a l e a f  d i s k  i n  a c ryo tube 
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and pouring l i q u i d  n i t rogen  i n t o  the  f r eez ing  t u b e  ( for  the oak 

CPOM s tudy) .  

before  ana lys i s  was done. 

Samples were kept a t  -20°C f o r  no longer than 3 weeks 

The ATP e x t r a c t i o n  procedure was a s  fol lows:  200 p l  o f  nucleo- 

t i d e  r e l eas ing  reagent  ( N R B )  (Lumac) was added t o  the  cryotube con- 

t a i n i n g  phosphate buf fer  o r  200 1.11 o f  NRB and 200 1.11 of Tr i s  buf fer  

( 2 5  mM, pH 7.75)  were added t o  the  tube conta in ing  only a l e a f  d i s k .  

The ex t r ac t ion  time was 60 sec.  Subsamples, gene ra l ly  10 pl  , were 

ana yzed for  ATP conten t .  In te rna l  s t anda rd iza t ion  procedure was 

used t o  q u a n t i t a t e  ATP in  order  t o  c o r r e c t  f o r  quenching due t o  

co lo r  o r  o the r  i n t e r f e r e n c e s .  Blank values were subt rac ted  from 

experimental values (blank = NRB + b u f f e r ) .  I f  a subsample exceeded 

the  photometer l i m i t s ,  the ATP e x t r a c t  was d i l u t e d  using L u m i t  Buffer 

(Lumac). 

10).  

ATP s tandards  were d i l u t e d  in g lyc ine  buf fer  (1 mM, pH 

The values reported a r e  means of f i v e  r e p l i c a t e  l ea f  d i sks .  

Acridine orange d i r e c t  counts ( A O D C ) .  Direct  b a c t e r i a l  c e l l  

counts were determined e s s e n t i a l l y  by the  method of Daley and  Hobbie 

(1975) .  Ten l ea f  d i sks  ( 1 . 4  cm d i a . )  were added t o  50 m l  s t e r i l e  

well water a n d  homogenized f o r  5 minutes in  a Stomacher Model 80 

blender .  One m l  o f  homogenate was added t o  10 m l  s t e r i l e  well water 

p l u s  2 m l  of 0.1% or 1% a c r i d i n e  orange, s t a ined  f o r  5 m i n ,  f i l t e r e d  

t h r o u g h  a 0 .2  pm pore s i z e ,  I rgalan s t a i n e d ,  47 mm Nuclepore membrane 

w i t h  a vacuum o f  5 i n .  o f  mercury, and  then washed with 5 m l  of 

s t e r i l e  d i s t i l l e d  water.  

were counted. 

Ten f i e l d s  (eyepiece g r i d )  per membrane 

A N i k o n  op t iphot  microscope w i t h  a mercury lamp HBO-50, 
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and e x c i t a t i o n  c a s s e t t e  B ( e x c i t a t i o n  wavelength was 495 nm, e x c i t a t i o n  

f i l t e r  IF-410, d i c h r o i c  mirror  DM 505, and eyepiece side absorpt ion 

f i l t e r  515 W )  was used. 

and the mean value reported.  

For each sample two subsamples were counted 

Colonization S t u d 1  

Temporal p a t t e r n s  of  he te ro t raphic  a c t i v i t y  and microbial  

succession on dogwood (Cornus f l o r i d a )  

and white oak (Quercus a l b a )  leaves were examined f o r  a period of 

56 days. Leaves were c o l l e c t e d  p r i o r  t o  absc iss ion  and  a i r - d r i e d  

before  being placed i n t o  labora tory  s t reams.  The streams were covered 

w i t h  black p l a s t i c  t o  prevent a l g a l  growth and t o  e s t a b l i s h  a hetero-  

t r o p h i c  microbial  community. Decomposing l e a f  l i t t e r ,  c o l l e c t e d  

from Walker Branch, was placed upstream from the l e a f  CPOM t o  serve 

a s  a na tu ra l  inoculum. Leaf d i s k s  ( 1 . 4  cm d i a . )  were p e r i o d i c a l l y  

c o l l e c t e d ,  i t h  the a i d  of a cork bo re r ,  and used t o  determine the 

heterotroph c a c t i v i t y  of the microbiota and f o r  scanning e l e c t r o n  

microscopic observa t ions .  

red maple (Acer - r u b r u m )  

..... Heterotrophic  a c t i v i t y  determinat ion.  The hetero t rophic  

a c t i v i t y  of the microbiota was based upon tho procedures of Parson 

and St r ick land  (1962) ,  klright and Hobbie (1965) ,  and Hobbie and 

Crawford (1969) .  

was determined a s  fol lows:  one l e a f  d i s k  was placed i n  a reac t ion  

v i a l  (Figure 3 )  conta in ing  5 m l  o f  f i l t e r - s t e r i l i z e d  (0.2 Iim pore 

s i z e )  stream water.  The reac t ion  v i a l  was equipped  w i t h  a centerwel l  

The uptake of I4C-labeled glucose by the  microbiota 
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14c02 TRAPPING - SYSTEM 

5 h . STERILE 
STREAM WATER 

LEAF DISK 

Figure 3. Glucose uptake system. 

A )  CO2 trapping system: polyethylene centerwell 
with a fluted 1.4 x 5.2 cm piece o f  Whatman 
#1 paper saturated with 0.4 ml of 2N KQH. 

B) 20 ml polyethylene scintillation vial con- 
taining 5 ml of filter-sterilized (0.2 
Nuclepore filter) stream water and 1 leaf 
disk (1.4 cm dia.). 
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(Kontes, Vineland, NJ) containing a f l u t e d  piece o f  Whatman #1 f i l t e r  

paper ( 1 . 4  x 5.2 cm) s a t u r a t e d  w i t h  0 .4  ml of 2N KOH which served 

a s  a CO;! t r a p .  

50 ug L-I) and a f t e r  1 h ,  1 m l  of 2N H2SO4 was added t o  s t o p  metabolic 

a c t i v i t y  and t o  dr ive the C02 ou t  o f  s o l u t i o n  ( f i n a l  pH 1 . 5 ) -  

r e a c t i o n  v i a l  was then shaken f o r  1 h t o  a l low f o r  14CO2 adsorpt ion 

by the  KOH. The  centerwel l  was removed and placed i n  a s c i n t i l l a t i o n  

v i a l  containing 10 ml o f  hydrofluor (National Diagnost ics ,  Somerville,  

NJ) t o  determine the amount o f  14C-labeled glucose mineral ized.  

14C-labeled glucose was added ( f i n a l  concentrat ion 

The  

The l e a f  d i s k  was washed several  times w i t h  s t e r i l e  stream 

water ,  dr ied,  and wrapped i n  a s h l e s s  f i l t e r  paper. The wrapped 

l e a f  d i s k  was combusted i n  a Model 306 Packard Tri-Carb sample o x i d i z e r  

t o  q u a n t i t a t e  the amount of 14C-labeled glucose a s s i m i l a t e d  by the 

rnicrobiota. o t a l  glucose uptake was determined as  glucose mineralized 

+ glucose a s s  mi la ted .  

absorpt ion were done under  i d e n t i c a l  condi t ions  w i t h  the except ion 

t h a t  the ac id  was added p r i o r  t o  the a d d i t i o n  o f  the l k - l a b e l e d  

gl ucose. 

S te r i le  c o n t r o l s  used t o  c o r r e c t  f o r  a b i o t i c  

The mean 14CO2 trapping e f f i c i e n c y  of  the reac t ion  v i a l ,  

a s  determined by 1k-sodium bicarbonate  s tandard s p i k e s ,  was 72% 

with a s tandard devia t ion  o f  3%. T h i s  value was used t o  c o r r e c t  

samples t o  100%. 

a s tandard devia t ion  of 12% a s  determined by s tandard 14C-glucose 

addi t ion  t o  i d e n t i c a l  l e a f  samples. The samples were cor rec ted  

t o  100% using this value.  

The mean sample o x i d i z e r  e f f i c i e n c y  was 68% w i t h  
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DPM da ta  were obtained from a Packard Tri-Carb 460 l i q u i d  

s c i n t i l l a t i o n  spectrophotometer using the DPM mode which uses a 

s t o r e d  quench curve t o  c a l c u l a t e  DPM. 

amounts of  glucose based upon the s p e c i f i c  a c t i v i t y  o f  the 14C-labeled 

glucose.  

The DPMs were converted t o  

Fixat ion method f o r  scanning e l e c t r o n  microscopy observa t ion .  

Fixat ion of l e a f  disks was done by immersing a d i s k  i n  a 2% ( v / v )  

g lutaraldehyde s o l u t i o n  buffered w i t h  O.1M sodium cacodylate  ( f i n a l  

concent ra t ion)  f o r  1 h a t  4°C. After f i x a t i o n ,  l e a f  disks were 

dehydrated by t r a n s f e r r i n g  through a series of  increas ing  concentra- 

t i o n s  o f  e t h y l  a lcohol  ( l o % ,  25%, 502, 75$, and 100%) f o r  a per iod 

of  20 min  i n  each. 

C r i t i c a l  po in t  drying of the disks was c a r r i e d  o u t  using 

an Omar SPL-9OO/EX c r i t i c a l  po in t  drying machine. The procedure 

i s  a s  follows: the temperature and pressure were increased t o  42°C 

and 

r a t e  

samp 

300 p s i g ,  r e s p e c t i v e l y ,  then the pressure was 

o f  200 psig per minute u n t i l  ambient. The c r  

es were than coated w i t h  gold o r  palladium/go 

reduced a t  a 

t i c a l  po in t  d r i e d  

d using a Denton 

Vacuum DV-515 Automatic Evaporator. Samples were observed using 

an ETEC autoscan Scanning Electron microscope. 

Analysis  of Phosphorus Tracer  Labeled C e l l u l a r  Pools 

Whole c e l l  r a d i o a c t i v i t y .  Individual  l e a f  disks were 

i n  g l a s s  s c i n t i l l a t i o n  v i a l s  containing a piece of a s h l e s s  f 

paper,  and combusted a t  450°C overnight .  Ten ml of Aquasol 

placed 

1 t e r  

N E N  , 
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B o s t ~ n ,  MA) and 5 ml of d i s t i l l e d  water were added t o  the res idue  

and the v ia l  was shaken t o  form a gel and counted. 

rnl abso lu t e  methanol, 5 ml 

0.8 ml concentrated HC1. 

Five m 

Phospholipid e x t r a c t i o n  procedure.  The phasphol ip-s’d e x t r a c t i o n  

procedure used was t h a t  o f  White e t  a l .  (1977) .  Five d i s k s  ( 1 . 4  

cm d i a . )  were placed i n t o  a 30 rnl s epa ra to ry  funnel conta in ing  10 

chloroform, 4 ml d i s t i l l e d  w a t e r  and 

he mixture was shaken vigorously and 

each o f  chloroform and rnethanol were 

sepa ra to ry  funnel was shaken f o r  10 m i n  and l e t  

he chloroform phase was c o l l e c t e d  i n  a g l a s s  

l e t  s tand  f o r  2 h .  

then added and the 

s tand overn ight .  

s c i n t i l l a t i o n  v ia l  and evaporated t o  dryness  by an a i r  stream. 

Ten ml of Aquasol was added t o  the v ia l  and the r a d i o a c t i v i t y  was 

determined. 

Frac t iona t ion  of  i n t r a c e l l u l a r  phosphorus-cpponents. Leaf 

d i s k s  were c o l l e c t e d  and immediately frozen with e i ther  dry  ice-acetone 

or l i q u i d  ni t rogen u n t i l  f r a c t i o n a t i o n  of  i n t r a c e l l u l a r  components 

(RNA, DNA, metabol i te  pool)  could be done. The  bas ic  e x t r a c t i o n  

procedure f o r  metabol i te  p o o l ,  RNA, and DNA was descr ibed by Wanson 

and P h i l l i p s  (1981) (F igure  4 ) .  

1)  Five d i s k s  suspended i n  3 in1 of 5% ice cold t r i c h l o r o a c e t i c  

ac id  ( T C A )  were homogenized (maximum s e t t i n g )  on i c e  f o r  1 t o  2 

m i n  w i t h  a t e f l o n  t i s s u e  homogenizer a t tached  t o  a T- l ine  l abora to ry  

mixer (Talboys Engineering C o r p . ) .  
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small molecules f r a c t i o n  
(MP-P) 

1 
sol kbl e i nso l  ubl e 

1 i p i d s  RNA, DNA, p r o t e i n  

NaOH (0.5N) 

I 
sol Ab1 e inso luble  

R N A  
( R N A - P )  

DNA and pro te in  

hot 5% TCA 

DNA 
( D N A - P )  

p ro te in  

Figure 4. Frac t iona t ion  scheme f o r  Microbial Phosphorus 
Pool s.  
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2. The homogenate was t r a n s f e r r e d  t o  a 10 ml s c i n t i l l a t i o n  

The homoyenation tube and homogenatiou t i p  were washed 2 v i a l .  

t imes w i t h  2 m l  o f  i c e  c o l d  5% TCA and t h e  r i n s e  was added t o  t h e  

homogenate. 

homogenate. The homogenate was p laced an i c e  For 1 h. 

C a r r i e r  RNA and DNA (200 vg each) was added t o  t h e  

3. The homogenate was f i l t e r e d  (Gelman g lass  f i b e r ,  Type 

A /E  f i l t e r ) .  The e x t r a c t i o n  v i a l  was washed 2 t imes w i t h  2 ml i c e  

c o l d  5% TCA and f i l t e r e d .  The f i l t e r  was washed 2 t imes w i t h  2 

n i l  i c e  c o l d  5% TCA. 

pool phosphate (MP-P) .  

The c o l l e c t e d  f i l t r a t e  was des ignated as m e t a b o l i t e  

4. The f i l t e r  w i t h  p r e c i p i t a t e  was washed w i t h  5 m l  o f  i c e  

c o l d  70% ethanol  t o  remove r e s i d u a l  TCA. The f i l t r a t i o n  apparatus 

and f i l t e r  c o n t d i n i n g  t h e  p r e c i p i t a t e  were p laced  i n  a d r y i n g  oven 

a t  45°C f o r  app rox ima te l y  10 min t o  warm up .  

t h e  p r e c i p i t a t e  was s e q u e n t i a l l y  washed, s l o w l y  (10 min) ,  w i t h  5 

m l  70% ethanol  (45°C) and 10 m l  o f  1:l m i x t u r e  o f  methano l -ch lo ro fo rm 

t o  remove l i p i d s  f rom t h e  p r e c i p i t a t e  which would contaminate t h e  

The f i l t e r  c o n t a i n i n g  

a c t i o n s  . 
t e r  c o n t a i n i n g  t h e  p r e c i p i t a t e  was a i r - d r i e d  and 

s c i n t i l l a t i o n  v i a l .  The 10 m l  o f  0.5N NaOH (37°C) 

v i a l  was p laced  i n  a 37°C water  ba th  f o r  98 min 

ng 

RNA-P and DNA-P f 

5. The f i  

p laced  i n  a 20 m l  

was added and t h e  

w i t h  occas iona l  shaking. The sample was r a p i d l y  coo 

on i c e ,  3 m l  o f  i c e  c o l d  50% TCA was added, and then 

was l e f t  on i c e  f o r  30 min. 

ed by p l a c  

t h e  sample 
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6. The f i l t e r  o f  t h e  f i l t r a t i o n  apparatus was presoaked 

w i t h  c o l d  5% TCA and t h e  homogenate was f i l t e r e d .  

v i a l  c o n t a i n i n g  t h e  o r i g i n a l  f i l t e r  was washed 2 t imes w i t h  3 ml 

i c e  c o l d  5% TCA and t h e  wash was f i l t e r e d .  The f i l t e r  c o n t a i n i n g  

t h e  p r e c i p i t a t e  was washed 2 t imes w i t h  2 m l  o f  i c e  c o l d  5% TCA. 

The f i  1 t r a t e  was c o l l e c t e d  and des ignated RNA-phosphate (RNA-P). 

The f l t e r  c o n t a i n i n g  t h e  p r e c i p i t a t e  was p laced  back 

The e x t r a c t i o n  

7 .  

i n t o  t h e  e x t r a c t  on v i a l  c o n t a i n i n g  t h e  f i l t e r  f rom t h e  RNA d i g e s t i o n  

and 10 m l  o f  h o t  ( > 9 O " C )  5% TCA was added. The e x t r a c t i o n  v i a l  

was p laced  i n  a >90°C water  ba th  f o r  30 min. Bovine serum albumin 

(BSA) (200 Vg) was added and t h e  e x t r a c t i o n  v i a l  was p laced  on i c e  

f o r  30 min. The h o t  TCA e x t r a c t  was f i l t e r e d  and t h e  e x t r a c t i o n  

v i a l  was washed 2 t imes w i t h  2 ml i c e  c o l d  5% TCA. The f i l t e r  was 

washed 2 t imes w i t h  1 m l  i c e  c o l d  5% TCA. The f i l t r a t e  was c o l l e c t e d  

and des ignated DNA-phosphate (DNA-P). 

The e x t r a c t s  were c o l l e c t e d  i n  t a r e d  v i a l s  ( A )  and subsequent ly  

weighed t o  g e t  t o t a l  we igh t  ( v i a l  p l u s  e x t r a c t  = B ) .  A subsample 

( 5  m l )  was removed t o  q u a n t i t a t e  t h e  r a d i o a c t i v i t y  (33P and 3*P), 

and t h e  v i a l  was reweighed t o  g e t  the  we igh t  a f t e r  t h e  subsample 

was removed ( t o t a l  we igh t  - subsample we igh t  = C ) .  The f r a c t i o r i  

o f  t h e  subsample we igh t  t o  t h e  t o t a l  e x t r a c t  we igh t  was used t o  

c o r r e c t  fo r  t o t a l  r a d i o a c t i v i t y  i n  t h e  e x t r a c t .  

( B  - A )  = sample e x t r a c t  we igh t  ( B  - C )  
= D, c o r r e c t i o n  f a c t o r  

( B  - C )  = subsample we igh t  ( B  - A )  
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Radioactivity Quantitation 

Radioactivity measurements were made with a Packard Pri -Carb 

4640 liquid scintillation spectrometer (Packard Instrument Co. , 

Downers Grove, I L ) .  The parameters were as f0110\4S: counting termina- 

tion -time, 10 or  2 0  min; statistical precision was set at 1%; external 

standard and automatic efficiency control options were used. Ten 

ml o f  Aquasol was used as the scintillation cocktail. Quench curves 

for 32P and 33P were prepared by adding a known amount o f  radioactivity 

to 10 ml Aquasol and varying amounts of the quenching agent, chloro- 

form. 

The difference in the beta particle energy spectrum o f  the 

two radionuclides permitted good spectral separation. Settlng the 

lower limits o f  the higher energy region of 32P at or above the 

endpoint of the 33P spectrum reduced the counting efficiency of 

the 33P in the higher energy portion to zero. This procedure can 

be used i f  the maximum beta particle energy o f  the two radionuclides 

differs by at least three-fold, a s  in the case of 33P (248 KeV) 

and 3*P (1700 KeV).  

The double-label mode was used when 33P and 32P were simul- 

taneously being counted, which automatically subtracted the "spill- 

over" for each isotope. Counts per- minute ( C P M )  were converted 

to disintegrations per minute (DPM) directly by the scintillation 

counter based upon stored counting efficiencies of quenched standards. 

All DPMs were corrected for physical decay. 33P and 32P have physical 

half-lives o f  2 5 . 2  days and 14.3 days, respectively. 
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Phosphorus Dynamics o f  a D e t r i t a l  M i r o b i a l  Community 

The exper imen ta l  des ign o f  t h i s  phosphorus dynamics s t u d y  

i s  shown i n  F i g u r e  5. The bas i c  procedure i s  t h a t  o f  Berman and 

S k y r i n g  (1979). 

t u r n o v e r  r a t e s  by a phased double i s o t o p i c  l a b e l i n g  procedure u s i n g  

33P04 and 32PO4. 

T h i s  procedure a l l o w s  t h e  d e t e r m i n a t i o n  o f  phosphorus 

The m i c r o b i a l  community a s s o c i a t e d  w i t h  l e a f  CPOM was i n i t i a l l y  

l a b e l e d  w i t h  33P u n t i l  i s o t o p i c  e q u i l i b r i u m  was achieved i n  t h e  

phosphorus poo ls .  

t o  h e r e a f t e r  as t ime  z e r o ) .  

v a r i o u s  t imes t o  determine t h e  r a t i o  o f  32P t o  33P i n  t h e  m i c r o b i a l  

community ( u n f r a c t i o n a t e d )  and i n  t h e  i n t r a c e l l u l a r  phosphorus poo ls .  

32P i n  c o n j u n c t i o n  w i t h  33P was then  added ( r e f e r r e d  

Samples were subsequent ly  taken a t  

The advantages o f  t h i s  d o u b l e - l a b e l i n g  procedure a re :  

1) There i s  no need t o  determine t h e  s p e c i f i c  a c t i v i t y  o f  

t h e  phosphorus poo ls ,  t hus  i t  i s  n o t  necessary t o  q u a n t i t a t e  t h e  

phosphorus poo ls  (e.g., p h o s p h o l i p i d ) .  

2)  The system does n o t  need t o  be i n  s teady -s ta te .  

3)  Q u a n t i t a t i v e  e x t r a c t i o n  o f  t h e  phosphorus pool  i s  n o t  

r e q u i r e d  s i n c e  t h e  r a t i o  o f  32P t o  33P i s  be ing  determined f o r  each 

phosphorus p o o l .  

The d i s t r i b u t i o n  o f  phosphorus i n  t h e  v a r i o u s  phosphorus 

poo ls  can, a l s o ,  be determined by m o n i t o r i n g  33P i n  t h e  poo ls  when 

i s o t o p i c  e q u i l i b r i u m  i s  a t t a i n e d  s i n c e  33P w i l l  be d i s t r i b u t e d  e x a c t l y  

as s t a b l e  31P a t  t h i s  t ime.  The gross phosphorus uptake ( i n f l u x  

o n l y )  can a l s o  be determined by measuring 33P o r  32P i nc rease  i n  

t h e  c e l l u l a r  phosphorus poo ls  w i t h  t ime. 
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EXPERIMENTAL DESIGN 

LEAVES PLACED IN A R T I F I C I A L  S T R E A  

M l C R O B t A h  COLONlZ TION P E R I O D  

INPUT 
33 

O4 

ISOTOPIC EQUlL lBR lUM REACgED 

INPUT 33 PO4 AND PQ4 
32 

SAMPLE LEAF CPOM AND FRACTlONATlON 
OF C E L L U L A R  COMPONENTS 

33 
DETERMINE P: P RAT16 

P AND 32P INPUTS 
33 

STOP 

D E T E R M I N E  CHANGE I N  33P AND 32P 

Figure 5.  Experimental protocol used f o r  phosphorus dynamics 
s t u d i e s .  
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The r a t i o  of 32P t o  33P i n  the  phosphorus pool ( e .g . ,  RNA-P)  

was compared to  the r a t i o  expected a t  i s o t o p i c  s t e a d y - s t a t e  ( i . e . ,  

the r a t i o  of 32P t o  33P in  the stream w a t e r ) .  The r a t i o s  were ex- 

pressed as  a f r a c t i o n  of the s t e a d y - s t a t e  i s o t o p i c  r a t i o  ( i . e . ,  

the r a t i o  o f  32P t o  33P i n  the stream w a t e r ) .  The f r a c t i o n  o f  the  

s t e a d y - s t a t e  r a t i o  was p l o t t e d  versus time and the s lope  was taken 

t o  be the  turnover  r a t e  cons tan t  for s y n t h e s i s .  The turnover  r a t e  

was a l s o  determined by monitoring the decrease in r a d i o a c t i v i t y  

assoc ia ted  w i t h  the  phosphorus pool, a f t e r  the  i n p u t  o f  t r a c e r s  

was ceased. 

A schematic representa t ion  o f  the phosphorus dynamics assoc ia ted  

with the microbial  community i s  shown i n  Figure 6. A s  orthophosphate 

e n t e r s  the c e l l  ( r a t e  k l ) ,  i t  becomes p a r t  of t he  metabol i te  pool 

( inorganic  phosphate and organic  phosphate precursor  molecules) .  

From this  precursor  pool ,  phosphorus i s  made a v a i l a b l e  f o r  the in-  

corporat ion i n t o  RNA, phospholipid,  and DNA a t  r a t e s  k3, k5, and 

k 7 ,  r e s p e c t i v e l y .  

c e l l u l a r )  i s  a l s o  a v a i l a b l e  f o r  microbial  use via  e x t r a c e l l u l a r  

enzymatic hydrolysis  ( k l l )  t o  orthophosphate o r  d i r e c t  uptake ( k g ) .  

C e l l u l a r  phosphorus components of rnicrobes a r e  in  a dynamic s t a t e  

(continuous s y n t h e s i s  and breakdown), t h u s  the  c e l l u l a r  phosphorus 

pools a r e  turned over (degraded) and the phosphorus r e e n t e r s  the  

metabol i te  pool a t  a c e r t a i n  r a t e  ( turnover  r a t e )  f o r  RNA ( k 4 ) ,  

phospholipid ( k G ) ,  and DNA (k8).  

c e l l  can occur via PO4 (k2)  and organophosphorus (k10) r e l e a s e  back 

t o  the environment. 

Phosphorus from organophosphorus molecules ( e x t r a -  

Phosphorus turnover  f o r  the i n t a c t  
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The research  of  t h i s  s t u d y  was c e n t e r e d  on t h e  or thophosphate 

The movement o f  phos- p o r t i o n  o f  the  e x t r a c e l l u l a r  phosphorus p o o l .  

phorus through t h e  m i c r o b i a l  community and i n t r a c e l l u l a r  phosphorus 

pool  was determined (see below).  Two s t u d i e s  were c a r r i e d  o u t .  

The f i r s t  s t u d y  used ungrazed r e d  maple leaves.  

used w h i t e  oak leaves  i n  two streams, one c o n t a i n e d  s n a i l s  (shredder /  

g r a z e r )  and t h e  o t h e r  d i d  n o t ,  t o  examine t h e  e f f e c t  a f  g r a z i n g  

on phosphorus f l u x  th rough t h e  m i c r o b i a l  community. 

The second s t u d y  

L a b o r a t o r y  streams d e s c r i p t i o n .  - L a b o r a t o r y  streams used 

f o r  these s t u d i e s  were housed i n  greenhouses a t  Oak Ridge N a t i o n a l  

Laboratory-Environmental Sciences D i v i s i o n  (ORNL-ESD). The streams 

c o n s i s t e d  o f  f i b e r g l a s s  channels ,  0.3 m wide and 45 m long,  c o n t a i n i n g  

g r a v e l  and cobble substratum, o b t a i n e d  f r o m  a nearby s t ream (Walker 

Branch) ( F i g u r e  7 ) .  Each channel r e c e i v e d  a cont inuous  i n p u t  o f  

groundwater.  

a l g a l  growth and t o  e s t a b l i s h  a h e t e r o t r o p h i c  s t ream system. The 

groundwater f l o w  was 0.38 L s - 1  and 0.50 L s - 1  f o r  maple s t u d y  and 

oak s tudy ,  r e s p e c t i v e l y .  The maple s t u d y  u t i l i z e d  about t h e  l a s t  

5 meter  s e c t i o n  o f  t h e  a r t i f i c i a l  stream, whereas t h e  oak s t u d y  

used about  a 10 meter  s e c t i o n  o f  t h e  stream. 

The streams were covered w i t h  b l a c k  p l a s t i c  t o  p r e v e n t  

S n a i l s ,  Goniobasis clavaeforrnes, were c o l l e c t e d  f r o m  Walker 

Branch and used f o r  t h e  oak s t u d y  t o  examine t h e  e f f e c t  o f  g r a z i n g  

on t h e  phosphorus f l u x .  The s n a i l  d e n s i t y  was approx imate ly  430 

s n a i l s  m-2. 
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Red maple l eaves ,  -- Acer rubrum, were c o l l e c t e d  just p r i o r  

t o  absc iss ion  i n  the Fa l l  of 1982, a i r  d r i e d ,  and s t o r e d  u n t i l  needed. 

Dried white oak l eaves ,  Quercus a l b a ,  were c o l l e c t e d  i n  the Fa l l  

o f  1983. 

from an inoculum (decomposing l eaves )  from Walker Branch which was 

placed upstream. The co lon iza t ion  per iod was 21 days and 112 days 

p r i o r  t o  the s t a r t  o f  t r a c e r  add i t ion  (33P) f o r  the maple s tudy  

and the  oak s tudy ,  r e spec t ive ly .  

Leaves were placed i n  streams and allowed t o  co lon ize  

Radiolabeled phosphate release-. The add i t ion  o f  rad io labe led  

or thophosphoric  a c i d  i n t o  l abora to ry  s t reams was done using a peri- 

s t a l t i c  pump (Pharmacia Fine Chemicals, Model P-3). The i n p u t  r a t e s  

were approximately 960 ml day-1 and 400 rnl day-1 f o r  the maple CPOM 

s tudy  and the oak CPOM s tudy ,  r e s p e c t i v e l y .  A polyethylene carboy 

(Nalgene) conta in ing  0.01N HC1 , t o  d i m i n i s h  s i d e  wall adso rp t ion ,  

was used a s  the t r a c e r  feed r e s e r v o i r .  For the maple s tudy ,  4.7 

mCi  o f  33P-orthophosphoric ac id  was d i l u t e d  i n t o  25 L o f  H C 1 ,  whereas 

f o r  the oak s tudy ,  25.6 m C i  of 33P-orthophosphoric a c i d  was d i l u t e d  

i n t o  50 L o f  HC1. 

the c e l l u l a r  phosphorus pools ,  4 m C i  and 3.8 m C i  o f  3*P-orthophosphoric 

a c i d  was added t o  the remaining i n p u t  s o l u t i o n  f o r  the maple CPOM 

s tudy  and oak CPOM s tudy ,  r e spec t ive ly .  The input  was continued 

u n t i l  the time a t  which the feed s o l u t i o n  would not l a s t  another  

When 33P reached i s o t o p i c  equi l ibr ium w i t h i n  

day. 

33P and 32P orthophosphate were uniformly d i s t r i b u t e d ,  a t  

t r a c e r  concen t r a t ions ,  throughout the water  o f  the s t reams.  The 
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-11 i n  s i  t u  phosphate c o n c e n t r a t i o n  (as s o l u b l e  r e a c t i v e  phosphate (SRP)) 

f o r  t h e  r e d  maple s t u d y  was 5.0 pg P L - I ;  t h e  33P and 32P phosphate 

a d d i t i o n s  were 9.3 x 10-8 vg P L - 1  and 2 .6  x 

The combined a d d i t i o n  o f  33P and 32P (3.53 x los7 1.19 P L - l )  r e s u l t e d  

i n  a c a l c u l a t e d  i n c r e a s e  i n  t h e  i n  s i t u  SRP c o n c e n t r a t i o n  i n  t h e  

water  o f  7 . 1  x 10-6%. The mean -- i n  s i t u  SRP c o n c e n t r a t i o n  For t h e  

w h i t e  oak s t u d y  was 2.3 vg P L - l ;  t h e  33P and 32P a d d i t i o n s  were 

5 .7  x 10-8 pg P L - 1  and 2 .1  x 

combined 33P and 32P a d d i t i o n  (7.8 x 

a 3.4 x 10-6X i n c r e a s e  i n  t h e  i n  s i t u  phosphorus c o n c e n t r a t i o n  i n  

t h e  water  f o r  t h e  oak CPOM s tudy .  

pg P L - I ,  r e s p e c t i v e l y .  

vg P L - I ,  r e p s e c t i v e l y .  The 

pg P L - I )  r e s u l t e d  i n  

Stream sampl ing f o r  f r a c t i o n a t i o n  o f  .- CPOM. CPOM samples 

were c o l l e c t e d  by c u t t i n g  d i s k s  f rom leaves u s i n g  a 87 o r  #10 c o r k  

b o r e r .  One l e a f  d i s k  was c u t  p e r  l e a f  and p laced i n  a g l a s s  d i s h  

c o n t a i n i n g  approx imate ly  one l i t e r  o f  n o n - r a d i o a c t i v e  w e l l  water ,  

t h e  same as i n  t h e  streams, u n t i l  enough d i s k s  were c o l l e c t e d  ( l e s s  

than 30 m i n ) .  T h i s  was done f o r  two reasons: f i r s t ,  t o  r i n s e  o f f  

any t r a c e r  i n  s o l u t i o n  on t h e  d i s k s ;  and secondly ,  t o  m a i n t a i n  t h e  

environment o f  t h e  m i c r o b i a l  community. Leaf  d i s k s  were randomly 

s e l e c t e d  and d ispensed f o r  whichever phosphorus pool  was t a  be 

examined (see s p e c i f i c  e x t r a c t i o n  procedure) .  

Phosphate a n a l y s i s .  SRP was determined by a m o d i f i e d  method 

o f  Murphy and R i l e y  (1965) as o u t l i n e d  by W e t z e l ' s  and L i k e n ' s  (1979) 

a l t e r n a t i v e  B procedure.  A Var ian  Ser ies  634 spect rophotometer  
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w i t h  s l i t  s e t t i n g  o f  2 nm, absorbance s e t t i n g  o f  885 nm, and a 1 

cm c e l l  was used. 

Murphy and R i l e y  (1962) procedure u s i n g  a Perk in-Elmer H i t a c h i  Model 

200 spect rophotometer  u s i n g  a 10 cm c e l l ,  w i t h  a 2 nm s l i t  and absorb- 

ance s e t t i n g  o f  885 nm. 

D isso lved  phosphate was a l s o  determined by t h e  

Phosphate c o n c e n t r a t i o n  was determined 

f rom a s tandard cu rve  o f  phosphate c o n c e n t r a t i o n  versus absorbance 

u n i t  a t  885 nm. 

t h e  SRP l e v e l ,  whereas t h e  t e c h n i c a l  s t a f f  o f  ESD used t h e  Murphy 

and R i  l ey  method. 

The m o d i f i e d  procedure was used by me t o  determine 

Leaf  mass. 

d i s k s  a t  105°C o v e r n i g h t .  

by combust ing l e a f  m a t t e r  i n  precombusted and t a r e d  aluminum pans 

a t  450°C o v e r n i g h t .  

s u b t r a c t i n g  ash we igh t  f rom t h e  d r y  we igh t .  

Dry we igh t  ( D W )  was determined by d r y i n g  l e a f  

Ash we igh t  (AW) o f  l eaves  was determined 

Ash- f ree d r y  we igh t  (AFDW) was o b t a i n e d  by 

Data a n a l y s i s .  Data were analyzed u s i n g  t h e  S t a t i s t i c a l  

A n a l y s i s  System (He lw ig  and Counci l  , 1982), a s t a t i s t i c a l  package, 

u s i n g  a DEC 10, I B M  360/5-370/148 computer system a t  t h e  U n i v e r s i t y  

o f  Tennessee, K n o x v i l l e .  L i n e a r  r e g r e s s i o n  and a n a l y s i s  o f  va r iance  

( A N O V A )  were performed u s i n g  t h e  General L i n e a r  Model (GLM) subprogram. 

The temporal  data f o r  t h e  i s o t o p e  r a t i o s  and c o n c e n t r a t i o n s  were 

sub jec ted  t o  a l i n e a r  r e g r e s s i o n  a n a l y s i s  t o  determine t h e  s lope  

o f  the curve. Biomass da ta  was sub jec ted  t o  ANOVA t o  determine 

whether t h e r e  was s i g n i f i c a n t  g r a z i n g  e f f e c t  on t h e  m i c r o b i a l  com- 

muni ty .  Duncan's M u l t i p l e  Range A n a l y s i s  was used t o  t e s t  f o r  
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s i g n i f i c a n t  d i f f e rence  among mean biomass f o r  the  ungrazed and  grazed 

streams and temporal d i f f e rences  with the  ungrazed and grazed s t reams.  

A l l  s t a t i s t i c a l  t e s t s  fo r  s ign i f i cance  were done a t  P 2 0.95. 

95% confidence level  f o r  the regression c o e f f i c i e n t ,  the s lope ,  

was ca l cu la t ed  according t o  Sokal and Rohlf (1969)  ( a  = 0.05) .  

The 



V .  RESULTS 

P r e l i m i n a r y  S tud ies  

I n  o r d e r  t o  determine t h e  b a c t e r i a l  c e l l  d e n s i t y  a s s o c i a t e d  

w i t h  l e a f  CPOM, t h e  c e l l s  had t o  be removed f rom t h e  CPOM su r face .  

As i n d i c a t e d  i n  Table 3, a 5 minute homogenation t ime  was found 

optimum f o r  t h e  maximal r e c o v e r y  of b a c t e r i a l  c e l l s  f rom t h e  s u r f a c e  

o f  l e a f  CPOM. T h i s  procedure,  however, does n o t  q u a n t i t a t i v e l y  

remove b a c t e r i a  f rom t h e  l e a f  su r face .  It was found t h a t  o n l y  54% 

o f  t h e  c e l l  s were removed by t h i s  procedure (see Methods--recovery 

of b a c t e r i a ) .  

vated t h e  homogenate temperature which m i g h t  have reduced t h e  r e l a t i v e  

recove ry  o f  v i a b l e  b a c t e r i a .  Subsequent ly t h e  b a c t e r i a l  d e n s i t i e s  

r e p o r t e d  a r e  r e l a t i v e  va lues and were used f o r  comparat ive purposes. 

A homogenation t ime  o f  15 minutes s i g n i f i c a n t l y  e l e -  

Closed system s t u d i e s  were doile t o  become s k i l l e d  i n  work ing  

w i t h  a CPOM a s s o c i a t e d  m i c r o b i a l  community and t o  e v a l u a t e  v a r i a b i l i t y  

o f  parameters under s tudy.  I n i t i a l  phosphorus i n c o r p o r a t i o n  r a t e s ,  

phosphorus uptake, i n c o r p o r a t i o n  i n t o  phospho l i p id ,  and d i s t r i b u t i o n  

o f  32P-t racer  i n  t h e  i n t r a c e l l u l a r  p o o l s  were moni tored u s i n g  r e d  

maple CPOM. 

Phosphorus uptake b y  a r e d  maple CPOM m i c r o b i a l  community 

which was a l l owed  t o  develop f o r  19 days p r i o r  t o  t h e  t r a c e r  a d d i -  

t i o n  i s  shown i n  F i g u r e  8. The i n i t - a ’ a l  phosphorus i n c o r p o r a t i o n  

r a t e ,  d e f i n e d  as t h e  s lope  of  t h e  l i n e a r  p o r t i o n  o f  t h e  uptake curve, 

was 0.56 ng PO4-P cm-2 min-1. The r a t e  c o n s t a n t  o f  0.021 h -1  was 

57 
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Table 3.  Comparison o f  stomacher homogenation t imes f o r  t h e  
removal o f  b a c t e r i a  f rom t h e  l e a f  su r face .  

Homogenation Time C e l l s  Per m l  o f  Hornogenatea 
(Minu tes)  .... ( x  104) . 

1 115 ? 1 4  

3 149 ? 8 

5 246 * 61 

10 235 2 11 

197 ? 50 15 

aAs determined by p l a t e  counts a f t e r  f o u r  days '  i n c u b a t i o n  
a t  25°C; r e p o r t e d  va lues  are means It 1 S.D. 
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F i g u r e  8. 
e s t a b l i s h e d  f o r  19 days. 
?r 1 S . D .  

Phosphate uptake by m i c r o b i o t a  assoc ia ted  w i th  decomposing r e d  maple CPOM 
The curve  i s  a l i n e a r  b e s t  f i t  u s i n g  a l l  data.  Shown are t h e  means 

y = 0 . 5 6 ~  + 0.65; r = 0.97. 
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determined by t h e  method descr ibed by Lean and White (1983) i n  which 

t h e  l o g  o f  t h e  p e r c e n t  r a d i o a c t i v i t y  remain ing  i n  s o l u t i o n  i s  p l o t t e d  

versus t i m e  ( F i g u r e  9 ) .  The phosphate t u r n o v e r  t ime f o r  t h e  phosphate 

i n  t h e  water  was c a l c u l a t e d  t o  be 48 h ( s u r f a c e  area t o  s o l u t i o n  

r a t i o  was 0.123). The b a c t e r i a l  c e l l  d e n s i t y  and t h e  o r g a n i c  c o n t e n t  

o f  t h e  maple CPOM was 6.82 x 106 c e l l s  cmm2 o f  l e a f  s u r f a c e  and 

16.8 mg a s h - f r e e  d r y  we igh t  (AFDW) cm-2, r e s p e c t i v e l y .  

had a phosphorus c o n c e n t r a t i o n  o f  2.5 1-19 PO4-P L - 1  as s o l u b l e  r e a c t i v e  

phosphate (SRP) and a temperature o f  14°C. 

The water  

Phosphorus uptake was a l s o  examined u s i n g  r e d  maple CPOM 

c o l o n i z e d  f o r  31  days ( F i g u r e  10).  The i n i t i a l  i n c o r p o r a t i o n  r a t e  

was 0.169 ng Pod-P cm-* rn in- l .  M i c r o b i a l  biomass, as ATP, and t h e  

b a c t e r i a l  c e l l  d e n s i t y  were 4197 pg ATP cm-2 o f  l e a f  s u r f a c e  and 

3 - 2 7  x 107 c e l l s  crn-2 o f  l e a f  sur face ,  r e s p e c t i v e l y .  

ATP c o n t e n t  per  c e l l  was 1.28 x 10-4 pg ATP. 

o f  t h e  CPQM was 0.78 mg AFDW ern-2. 
o f  t h e  water  was 3.3 pg PO4-P L - 1  as SRP; t h e  water  temperature 

was 17.5"C. 

The c a l c u l a t e d  

The o r g a n i c  c o n t e n t  

The phosphorus c o n c e n t r a t i o n  

Comparing t h e  above closed system s t u d i e s ,  i t  i s  i n t e r e s t i n g  

t h a t  t h e  phosphorus uptake r a t e  f o r  t h e  younger m i c r o b i a l  community 

(19 days)  was a p p r o x i m a t e l y  t h r e e  t imes g r e a t e r  than t h e  31 day 

community, even though t h e  c o n c e n t r a t i o n  o f  a v a i l a b l e  P i  was l e s s  

and the c e l l  d e n s i t y  and water  temperature were lower .  'The o r g a n i c  

c o n t e n t ,  however, o f  t h e  19 day CPOM was about  twenty  t imes greater.  

than t h e  31 day CPOM suggest ing  t h e  o l d e r  m i c r o b i a l  community m i g h t  
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Figure 9 .  
e s t ab l i shed  f o r  19 days. 
po in t .  

K i n e t i c s  o f  phosphate removal by microbiota assoc ia ted  w i t h  red maple CPOM 
One ml o f  water was f i l t e r e d  and  assayed for r a d i o a c t i v i t y  for each 

y = (1.506 x l O - 4 ) ~  + 1.999; r = 0.99. 
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Figure 10. P h o s p h o r u s  uptake by microbiota  assoc ia ted  with 
red maple CPOM e s t a b l i s h e d  f o r  31 days.  
l e a f  d i s k .  T h e  curve i s  a l i n e a r  best f i t  t o  the  p o i n t s .  y = 0 . 1 6 9 ~  
1- 0 .447 ;  r = 0.87. 

E a c h  datum i s  a s i n g l e  
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have been carbon l i m i t e d  o r  m e t a b o l i c a l l y  l e s s  a c t i v e .  

p a r i s o n ,  a l s o ,  i n d i c a t e s  g r e a t e r  phosphorus c y c l i n g  by t h e  younger 

m i c r o b i a l  community compared t o  t h e  o l d e r  m i c r o b i a l  community. 

T h i s  com- 

Phosphorus uptake r a t e s  were determined based on s i n g l e  t i m e  

p o i n t  uptake (sample taken a t  one t i m e  p o i n t  o n l y ,  1 h o r  20 h) .  

An uptake r a t e  o f  3.30 ng P cm-2 h-1 and 0.74 ng P cm-2 h - 1  was 

determined f o r  1 h and 20 h uptake t imes,  r e s p e c t i v e l y .  The 

r e d  maple CPOM was c o l o n i z e d  f o r  15 days and had a m i c r o b i a l  biomass 

o f  12,877 pg ATP cm-2 and a b a c t e r i a l  c e l l  d e n s i t y  o f  2.90 x l o 7  

c e l l s  cm-2. The c a l c u l a t e d  ATP c o n t e n t  p e r  c e l l  was 4.44 x 10-4 

pg ATP and t h e  CPOM o r g a n i c  c o n t e n t  was 1.09 mg AFDW cmm2 o f  l e a f  

su r face .  

L-1 as SRP; t h e  water  temperature was 14°C.  

The phosphate c o n c e n t r a t i o n  o f  t h e  water  was 3.3 pg PO4-P 

Comparing t h e  c a l c u l a t e d  uptake r a t e s  f o r  t h e  1 h and 20 h 

t ime  p o i n t s  i n d i c a t e d  t h a t  a l i n e a r  uptake d i d  n o t  occur  ove r  t h e  

20 h p e r i o d .  

r a p i d  uptake p e r i o d  f o l l o w e d  by a p e r i o d  o f  s lower  uptake. 

reason f o r  t h i s  occurrence may be t h a t  t h e  c o n c e n t r a t i o n  o f  a v a i  

P i  m i g h t  have become l i m i t e d  by t h e  20 h sampl ing.  Another poss 

Uptake k i n e t i c s  appear t o  be b i p h a s i c  w i t h  an i n i t  

One 

a1 

ab1 e 

b l  e 

e x p l a n a t i o n  i s  t h a t  by t h e  20 h sample s u f f i c i e n t  e f f l u x  had occu r red  

thus  decreas ing t h e  amount o f  phosphorus i n i t i a l l y  accumulated ( 1  h 

sample) r e s u l t i n g  i n  a l ower  c a l c u l a t e d  uptake r a t e .  

The i n c o r p o r a t i o n  o f  32P i n t o  l i p i d - P  ( p h o s p h o l i p i d )  was 

a l s o  determined u s i n g  maple CPOM c o l o n i z e d  f o r  15 days. 

t i o n  o f  phosphorus i n t o  l i p i d - P  was l i n e a r  f o r  t h e  20 h p e r i o d  

The i n c o r p o r a -  
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examined w i t h  a c a l c u l a t e d  i n c o r p o r a t i o n  r a t e  o f  0.148 ng P cm-2 h-1 

( F i g u r e  11).  Assuming one phosphate atom p e r  p h o s p h o l i p i d  molecule,  

t h e  c a l c u l a t e d  s y n t h e s i s  o f  p h o s p h o l i p i d  was 1.53 pmol cm-* h-1, 

and 5.46 x 

by t h e  m i c r o b i a l  community p resent  (2 .9  x 107 c e l l s  cm-2). 

The c o n t r i b u t i o n  o f  a b i o t i c  a b s o r p t i o n  t o  t h e  t o t a l  uptake 

pmol c e l l - l  h -1  o f  p h o s p h o l i p i d  was syn thes ized 

o f  phosphorus by CPOM m i c r o b i a l  community i s  shown i n  Table 4. 

Abiot i 'c  a d s o r p t i o n  o f  phosphorus ranged between 4% t o  11% o f  t h e  

t o t a l  phosphorus accumulated. A b i o t i c  a d s o r p t i o n  accounted f o r  

a g r e a t e r  percentage o f  t h e  t o t a l  phosphorus uptake f o r  s h o r t  uptake 

t imes ( I <  15 min)  i n d i c a t i n g  t h a t  t h e  a b i o t i c  uptake r a t e  was s lower  

than t h e  b i o t i c  uptake r a t e .  

o f  phosphorus o n t o  CPOM i s  r e l a t i v e l y  i n s i g n i f i c a n t  compared t o  

t h e  b i o t i c  a b s o r p t i o n .  

It i s  concluded t h a t  a b i o t i c  a d s o r p t i o n  

A p r e l i m i n a r y  c e l l u l a r  f r a c t i o n a t i o n  s t u d y  was done u s i n g  

t h e  r e d  maple CPOM which had been c o l o n i z e d  f o r  15  days, The 

m i c r o b i a l  community was l a b e l e d  w i t h  32PO4-P f o r  20 h and t h e  i n t r a -  

c e l l u l a r  phosphorus p o o l s  were f r a c t i o n a t e d .  The d i s t r i b u t i o n  o f  

32P- t racer  i n  t h e  i n t r a c e l l u l a r  p o o l s ,  as p e r c e n t  o f  whole ce 1 - P  

( W C - P ) ,  was as f o l l o w s :  m e t a b o l i t e  pool -P ( M P - P ) ,  20.1%; l i p  d - P  

(L-P), 19.9%; RNA-P, 51.9%; DNA-P, 13.9%; and t o t a l  recovered i n  

a l l  f r a c t i o n s ,  105.8%. 

A n a l y t i c a l  Recovery E f f i c i e n c i e s  f o r  I n t r a c e l l u l a r  Phosphorus Pools  

The a n a l y t i c a l  r e c o v e r y  o f  phosphorus i n  i n t r a c e l l u l a r  p o o l s  

was determined w i t h  t h e  use o f  r a d i o a c t i v e  s tandard  compounds 
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ORNL-DWG 86-9441 

Time ( h )  

Figure 11. Incorporation o f  phosphate i n t o  phospholipid. 
The curve i s  a linear best fit t o  the  individual datum; n = 2. 
Shown are t he  mean -t 1 S.D. y = 0.148~ + 0.047; r = 0.99. 
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(Table 5 ) .  

two amphipathic compounds, pa lmi t ic  ac id  and phosphatidyl e thanol -  

amine. 

Glucose was used a s  a r ep resen ta t ive  ac id  so lub le  low molecular 

weight compound t o  e s t ima te  the  MP-P recovery e f f i c i e n c y .  

covery e f f i c i e n c y  for glucose ranged from 101% t o  111X, so the  recovery 

e f f i c i e n c y  f o r  MP-P was taken t o  be 100%. 

t r a n s l a t e d  salmon sperm DNA, a DNA recovery e f f i c i e n c y  of 77% was 

determined, and RNA recovery e f f i c i e n c y ,  as determined by an E. coli 
t o t a l  RNA s tandard ,  was 84%. The r e s u l t i n g  recovery e f f i c i e n c i e s  

were used t o  c o r r e c t  f r a c t i o n a t e d  pools of phosphorus i n  microbes 

a s soc ia t ed  w i t h  CPOM t o  100% recovered. 

The recovery e f f i c i e n c y  f o r  L-P was est imated using 

Both compounds were recovered a t  an e f f i c i e n c y  o f  92%. 

The re -  

Using 32P-labeled nick- 

Microbial Colonizat ion o f  Leaf CPOM 

Glucose metabolism and metabolic a c t i v i t y  of CPOM assoc ia t ed  

microbial  communities. The r a t e  o f  glucose metabolism by decomposing 

dogwood, maple, and oak CPOM a r e  shown i n  Table 6 and Figures 12,  

13, 14, 15. The da ta  a r e  divided i n t o  four  c a t e g o r i e s ,  glucose 

a s s imi l a t ed  ( l abe led  glucose taken up and r e t a ined  i n  c e l l u l a r  

mater ia l  ) , glucose mineral ized (glucose taken u p  and subsequent ly  

r e s p i r e d ) ,  t o t a l  glucose uptake ( a s s imi l a t ed  plus  mine ra l i zed ) ,  

and percent  o f  glucose uptake mineral ized.  I t  was assumed t h a t  

the -- i n  s i t u  glucose concent ra t ion  was n e g l i g i b l e  compared t o  the  

added glucose (50 1.19 L - l ) ,  t h u s  the  e f f e c t i v e  glucose concent ra t ion  

was t h a t  of the  added glucose.  



Table 5. Recovery o f  standards during CPGM fractiona1ion.a 

Determination o f  Recovery Efficiency 
PhosphorusD Recovery 

Pool S t a n d a r d  DPM AddedC DPM Recoveredd % Recoverede 

F-P palmitic acid 76,081 f 2,604* 69,712 2 !j1544* 9 2 1  8 
, 

phosphatidyl 62G.167 3.182* 570,091 * 7,652* 92 1 
ethanolamine 

DNA-P oligonucleotide 
78 1 4 
76 20 

1,976,700 i 21,442** 1,541,092 1 69,401* 
2,392.417 2 44,548* 1,827,255 * 475,000* 

Experiment 1 
Experimenr 2 

MP-P glucose 
Experiment 1 2,046.772 * 7,859** 2,266,664 * 11,569* all 1 
Experiment 2 4,168,823 f 34,892** 4,239,278 5 43,322-t l[il ? a 

R N A - P  Total RNA 3,347,472 87,401** 2,791,457 * 122,859+ 84 * 4 

aBased upon radiolabel recovery. 

bL-P, l i p i d  phosphate; DNA-P,  DNA phosphat?; MP-P, metabolite pool phosphjte; R N A - P ,  RNA 

CMeari f 1 S.B. 

dMean * 1 S.O. ;  DPM recovered f rom spiked GPOM homogenate. 

‘Mean 2 1 S.D. 

*n = 3; t n  = 2; **n = 4. 

phosphate. 

added to  CPOM homogenate; e r r u r  represents pipeting e r r o r .  

1 

DPW added determined by s p i k i n g  rep l ica te  s c i n t i l l a t i o h  v i a l  with same amount 



Table 6. Glucose metabolism by microbes associated with  decomposing dogwood, maple, and oak CP0M.a 

Days in 
L e a f  Speci rs Stream Uptakeb Assimi la ted Mineral izedb % Mineralized 

Oogwood 1 
3 
7 
10 
15 
22 
29 
36 

Oak 

Maple 

1 
3 
7 

10 
15 
22 
29 
36 

-- 
11.31 f 3.81 
9.45 * 5.03 
9.96 r 3.58 
8.22 4.75 
10.03 2 2.16c 
18.12 * 9.54 
16.04 f 6.86 

-- 
1.42 * 0.32 
3.75 i: 2.61 
4.82 i: 1.8Sd 
8.98 * 5.47c 
8.48 2 4.01 
10.36 f 2.07 
9.41 1 4.96 

-- 
9.16 f 2.65 
5.17 2 2.70 
6.06 * 1.93 
5.77 f 3.50 
7.15 i: 1.56c 
12.13 2 5.81 
10.12 f 4.54 

-- 
0.22 i: 0.12 
1.93 f 1.17 
3.06 * 0.99' 
6.70 f 3.25c 
5.80 2 2.76 
6.69 * 3.28 
5.13 i 1.61 

0.06 f 0.02 
2.15 f 1.64 
4.26 It 2.39 
3.90 * 1.72 
2.45 +_ 1.30 
2.88 f 0.66c 
5.99 2 4.38 
5.88 f 2.49 

0.03 t 0.03c 
1.08 f 0.41 
1.83 f 1.49 
1.99 f C.78d 
3.04 2 2.25 
2.68 i: 1.31 
2.21 * 1.21 
4.28 r 3.53 

-- 
17.8 f 10.9 
44.6 f 4.3 
38.1 f 4.9 
31.6 2 5.2 
28.7 f 2.9C 
31.4 f 14.3 
36.7 * 5.1 

-- 
83.2 * 11.4 
43.9 f 12.4 

31.0 * 6.1C 
31.9 f 5.8 
20.6 * 8.9 
40.6 f 11.9 

41.2 2 0.5d 

1 -- -- 0.01 * 0.10 -- 
3 6.39 * 2.53 5.39 f 2.25 1.00 f 0.63 16.3 f 6.9 
7 4.86 * 1.86 2.97 2 1.03 1.90 * 1.09 37.7 f 10.0 
10 13.56 3.06 7.78 2.43 5.78 f 0.94 43.3 f 6.0 
15 6.80 f 6.62 3.46 f 3.97 3.34 * 2.73 54.9 f 13.8 
22 8.61 2 1.95 5.52 i: 2.12 3.09 * 1.04 37.5 f 17.0 

6.07 * 2.23 2.10 I 1.03 26.4 f 10.1 29 8.17 * 2.87 
36 14.26 * 8.99 8.15 4.60 6.10 2 4.53 40.0 * 8.9 

- 

duni ts  o f  measurement are ng glucose h-1 cm-2 o f  leaf surface. 
bMean * 1 S . D . ;  n = 5. 
Cn = 4. 
dn = 3. 
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The g 

of the time 

7 4  

ucose uptake r a t e  f o r  dogwood CPOM increased a s  a funct ion 

eaves had been i n  the a r t i f i c i a l  stream, r a p i d l y  a t  

f i r s t ,  remained r e l a t i v e l y  cons tan t  u n t i l  day 22,  and then subse- 

quent ly  increased w i t h  a s l i g h t  d e c l i n e  by day 36 (Figure 1 2 ) .  

The maple CPOM showed a f l u c t u a t i n g  p a t t e r n  o f  increase  arid d e c l i n e  

i n  the glucose uptake r a t e  u n t i l  day 22. 

cons tan t  u n t i l  day 29 w i t h  a f i n a l  increase  i n  the  r a t e  occurr ing 

on day 36. The glucose uptake r a t e  fov the oak CPOM showed a d i f -  

f e r e n t  p a t t e r n  from the dogwood and maple CPOM. A gradual increase  

i n  the  r a t e  was observed t o  reach a maximum by day 15 followed by 

a period o f  constancy t o  the end of  the s tudy  per iod.  

The r a t e  remained r e l a t i v e l y  

Glucose a s s i m i l a t i o n  r a t e  f o r  dogwood CPOM r a p i d l y  increased 

i n i t i a l l y  and then decl ined and remained r e l a t i v e l y  cons tan t  u n t i l  

day 15 and then increased again w i t h  a subsequent dec l ine  a t  day 

36 (Figure 1 3 ) .  

r a p i d l y  then dec l ined ,  increased again and dec l ined ,  and then gradu- 

a l l y  increased f o r  the remainder of the s tudy per iod.  The a s s i m i l a -  

t i o n  r a t e s  f o r  the oak CPOM gradual ly  increased and reached a maximum 

by day 15 and remained r e l a t i v e l y  cons tan t  f o r  the remainder o f  

the s tudy.  

The r a t e  of a s s i m i l a t i o n  f o r  maple CPOM increased 

The r a t e  of glucose minera l iza t ion  f o r  dogwood CPOM exhib i ted  

a bimodal trend (F igure  1 4 ) .  I n i t i a l l y ,  the r a t e  increased r a p i d l y  

u n t i l  day 7 and subsequently decl ined u n t i l  day 15 and remained 

cons tan t  followed by a subsequent increase  u n t i l  day 29 and remained 

cons tan t .  The minera l iza t ion  r a t e  f o r  maple CPOM increased a t  f i r s t  
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t o  a maximum by day 10 and then  d e c l i n e d  u n t i l  day 29 and subse- 

q u e n t l y  increased.  

i nc reased  u n t i l  day 10 then  decreased s l i g h t l y  u n t i l  day 29 and 

inc reased  t h e r e a f t e r .  

The m i n e r a l i z a t i o n  r a t e  f o r  t h e  oak CPOM g r a d u a l l y  

The pe rcen t  g lucose m i n e r a l i z e d  by decomposing dogwood CPOM 

i nc reased  t o  a maximum o f  about 45% b y  day 7 and then  g r a d u a l l y  

d e c l i n e d  and remained r e l a t i v e l y  c o n s t a n t  (30% t o  37%) f o r  t h e  r e s t  

o f  t h e  p e r i o d  ( F i g u r e  1 5 ) .  

b y  t h e  maple CPOM g r a d u a l l y  i nc reased  t o  a maximum o f  55% by day 

15. 

which t h e  percentage inc reased  t o  40% on day 36. 

o f  g lucose m i n e r a l i z e d  by oak CPOM was g r e a t e s t  on day 3 (83%) and 

d e c l i n e d  f o r  t h e  n e x t  12 days t o  31%. 

remained c o n s t a n t  u n t i l  day 22, which was f o l l o w e d  by a s l i g h t  d e c l i n e  

u n t i l  day 30 a f t e r  which i t  inc reased  t o  40% on day 36. 

The percentage o f  g lucose m i n e r a l i z e d  

A d e c l i n e  i n  t h e  percentage occu r red  u n t i l  day 30 (25%) a f t e r  

The percentage 

The pe rcen t  m i n e r a l i z e d  then 

CPOM mass ( o r g a n i c  c o n t e n t ) .  The o r g a n i c  c o n t e n t  ( a s h - f r e e  

d r y  w e i g h t )  o f  t h e  decomposing l e a f  CPOM was moni tored d u r i n g  c o l o n i z a -  

t i o n  ( F i g u r e  16) .  

r a p i d  decrease ( 3  days) ,  t hen  remained r e l a t i v e l y  cons tan t  f o r  t h e  

n e x t  12 days. A p e r i o d  o f  decrease was observed aga in  l a s t i n g  f o r  

14 days which was f o l l o w e d  by a s l i g h t  i n c r e a s e  and subsequent d e c l i n e  

i n  t h e  amount o f  o r g a n i c  c o n t e n t  p resen t .  

i n  o r g a n i c  c o n t e n t  occu r red  w i t h i n  1 day f o r  maple CPOM and remained 

c o n s t a n t  f o r  t h e  n e x t  2 days. 

The o r g a n i c  c o n t e n t  o f  dogwood CPOM had an i n i t i a l  

A more r a p i d  decrease 

An i n c r e a s e  i n  maple CPOM o r g a n i c  
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c o n t e n t  occu r red  on day 4 and remained r e l a t i v e l y  c o n s t a n t  f o r  t h e  

n e x t  8 days. 

f o r  a 14 day p e r i o d  (days 22 t o  3 6 ) ,  as i n  dogwood CPQM, f o l l o w e d  

by another  i nc rease  and subsequent decrease. The o r g a n i c  c o n t e n t  

o f  oak CPOM decreased d u r i n g  t h e  f i r s t  3 days, b u t  n o t  as r a p i d l y  

as t h a t  o f  t h e  dogwood and maple CPQM. 

c o n t e n t  occu r red  f o l l o w e d  by a p e r i o d  o f  c o n s t a n t  o r g a n i c  c o n t e n t  

u n t i l  t h e  twenty-second day, A subsequent d e c l i n e  i n  o r g a n i c  c o n t e n t  

was observed f a r  t h e  remainder o f  t h e  s tudy.  

A f t e r  a s l i g h t  increase,  t h e  o r g a n i c  c o n t e n t  decreased 

A s l i g h t  i nc rease  i n  o r g a n i c  

Scanning e l e c t r o n  microscopy o f  CPOM. The scanning e l e c t r o n  

microscopy (SEM) was done t o  observe t h e  genera l  temporal  p a t t e r n  

o f  m i c r o b i a l  community development on CPOM. Th i s  a n a l y s i s  was n o t  

i n tended  t o  be a d e f i n i t i v e  s tudy,  i n  t h a t  o b s e r v a t i o n s  made m i g h t  

be b iased due t o  t h e  sampl ing pracedure.  

randomly c u t  f rom a l e a f  and prepared f o r  SEM v iew ing  and r e p l i c a t e  

samples f r o m  d i f f e r e n t  s p e c i f i c  areas o f  l eaves  (e .¶ .  , m i d r i b ,  ve ins,  

a n c i l l a r y  ve ins,  t o p  and bot tom s u r f a c e s )  were n o t  c o l l e c t e d .  

Only  one l e a f  d i s k  was 

Dogwood CPOM. Observat ion o f  dogwood leaves p r i o r  t o  placement 

i n  t h e  stream revea led  sparse funga l  c o l o n i z a t i o n  a l r e a d y  p resen t  

on ve ins  ( F i g u r e  17) .  Th i s  funga l  p o p u l a t i o n  was p robab ly  a p o r t i o n  

o f  t h e  phy lop lane m i c r o b i a l  community p r e s e n t  p r i o r  t o  t h e  c o l l e c t i o n  

o f  t h e  dogwood leaves.  By the  t h i r d  day i n  t h e  stream b a c t e r i a l  

c o l o n i z a t i o n  was e v i d e n t  and t h e  l e a f  s u r f a c e  was s t i l  r e l a t i v e l y  

f r e e  o f  f unga l  growth. Spore accumulat ion near  puberu e n t  h a i r s ,  
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F i g u r e  17. 

i n d i c a t e d  by arrows. 

Dogwood l e a f  CPOM, day 0 t o  day 3 .  
P l a t e  A. Day 0, p r i o r  t o  placement i n  s t ream; 300x; s tomata 

P la te  B. Day 3. 3000~;  bacterial  c o l o n i z a t i o n .  
P l a c e  C. Day 3. 300x; puberu len t  h a i r s  w i t h  accumulated s p o r e s  

i n d i c a t e d  by arrow. 
Plate  D. Day 3. 1 5 0 0 ~ ;  b a c t e r i a l  c o l o n i z a t i o n .  
P l a t e  E. Day 3. 

accumulat ion.  Arrow i n d i c a t e s  h a i r s  seen  i n  Plate  C. 
Plate  F.  Day 0. 3Ox; fungal  c o l o n i z a t i o n  o f  v e i n s .  

60x; t o p  s u r f a c e  o f  l e a f  showing l a c k  o f  fungal  
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however, can be seen (Figure 17C). 

p r i o r  t o  placement i n  the  stream because of  t e r r e s t r i a l  morphology 

( sphe r i ca l  ) o f  the spores .  

These spores  were probably present 

The development of  the fungal community i n  dogwood leaves  

has begun by the seventh day (Figure 18) and continued t o  a maximum 

population d e n s i t y  by day 22 (Figures  18 and 19) .  

a build-up of organic  mat te r  on the s u r f a c e  was occurr ing  (Figure 

188).  Germinating spores  were observed on CPOM i n  the  stream f o r  

10 days.  

population of b a c t e r i a  and fungi (Figure 19 ) .  

ca l  types of  b a c t e r i a  were observed on 22 day CPOM (Figure 19), 

and vase- l ike protozoa were a l s o  seen. 

debris and l e a f  tissue d e t e r i o r a t i o n  was a s s o c i a t e d  w i t . h  the  dense 

microbial  community ( b a c t e r i a  and f u n g i )  on 29 day o ld  CPOM (F igure  

1 9 ) .  Bac te r i a l  microcolonies assoc ia ted  w i t h  a fungal s e p t a l  a r ea  

wereobservedon day 29.  

a dense build-up o f  organic  mat te r  making i t  d i f f i c u l t  t o  observe 

fungi on the s u r f a c e  o r  perhaps the fungal population had decreased 

s u b s t a n t i a l l y  (Figure 20). 

w i t h  the organic  debris (Figure 20) .  

During t h i s  per iod ,  

After 22 days i n  the s t ream, the dogwood CPOM had a dense 

A v a r i e t y  o f  morphologi- 

Heavy accumulation o f  organic  

Observations made a f t e r  day 29 revealed 

Bacter ia  can be seen, however, a s s o c i a t e d  

Maple CPOM. - The development of the microbial  community on 

maple CPOM began by the t h i r d  day i n  the stream. Bacter ia l  coloniza-  

t i o n  and i n i t i a l  development o f  the fungal community (germinat ing 

spores  and e a r l y  hyphal growth) was observed f o r  the period between 
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F i g u r e  18. Dogwood l e a f  CPOM, days 7 t o  22. 

accumulat ing.  

ev iden t .  

P l a t e  A. Day 10. 6Ox; fungal  growth s t a r t i n g  t o  develop. 
P l a t e  B. Day i5. 1X)Ox; fungal  growth (arrow) and d e b r i s  

P l a t e  C. Day 7. 600x; fungal  qrowth and d e b r i s  accumulation 

l f l .  3 0 0 0 ~ ;  qerminat ing  spore. 
P l a t e  E. Day 22. 60x; dense accumulat ion o f  fungal  community. 
P l a t e  F. Day 22. 3100~;  b a c t e r i a  e v i d e n t  amongst fungi .  
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F igu re  20. 

populat ion. 

diatoms (arrow 1. 

bacter ia .  

Dogwood l e a f  CPOM, days 22 t o  44. 
P la te  A. Day 36. 

P la te  6. Day 22. 3OOx; fungal community. 
P la te  C. Day 44. 

P la te  D. Day 44. 3200x; close-up o f  polymer and associated 

P la te  E. Day 36. 

300x; surface polymer; note decrease i n  fungal  

%Ox; surface polymer and associated spores and 

1%~; surface f r e e  o f  fungi, polymer bui ld-up 
continues. 
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the t h i r d  and seventh day i n  the s t ream (Figure  21) .  

community was patchy (Figure 22) and a r e a s  o f  dense b a c t e r i a l  coloniza-  

t i o n  were seen (Figure 22) .  

(F igure  24). 

o f  the maple CPOM (Figure 23). 

s ix th  day i n  the stream, organic  debris increased ,  l e a f  t issue was 

breaking down, fungal growth was s p a r s e ,  and b a c t e r i a l  microcolonies 

were observed (F igures  23, 24). A microcolony o f  about f ive genera- 

t i o n s  o f  growth and perhaps spiney b a c t e r i a  were a l s o  seen (Figure  

23) .  

23) .  

i n  organic  debris,  l e a f  tissue breakdown, and l i m i t e d  fungal popula- 

t i o n  (Figure 24) .  

w i t h  the organic  debris was observed. 

The fungal 

Diatoms were a l s o  observed o c c a s i o n a l l y  

By day 15, organic  debris was increas ing  on the s u r f a c e  

Between the twenty-second and t h i r t y -  

The fungal population was increas ing  b u t  on ly  i n  patches (Figure 

The co loniza t ion  period from days 44 t o  56 shows an increase  

A fungal - f ree  vein and b a c t e r i a l  a s s o c i a t i o n  

Oak CPOM. P r i o r  t o  placing i t  i n  the stream, oak CPOM appears 

a s  i f  i t  were coated w i t h  a polymer and had sur face  d e b r i s  present  

(Figure 25) .  By the t h i r d  day i n  the  s t ream, b a c t e r i a  a r e  present  

on the s u r f a c e ,  debris was patchy and spores  were observed (F igure  

25) .  

populat ion and debris on the oak CPOM i n c r e a s i n g ,  however i t  never 

achieved %he d e n s i t y  seen on dogwood (Figures  25, 26) .  Fungi seem 

t o  play a r o l e  i n  %he d e b r i s  entrapment (Figure 2 6 ) ,  however, t h i s  

may be an a r t i f a c t  of  sample prepara t ion ,  

a t ed  w i t h  veins were observed by day 22 (Figure 26).  

The coloniza t ion  period from 10 t o  22 days revealed the fungal 

Bacter ia  and fungi assoc i -  

The fungal 
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F igu re  21. 

surface p r i o r  t o  placement i n  stream. 

Maple l ea f  CPOM, days 0 t o  7. 
P la te  A .  Day 0. 1500~; polymer coat ing appearance on l e a f  

P la te  B. Day 0. 600x; overview o f  l e a f  surface. 
P la te  C. Day 7. 60x; fungal populat ion development s t a r t s .  
P la te  0. Day 7. 30x; fungal  populat ion on veins. 
P la te  E. Day 3. 3000x; germinating spore. 
P la te  F. Day 3. 1500~; bacter ia  ev ident  on surface. 
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I 

F i g u r e  22. Maple leaf CPOM, days  3 t o  10. 

s p o r e  o r  p o l l e n  g r a i n  e v i d e n t .  
P l a t e  A. Day 3. 3000x; t op  s u r f a c e  o f  leaf d i s k ;  b a c t e r i a  and 

P l a t e  B. Day 3 .  3 0 0 0 ~ ;  b a c t e r i a l  rnicrocolony. 
P l a t e  C. Day 3. 3 0 0 0 ~ ;  l a r g e  b a c t e r i a l  rnicrocolony. 
P l a t e  D. Day 7. 600x; fungal  popula t ion  i n c r e a s i n g .  
P l a t e  E. Day 10. 270x; fungal  p a t c h  on s u r f a c e .  
P l a t e  F. Day 7. 3200x; germinat ing spore .  
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F i g u r e  23. Maple l e a f  CPOM. davs 15 t o  29. 
P l a t e  A. Day 15. 

P l a t e  B. Day 15. 
P l a t e  C. Day 22. 
P l a t e  D. Day 22. 

P l a t e  E. Day 22. 

P l a t e  F. Day 29. 

popula t ion .  

p inching  o f f  and almost 

Dogwood) . 
P l a t e  E). 

6 D O i ;  d k b r i s  accumulation and i n c r e a s i n g  fungal  

hOOx; close-up o f  polymer. 
300x; f u n q i  and polymer. 
5 6 0 0 ~ ;  b a c t e r i a l  microcolony; n o t e  b a c t e r i a  
comp1et.e d i v i s i o n ;  sp iney  b a c t e r i a  (a r row) .  
560x; low d e n s i t y  o f  fungal  popula t ion  (compare 

12Ox; fungal  popula t ion  (compare wi th  F ig .  18, 
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F i g u r e  24. Maple l e a f  CPOM, days 36 t o  56. 
P la te  A. Day 44. 300x; polymer build-up. 
P l a t e  6. Day 36. 1 5 0 0 ~ ;  diatom and bac ter ia .  
P l a t e  C. Day 36. 3000x; bac ter ia  associated with polymer on 

P l a t e  D. Day 36. 1MOx; aggregated organic matter (polymer). 
P l a t e  E. Day 56. 30x; v e i n  f r e e  o f  fungal  growth. 
P l a t e  F. Day 56. 600x; surface polymer. 

surface. 
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c 
F i g u r e  25. Oak l e a f  CPOM, days 0 t o  10. 

P l a t e  A. Day 0. 600x; l e a f  surface. 
P la te  E!. 
P l a t e  C. Day 3. 200x; surface with debr is  huild-up. 
P l a t e  D. Day 3 .  1500~; spores and bacter ia .  
P l a t e  E. Day 10. 600x; fungal  patch. 
P l a t e  F. Day 10. 12Ox; sparse fungal  growth on surface. 

Day 0. 6Ox; l e a f  surface wi th  some associated debr is.  
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Figure  26. 
P la te  A. Day 15. 300x; fungal  development and surface break-up 

evident.  
P la te  B. Day 15. 1Mx;  fungal development and organic matter 

accumulating. 
P la te  C. Day 22. 

associated with fungi .  
P la te  D. Day 22. 60x; sparse fungal  community (compare t o  

F igure 18, P la te  E). 
Pla te  E. Day 22. 280x; fungal  development, inc reas ing  debr is.  
P la te  F. 

bac te r ia  (arrow). 

Oak l e a f  CPOM, days 15 t o  22. 

600x; t op  surface o f  l e a f  d isk;  polymer 

Day 22. 1 5 0 0 ~ ;  top  sur face o f  l e a f  d isk ,  note s ta lked  
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p o p u l a t i o n  and d e b r i s  con t inued  t o  i nc rease  t o  day 29 w i t h  b a c t e r i a  

be ing  assoc ia ted  w i t h  the  d e b r i s  ( F i g u r e  2 7 ) .  Leaf t i s s u e  d e t e r i o r a -  

t i o n  and decreas ing  sur face  c o l o n i z a t i o n  by f i rng i  began by day 36 

( F i g u r e  2 7 )  and con t inued  u n t i l  day 56 ( F i g u r e  28) .  

bod ies  and b a c t e r i a  were observed on t h e  l e a f  su r face  d u r i n g  t h i s  

t ime  ( F i g u r e  2 8 ) .  B a c t e r i a  were s t i l l  assoc ia ted  w i t h  t h e  d e b r i s  

on t h e  l e a f  su r face  on t h e  f o r t y - f o u r t h  day i n  t h e  stream. 

Fungal f r u i t i n g  

The general  o b s e r v a t i o n  o f  i n c r e a s i n g  m i c r o b i a l  biomass and 

o r g a n i c  m a t t e r  w i t h  t ime  was observed f o r  a l l  l e a f  spec ies  used. 

The dogwood CPOM had a more r a p i d  and denser funga l  community develop- 

ment than d i d  e i t h e r  t h e  maple o r  oak CPOM. Dogwood i s  a l s o  a r a p i d l y  

decomposing l e a f  spec ies .  The oak CPOM m i c r o b i a l  community was 

t h e  l e a s t  developed f o r  t he  p e r i o d  examined d u r i n g  the  s tudy .  

Phosphorus Dynamics o f  CPOM Assoc ia ted  M i c r o b i a l  Communities 

F o l l o w i n g  these p r e l i m i n a r y  exper iments,  s t u d i e s  were under- 

taken t o  e l u c i d a t e  t h e  r o l e s  o f  m i c r o b i a l  biomass and a c t i v i t y  i n  

phosphorus dynamics o f  CPOM. The f i r s t  o f  these s t u d i e s  was conducted 

t o  determine the  phosphorus f l u x  th rough an ungrazed m i c r o b i a l  com- 

m u n i t y  assoc ia ted  w i t h  r e d  maple CPOM. 

as a comparat ive e v a l u a t i o n  o f  snail g r a z i n g  e f f e c t s  on phosphorus 

f l u x  th rough a m i c r o b i a l  community assoc ia ted  w i t h  w h i t e  oak CPOM. 

The second s tudy  was conducted 

The phosphorus dynamics f o r  bo th  s t u d i e s  were analyzed i n  

t h r e e  components: 

Phase 2--33P and 32P r e l e a s e  (equ i  i b r i u m  p e r i o d ) ;  Phase %-no t r a c e r  

Phase 1--33P r e  ease (p re-equ i  1 i br ium p e r i o d ) ;  
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r e l e a s e  (see F igu re  5, page 48). 

t h e  i n i t i a l  phosphorus i n c o r p o r a t i o n  r a t e s .  Phase 2 data were used 

t o  determine phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  s y n t h e s i s ;  t h e  

32P p o r t i o n  o f  Phase 2 was a l s o  used t o  determine t h e  i n i t i a l  phos- 

phorus i n c o r p o r a t i o n  r a t e s .  Phase 3 data were used t o  c a l c u l a t e  

phosphorus t u r n o v e r  r a t e s  f o r  degradat ion.  

Phase 1 d a t a  were used t o  determine 

Turnover r a t e  cons tan t  f o r  s y n t h e s i s  i s  used i n  t h e  sense 

as expressed by Swick e t  a l .  (1956)  and Koch (1962) .  B r i e f l y ,  t h e  

phosphorus t u r n o v e r  r a t e  i s  d e f i n e d  as t h e  f r a c t i o n  o f  t h e  phosphorus 

pool  which i s  e i t h e r  syn thes i zed  o r  degraded pe r  u n i t  t i m e .  The 

s m a l l e r  r a t e  i s  g e n e r a l l y  chosen t o  r e p r e s e n t  t h e  t u r n o v e r  r a t e  

(Rei  ne r ,  1953) ; however, t u r n o v e r  connotes a deg rada t i  ve process 

more than a s y n t h e t i c  process. 

t h e r e f o r e ,  was invoked t o  avo id  any con fus ion .  As p o i n t e d  o u t  by 

Koch (1962) ,  r e s u l t s  o f  k i n e t i c  s t u d i e s  i n  which i nc reases  i n  s p e c i f i c  

a c t i v i t i e s  a re  determined y i e l d  t u r n o v e r  r a t e  cons tan ts  f o r  s y n t h e s i s  

and n o t  t h e  t u r n o v e r  r a t e  cons tan t  f o r  deg rada t ion .  

The use o f  t u r n o v e r  r a t e  f o r  syn thes i s ,  

The i n i t i a l  i n c o r p o r a t i o n  r a t e  i s  d e f i n e d  as t h e  s lope  o f  

t he  b e s t  f i t  curve t o  t h e  l i n e a r  p o r t i o n  o f  Phase 1, and t o  t h e  

3*P p o r t i o n  o f  Phase 2 data.  

f o r  s y n t h e s i s  were determined as the  s lope  o f  t h e  l i n e  o b t a i n e d  

by p l o t t i n g  t h e  r a t i o  o f  (32P/33P) pool  t o  (32P/33P) water  versus 

t i m e  o f  phosphorus i n c o r p o r a t i o n .  Pool r e f e r s  t o  t h e  phosphorus 

c o n t a i n i n g  component o f  i n t e r e s t ,  e.g., RNA. Phosphorus t u r n o v e r  

t i m e  o f  t h e  water i s  def ined as t h e  t ime  r e q u i r e d  f o r  t h e  phosphorus 

Phosphorus t u r n o v e r  r a t e  cons tan ts  
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pool t o  exchange an e q u i v a l e n t  amount o f  phosphorus as i n  t h e  stream 

water .  The phosphorus t u r n o v e r  r a t e s  f o r  deg rada t ion  were determined 

by  a l i n e a r  bes t  . F i t  model t o  t h e  Phase 3 data ;  t h e  l o s s  of b o t h  

33P and 32P were rr ionitored. 

I n  a d d i t i o n  t o  phosphorus f l u x ,  m i c r o b i a l  biomass was moni t o r e d  

as a f u n c t i o n  o f  c o l o n i z a t i o n  t ime.  T h i s  measurement was used t o  

deve lop  biomass s p e c i f i c  r a t e s  and community a c t i v i t y  es t ima tes .  

Phosphorus Dynamics o f  a Red Maple CPQM M i c r o b i a l  Community 

For t h i s  s tudy  t h e  m i c r o b i a l  biomass and t h e  f l u x  o f  phosphorus 

were examined i n  an ungrared  m i c r o b i a l  coniniunity assoc ia ted  w i t h  

r e d  maple leaves  ove r  a 5 1  day i n t e r v a l .  The phosphate c o n c e n t r a t i o n  

of  t h e  stream water  was 5.0 ~g 

was 20°C. 

P L - 1  as SRP, and t h e  water  temperature 

M i c r o b i a l  Biomass 

M i c r o b i a l  biomass assoc ia ted  w i t h  maple CPOM was measured 

as ATP ( F i g u r e  29) .  

dea l  o f  v a r i a b i l i t y  which p robab ly  r e f l e c t s  t h e  non-random d i s t r i b u -  

t i o n  o f  t h e  m i c r o b i a l  community on t h e  su r face  o f  leaves .  

The biomass es t ima tes  a t  each t ime  had a g r e a t  

The i n i t i a l  c o l o n i z a t i o n  p e r i o d  was missed s i n c e  t h e  f i r s t  

sample was taken 15 days a f t e r  leaves  were p laced  i n  t h e  stream. 

By t h e  t ime  the  f i r s t  sample was taken, a s u b s t a n t i a l  m i c r o b i a l  

community had a l r e a d y  developed. The biomass remained r e l a t i v e l y  

cons tan t  u n t i l  day 20 then decreased t o  a low on day 32. A f t e r  
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an inc rease ,  the biomass remained r e l a t i v e l y  cons tan t  u n t i l  i t  dropped 

on day 45. 

The reason f a r  t h i s  biomass d r o p  a f t e r  day 44 i s  an a r t i f a c t  

due t o  procedural e r r o r .  The ATP concent ra t ion  p r i o r  t o  day 45 

was. determined using an in t e rna l  s tandard method,  whereas t he  ATP 

value f o r  days 45 and 51 :vas determined from an ATP standard curve 

of  A l P  concent ra t ion  versus r e l a t i v e  l i g h t  units s ince  the ATP s tock  

was deple ted .  The reason f o r  t h i s  d i f f e r e n c e  i s  due t o  the  cornplexing 

o f  the phosphate i n  t he  bu f fe r  used with magnesium ions which a r e  

requi red  f o r  t he  l u c i f e r i n - l u c i f e r a s e  r eac t ion .  Thus, a lower ATP 

concent ra t ion  (30% to 402)  r e su l t ed  compared t o  what was obtained 

by the intevnal  s tandard method 4hich cor rec ted  f o r  t h e  quenching 

by t he  phosphate bu f fe r .  Dur t o  t h i s  problem, Tr i s  bu f fe r  was sub- 

s t i t u t e d  f o r  the  subsequent phosphorus dynamics s tudy.  

Analysis of var iance and the Duncan mul t ip l e  range t e s t  was 

used t o  t e s t  f o r  s i g n i f i c a n c e  between da te s  o f  the ATP values  d u r i n g  

the double- label jng per iod (days 36 t o  4 1 ) .  

ifleiin ATP concent ra t ion  f o r  days 3’3, 40, 37,  41,  and 36 (ranked high 

*LCI low) were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r ,  and days 

40,  37, 41 ,  36, and 38 were not s i g n i f i c a n t l y  d i f f e r e n t  from each 

o t h e r .  Only the ATP content  f o r  days 38 and 39 were found t o  be 

s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r .  

I t  was found t h a t  the  

The grand mean ATP concent ra t ion  f o r  the e n t i r e  time period 

(days 15 t o  41) was 14,904 pg ATP cme2 of l e a f  sur face .  
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Phosphorus Incorporat ion Rates 

Area-spec i f ic  r a t e s .  The Phase 2 WC-P (whole c e l l )  phosphorus  

incorpora t  on r a t e  was approximately two-fold g r e a t e r  t h a n  the  RNA-P 

r a t e ,  four  fo ld  g r e a t e r  than the  PIP-P and  DNA-6) incorpora t ion  r a t e s ,  

and s ix - fo  d g r e a t e r  t h a n  the  L-P r a t e  (Table 7 and Figures 3 0 - 3 2 ) .  

Based upon the  95% confidence l i m i t  (P=O.O5) , the  phosphorus incorpora 

t i o n  ra te  o f  9NA-6" was s i g n i f i c a n t l y  greater t h a n  L-P ( 2 . 5 ~ 1 ,  and 

MP-P and  DNA-P ( a p p r ~ ~ x .  2x1. The phospharus incorporat ion r a t e s  

of MP-P and DNA-P were s i g n i f i c a n t l y  g r e a t e r  t h a n  the  L-P r a t e  ( 1 . 5 ~ ) .  

As phosphorus e n t e r s  the  metabol i te  pool  (MP-P) (F igure  17, page 78) 

RNA-P i s  the major pool which u t i l i z e s  the  MP-P. The incorpora t ion  

of  phosphorus i n t o  DNA i s  i n  equi l ibr ium w i t h  the  addi t ion  o f  phos- 

phorus  i n t o  the  MP-P pool and the  amount o f  phosphorus  en te r ing  

the L-P pool i s  the l e a s t .  

Phase 1 phosphorus incorporat ion r a t e s ,  independently der ived ,  

were only determined f o r  the WC-P and LP-P pools.  

a n d  Phase 2 32P ( inco rpora t ion  r a t e s  for  b o t h  WC-P and L-P were 

in  c lose  agreement (Table  7 and Figures 33-35). 

had g r e a t e r  v a r i a b i l i t y  than d i d  the Phase 2 r a t e s  (compare 95% 

confidence l i m i t s )  due t o  the l imi ted  number o f  time p o i n t  analyses  

( 4  time po in t s )  f o r  the  Phase 1 study compared t o  12 time poin ts  

fo r  the WC-P a n d  L-P a n d  10 time poin ts  f o r  the  R N A - P ,  MP-P, and 

DNA-P  f o r  the Phase 2 r a t e  determination s tudy .  

The Phase 1 33P 

The Phase 1 r a t e s  

ATP-specific phosphorus incorpora t ion  r a t e s .  The Phase 2 

phosphorus incorpora t ion  r a t e  for  WC-P was approximately s ix - fo ld  
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Figure 30. 
o f  an ungrazed microbial community assoc ia ted  w i t h  maple CPOM. 
The l i n e  i s  the b e s t  f i t  t o  a l l  da ta  po in t s .  

Area-specif ic  incorporat ion o f  phosphorus i n t o  whole ce-ll phosphorus (WC-P)  pool 
P o i n t s  represent  mean * 1 S.D. 
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Figtire 31. 
and l i p i d  phosphorus ( b - P )  pools o f  an ungrazed microbial  community assoc ia ted  w i t h  maple CPOIVI. 
Poin t s  a r e  means _+ S.D. o f  dup l i ca t e  samples. 
Points  without e r r o r  bars have e r r o r  bars  less t h a n  the s i z e  o f  the data  po in t s ,  

Area-specif ic  incorpora t ion  of phosphorus i n t o  metabol i te  pool phosphorus ( M P - P )  

The line i s  the best f i t  t o  the l ’ n d i v i d u a l  d a t a  poinzs. 
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F j y u r e  32. A r e a - s p e c i f i c  ancorporation o f  phosphorus i n t o  t h e  deoxyribonucleic acid 
phosphorus ( D N A - P )  a n d  r ibonucle ic  a c i d  phosphorus (RNA-P)  p o o l s  o f  an ungrazed microbial community 
associated w i t h  maple CPOM. 
l ine  i s  t h e  b e s t  f i t  t o  a71 individual  data  poin ts  and n o t  t o  the mean values.  
bars have e r r o r s  less than the  s i ze  o f  the  d a t a  p o i n t s .  

Points represent  mean 1 S.D.; n = 2 except a t  48 h wherein = 1. The 
Po in ts  without e r r o r  
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F i g u r e  34. A T P - s p e c i f i c  incorporaeion o f  phosp2orus i n t o  deoxyribonucleic ac id  phosphorus 
(DNA-P)  arid metabol i te  pool phosphorti5 (MP-P)  poo ls  o f  an ungrazed microbial  community a s soc ia t ed  
w i t h  maple CFOM. 
data  p o i n t s .  Points  wi thou t  e r r o r  bars have e r r o r s  l e s s  than the s ize  o f  the da ta  poin ts .  

Each p o i n t  represents  the mean S.D. The line i s  the best f i t  t o  the individual  
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g r e a t e r  than the L - P  r a t e ,  four-fold g r e a t e r  than the r a t e s  f o r  

MP-P and DNA-P, and two-fold g r e a t e r  than the RNA-P incorporat ion 

r a t e  (Table 7 ) .  

MP-P ( 2 x ) ,  DNA-P ( Z x ) ,  and L - P  ( 2 . 5 ~ )  r a t e s .  The incorpora t ion  

r a t e s  f o r  LP,  MP, and DNA were not s i g n i f i c a n t l y  different  from 

each o t h e r .  

The RNA r a t e  was s i g n i f i c a n t l y  g r e a t e r  than the 

3 3 ~  ~istribution i n  the I n t r a c e l l u l a r  POOIS ~ _ _ _ _ _ - - _ _ _  
Seven days a f t e r  the s t a r t  a f  the 33P a d d i t i o n  i n t o  the s t ream, 

a CPOM sample was f r a c t i o n a t e d  and the d i s t r i b u t i o n  of 3 3 P  i n  the 

i n t r a c e l l u l a r  pools was monitored. The WC-P contained 590 * 257 

DPM ( t o t a l  DPM 1817).  The percent  of  WC-P f o r  the i n t r a c e l l u l a r  

pools was a s  fol lows:  L - P ,  18 ?s 6%; MP-P, 20 k 4%; RNA-P, 32 k 

0%; and DNA-P, 15 ?r 3%. The t o t a l  recovery ( c a l c u l a t e d  from means) 

of the i n t r a c e l l u l a r  pools accounted f o r  85% of the r a d i o a c t i v i t y  

assoc ia ted  w i t h  the WC-P. 

on the mean ( n  = 2 )  DPM cmm2 of  the i n t r a c e l l u l a r  pool. 

a r e a  e x t r a c t e d  f o r  L - P  was 15.4 cm2, and f o r  the MP-P, RNA-P, and 

DNA-P was 83.1 cm2. 

The c a l c u l a t e d  percentages were based 

Total sur face  

The d i s t r i b u t i o n  of 3 3 P  during the period of  i s o t o p i c  e q u i l i -  

br ium (days 15 t o  28) i s  shown i n  Table 8. The microbial  community 

assoc ia ted  w i t h  maple l e a f  CPQM had 18% of the phosphorus a s s o c i a t e d  

w i t h  the LP-P pool , 21% w i t h  the MP-P pool ,  43% w i t h  the  RNA-P pool 

and 22% w i t h  the DNA-P pool. General ly ,  the  LP, DNA and MP pools  

had approximately the same amount of  c e l l u l a r  phosphorus, however, 
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Table 8. 33P distribution for t he  period o f  isotopic equilibrium 
i n  the intracellular phosphorus pools ( a s  % o f  WC-P) 
for maple CPOM microbial community.a 

Phosphorus Pool _. % of-...WC- P _..I- 

L- P 18 i 4 n = 12b 

MP- P 2 1 2 7  n = 1 0  

RNA-P 43 It. 13 n = 10 

DNA-P 2 2 k 6  n = l O  

Total 104 

aThe microbial community was a t  isotopic equilibrium on days 
15 to 20. 

bn refers t o  the number o f  sampling times at which duplicate 
samples were taken. 
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t he  RNA phosphorus pool was about two-fold g r e a t e r  than the o t h e r  

pool s. 

Phosphorus Turnover Rate Constants 

To determine the turnover  r a t e  cons t an t s  of  phosphorus i n  

the var ious phosphorus pools ,  a double- label ing procedure was used. 

For th i s  procedure 33P must be i n  i s o t o p i c  equi l ibr ium with 31P, 

the  s t a b l e  j so tope  of phosphorus, i n  t he  var ious phosphorus pools 

p r i o r  t o  the add i t ion  of 32P. 

t ive  examples o f  the incorpora t ion  of 33P i n t o  phosphorus pools .  

33P reached i s o t o p i c  equi l ibr ium i n  15 days (360 h ) .  

32P and 33P were s imultaneously re leased  i n t o  the  stream. 

o f  the two i so topes  (32P t o  33P) was determined a t  var ious t imes 

and used t o  c a l c u l a t e  the  turnover  r a t e  cons t an t s  f o r  the i n t e r n a l  

Figures 36 and 37 show some representa-  

A t  t h i s  po in t ,  

The r a t i o  

P pools.  

The phosphorus turnover  r a t e  cons t an t s  f o r  the phosphorus 

pools  a r e  shown i n  Table 9 .  

a phosphorus turnover  r a t e  cons tan t  o f  0.319% h-1  and a tu rnover  

time o f  313 h .  

The microbial  community (WC-P) had 

Turnover time can be defined a s  the time required 

f o r  a complete exchange o f  phosphorus in the  community equiva len t  

t o  t h a t  of the water.  

The  comparison o f  the phosphorus turnover  r a t e  cons tan ts  

(confidence l i m i t s )  f o r  the  i n t r a c e l l u l a r  phosphorus pools ind ica ted  

t h a t  the turnover  r a t e  cons tan ts  f o r  the MP-P, RNA-P, and DNA-P 

were not s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r ,  however they were 
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Figure 37. Incorporation c j f  33P ( a s  ng P cm-*) i n t o  the l i p i d  phosphorus (L-P)  pool o f  an 
ungrazed microbial community assoc ia ted  w i t h  maple CPOM before and a f t e r  i s o t o p i c  equi l ibr ium was 
achieved. Isotopic  equi l ibr ium was achieved i n  the L-P pool by 360 h. 
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s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  o f  L-P. 

can be g e n e r a l l y  ranked as f o l l o w s :  MP-P>RNA-P>DNA-P>L-P. The 

i n t r a c e l l u l a r  phosphorus p o o l s  had t h e  f o l l o w i n g  r a n k i n g  f o r  t u r n o v e r  

t imes :  MP-P<RNA-P<DNA-P<L-P (Table 9 ) .  The phosphorus i n  t h e  MP, 

RNA, DNA, and L-P p o o l s  were comp le te l y  r e p l a c e d  i n  173 h ,  187 h, 

209 h, and 264 h, r e s p e c t i v e l y .  

The t u r n o v e r  r a t e  cons tan ts  

ATP-spec i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts .  ATP-spec i f i c  

phosphorus t u r n o v e r  r a t e  cons tan ts  a r e  shown i n  Table 9 .  

(community) t u r n o v e r  r a t e  cons tan t  was s i g n i f i c a n t l y  g r e a t e r  than 

t h e  i n t r a c e l l u l a r  r a t e  cons tan ts .  

cons tan ts  f o r  t h e  i n t r a c e l l u l a r  phosphorus poo ls  were n o t  S i g n i f i c a n t l y  

d i f f e r e n t  f rom each o t h e r  which suggests a balanced m e t a b o l i c  s t a t e ,  

i n  which a l l  o f  t h e  c e l l u l a r  components i nc rease  a t  t h e  same r a t e .  

The WC-P 

The phosphorus t u r n o v e r  r a t e  

A r e a - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts .  A r e a - s p e c i f i c  

t u r n o v e r  r a t e  cons tan ts  a r e  shown i n  Table 9. 

t u r n o v e r  r a t e  c o n s t a n t  was s i g n i f i c a t l y  g r e a t e r  ( 4 x )  than t h e  i n t r a -  

c e l l u l a r  r a t e  c o n s t a n t .  The i n t r a c e l l u l a r  phosphorus t u r n o v e r  r a t e  

cons tan ts  were not  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  each o t h e r ,  sugges t ing  

a balanced growth s t a t e  ( a l l  c e l l u l a r  components i nc rease  a t  t h e  

same r a t e )  f o r  t he  m i c r o b i a l  community, 

The WC-P (community) 

Phosphorus 'Turnover Rate 

The f o l l o w i n g  t u r n o v e r  r a t e s  were determined by following 

t h e  decrease i n  r a d i o a c t i v i t y  (loss o f  phosphorus) assoc ia ted  w i t h  



112 

.the phosphorus pool (F igures  38 and 3 9 ) .  

r a t e s  were the o n l y  r a t e s  determined using t h i s  procedure. .4TP- 

s p e c i f i c  r a t e s  were n o t  determined because of the problem as soc ia t ed  

with two o f  the  four  ATP es t imates  (see Biomass sec t ion  f o r  exp lana -  

t i o n ) .  

a r e  shown i n  Table 10. 

mately th ree  and one--haI F times g r e a t e r  t h a n  the 32? derived r a t e s ,  

whereas these same r a t e s  derived f o r  the L-P had a two-fold d i f -  

fe rence .  

c a n t l y  d i f f e r e n t  from each o t h e r .  

WC-P and L-P turnover  

Area-specif ic  phosphorus turnover r a t e s  f o r  degradation 

The 33P-derived r a t e  f a r  the WC-P was approxi- 

The 33P- and 32P derived r a t e s ,  however, were n o t  s i g n i f i -  

The percent of 33P loss  from the WC-P f o r  the sampling times 

a t  45 la, 96 h ,  and  240 h was 11%, 25%, and  5 7 % ,  r e spec t ive ly ,  while 

those f o r  the  32P percent loss as were 2%,  15%, and 55%, r e s p e c t i v e l y ,  

f o r  the same time. The percent 33P loss  from the L-P pool f o r  the 

sampling times as the WC-P were 5%, 0%, and  31%, while the percent 

3*P loss was 16%, 16%, and 42%. 

The loss o f  33P and 3*P from the  L-P ind ica ted  t h a t  following 

a n  i n i t i a l  l o s s ,  a period o f  r e l a t i v e l y  constant  phosphorus, then 

a rapid decrease in the phosphorus a s sac i a t cd  w i t h  the  L-P poo l  

occurs ( s e e  Tigure 3 9 ) .  Due t o  the k i n e t i c s  o f  phosphorus lo s s  

f o r  the L-P  p o o l ,  the  turnover r a t e  was ca l cu la t ed  For the period 

from 0 h t o  48 h and  96 t i  t o  240 h .  The turnover r a t e s  f o r  the 

0 h t o  48 t i  period derived from both 33P a n d  32P were i d e n t i c a l ,  

0.07 ng P cm-2 h - l .  The turnover r a t e  es t imated f o r  the 95 h t o  

240 h period f o r  3% was 0 .14  ng P cm-2 h m l ,  a n d  f o r  32P was 0.04 

ng  P c r 2  h - 1 .  
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Figure 38. Phos horus turnover  kinetics f o r  
WC-P pool for 33P and 5 P o f  an ungrazed maple CPOM microbial  
community. 
The l ine i s  a l i n e a r  best f i t  t o  t he  da ta  po in t s .  

Each po in t  r ep resen t s  a s i n g l e  l ea f  d i s k  ( 1 . 4  cm d i a . ) .  
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Table 10. Comparison of  phosphorus turnover  r a t e s  f o r  degradat ion 
f o r  a maple l e a f  d e t r i t a l  microbial  community. 

Area-Specific Phosphorus Turnover Ratesa 
Radionucl i d e b  Po0 1 ng P h m l  r 2' 

33P wc-P 0.96 2 0.67 0.67 

L- P 0.08 I? 0.09 0.73 

32P MC-P 0.26 rt 0.21 0.59 

L-P 0.04 -t 0.02 0.91 
-~ 

aRate -t 95% confidence limits; a = 0.05. 

bRadionuclide used t o  determine loss r a t e s .  

CCoeff ic ient  o f  determinat ion.  
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Phosphorus turnover  times were ca l cu la t ed  a s  the r ec ip roca l  

of the turnover  r a t e  which was determined a s  the  s lope  o f  the  p l o t  

o f  the log of tile percent  i n i t i a l  a c t i v i t y  per cm2 versus t ime.  

The  P turnover  time f o r  the microbial  community (WC-P) was 690 h 

and 625 h ,  r e s p e c t i v e l y ,  f o r  the 33P and 32P d a t a .  The phosphorus 

turnover  time for L-P was 1241 h and 1064 h, r e spec t ive ly ,  f o r  33P 

and 32P. 

Phosphorus Dynamics i n  an Unqii-azed and Grazed 

Oak CPOM Microbial Communitv 

Microbial carnmuni t y  biomass, a c t i v i t y  and phosphorus f l u x  

were examined in  an ungrazed and a grazed ( s n a i l s  p r e s e n t )  a r t i f i c i a l  

stream conta in ing  white oak CPOM. 

s p e c i e s ,  was colonized f o r  112 days p r i o r  t o  the s t a r t  o f  t he  33P 

i npu t .  The leaves in  the  grazed channel were a l s o  exposed t o  the 

g raze r s  for the same per iod o f  time ( i . e . ,  112 days) .  

o f  t h i s  s tudy was t o  determine what in f luence  grazing has on the 

phosphorus dynamics o f  the microbiota  as well a s  on the microbial  

community. 

The oak C P O M ,  a slow decomposing 

The purpose 

CPOM Organic Content 

The organic  conten t  per u n i t  su r f ace  a rea  fo r  both the ungrazed 

and grazed oak CPOM remained r e l a t i v e l y  cons tan t  throughout the 

course o f  t h i s  s tudy  (Table 11). No d i f f e r e n c e  in the organic  conten t  

o f  the ungrazed and grazed oak CPOM was observed ( n o n s t a t i s t i c a l  
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Table 11. Comparison o f  the  organic  conten t  o f  oak CPOM f o r  an 
ungrazed and a grazed stueam-a 

Organic Content 
( m q  AFDWC g n - 2 )  

Grazed 
I__ _.Î ._ Dateb Unqrazed 

4/ 13/84 1.83 * 0.22 1.88 * 0.29 

4/ 18/84 1.85 t 0.20 1 . 7 7  t 0.16 

4/24/84 

5/01/84 

5/08/84 

6/07/84 

6/20/84 

1.84 0.18 

1.74 * 0.12 

1.84 * 0.20 

1.76 t 0.25 

1 .83  t 0,20 

1.80 * 0,20 

1.76 2 0.10 

1.81 0.14 

1.59 0.28 

1.93 ? 0.28 

aReported values  a r e  mean ir S.D.; 5 o r  10 l e a f  d i s k s  per 

bDate CPQM sampled. 

p a n ;  n = 2. 

CAFDW = ash- f ree  dry weight. 
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- 
s t a t emen t ) .  rhe cons is tency  o f  the organic  conten t  between the  

ungrazed and grazed CPOM sugges ts  t h a t  (1) the higher  d e n s i t y  microbjal  

cornmuni t y  a s soc ia t ed  w i t h  the unyrared CPOM ( s e e  page 133 ) was counter-  

balanced by less organic  mater ia l  a s s o c i a t r d  with the l e a f ,  or ( 2 )  

the grazed community, although lower i n  d e n s i t y ,  has more organic  

mat ter  per organism t o  compensate For lower community d e n s i t y .  

Stream Orthophosnhate Concentration - I_ ... 1 . . I - ~ _ _ _ _ I _  

The mean so lub le  r e a c t i v e  phosphate ( S R P )  f o r  the ungrazed 

stream was 2 , 2  * 0 . 8  vg SRP-P L - 1  and ranged from 0 .9  t o  4 . ?  1.14 

SRP-P L - 1  (Table  1 2 ) .  The grazed stream had a mean SRP o f  2 . 3  

0 .9  vg SRP-P L - 1  and ranged from 1 , b  t o  4 -8  ~g SRP-I3 L - 1 .  Samples 

f o r  SRP a n a l y s i s  were n o t  c o l l e c t e d  a t  each time pe r iod  d u r i n g  the 

double- labe l ing  per iod .  The  mean SRP concen t r a t ion ,  t h e r e f o r e ,  

\vas used t o  c a l c u l a t e  the s p e c i f i c  a c t i v i t y  w h i c h  was then used 

t o  convert  the  DPM da ta  t o  q u a n t i t i e s  o f  P uptake.  

. Stream . . . . . ._ Mater Temperature 

The w t e r  temperature f o r  both the  ungrazed and grazed streams 

-. 
were i d e n t i c a l .  I h r  w a t e r  temperature ranged f't-om 13°C t o  16°C 

d u r i n g  the pre-equi l ibr ium per iod ,  14.5"C t o  16°C d u r i n g  the i s o t o p i c  

equi l ibr ium per iod ,  a n d  15°C t o  18°C during t he  period a f t e r  labe l  

input  ceased.  

._. Mi c rob i a 1 B i oma s-s-.. and Ba c t e r i a 1 -. Ce 1 1 Den s i t y  

Microbial biomass and c e l l  dens i ty  a s soc ia t ed  with oak l e a f  

CPOM o f  the grazed and ungrazed streams was determined by measuring 
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Tab le  12. Comparison of  SRP concentration in water in the ungrazed 
and grazed stream. 

- SRP Concentration (pg P L - 1 )  

Date Ungrazed Grazed 

12/22/83 1.9 2.9 2.6 3.8 

Sampling 

12/29/83 2.6 0.9 1 . 5  1.9 

1/05/84 4.0 4.2 4 .0  4.8 

1/12/84 1.3 0 .9  2.0 1 . 3  

1/19/84 3.8 3.0 3.2 3.0 

1/31/84 2.2 2.1 2.2 2.3 

2/09/84 1.9 1.7 2 . 5  1.8 

2/21/84 2 . 0  2 .0  2 . 2  2 .2  

3/0 1/84 2.4 2.2 2 . 1  2 .0  

3/13/84 1 .9  2.0 2 .0  1 .9  

4/13/84 1 . 4  1 .5  1.1 1 .5  

4/ 18/84 2.2 2.6 1.7 1 . 7  

5/01/84 2 .4  2 .2  2 . 2  2 . 6  

Mean S.D. 2.2 t 0 .8  2.3 2 0.9 
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t he  P,TP concent ra t ion  and d i r e c t  b a c t e r i a l  counts (Table 13; Figures 

40 and 4 1 ) .  

had been in  the s t reams For. 112 days.  The CPOM i n  t h e  grazed channel 

were exposed t o  grazing fo r  the  same 112 day period. The A T P  content  

and the bac te r i a l  c e l l  dens i ty  f o r  both the  ungrazed and grazed 

CPOM was r e l a t i v e l y  cons tan t  t h r o u g h  the s tudy  p e r i o d ,  w i t h  s i g n i f i -  

c a n t l y  higher  ATP con ten t  and c e l l  densit ies a s soc ia t ed  with the  

u n g r a z e d  CPOM microbial  coiiimranity (Table  1 3 ) .  

The f i r s t  samples c o l l e c t e d  occurred a f t e r  the CPOM 

The ungrazed streams had a mean biomass of 4164 pg A T P  crrr.2 

arid a c e l l  dens i ty  o f  2 . 3 5 ~ 1 0 ~  c e l l s  cm-), whereas the  grazed stream 

biomass was 3345 pg ATP c r 2  and with a c e l l  dens i ty  of 1 . 4 0 ~ 1 0 ~  

c e l l s  cm-2. 

and c e l l  dens i ty  d i f f e r e n c e  between the  s t reams,  solile s i g n i f i c a n t  

within stream v a r i a b i l i t y  d i d  occur between the sampling tl'mes f o r  

A T P  and c e l l  dens i ty  (Table 1 3 ) .  The biomass a s  ATP ranged from 

1299 t o  5892 pg ATP cm-2 f o r  the  ungrazed stream CPOM and 1152 t o  

5415 pg ATP cm"* for the grazed CPOM. Cell d e n s i t i e s  ranged f r o m  

1.63xi07  t o  3 . 2 1 ~ 1 0 7  cells cm-2 f o r  the ungrazed  CPOM and 0.97~10~ 

t o  2 . 2 0 ~ 1 0 7  c e l l s  cn-2 f o r  the grazed l ea f  CPOM. 

f o r  the microbial  community a s soc ia t ed  w i t h  both ungrazed and grazed  

oak  CPOM was a s t eady- s t a t e  community w i t h  r e spec t  t o  the bioinass 

and c e l l  dens i ty .  

A I  though the re  was a s t a t i g t i c a l l y  s i g n i f i c a n t  biomass 

m e  g ~ r a e t - a ~  t r cna  



Table 13. Comparison of microbial biomass associated with oak CPOM 
in an ungrazed and grazed stream channel3 

pg ATP cm-2 o f  
Leaf Surface 

Cells cm-2 of Leaf 
-- Surface ( x107 

G ?a z <r-.- 
---__I 

Dateb Ungrazed Graz_ep_.. Vngrazed 

4/10/84 
4/ 12/84 
41'1 5/84 
4/18/84 
4/25/84 
5/02/84 
5/10/84% 
5/11/84c 
5/12/84= 
5/13/84d 

5 / 1  5/84c 
5/ 17 /84c 
5/21/84 

5/31/84 

5/14/a4c 

5/3o/a4 

610 1 /84c 
6/04/84d 

6/28/a4c 
6/07/84 

Grande 
Mean 

5646 C 1544 3524 2 1410 
1299 ?: 298 3011 2 472 
5209 2 1478 2853 f 605 
4382 525 4153 _+ 1436 
4476 f 585 5416 f 2230 
5750 t 730 3697 t 1282 
3910 f 712 485.2 t 1672 
5251 t 794 4088 2 946 
4161 _+ 1431 3482 2 783 
4452 f 1042 2741 t 813 
2909 744 2435 t 1507 
3373 f 594 2913 2 1239 
5646 1527 3891 t 1663 
5868 t- 1679 3881 973 

3972 2 808 3960 fr 1023 

3038 t 1594 2380 f 1123 

2680 _+ 561 2758 f 825 

2454 _+ a92 1152 t 461 

3318 _+ 820 2766 t gag 

4794 2 978 2798 t 684 

4164 i 1511 3345 t 1420 

1.78 I 0.54 1.44 t 0.18 
2.55 _+ 0.08 1.52 2 0.18 
1.61 0.08 1.15 2 0.03 
1.79 f 0.19 1.22 _+ 0.02 
2.55 5 0.04 1.88 t 0.18 
2.16 * 0.33 1.07 _+ 0.06 
2-50 0.04 2.20 f 0.04 
3.21 2 0.03 1.10 f 0.27 
2 . 6 1  t 0.25 1.21 2 0.13 
2.35 ? 0.66 1.45 f 0.33 
2.56 f 0.03 1.76 f 0.23 
1.92 t 0.16 0.37 t 0.14 
2.00 2 0.50 1.29 _+ 0.04 
2.41 2 0.19 1.35 2 0.03 
2.58 f 0.21 1.10 2 0.18 
2.53 f 0.39 1.44 2 0.04 
2.51 f 0.14 1.95 f 0.11 
2.12 * 0.32 1.23 t 0.04 
2.51 f 0.12 1.60 2 0.09 
3.07 t 0.23 1.12 2 0.11 

2.35 f 0.44  1.40 f 0.34 

aMean f 1 S . D . ;  n = 5 for ATP and n = 2 for cell densities. 

bSampl ing date; leaves originally placed in streams 12/20/83. 

CWo significant difference between the streams' ATP biomass. 

dNo significant difference between the streams' ce l l  densities 

'Mean 2 S.D. for each stream treatment. 

( a  = 0.05) 
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Figure 41. Teriiporal pa t te rn  of bac t e r i a l  ce l l  dens i ty  f o r  a n  ungrazed and  a grazed oak CPOM 
microbial community. Points represent  means o f  dupl ica te  counts  2 s t a n d a r d  devia t ion .  Leaves were 
placed i n  streams on 12/20/83; f i r s t  sample co l lec ted  4/10/84 (112 d a y s ) .  
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Physiological  A c t i v i t y  o f  an Ungrazed and Grazed 

Microbial Community 

The AT? and c e l l  dens i ty  da ta  were used to c a l c u l a t e  ATP 

per cell, an index o f  the physiological  a c t i v i t y ,  d u r i n g  the course 

o f  t h i s  s tudy  (Table 1 4 ) .  The general  t rend  w a s  t h a t  the grazed 

microbial  community had a higher ATP conten t  per c e l l  than the  ungrazed 

microbial  community; thus,  grazing by s n a i l s  seem t o  increase  micro- 

b i a l  a c t i v i t y .  The grand mean for the ungt-azed CPOM microbial  com- 

munity was 1.89x10*-4 pg A T P  c e l l n 1 ,  whereas the grazed microbial  

community had a r a t i o  o f  2 . 4 6 ~ 1 0 - 4  pg ATP c e l l - 1 .  

Phosphorus Incorporat ion Rates 

The WC-P incorpora t ion  r a t e  on an a r e a - s p e c i f i c ,  c e l l - s p e c i f i c ,  

and ATP-specific bas i s  f o r  the ungrazed microbial  community was 

approximately e i g h t - f o l d  g r e a t e r  than the L - P  r a t e ,  four - fo ld  g r e a t e r  

than the MP-P and D N A - P  r a t e s  and two-fold g r e a t e r  than the RNW-P 

r a t e  (Table 1 5 ) .  Comparing the  incorpora t ion  r a t e s  on an a rea - ,  

cell- and ATP-specific bas i s  for the i n t r a c e l l u l a r  phosphorus pools 

f o r  the ungrazed community ind ica ted  t h a t  the RNA-P r a t e  was approxi-  

mately two-fold g r e a t e r  than the MP-P and D N A - P  r a t e s ,  and t h r e e  

and one-half-fold g r e a t e r  than the L - P  r a t e .  The incorpora t ion  

r a t e s  o f  MP-P and D N A - P  were about the same, and both were two-fold 

g r e a t e r  than the s lowes t ,  L-P  r a t e .  The incorpora t ion  r a t e s  o f  

the i n t r a c e l l u l a r  phosphorus pools f o r  the ungrazed community ranked 

a s  fol lows:  RNA-P>MP-P = D N A - P > L - P .  These r a t e  d i f f e rences  for  



Table 14. Comparison of ca lcu la ted  ATP content  per c e l l  f o r  an ungrazed and a grazed oak CPOM 
microbial coinrnuni t y  . a 

p~ ATP ce i i -1  1x10-4) pg ATP c e l l - 1  ( ~ 1 0 - 4 )  
Dateb l lngrazed Grazed Date Ungrazed Grazed 

4/10/84 
4/12/84 
4/ 15/84 
4/ 18/84 
4/25/84 
5/02/84 
5/ 10/84 
5/11/84 
5/ 12/84 
5/13/85 
5/14/84 

3.17 
1.57 
3.20 
2.45 
1.97 
2.66 
1.56 
I .  6.3 
1.59 
1.89 
1.14 

2.45 
1.98 
2.48 
3.41 

3.46 
2.21 
3.72 
2.88 
2.03 
1.38 

2.88 

5/15/84 
5/17/84 
5/21/84 
5.30/84 
5/31/84 
5/01/84 
6/04/84 
6/07/84 
6/28/84 

Grandc 
Mean 

1.76 
2.82 
2.43 
0.95 
1.56 
1.32 
1.43 
1.91 
0.88 

3.01 
3.01 
2.87 
1.04 
2.75 
1.42 
1.93 
1.75 
2.46 

1.89 0.69 2.46 0.73 

aThe mean ATP and c e l l  numbers f o r  t h e  sampling da te s  were used t o  c a l c u l a t e  the ATP c e l l - 1  
value reported.  

bSarnpling da t e .  

cGrand mean i s  the mean o f  a l l  sample da t e s .  



Table 15.  Comparison o f  i n i t i a l  phosphorus incorpora t ion  r a t e s  f o r  an ungrazed and a grazed 
oak leaf  d e t r i t a l  n;icrobial 

I n i t i a l  Incorporat ion Ratesb 
Area- Spec i i i  c Cel l -Spec i f ic  ATP-Specific 

ngP cm-2h-l n g P  cel1- l t i - l  ngP p g A T P - l h - 1  
Stream Pool ( x i 3 -  3 )  rZC (xao-9 ;  r 2  (~10-5 j i-2 

Ungrazed wc- P 
L- P 
MP- P 
RNA-P 
D N A - P  

Grazed wc- P 
i- P 
MP- P 
R N A -  P 
DNA - P 

1.59 i 0 . M  
0.20 A 0.02 
0.41 5 0.04 
0.73 0.14 
0.39 -k 0.34 

1.63 * 0.10 
0.22 * 0.02 
0.44 2 0.06 
0.69 * 0.14 
0.44 5 6.64 

0.96 
0.97 
0.95 
0.83 
G.95 

o.91  
(3.95 
0.89 
0.82 
0.95 

6.36 i C.30 
0.84 * 0.10 
1.99 2 0.22 
2.91 i 0.54 
1.55 i- 0.17 

1 4 . 2 3  5 6.70 
1.91 _+ 6.14 
4.03 2 0.61 
6.50 * 0.99 
4.10 2 0.53 

6.94 
0.92 
0.91 
0.84 
0.94 

0.93 
0.97 
19.39 
0.89 
0.92 

5.64 i- 0.42 
0.72 t 0.11 
1.47 f 0.23 
2.79 ? 0.70 
1.40 2 0.24 

11.49 * 0.8l 
1.54 2 0.24 
3.39 * 0.76 
5.80 ? 1.35 
3.60 i- 0.77 

0.86 
0.88 
0.88 
0.74 
0.86 

0.87 cn 

0.83 
0.79 
0.77 
0.80 

w 
N 

 AS d e t e r r i  ne6 ~y 3 2 ~  .i n c o r p r a t i  on. 

bRa te  + 95% confidence 1 i m i  t ;  Q = 0.05. 

CCoeffi c i en t  o f  determinat ion.  
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< the  i n t r a c e l l u l a r  pools a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  (P-0.05),  

based on the 95% confidence limits. 

The phosphorus incorpora t ion  r a t e s  on an a r e a - s p e c i f i c ,  c e l l -  

specif ic ,  and ATP-specific b a s i s  f o r  a grazed microbial  community 

d i s p l a y  the same b a s i c  trends (Table 15) .  

t h e r e f o r e ,  w i  11 be r e p r e s e n t a t i v e  of each. 

The  fol lowing d e s c r i p t i o n ,  

The WC-P phosphorus incorpora t ion  r a t e  was approximately 

seven-fold g r e a t e r  than the L-P r a t e ,  four - fo ld  g r e a t e r  than the 

r a t e s  f o r  MP-P and DNA-P ,  and two-fold g r e a t e r  than the phosphorus 

incorpora t ion  r a t e  f o r  the RNA-P pool. 

r a t e  o f  the RNA-P pool was about th ree- fo ld  g r e a t e r  than the r a t e  

f o r  L - P ,  one and one-half-fold g r e a t e r  than MP-P and DNA-P,  each 

having the same r a t e  of  incorpora t ion .  The r a t e s  of MP-P and DNA-P  

were two-fold g r e a t e r  than the phosphorus incorpora t ion  r a t e  f o r  

L-P. The incorpora t ion  r a t e s  f o r  the i n t r a c e l l u l a r  pools a r e  ranked 

a s  follows: RNA-P>MP-P = DNA-P>L-P.  The d i f f e r e n c e  between the 

r a t e s  a r e  s i g n i f i c a n t  based upon 95% confidence l i m i t s .  

The phosphorus incorpora t ion  

A comparison of  the incorpora t ion  r a t e s  between the ungrazed 

and grazed microbial  community i n d i c a t e s  t h a t  the r a t e s  f o r  each 

corresponding pool a r e  not s i g n i f i c a n t l y  d i f f e r e n t  from each o t h e r  

based on the 95% confidence l i m i t s .  General ly ,  the phosphorus i n -  

corpora t ion  r a t e s  f o r  the grazed microbial  community were g r e a t e r ,  

al though not  s i g n i f i c a n t l y  d i f f e r e n t ,  from the corresponding 

incorpora t ion  r a t e s  f o r  the ungrazed microbial  community. The only 

except ion t o  t h i s  observat ion i s  the RNA-P incorpora t ion  r a t e  o f  
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the  ungrazed community which was g r e a t e r  than the  r a t e  f o r  the grazed 

community. 

- Coinpari son o f  Phosphate Accumulation - f o r  an I- Ungrazed ~ and ._.._.... Grazed 

Oak CPOM Microbial Community 

Phosphate accumulation f o r  the ungrazed and grazed oak CPOM 

microbial  cotninunity was compared by a n a l y s i s  o f  var iance and the 

Duncan mu1 t i p l e  range t e s t .  The microbial  communities were s i g n i f i -  

c a n t l y  d i f f e r e n t  w i t h  r e spec t  t o  the  mean phosphate concent ra t ion  

accumulated i n t o  the pools (Table 1 6 ) .  On an a r e a - s p e c i f i c  b a s i s ,  

t h e  ungrazed microbial  community incorporated a s ign i  F icant ly  g r e a t e r  

amount of phosphate i n  the p o o l s  than d i d  the grazed microbia? COi l l -  

munity. T h i s  was d u e  t o  a g r e a t e r  c e l l  d e n s i t y  per  u n i t  su r f ace  

a rea  a s soc ia t ed  with the unyrazed microbial  community (Table 1 5 ) .  

On a c e l l - s p e c i f i c  b a s i s ,  however, t he  grazed microbial  community 

incorporated a s i g n i f i c a n t l y  g r e a t e r  amount o f  phosphate i n  t he  

pools than d i d  the ungrazed iiiicrobial community. 

D i s t r ibu t ion  of 33P in  the I n t r a c e l l u l a r  Pools  __- 

Table 17 shows the d i s t r i b u t i o n  of 33P in  the i n t r a c e l l u l a r  

phosphorus pools f o r  the ungrazed and grazed oak CPOM microbial 

communities during the  period of i s o t o p i c  equi l ibr ium.  

t i o n  of 33P ( %  o f  WC-P) in  the i n t r a c e l l u l a r  phosphorus pools f o r  

the ungrazed microbial  community was 13% f o r  the L - P ,  and 24% each 

f o r  the MP-P, R N A - P ,  and DNA-P pools .  The 33P d i s t r i b u t i o n  i n  the 

grazed community was 17% f o r  t he  L - P ,  and 22% each f o r  the MP-P, 

The d i s t r i b u -  
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Table 16. Comparison of phosphorus accumulation i n  phosphorus pools 
f o r  an ungrazed and a grazed microbial  c o m m u n i t y . a ~ b ~ c  

Area-Specific Cell -Speci f i c 

n q  P cm-2 nq P c e l l - 1  ( x 1 ~ - 7 )  
Po0 1 Ungrazed Grazed Unqrazed Grazed 

wc-P 7 6 . G  72.0 34.5 54.9 

L- P 14.2 12.3 6.4 9 . 4  

MP- P l a ,  1 15.5 8.0 12.5 

RNA-P 17.6 15.9 8.0 12.4 

DNA-P 18.5 15.7 8.3 12.3 

aUngrazed and grazed microbial  communities were s i g n i f i c a n t l y  
d i f f e r e n t  with respec t  t o  phosphorus accumulation i n  each of the  pools;  
u = 0.05. 

bAccumulation o f  phosphorus f o r  a period of 1178 h f o r  33P 
(Phase 1 and Phase 2 ) .  

CMean P incorpora t ion  f o r  phosphorus pools. 
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Table 17. Distribution o f  33P at isotopic equilibrium for the 
intracellular p o o l s  as % o f  WC-P.a 

z o f  wc-P 

Intracellular Pool ~n g r a z e 7  Grazed 
S t r e a m  

L- P 

MP- P 

R N A - P  

DNA-P 

19 i 3 

24 rir 3 

24 2 3 

24 t 3 

17  3 

22 _+ 4 

2 2  2 5 

22 * ti 

Total  Recovery 91 83 

ablean i- 1 S . D . ;  n = 16. 
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RNA-P, and DNA-P poo ls .  

i n  t h e  co r respond ing  i n t r a c e l l u l a r  poo ls  f o r  t h e  ungrazed and grazed 

m i c r o b i a l  communit ies was observed ( a  n o n - s t a t i s t i c a l  s ta temen t ) .  

The i n t r a c e l l u l a r  poo ls  accounted f o r  91% and 83% o f  t h e  WC-P f o r  

t h e  ungrazed and grazed m i c r o b i a l  communit ies, r e s p e c t i v e l y .  

No d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n  o f  33P 

Phosphorus Turnover K i n e t i c s  f o r  an Oak CPOM 

M i c r o b i a l  Community 

To determine t h e  phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  t h e  

v a r i o u s  phosphorus pools ,  a d o u b l e - l a b e l i n g  procedure was used. 

For t h i s  procedure,  33P must be i n  i s o t o p i c  e q u i l i b r i u m  w i t h  31P 

( s t a b l e  phosphorus i s o t o p e )  o f  t h e  v a r i o u s  phosphorus poo ls  p r i o r  

t o  t h e  a d d i t i o n  o f  32P. 

examples o f  t h e  i n c o r p o r a t i o n  o f  33P i n t o  v a r i o u s  phosphorus poo ls .  

33P reached i s o t o p i c  e q u i l i b r i u m  i n  app rox ima te l y  30 days (700 h ) .  

32P and 33P were then s imu l taneous ly  r e l e a s e d  i n t o  t h e  stream and 

t h e  r a t i o  o f  32P t o  33P was determined a t  v a r i o u s  t imes and used 

t o  c a l c u l a t e  t h e  phosphorus t u r n o v e r  r a t e  cons tan t .  

F igu res  42 t o  45 show some r e p r e s e n t a t i v e  

Phosphorus Turnover Rate Constants f o r  Syn thes i s  

The phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  s y n t h e s i s  f o r  

an ungrazed and a grazed m i c r o b i a l  community a r e  shown i n  Table 

18. The t u r n o v e r  r a t e  cons tan ts  f o r  bo th  community types (NC-P) 

were n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  each o t h e r .  The genera l  t rend ,  

however, was t h a t  t h e  grazed m i c r o b i a l  community had a g r e a t e r  t u r n -  

ove r  r a t e  c o n s t a n t  t han  t h e  ungrazed m i c r o b i a l  community. The 
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F i g u r e  42. l n c o r p o r a t i o n  o f  33P (as  ng P cm-2) into L-P pool o f  a graze?< m i c r o b i a l  cornmunity 
assoc ia ted  w i t h  oak CPOM before and a f t e r  i s o t o p i c  e q u i l i b r i u m  was achieved. 
e q u i l i b r i u m  i n  t h e  L-P pool by 700 h .  

J A Y  achieved isotopic 
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Figure 43. Incorporation of 33P ( a s  ng P crri-2) in WC-P pool of a grazed microbial community 
associated w i t h  oak CPOM before and after isotopic equilibrium was achieved. 
was achieved i n  the WC-P pool by 700 h. 

I so topic  equilibrium 
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Figure 44 .  Incorporation o f  33P ( a s  ng P ~ r n - ~ )  i n t o  L-P pool o f  a n  ungrazed microbial  
community associated with oak CPOM before and after. i ~ o - t o p i c  equilibrium was achieved. 
i n  i s o t o p i c  equilibrium i n  t h e  L-P pool by 700 h. 

33P was 
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Figure 45. Incorporation o f  33P ( a s  n g  P cm-2) i n t o  WC-P pool of an ungrazed microbial 
community associated with oak CPOM before and a f t e r  i s o t o p i c  equi l ibr ium was achieved. 
equi l ibr ium was achieved by 700 h .  

I so top ic  
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phosphorus t u r n o v e r  t imes,  t h e  t ime  r e q u i r e d  f o r  a complete rep lace -  

ment o f  phosphorus i n  t h e  community, was 763 h and 794 h f o r  t h e  

grazed and ungrazed m i c r o b i a l  communit ies, r e s p e c t i v e l y .  These 

r e s u l t s  suggest t h a t  g r a z i n g  i nc reases  phosphorus c y c l i n g ,  a l t h o u g h  

phosphorus c y c l i n g  i n  b o t h  o f  these communit ies was r e l a t i v e l y  slow. 

The L-P r a t e  c o n s t a n t  o f  t h e  ungrazed community was n o t  s i g -  

n i f i c a n t l y  d i f f e r e n t  from t h e  DNA-P r a t e  cons tan t ;  however, i t  was 

s i g n i f i c a n t l y  s lower  than t h e  MP-P and RNA-P r a t e  cons tan ts .  

MP-P t u r n o v e r  r a t e  c o n s t a n t  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  

t h e  RNA-P and DNA-P r a t e  constants ,  b u t  i t  was s i g n i f i c a n t l y  g r e a t e r  

t han  t h e  L-P r a t e  cons tan t .  

community was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  o f  t h e  MP-P, 

however, i t  was s i g n i f i c a n t l y  g r e a t e r  t han  t h e  L-P and DNA-P r a t e  

cons tan ts .  

was s i g n i f i c a n t l y  l e s s  than  t h e  RNA-P cons tan t ,  b u t  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f rom the  o t h e r  phosphorus r a t e  cons tan ts .  

The 

The RNA-P r a t e  c o n s t a n t  f o r  t h e  ungrazed 

The DNA-P r a t e  cons tan ts  f o r  t h e  ungrazed community 

The grazed L-P t u r n o v e r  r a t e  c o n s t a n t  was n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f rom DNA-P cons tan t ,  b u t  was s i g n i f i c a n t l y  l e s s  than  t h e  

MP-P and RNA-P phosphorus t u r n o v e r  r a t e  cons tan ts .  

c o n s t a n t  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  RNA-P t u r n o v e r  

r a t e  cons tan t ,  however, i t  was s i g n i f i c a n t l y  g r e a t e r  t han  t h e  L-P 

and DNA-P r a t e  cons tan ts .  The RNA-P r a t e  cons tan t  f o r  t h e  grazed 

m i c r o b i a l  community was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  MP-P 

r a t e  cons tan t ,  b u t  i t  was s i g n i f i c a n t l y  g r e a t e r  than t h e  L-P and 

DNA-P phosphorus t u r n o v e r  r a t e  cons tan ts .  

The MP-P r a t e  
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A cornparison o f  t h e  phosphorus t u r n o v e r  r a t e  cons tan ts  o f  

t h e  ungrazed and grazed oak CPOM m i c r o b i a l  communit ies i n d i c a t e d  

t h d t  the  L-P, RNA-P, and DNA-P phosphorus t u r n o v e r  r a t e  cons tan ts  

were n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each o t h e r .  

t u r n o v e r  r a t e  cons tan ts  f o r  t h e  grazed m i c r o b i a l  community was s i g -  

n i f i c a n t l y  f a s t e r  than t h e  ungrazed MP-P r a t e  cons tan t .  

t r e n d  f o r  t h e  grazed m i c r o b i a l  cornmunity hav ing  f a s t e r  r a t e  cons tan ts  

was suggested, a l t hough  t h e  d i f f e r e n c e s  were n o t  s t a t i s t i c a l l y  s i g -  

n i  f i c a n t .  

The MP-B phosphorus 

The general  

The phosphorus t u r n o v e r  t imes f o r  t h e  i n t r a c e l l u l a r  poo ls  

f o r  b o t h  ungrazed and grazed m i c r o b i a l  communit ies a r e  ranked as  

f o l l o w s :  RNA-P<MP-P<DNA-P<L-P, however, t h e  grazed community t u r n -  

ove r  t imes a r e  s h o r t e r  than t h e  ungrazed cornrnunity (Tab le  18 ) .  

These r e s u l t s  i n d i c a t e d  t h a t  t h e  grazed m i c r o b i a l  community i s  

m e t a b o l i c a l l y  more a c t i v e  and growing f a s t e r  compared t o  t h e  ungrazed 

m i c r o b i a l  community. 

A r e a - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  s j n t h e s i s .  

Table 18 shows t h e  a r e a - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts  

f o r  t h e  oak CPOM s tudy .  The WC-P (community) phosphorus t u r n o v e r  

r a t e  cons tan t  o f  t h e  grazed and ungrazed m i c r o b i a l  community were 

n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each o t h e r ,  a l t hough  t h e  r a t e  cons tan t  

f o r  t h e  grazed community was g r e a t e r .  

A comparison o f  t h e  i n t r a c e l l u l a r  phosphorus t u r n o v e r  r a t e  

cons tan t  f o r  t h e  ungrazed and grazed m i c r o b i a l  communit ies i n d i c a t e d  



139 

t h a t  t h e  co r respond ing  r a t e  cons tan ts  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  

f rom each o t h e r .  

t h e  RNA-P and MP-P cons tan ts  were s i g n i f i c a n t l y  g r e a t e r  than t h e  

L-P and DNA-P r a t e  cons tan ts ;  t h i s  suggests unbalanced metabolism. 

For b o t h  t h e  grazed and ungrazed communit ies, 

These r e s u l t s  i n d i c a t e  t h a t  on an area b a s i s  t h e r e  were no d i f f e r e n c e s  

between t h e  grazed and ungrazed communit ies w i t h  regards t o  phosphorus 

t u r n o v e r .  

C e l l - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  s y n t h e s i s .  

C e l l - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts  a r e  shown i n  Table 18. 

The WC-P (community) phosphorus t u r n o v e r  r a t e  cons tan t  o f  t h e  grazed 

community was s i g n i f i c a n t l y  g r e a t e r  t han  t h e  r a t e  c o n s t a n t  f o r  t h e  

ungrazed community. 

was approx ima te l y  t w o - f o l d  g r e a t e r  t han  t h e  r a t e  cons tan t  f o r  t h e  

ungrazed community, 

The r a t e  cons tan t  f o r  t h e  grazed community 

The c e l l - s p e c i f i c  phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  

t h e  i n t r a c e l l u l a r  phosphorus poo ls  o f  t h e  grazed m i c r o b i a l  community 

were s i g n i f i c a n t l y  g r e a t e r  than t h e  r a t e  cons tan ts  f o r  t h e  correspond- 

i n g  poo ls  o f  t h e  ungrazed community. 

grazed community was about two and o n e - h a l f - f o l d  g r e a t e r  t han  t h e  

ungrazed L-P r a t e  cons tan t ,  w h i l e  t h e  MP-P, RNA-P, and DNA-P r a t e  

cons tan ts  of  t h e  grazed community were approx ima te l y  t h r e e - f o l d  

g r e a t e r  than those o f  t h e  ungrazed community. 

t h a t  b a c t e r i a  o f  t h e  grazed community were m e t a b o l i c a l l y  more a c t i v e  

The L-P r a t e  c o n s t a n t  o f  t h e  

These r e s u l t s  i n d i c a t e  

than  t h e  b a c t e r i a  o f  t h e  ungrazed Community. 
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A P P - g e c i f i c  .._ phosphorus t u r n o v e r  r a t e  cons tan ts  f o r  s y n t h e s i s .  

ATP-spec i f i c  phosphorus r a t e  cons tan ts  a r e  shown i n  Table 18. The 

phosphorus t u r n o v e r  r a t e  cons tan t  f o r  the  grazed community was. s i g -  

n i f i c a n t l y  g r e a t e r  than t h e  r a t e  c o n s t a n t  f o r  t h e  ungrazed coniiiiuni ty .  

The r a t e  cons tan t  f o r  t h e  grazed community was about t w o - f o l d  g r e a t e r  

than t h a t  f o r  t h e  ungrazed Community. 

The phosphorus t u r n o v e r  r a t e  c o n s t a n t s  f o r  t h e  i n t r a c e l l u l a r  

phosphorus poo ls  o f  t h e  grazed m i c r o b i a l  community were s i g n i f i c a n t l y  

g r e a t e r  than t h e  cor respond ing  r a t e  c o n s t a n t s  f o r  t h e  ungrazed mic ro-  

b i a l  community. 

m u n i t y  was a p p r o x i m a t e l y  t w o - f o l d  g r e a t e r  than t h e  L-P r a t e  c o n s t a n t  

f o r  t h e  ungrazed community, whereas t h e  MB-P, RNA-P, and DNA-P t u r n o v e r  

r a t e  cons tan ts  o f  t h e  grazed community were about  t h r e e - f o l d  g r e a t e r  

than those o f  t h e  ungrazed community. These d a t a  suggest t h e  grazed 

m i c r o b i a l  community was m e t a b o l i c a l l y  more a c t i v e  than t h e  ungrazed 

The L-B t u r n o v e r  r a t e  c o n s t a n t  f o r  t h e  grazed com- 

m i c r o b i a l  community. 

Turnaver  Rates 

The t u r n o v e r  o f  phosphorus f rom t h e  components was a l s o  f o l l o w e d  

a f t e r  t h e  i n p u t  o f  t r a c e r  was stopped. 

phosphorus t u r n o v e r  were p o s s i b l e ,  as determined by 32P and 33P 

Thus, two measurements o f  

loss  f rom t h e  p o o l .  

I A r e a - s p e c i f i c  t u r n o v e r  r a t e s .  The WC-P phosphorus t u r n o v e r  

r a t e s  (32P) f o r  t h e  ungrazed and grazed m i c r o b i a l  community were 

n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom each o t h e r ;  however, the  grazed 
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community had a g r e a t e r  turnover r a t e  than the  ungrazed community 

(Table 19) .  T h i s  suggests  t h a t  grazing of the  microbial  community 

inc reases  the  metabolic a c t i v i t y  of the  microbial  community. The 

33P-derived WC-P turnover  r a t e  had the  same t rend  a s  f o r  t he  32P- 

derived r a t e  (Table 20) .  

two-fold g r e a t e r  than the  32P-derived WC-P rate. 

derived r a t e s ,  however, were not s i g n i f i c a n t l y  d i f f e r e n t  from each 

The 33P-derived r a t e ,  however, was about 

The 33P- and 32P- 

o t h e r .  

The 

a r e  shown 

community, 

from the  c 

turnover  r a t e s  f o r  the i n t r a c e l l u l a r  phosphorus pools 

n Tables 19 and 20. 

both 32P and 33P der ived ,  were not s i g n i f i c a n t l y  d i f f e r e n t  

rresponding r a t e  of the grazed community; however, the  

The turnover  r a t e s  o f  the  ungrazed 

grazed microbial  community had higher turnover  r a t e s  than the  ungrazed 

microbial  community. The 33P-derived r a t e s  f o r  the i n t r a c e l l u l a r  

pools were approximately two-fold g r e a t e r  t h a n  the 32P-deri ved r a t e s  

y d i f f e r e n t  from each o t h e r .  

a1 community seems t o  increase  

i n  comparison t o  a non-grazed 

a1 though the r a t e s  were not s i g n i f i c a n t  

General ly ,  grazing of the  rnicrob 

the  metabolic a c t i v i t y  o f  the  community 

community. 

Cell -speci f i c  turnover r a t e .  The community (WC-P)  turnover  

r a t e ,  32P- o r  33P-derived, f o r  the  grazed community was n o t  s i g n i f i -  

c a n t l y  d i f f e r e n t  from the  ungrazed community turnover  r a t e  (Tables  

19 and 20) .  The grazed community, however, had a f a s t e r  turnover  

r a t e  than the ungrazed community, suggest ing t h a t  grazing inc reases  
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Table 20. Comparison o f  phosphorus t u r n o v e r  r a t e s  f o r  deg rada t ion  f o r  an ungrazed and a grazed 
oak l e a f  d e t r i t a l  m i c r o b i a l  community.a 

Phosphorus Turnover Ratesb 
Area-Speci f i c C e l l - S p e c i f i c  
ng P cm-2 h-1 

ATP- Spec i f i c 
ng P pg ATP-1 h-1  ng P c e l l - 1  h -1  

S t r e a m  Po0 1 (x10-2) r 2' ( x10-9) r 2  ( ~ 1 0 - 5 )  r2 

Ungrazed WC-P 5.68 f 1.98 0.52 2.68 rt: 0.89 0.55 1.65 f 0.99 0.27 
L- P 0.76 ? 0.43 0.71 0.40 f 0.25 0.66 0.19 f 0.30 0.24 
MP- P 1.22 f 0.89 0.59 0.56 2 0.28 0.76 0.38 2 0.57 0.25 
RNA-P 0.73 2 0.98 0.30 0.44 2 0.30 0.62 0.16 f 0.62 0.05 
DNA- P 0.97 f 0.55 0.70 0.59 f 0.15 0.90 0.25 * 0.50 0.16 

Grazed wc-P 5.98 * 1 .71  0.62 3.54 f 1.70 0.37 3.71 k 2.10 0.30 
L- P 1.11 rt: 0.65 0.69 0.67 f 0.58 0.51 0.65 2 0.74 0.37 
MP-P 1.25 F 0.58 0.78 0.84 2 0.85 3.43 0.76 -+ 1.04 0.29 
RNA- P 0.96 t 1.02 0.40 0.44 f 0.90 0.16 0.66 f 1.00 0.25 
DNA- P 1.16 ? 0.76 0.64 0.67 f 1.06 0.24 0.84 ? 1.34 0.23 

aAs determined by 33P loss f r om pools  d u r i n g  Phase 3. 

bRate 2 95% conf idence limit; CI = 0.05. 

C C o e f f i c i e n t  o f  de te rm ina t ion .  
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the metabolic a c t i v i t y  o f  the b a c t e r i a .  

approximately two-fold g r e a t e r  than the 32P-deri ved r a t e s .  

The 33P-derived r a t e s  were 

The phosphorus turnover  r a t e s  f o r  the corresponding i n t r a -  

c e l l u l a r  pools (derived from 32P o r  33P) f o r  the grazed community 

were not s i g n i f i c a n t l y  d i f f e r e n t  from those f o r  the  ungrazed community 

(Tables  19 and 2 0 ) .  

r a t e s  f o r  the phosphorus pools of the grazed microbial  community 

was observed. 

A general  t rend  o f  f a s t e r  phosphorus turnover  

ATP-specific turnover  r a t e s .  The WC-P pool turnover  r a t e  

(3*P- and 33P-derived) f o r  the grazed community was not s i g n i f i c a n t l y  

d i f f e r e n t  from the WC-P r a t e  o f  the  ungrazed community. 

community had a g r e a t e r  turnover  r a t e ,  however, than the ungrazed 

microbial  community. 

The grazed 

A comparison between the ungrazed and grazed communities 

phosphorus turnover  r a t e s  for  t h e i r  corresponding i n t r a c e l l u l a r  

phosphorus p o o l s  (32P- o r  33P-derived) ind ica ted  t h a t  there was 

no s i g n i f i c a n t  d i f f e r e n c e  between the  r a t e s .  

f o r  the grazed community were g r e a t e r  than the turnover  r a t e s  f o r  

the ungrazed microbial  community, although not s i g n i f i c a n t l y  f a s t e r .  

The turnover  r a t e s  

Phosphorus turnover  times were determined by fol lowing the 

loss i n  r a d i o a c t i v i t y  of both 33P and 32P from the phosphorus poo l  

a f t e r  the t r a c e r  input  was stopped. The turnover time was def ined 

a s  the  rec iproca l  of the s lope  of the curve obtained by p l o t t i n g  

the log of percent  of  i n i t i a l  a c t i v i t y  per  cm2 versus time. Turnover 
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t imes f o r  t h e  phasphorus poo ls  f o r  t h e  ungrazed m i c r o b i o t a  assoc ia ted  

w i t h  oak CPOM f o r  33P and 32P, r e s p e c t i v e l y ,  were: 

and 1887 h; L-P, 2941 h and 1818 h; MP-P, 2398 h and 2041 h; RNA-P, 

6667 h and 2500 h ;  and DNA-P, 3846 h and 3448 h. The phosphorus 

t u r n o v e r  t imes f o r  t h e  grazed m i c r o b i o t a  were: WC-P, 1852 h and 

1449 h; L-P, 1692 h and 1111 h ;  MP-P, 1563 h and 2128 h; RNA-P, 

2941 h and 4348 h ;  and DNA-P, 2632 h and 2041 h, respectively,  f o r  

3 3 ~  and 3 2 ~ .  

WC-P, 2174 h 



VI .  DISCUSSION 

The goal o f  t h i s  i nves t iga t ion  was t o  e l u c i d a t e  the  physiologi-  

cal  a spec t s  of microbial  community developinent and phosphorus dynamics 

a s soc ia t ed  w i t h  decomposing leaves in a l o t i c  system. I n  o rde r  

t o  accu ra t e ly  determs’ne the  role of the m-icrobial conmiunity i n  stream 

phosphorus dynamics, i t i s  necessary L o  ensure t h a t  d e t r i t a l  community 

biomass and a c t i v i t y  a r e  r ep resen ta t ive  f o r  d e t r i t a l  communities 

a s  reported b y  o t h e r  i n v e s t i g a t o r s .  The d iscuss ion  and i n t e r p r e t a t i o n  

o f  t he  r e s u l t s  w i l l  be done  in regard t o  t he  r iver e p i l i t h o n  model 

ng 1984) ,  and the n u t r i e n t  s p i r a l  

d ,  1981, 1983; Mulholland, 1983 

o f  the microbial  community (Lock 

model (E lwood,  1981, 1983; Newbo 

1985).  

S e s s i l e  ( a t t a c h e d )  microbial  communities a s soc ia t ed  w i t h  

rocks i n  stream ecosystems a r e  enclosed in  a highly hydrated f ib rous  

an ionic  exopolysaccharide,  termed glycocalyx,  which may a c t  as an 

ion exchange r e s i n  a t t r a c t i n g  and concent ra t ing  charged n u t r i e n t s  

(Costerton, 1984; Geesey e t  a l . ,  1977, 1978; Lange, 197’6). A complex 

s e s s i l e  microbial  community ( s o  c a l l e d  e p i l i t h o n )  develops and p r o l i f -  

e r a t e s  a s  d i s t i n c t  microcommunities w i t h i n  the glycocalyx matr ix  

(Lock e t  a l . ,  1984).  The s p a t i a l  o rganiza t ion  of the e p i l  i t h o n  

plays a n  important r o l e  i n  the  growth, energy t ransformat ion ,  and  

n u t r i e n t  cyc l ing  of the  community because of the poss ib le  i n t e r a c t i o n  

between neighboring organisms, such a s  compet i t ion ,  amensalism, 

and comensalisrn (Wirripenny, 1981).  The glycocalyx a l s o  c r e a t e s  d i f fus ion  

146 
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g r a d i e n t s  of n u t r i e n t s  and  gases which a r e  impor t an t  t o  the  growth  

of the  e p i l i t h o n  (La Motta,  1976b) .  As the  glycocalyx th ickness  

i n c r e a s e s ,  organisms near the bottom m i g h t  become n u t r i e n t  l imi ted  

due t o  slow d i f fus ion  t h r o u g h  the  e p i l i t h o n .  

Although the  e p i l i t h o n  model was developed to  descr ibe  the  

s e s s i l e  microbial  community assoc ia ted  with r i v e r  rocks,  the  concept 

i s  app l i cab le  t o  the  development of the microbial  community a s soc i -  

a ted with decomposing leaves i n  streams (F igures  17-28, pages 78, 

81, 83, 85, 88, 90, 92,  94 ,  96, 98, 101, 103, r e s p e c t i v e l y ) .  The 

development o f  the  polysaccharide m a t r i x  assoc ia ted  with the  microbial  

community does not appear t o  be ex tens ive .  This i s  l i k e l y  due t o  

the dehydration s t e p  of sample prepara t ion  r e s u l t i n g  in the condensa- 

t i o n  o f  the polymer (Mackie e t  a l . ,  1979; Davis,  1985). 

Microbial Community Development and A c t i v i t y  

The co loniza t ion  pa t t e rn  observed in  the  present  study i n d i -  

cated bac te r i a  were the f i r s t  t o  co lonize  followed by fungi .  

f u n g i  subsequently dec l ined ,  b u t  the  bac te r i a  and  polysaccharide 

matr ix  continued t o  increase  (F igures  17-28).  The temporal p a t t e r n ,  

however, was dependent on the  l ea f  s p e c i e s ;  the  more r e a d i l y  decom- 

posable the spec ie s ,  the g r e a t e r  the  development of  the community 

(oak<maple<dogwood). 

the f i r s t  co lonizers  o f  l ea f  l i t t e r  i n  s t reams,  b u t  s ince  h i s  f i r s t  

samples were taken 1 4  days a f t e r  the  leaves  were placed in the s t ream, 

he missed the i n i t i a l  co loniza t ion  period which may have been dominated 

by ba c t e r  i a .  

The 

Suberkropp (1976) reported t h a t  fungi were 
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The temporal pa t t e rn  f o r  the development of the r e l a t i v e  

he te ro t rophic  p o t e n t i a l ,  determined by glucose uptake r a t e s ,  f o r  

decomposing maple and  oak  leaves suggests  t h a t  t h e  s e s s i l e  coinrnunity 

was somehow l imi ted  (no  further.  increase  in the r a t e  of glucose 

uptake)  within two weeks, p robab ly  due t o  the reductjon i n  the  ava i l a -  

b i l i t y  of r ead i ly  l a b i l e  organic  s u b s t r a t e s  or inorganic  n u t r i e n t s  

a s  a r e s u l t  of the glycocalyx (Figure 12 ,  page 7 0 ) .  The microbial  

community assoc ia ted  with dogwood leaves displayed a d i f f 2 r e n t  response 

which probably represents  the l e a f ' s  r a t e  o f  decomposition; t h e r e f o r e ,  

was probably a v a i l a b l e .  

milat ion f o r  the 

gure 13, page 7 1 ) .  

... 

a g r e a t e r  supply o f  ox id izable  organic  s u b s t r a t e  

The same phenomenon was observed f o r  glucose a s s  

dogwood, maple, and oak microbial communities ( F  

The temporal pa t te rn  observed f o r  glucose minera l iza t ion  r a t e s  ind 

cated a bimodal  t rend of increas ing  minera l iza t ion  f o r  the dogwood 

maple, a n d  oak microbial  communities (Figure 14, page 7 2 ) ,  suggest 

two periods of acce lera ted  energy production. 

t h a t  the he te ro t rophic  poten t ia l  of the microbiota on leaves i n  

streams i s  dependent on the spec ies  of l ea f  colonized,  The e f f e c t  

of leaf  spec ies  seems t o  be r e l a t e d  t o  the r e l a t i v e  ease a t  which 

the leaf  i s  decomposed. 

Red maple leaves used f o r  the ungrazed maple CPOM study a r e  

considered t o  be an  intermediate  spec ies  w i t h  regard t o  t h e i r  r a t e  

o f  decomposition, whereas white oak  leaves (oak  CPOM s tudy)  a r e  

more r e s i s t a n t  t o  decomposition due t o  t h e i r  h i g h  content  of poly- 

phenols and l i g n i n .  Colonization of maple leaves was followed f o r  

a period of 51 days. By the time o f  the  f i r s t  sampling ( 1 5  d a y s ) ,  

These d a t a  suggest 
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the  biomass, as ATP,  had e s t ab l i shed  an approximate s t eady- s t a t e  

microbial  community (F igure  29, page 107) w i t h  a mean biomass of 

about 15,000 pg ATP cm-2 of l ea f  su r f ace .  

days 15 t o  32 were gene ra l ly  lower t h a n  the  grand  mean, whereas 

the mean ATP f o r  days 34 t o  44 gene ra l ly  were g r e a t e r  than the  grand 

ATP mean value.  

microbial  biomass w i t h  an increase  i n  res idence  time o f  the  leaves  

in the stream. The ATP biomass d a t a  reported here a r e  i n  c lo se  

agreement w i t h  the  values reported by Mu1 hol land (1984) and Fai rch i  I d  

(1983), a1 though the t rend  o f  increas ing  biomass w i t h  res idence 

time i s  not a s  pronounced. 

The mean ATP values f o r  

These r e s u l t s  demonstrate a s l i g h t  increase  i n  

I n  the  oak CPOM s tudy the ATP biomass remained r e l a t i v e l y  

cons tan t  d u r i n g  the course o f  t h i s  s tudy ,  a s  did the d i r e c t  b a c t e r i a l  

c e l l  counts ,  f o r  b o t h  the  ungrazed and grazed oak CPOM (F igures  

40 and 41, pages 134 and 135, r e s p e c t i v e l y ) .  

not unreasonable s ince  the oak  leaves  were colonized f o r  a period 

of  112 days prior t o  the s t a r t  o f  this s tudy.  Thus, a s t e a d y - s t a t e  

microbial  community was a s soc ia t ed  w i t h  oak leaves .  The t o t a l  c e l l  

counts o f  the  oak microbiota may be underestimated by a s  much as 

a b o u t  50% ( s e e  page 57) .  

by low es t ima tes .  

This observat ion was 

However, the t rend observed i s  not a f f ec t ed  

The ATP biomass and b a c t e r i a l  dens i ty  assoc ia ted  w i t h  oak 

leaves f a l l  within the range reported by Suberkropp f o r  oak leaves 

(1976).  Suberkropp a l s o  noted a g r e a t e r  biomass, measured as  ATP, 

and b a c t e r i a l  dens i ty  assoc ia ted  with hickory leaves  t h a n  w i t h  oak 
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l eaves .  

w i t h  regards  t o  ease o f  decomposi t ion,  as a r e  maple leaves .  

i t  seeiiis t h a t  t he  more r e c a l c i t r a n t  t h e  l e a f  i s  t o  decomposi t ion,  

t h e  s m a l l e r  the c e l l  d e n s i t y .  

H i c k o r y  leaves  a r e  cons idered t o  be an i n t e r m e d i a t e  spec ies  

Thus, 

The m i c r o b i a l  biomass, as ATP, assoc ia ted  w i t h  t h e  maple 

leaves  was approx ima te l y  t h r e e  and o n e - h a l f - f o l d  g r e a t e r  than t h e  

ATP biomass assoc ia ted  w i t h  ungrazed oak leaves  ( F i g u r e s  29 and 

40, pages 107 and 134, r e s p e c t i v e l y ) .  The h i g h e r  ATP c o n t e n t  o f  

t h e  m i c r o b i a l  community assoc ia ted  w i t h  t h e  maple CPOM was p r o b a b l y  

due t o  a h i g h e r  p o p u l a t i o n  d e n s i t y  o f  t h e  funga l  component o f  t h e  

m i c r o b i a l  community, whereas t h e  m i c r o b i a l  community dssoc ia ted  

w i t h  t h e  oak CPOM was p robab ly  b a c t e r i a l .  The m i c r o b i a l  community 

o f  t h e  inaple CPOM s tudy  was app rox ima te l y  t h e  same age as t h a t  f o r  

the c o l o n i z a t i o n  s t u d y  (about  50 days) ,  which had a developed funga l  

p o p u l a t i o n  (see SEM F igu res  21-24, pages 88, 90, 92, and 94, r e -  

s p e c t i v e l y ) ,  w 

l i t t e r  was 112 

o f  t h e  s tudy .  

b a c t c r i  a 1  pop^ 

ereas t h e  m i c r o b i a l  community assoc ia ted  w i t h  oak 

days o l d  a t  t h e  s t a r t  and 191 days a t  t h e  comp le t i on  

I t  has been observed by Suberkropp (1976) t h a t  t h e  

a t i o r i  o f  t h e  m i c r o b i a l  community assoc ia ted  w i t h  

l e a f  CPOM becomes dominant as t h e  res idence  time i n  t h e  stream i n -  

creased. Suppor t ing  evidence f o r  t h e  hypo thes i s  o f  a community 

on oak CPOM dominated by b a c t e r i a  comes a l s o  f rom t h e  ATP c o n t e n t  

pe r  bac te r ium da ta  (Tab le  14, page 137)  which were a t  t he  l ower  

range o f  r e p o r t e d  values. Thus, i f  f u n g i  were an i m p o r t a n t  component 

o f  t h e  oak m i c r o b i a l  community, t h e  ATP p e r  bac te r ium c o n t e n t  would 

have been e l e v a t e d  due t o  the  c o n t r i b u t i o n  o f  f unga l  ATP. 
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The 

oak l e a f  1 

d i f f e r e n c e  

t t e r  may a 

between the biomass, a s  ATP, o f  maple and 

so be a r e f l e c t i o n  o f  the organic  q u a n t i t y  

and q u a l i t y  o f  the l eaves .  

r e l a t i v e l y  young ( 0  t o  51 days)  leaves  ( h i g h  organic  m a t t e r )  compared 

t o  the  oak s tudy which used old (112 t o  191 days)  leaves  (low organic  

m a t t e r ) .  Bott e t  a l .  (1984) demonstrated t h a t  the s teady  s t a t e  

b a c t e r i a l  biomass o f  precombusted sediment ( t o  remove the organic  

m a t t e r )  was approximately twenty-fold lower than compared t o  na tu ra l  

(uncombusted) sediments.  Figure 16 ,  page 76,  shows the organic  

conten t  o f  l eaves  does tend t o  decrease  w i t h  the residence time 

i n  the s t ream; t h e r e f o r e ,  the microbiota a s soc ia t ed  w i t h  the oak 

CPOM may have been l imi t ed  by the  a v a i l a b i l i t y  of  u t i l i z a b l e  organic  

mat te r  . 

The maple s tudy  was conducted u s i n g  

Physiological  S t a t u s  

The ca l cu la t ed  ATP content  per c e l l ,  a measure o f  the  physio- 

l og ica l  s t a t u s ,  observed f o r  the  ungrazed microbiota a s soc ia t ed  

with decomposing oak leaves  (0.19 f g  c e l l - I )  was a t  the low end 

o f  the  s c a l e  reported f o r  l abora to ry  grown c u l t u r e s  (Nuzback e t  

a l . ,  1953; Hamilton and Holm-Hansen, 1967);  however, the ATP per 

c e l l  value does f a l l  within the range observed f o r  bac te r i a  i n  na tu ra l  

ecosystems (Wilson e t  a l . ,  1981). The observa t ions  of the  present  

s tudy ,  l i k e  those of  Wilson, were obtained by u s i n g  d i r e c t  c e l l  

coun t s ,  and showed t h a t  t he  ATP per c e l l  conten t  was low compared 

t o  l abora to ry  grown c e l l s .  Direct  c e l l  counts ,  however, e s t ima te  



t o t a l  c e l l  numbers and therefore 

may be l e s s  than 100% (Meyer-Rei 

thus the ATP per c e l l  values  may 
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the proport ion of v i ab le  c e l l  s 

, 1978; Faust and Correl , 1977) ,  

be underest imated.  The value f o r  

t he  oak microbiota represent a microbial  community i n  which about 

50% o f  the  community were v i ab le  d u e  t o  the poss ib l e  underest imat ion 

of t o t a l  c e l l  counts (see page 57) .  

The syn thes i s  r a t e  o f  phosphol ipid,  RNA and DNA has been 

suggested a s  a measure o f  the  r e l a t i v e  microbial  g r o w t h  in  aqua t i c  

environments (White, 1977; Karl ,  1979, 1981; Pobin and Anton, 1978; 

Fuhrman and Azam, 1982).  The growth r a t e s  of microbial  communities 

can a l s o  be es t imated  from the turnover  o f  c e l l u l a r  components (White, 

1983) .  D i f f e ren t  organisms w i t h i n  a microbial  community, however, 

grow a t  d i f f e r e n t  r a t e s ;  t h e r e f o r e ,  the g r o w t h  r a t e  e s t ima te  repre-  

s e n t s  an average community growth r a t e .  The r a t e s  observed i n  t h i s  

s tudy  i n d i c a t e  t h a t  the microbial  community a s soc ia t ed  with l e a f  

CPOM a r e  slowly g r o w i n g .  

The c a l c u l a t i o n  of the mean generat ion time was determined 

in  t h e  following iiianner. The product o f  the  percent  phosphorus 

i n  D N A ,  9.23% (Sober ,  1968) ,  and the  amount o f  DNA per genome, 4 . 2  

x 10-159 (Kubitschek, 1971) ,  y i e l d s  the amount o f  phosphorus per 

genome. Assuming one genome per c e l l ,  a t  slow growth (Kubitschek, 

genome equiva len t  phos- 

product o f  t he  percent  

f i c  incorpora t ion  r a t e  

e 15 ,  page 138) ,  w i l l  

1971) ,  t h i s  product r ep resen t s  the amount o f  

phorus per c e l l .  D i v i d i n g  th is  value by the 

phosphorus i n  PO4, 3 2 . 6 3 % ,  and the ce l l - spec  

f o r  D N A - P ,  1.55 x lO-lgg PO4 c e l l e 1  h - 1  (Tab 
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yield the  mean generat ion time f o r  the microbial  community, A mean 

generat ion time of about 32 days was determined f o r  the ungrazed 

microbiota a s s o c i a t e d  w i t h  oak CPOM which i s  i n  the upper end of  

reported generat ion times f o r  natura7 systems (Gray, 1976; Jordan 

and Likens, 1979; Hagstrom, 1979; Karl ,  1979; Newel1 and C h r i s t i a n ,  

1981; Van Es, 1982; Riemann e t  a ? . ,  1982). 

The slow growth r a t e  observed may r e f l e c t  the na ture  of the 

system studied.  The a r t i f i c i a l  streanis used f o r  these studies were 

designed t o  s imulate  a he te ro t rophic  water s t ream, thus primary 

production was n e g l i g i b l e ,  t h e r e f o r e ,  no autochthonous d isso lved  

organic  carbon (DOC)  was produced. 

was low, about 0.45 mg 1-1 (Mulholland, unpublished d a t a ) ,  and coupled 

w i t h  the low phosphorus l eve l  (approx. 2.3 pg L - l ) ,  i t  i s  not  sur- 

p r i s i n g  t o  f i n d  the microbial  community slowly growing. 

The DOC l eve l  i n  t h e s e  streams 

D e t r i t a l  Community Phosphorus Dynamics 

The d i s t r i b u t i o n  of phosphorus i n  the CPOM a s s o c i a t e d  microbes 

(Tables  8 and 17, pages 118 and 142, r e s p e c t i v e l y )  was comparable 

t o  the p a t t e r n  observed i n  l abora tory  c u l t u r e s .  Bo1 ton (1956) ,  

using 3*P, reported a phosphorus d i s t r i b u t i o n  p a t t e r n  o f  20% i n  

the metabol i te  pool,  15% i n  the phosphol ipids ,  and 63% a s s o c i a t e d  

w i t h  t he  nuc le ic  a c i d s  (vs. 21%, 18%, and 65%, r e s p e c t i v e l y ,  f o r  

the maple s tudy ,  and 24%, 19%, and 48%, r e s p e c t i v e l y ,  f o r  the oak 

s t u d y ) .  A phosphorus d i s t r i b u t i o n  p a t t e r n  of 12%, 66%, and 19% 

was observed by Taylor (1946) f o r  phospholipid,  RNA, and DNA, 
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r e spec t  

centage 

vely,  using s tanddrd chemical ana lys  

of 33P a s soc ia t ed  w i t h  the  RNA f r a c i  

s .  -l'he lower per- 

on f o r  the oak s tudy ,  

compared t o  the maple microbiota ( 2 4 %  vs. 4 3 % ) ,  probably r e f l e c t s  

a slower growth r a t e  o f  the  community, s i n c e  the RNA conterit has 

been shown t o  be proport ional  t o  the  growth r a t e  (Maaldr a n d  Kjeldgaard,  

1966). 

an 8-hour  broth c u l t u r e  o f  - E .  c o l i  ( l o g  phase ) ;  t h e r e f o r e ,  one Mould 

expect  a higher  RNA con ten t .  

This i s  c o n s i s t e n t  w i t h  T a y l o r ' s  r e s u l t s  above, w h o  used 

The phosphorus turnover  and incorpora t ion  r a t e s  determined 

f o r  t h i s  s tudy  r ep resen t  the average o f  a l l  the organisms i n  the 

microbial  community and the average of  a l l  the components i n  a 

s p e c i f i c  phosphorus pool. The inorganic  phosphorus incorpora t ion  

r a t e s  determined a r e  net r a t e s  s ince  any e f f l u x  of phosphorus from 

the pool would not have been measured. The phosphorus incorpora t ion  

r a t e s  t h e r e f o r e ,  wi 11  be considered a m i n i m u m  e s t ima te  of the ac tua l  

r a t e  a t  which phosphorus en tered  the phosphorus pool.  The turnover  

r a t e s  were determined by fol lowing the decrease  in  r a d i o a c t i v i t y  

in  the pool;  however, the extent  t o  which the t r a c e r  i so tope  was 

re incorpora ted  i n t o  the pool should be determined t o  accu ra t e ly  

e s t ima te  the t r u e  turnover  r a t e  (Swick e t  a l . ,  1956) .  The r a t e  

measurements o f  the  present  s tudy  were not cor rec ted  f o r  re incorpora t ion  

of t r a c e r  i so tope  which probably i s  r e f l e c t e d  by the extremely long 

tur-nover t imes determined using t h i s  procedure.  The loss  of rad io-  

a c t i v i t y  d u e  t o  g raz ing  and the sloughing o r  detachment of c e l l s  

a r e  o t h e r  sources  of  e r r o r .  



155 

Neither the exponent ia l  ( i  . e . ,  log transformed) nor the l i n e a r  

( i . e . ,  untransformed) models f i t  (low r 2  va lues)  the da ta  f o r  phos- 

phorus turnover  ( r a d i o a c t i v i t y  loss).  

turnover  da t a  i n  a mul t iphas ic  approach; however, due t o  insuff ic ient  

d a t a ,  th is  was not  poss ib le .  The r e s u l t s  (Tables  10, 19, and 20, 

pages 127, 154, and 155, r e s p e c t i v e l y )  i n d i c a t e  t h a t  depending on 

which t r a c e r  (33P o r  32P) was used t o  determine the turnover  r a t e ,  

a d i f f e r e n t  value was obtained.  The 33P- and 32P-derived turnover  

r a t e s ,  however, g e n e r a l l y  were no t  s i g n i f i c a n t l y  d i f f e r e n t  from 

each o t h e r .  

I t  may be best t o  analyze the 

Another important cons idera t ion  p e r t a i n i n g  t o  phosphorus 

dynamics i s  the extent t o  which organic  phosphorus c o n t r i b u t e s  t o  

the phosphorus metabolism o f  the microbiota of decomposing l eaves .  

Only inorganic  phosphate was used t o  determine the r a t e  e s t i m a t e s  

i n  t h i s  study. I f  the microbiota a c q u i r e  s u b s t a n t i a l  q u a n t i t i e s  

of  phosphorus from organic  phosphorus compounds, the phosphorus 

k i n e t i c s  reported might be underestimated, the extent o f  which i s  

not  known. 

The a l k a l i n e  and a c i d  hydro lys is  procedure used t o  e x t r a c t  

DNA might have r e s u l t e d  i n  an over es t imat ion  of  the amount of  t r a c e r  

phosphorus assoc ia ted  w i t h  the DNA. T h i s  i s  because phosphate can 

be incorporated i n t o  polyphosphates which a r e  hydrolyzed i n  the 

procedure used t o  e x t r a c t  DNA (Harold,  1966).  The c o n t r i b u t i o n  

of  polyphosphate t o  t h e  DNA phosphate f o r  th is  s tudy  was considered 

t o  be n e g l i g i b l e  due  t o  the low phosphate concent ra t ion  i n  the stream 
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(Table  12 ,  page 131) which i s  l i m i t i n g  t o  the synthes is  o f  poly- 

phosphates in bac te r i a  and fungi (Harold,  1965; Beever a n d  B u r n ,  

1980; Dawes and Senior ,  1973).  Elwood e t  a l .  (1981) demonstrated 

t h a t  the microbiota a s soc ia t ed  with decomposing leaves i n  Walker 

Branch were phosphorus l imi ted  a t  these  P l e v e l s  (Table 1 2 ) .  Thus, 

i t  i s  not l i k e l y  t h a t  the microbiota a r e  s t o r i n g  polyphosphates 

s ince  polyphosphates are n o t  s to red  under P-l imited condi t ions .  

A comparison of the k i n e t i c  da ta  of  the  maple and oak s t u d i e s  

shows the microbiota a s soc ia t ed  w i t h  maple leaves  t o  have higher  

r a t e s ,  a s  well a s  biomass, compared t o  the oak microbiota .  The 

d i f f e r e n c e s  a r e  a t t r i b u t e d  t o  d i f f e r e n c e s  in the  developmental age 

o f  the  communities a s soc ia t ed  w i t h  the two l e a f  spec ie s .  The microbial  

community of the  maple leav,os were 2 1  t o  45 days old compared t o  

112 t o  191 days o ld  f o r  the oak microbiota d u r i n g  the course of 

the s tudy.  The microbiota  on maple leaves colonized f o r  19 days  

had a higher phosphate uptake r a t e  than leaves colonized f o r  31 

days (F igures  8 and 10,  pages 59 and 62;  a l s o  see  page 6 0 ) .  The 

l e a f  spec ie s  d i f f e r e n c e  i s  a l s o  of iiiiportance s ince  d i f f e r e n t  spec ie s  

a r e  colonized a t  d i f f e r e n t  r a t e s  (Kauskik, 1971) .  T h i s  hypothesis  

i s  supported by the observa t ions  o f  a s tudy by Mulholland e t  a l .  

(1984) ,  who examined the r o l e  of iiiicrobial condi t ion ing  ( co lon iza t ion  

a n d  growth) of CPOM on inorganic  phosphate uptake.  

the phosphate uptake r a t e  was rapid i n i t i a l l y  ( f i r s t  20 days)  a n d  

then decl ined t o  a r e l a t i v e l y  cons tan t  r a t e  by day 30. Elwood e t  a l .  

They found t h a t  
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(unpubl ished)  found t h a t  the  leve 

a f f ec t ed  the phosphorus s p i r a l i n g  

o f  microbia 

length by a s  

a c t i v i t y  on CPOM 

much a s  a f a c t o r  

of  two. 

3 weeks o f  l ea f  condi t ion ing .  

The s p i r a l i n g  length reached a minimum a f t e r  a b o u t  2 t o  

The r e s u l t s  o f  both Mulholland and Elwood suggest t h a t  phosphate 

uptake r a t e  and  phosphorus s p i r a l i n g  length  are s t a b i l i z e d  a f t e r  

CPOM was in the  stream f o r  about 3 t o  4 weeks; however, the s p i r a l i n g  

length wi l l  increase  as  leaves decompose and the community becomes 

l e s s  a c t i v e .  The SEM study and glucose metabolism d a t a  presented 

here were done in conjunction with the Mulhollancl s tudy (1984) .  The 

dec l ine  i n  phosphorus and oxygen uptake he observed and  the  l eve l ing  

o f f  of glucose uptake (F igure  12 ,  page 70) reported i n  the  present  

s t u d y  a1 1 coincided with the increase  of polymer (polysacchar ide  

build-up on the l e a v e s )  suggest ing t h a t  a d i f fus ion  gradien t  m i g h t  

be l imi t ing  community metabolism. La Motta (1976b) has shown t h a t  

the thickness  of the  microbial  f i lm  and the concent ra t ion  of s u b s t r a t e  

a f f e c t  the d i f f u s i o n  o f  n u t r i e n t s  i n t o  the sl ime mat r ix ,  t h u s  a f f e c t i n g  

the microbial  metabolism. 

The phosphorus turnover  r a t e  c o n s t a n t s  f o r  syn thes i s  (double- 

l abe l ing  procedure) determined f o r  the  ungrazed microbial  cornmuni t y  

on maple leaves were two- t o  four - fo ld  g r e a t e r  t h a n  the phosphorus 

turnover  r a t e  cons tan ts  of the oak microbiota (Tables  9 and 18, 

pages 122  and 148, r e s p e c t i v e l y ) .  

phorus turnover  r a t e c o n s t a n t s  fo r  syn thes i s  o f  the  oak microbiota 

were g r e a t e r  (one and  one-half t o  e l even- fo ld )  t h a n  corresponding 

cons tan ts  f o r  the  maple microbial  c o m u n i t y  (Tables 9 and 18). 

However, the  ATP-specific phos- 



This i n d i c a t e s  t h a t  per  u n i t  biomass the microbiota a s soc ia t ed  with 

the oak CPOM turned over phosphorus f a s t e r  than the microbiota  assoc i -  

a ted  with the maple CPOM. P h i s  sugges ts  t h a t  the developmental 

age o f  the community m i g h t  be an important f a c t o r  in f luenc ing  

phosphorus turnover .  

Berman and Skyring (1979) ,  using a double- label ing (3*P and 

33P) procedure,  repor ted  phosphorus turnover  r a t e s  o f  s y n t h e s i s  

f o r  i n t a c t  c e l l s  and MP-P f o r  l abora to ry  c u l t u r e s  o f  a lga l  and bac- 

t e r i a l  c e l l s  which were about t h ree  t o  fou r  o rde r s  of  magnitude 

g r e a t e r  than the turnover r a t e s  observed f o r  the  microbiota  a s soc ia t ed  

w i t h  decomposing leaves  (Table 18, page 148). This i n d i c a t e s  t h a t  

the microbiota a s soc ia t ed  w i t h  decomposing leaves a r e  not very 

metabol ica l ly  a c t i v e  and a r e  slowly g r o w i n g .  T h i s  hypothesis  i s  

supported by the work o f  'dhite and h i s  co l leagues  on d e t r i t a l  micro- 

b io t a  who est imated an inc rease  i n  b a c t e r i a l  biomass o f  0.024% t o  

0,0096% per  2 h  based upon t o t a l  muramic ac id  and 0.11% per 2 h  based 

on ATP (Morrison e t  a l . ,  1977) ,  s low phosphorus l i p i d  turnover ( t i 1 2  

of  110 hours f o r  glycero l  phosphate es te rs  o f  phosphol ipids)  ( K i n g  

and White, 1977) ,  and s low turnover  o f  muramic ac id  ( t 1 / 2  7 8 h )  (King 

and White, 1 9 7 7 ) .  

Inf luence o f  Grazing 

Grazing by s n a i l s  r e su l t ed  in approximately a two-fold 

depression i n  the microbial  biomass, a s  ATP, and the b a c t e r i a l  c e l l  

d e n s i t y  a s soc ia t ed  w i t h  the oak CPOM compared t o  the ungrazed 
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m i c r o b i o t a  ( F i g u r e s  40 and 41, pages 134 and 135, r e s p e c t i v e l y ) .  

I t  was assumed t h a t  t h e  p e r c e n t  ATP e x t r a c t e d  and t h e  p e r c e n t  c e l l  

d is lodgement  f rom t h e  l e a f  s u r f a c e  was t h e  same f o r  t h e  ungrazed 

and grazed m i c r o b i a l  communit ies a s s o c i a t e d  w i t h  t h e  oak CPOM. 

M u l h o l l a n d  (1983) a l s o  observed a r e d u c t i o n  i n  aufwuch biomass i n  

response t o  s n a i l  g r a z i n g  compared t o  an ungrazed community. Thus, 

s n a i l  g r a z i n g  seems t o  p l a y  a r o l e  i n  c o n t r o l l i n g  t h e  s i z e  o f  t h e  

m i c r o b i a l  community. 

The c a l c u l a t e d  ATP c o n t e n t  p e r  c e l l  f o r  t h e  grazed m i c r o b i o t a  

a s s o c i a t e d  w i t h  oak CPOM was a p p r o x i m a t e l y  1.3 t imes g r e a t e r  than 

t h a t  o f  t h e  ungrazed m i c r o b i a l  oak community (Tab le  14, page 137).  

The mean g e n e r a t i o n  t i m e  c a l c u l a t e d  f o r  t h e  grazed m i c r o b i o t a  a s s o c i -  

a t e d  w i t h  oak CPOM (see page 164 f o r  d e t a i l s )  was 12 days which was 

about  2.8 t imes f a s t e r  than t h a t  o f  t h e  ungrazed oak m i c r o b i a l  com- 

muni t y .  

A comparison o f  t h e  a r e a - s p e c i f i c  and c e l l - s p e c i f i c  phosphorus 

accumula t ion  i n  t h e  phosphorus p o o l s  f o r  t h e  ungrazed and grazed 

oak m i c r o b i a l  communit ies (Tab le  16, page 141) i n d i c a t e s  t h a t  on 

an a r e a - s p e c i f i c  b a s i s  t h e  ungrazed community accumulated a s i g n i f i -  

c a n t l y  g r e a t e r  amount o f  phosphorus than d i d  t h e  grazed community. 

On a c e l l - s p e c i f i c  bas is ,  however, t h e  grazed community accumulated 

a s i g n i f i c a n t l y  g r e a t e r  amount o f  phosphorus than the ungrazed com- 

mun i ty .  

t h e  b a c t e r i a l  c e l l  d e n s i t y  a s s o c i a t e d  w i t h  t h e  ungrazed and grazed 

m i c r o b i a l  communit ies (Tab le  13, page 133). A1 though t h e  b a c t e r i a  

The reason f o r  these r e s u l t s  was due t o  d i f f e r e n c e s  i n  
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o f  the grazed community had  more phosphorus per c e l l  t h a n  the bac te r i a  

o f  the  ungrazed community, the ungrazed cotrimunity accumulated more 

phosphorus per u n i t  su r f ace  a rea  than d i d  the grazed community due 

t o  g r e a t e r  c e l l  d e n s i t y  ( 1 . 7 ~ ) .  

r e s u l t s  i n  less r e t e n t i o n  of phosphorus i n  the stream. I t  should 

be noted,  however, t h a t  there was no a l t e r n a t i v e  food source ,  such 

a s  an au to t roph ic  component, f o r  s n a i l s  t o  g raze ;  t h e r e f o r e ,  food 

switching by s n a i l s  could not have occurred ,  a s  a consequence the  

CPOM m9’ght have been over-grazed by the  s n a i l s .  

This sugges ts  t h a t  grazing by s n a i l s  

These r e s u l t s  a r e  s i m i l a r  t o  those o f  Mulholland (1983) who 

observed t h a t  a reduct ion  i n  the  aufwuch biomass, primary p r o d u c t i v i t y ,  

and phosphorus uptake occurred i n  response t o  s n a i l  g raz ing .  I n  

the au to t rophic  stream used by Mulholland, the  periphyton served 

a s  the  only f ood  source ( n o  CPOM);  thus food switching could n o t  have 

occurred.  Overcropping was suspected t o  be the  reason f o r  t he  

inc rease  in  uptake length ( reduct ion  in P uptake) .  

The a r e a - s p e c i f i c  r a t e s  ( inco rpora t ion  and turnover) f o r  

t h e  grazed oak microbiota  were about the  same a s  the  corresponding 

r a t e s  f o r  the ungrazed oak community (Tables  15 ,  19,  20, pages 138, 

154, 155, r e s p e c t i v e l y ) .  On a biomass-specif ic  b a s i s ,  however, 

the r a t e s  f o r  the grazed microbiota were approximately two-fold 

g r e a t e r  than the corresponding r a t e  f o r  the u n g r a z e d  oak inicrobiota .  

T h u s ,  the biomass reduct ion due t o  grazing i s  o f f s e t  by an increased 

uptake o f  phosphorus per u n i t  biomass r e s u l t i n g  in  no change in 

uptake per u n i t  a r ea .  
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An inc rease  i n  metabol ism f o r  a q u a t i c  a u t o t r o p h i c  and h e t e r o -  

t r o p h i c  m i c r o b i o t a  i n  response t o  g r a z i n g  has been p r e v i o u s l y  r e p o r t e d  

(Hargrave, 1970; Barsdate e t  a l . ,  1974; Fenchel and Har r i son ,  1976; 

Smith e t  a l .  , 1982; Mor r i son  and White, 1980). There a l s o  appears 

t o  be an optimum g r a z i n g  l e v e l  above which m i c r o b i a l  metabo l ism 

d e c l i n e s  (Hargrave, 1970; Cooper, 1973). The reason f o r  t h e  i n c r e a s e  

i n  phosphorus metabo l ism as a r e s u l t  o f  t h e  g r a z i n g  may be due t o  

( 1 )  a phosphorus enr ichment  due t o  n i l t ra ’en t  r e g e n e r a t i o n  by the  

graze r ;  ( 2 )  g raze rs  consuming b a c t e r i a  t h e r e b y  i n c r e a s i n g  a v a i l a b l e  

s u r f a c e  area f o r  f u r t h e r  c o l o n i z a t i o n  which p reven ts  t h e  m i c r o b i o t a  

f rom becoming s e l f - l i m i t i n g ;  ( 3 )  t h e  p o s s i b l e  s y n t h e s i s  o f  s t i m u l a t o r y  

p roduc ts  by t h e  g raze rs ;  ( 4 )  t he  r e d u c t i o n  i n  t h e  d i f f u s i o n  g r a d i e n t  

f o r  phosphorus o r  t h e  n u t r i e n t s  by break-up o r  r e d u c t i o n  o f  t h e  

t h i c k n e s s  o f  t h e  g l y c o c a l y x .  

The hypo thes i s  o f  a r e d u c t i o n  i n  t h e  d i f f u s i o n  g r a d i e n t  i s  

reasonable s i n c e  Ladd e t  a l .  (1977) have r e p o r t e d  t h a t  d i spe rsed  

e p i l i t h i c  p o p u l a t i o n s  had s i g n i f i c a n t l y  h i g h e r  me tabo l i c  a c t i v i t y  

( g l u t a m i c  a c i d  uptake)  than d i d  t h e  u n d i s t u r b e d  e p i l i t h i c  com- 

mun i t y .  

po l ysacchar ide  m a t r i x  a r e  r a t e - l i m i t e d  by t h e  d i f f u s i o n  o f  n u t r i e n t s  

through t h e  m a t r i x .  

oak s tudy  i s  v e r y  low, about 2.3 pg 1-1, and t h i s  tended t o  l i m i t  

t h e  phosphorus a v a i l a b i l i t y  t o  t h e  community due t o  t h e  d i f f u s i o n  

b a r r i e r  o f  t h e  g l y c o c a l y x .  

l a y e r  has been r e p o r t e d  t o  be dependent upon t h e  n u t r i e n t  c o n c e n t r a t i o n  

( Ladd , 1977 ) . 

They suggest t h a t  t h e  metabol ism o f  b a c t e r i a  enc losed i n  

The c o n c e n t r a t i o n  o f  phosphate (SRP) i n  t h e  

The d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s l i m e  
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Contribution t o  Phosphorus Spiral ing.  ._....I .... 

The uptake a n d  regenerat ion ( tu rnove r )  o f  phosphorus by the 

microbial  community, in addi t ion  t o  hydrologic t r a n s p o r t ,  a r e  import- 

a n t  processes c o n t r o l l i n g  phosphorus s p i r a l i n g ,  Any process ,  such 

a s  grazing o r  s torms,  which a f f e c t  uptake and  turnover wil l  a l s o  

inf luence  s p i r a l i n g .  

In the  a u t u m n  the  iiiicrobial biomass would be expected t o  

be a t  i t s  highest  dens i ty  due t o  the increase  i n  colonizable  sur face  

a rea .  The concentrat ion of ava i l ab le  P should a l s o  increase  as  

a r e s u l t  o f  leaching from leaves ,  The microbiota assoc ia ted  with 

CPOM represent  a l a rge  s torage  r e se rvo i r  o f  phosphorus, preventing 

the rapid lo s s  of the pulse o f  phosphorus from the stream headwaters 

t o  the downstream reaches.  Due t o  the  slow turnover o f  phosphorus, 

and  low b io logica l  a c t i v i t y  o f  the  microbiota ,  the  phosphorus remains 

in the  headwater; t h e r e f o r e ,  downstream bio ta  may be influenced 

by the  s p i r a l i n g  of phosphorus (s lowly recyc l ing  P ) .  

b a s i s ,  the  microbiota assoc ia ted  with leaves wil l  genera l ly  tend 

t o  have a shortening e f f e c t  on the  d i s t ance  between s p i r a l  l oops  

( i . e . ,  the n u t r i e n t  near ly  completes a cycle  a t  any  one poin t  within 

the s t ream)(Figure  4 6 ) .  Grazing o f  the  microbiota by s n a i l s  increases  

the turnover r a t e  (hence decreasing the r e t e n t i v e n e s s )  and increases  

t h e  uptake r a t e ,  thus reducing the  s p i r a l i n g  length ( t h e  d i s t ance  

between 1 oops ) . 

On a short- term 

On the long-term bas is  the  s tanding s tock o f  CPOM a n d  microbial 

biomass wil l  be reduced due t o  the  hydrologic t r anspor t  o f  CPOM 

downstream ( M u l h o l l a n d ,  1985) .  As a r e s u l t ,  the  uptake 
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Mechanism Effect an Nutrient Cycling Ecosystem 
Response to  
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Figure 46. Postulated e f f e c t s  o f  d i f f e r e n t  i n t e r a c t i o n s  
between n u t r i e n t  s p i r a l i n g  and b io logica l  a c t i v i t y .  I = import ,  
E = expor t .  The smal le r  the  diameter o f  a loop,  the  f a s t e r  t he  
r a t e  of recyc l ing  of a n u t r i e n t .  The d i s t ance  between the loops 
r ep resen t s  the ex ten t  o f  downstream displacement o f  a cyc le  by the  
un id i r ec t iona l  f l o w  o f  water .  The e f f e c t  of flow can be o f f s e t  
by r e t en t ion  mechanisms so  t h a t  the higher the r e t e n t i o n ,  the  s h o r t e r  
t he  d i s t ance  between loops ( i  . e . ,  the more near ly  complete the  cyc le  
a t  any one point  i n  the  s t ream) .  Adapted from G.  W .  Minshall e t  
a l a  1983. Ecological Monographs 53(1) :1-25;  Figure  18). 
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and t u r n o v e r  engths will be increased r e s u l t i n g  i n  an i nc rease  

i n  t h e  s p i r a  ny  l e n g t h ,  thus  decreas ing  s t rcam p r o d u c t i v i t y .  

Furthermore, any mechanism t h a t  w i l l  reduce t h e  loss o f  C I W M  f r o m  

t h e  system, e.g., d e b r i s  dams, w i l l  shor ten  t h e  s p i r a l i n g  l e n g t h  

and inc rease  stream p r o d u c t i v i t y .  

Th i s  i n v e s t i g a t i o n  p o i n t s  o u t  iilany new avenues f o r  con t inued  

s t u d y  concern ing  phosphorus metabo l ism o f  t h e  m i c r o b i o t a  assoc ia ted  

w i t h  CPOM. Some o t h e r  ques t i ons  and aspec ts  which c o u l d  be addressed 

i n  f u t u r e  s t u d i e s  are :  

1. What i n f l u e n c e  does g r a z i n g  i n t e n s i t y  have on t h e  phos- 

phorus metabol ism o f  t h e  m i c r o b i o t a  on CPOM? 

2. What e f f e c t  does t h e  c o l o n i z a t i o n  p e r i o d  have on phos- 

phorus rnetabal ism? 

3. What e f f e c t  does t h e  l e a f  spec ies  c o l o n i z e d  have on t h e  

i n t r a c e l l u l a r  m i c r o b i a l  phosphorus metabol ism? 

4. What e f f e c t  does t h e  th i ckness  o f  t h e  s e s s i l e  m i c r o b i a l  

community o f  CPOM have on phosphorus metabol ism? 

5. Is t h e  u t i l i z a t i o n  o f  o r g a n i c  phosphate compounds (phospho- 

l i p i d ,  RNA, DNA, sugar phosphates, e t c . )  by  t h e  m i c r o b i o t a  i m p o r t a n t  

t o  t h e  phosphorus dynamics o f  l o t i c  ecosystems? 

6. What enzymatic a c t i v i t i e s  (phosphatase, 5 ’ - n u c l e o t i d a s e ,  

DNase, RNase) do t h e  m i c r o b i o t a  possess and what i s  i t s  importance 

t o  t h e  phosphorus dynamics o f  l o t i c  ecosystems? 

7 .  An i n - d e p t h  SEM s tudy  d e s c r i b i n g  t h e  c o l o n i z a t i o n  of  

l e a f  CPOM would a i d  i n  t h e  i n t e r p r e t a t i o n  o f  phosphorus u t i l i z a t i o n  

p a t t e r n s .  
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8. What effect do elevated levels of nutrient (phosphorus 

or nitrogen) and dissolved organic carbon concentration have on 

phosphorus metabolism o f  CPOM associated microbiota? 

9. 

the biochemical approaches developed by White and his colleagues. 

10. 

A study o f  the microbiota associated with CPOM using 

A study o f  the energetics o f  CPOM associated microbiota 

using microcalorimetry. 

The answers to these points would further our understanding 

o f  the structure and function o f  the microbiota associated with 

CPOM, and the importance o f  this microbial community to the stability 

o f  lotic ecosystems. 



V I  I .  SUMMARY 

The o b j e c t i v e  of  t h i s  eco log ica l  i n v e s t i g a t i o n  was t o  examine 

the dynamics of  phosphorus of a microbial  cornmuni.t;y assoc ia ted  w i t h  

decomposing l e a f  CPOM i n  a l o t i c  ecosystem. Two studies were con- 

ducted: the f i r s t  used ungraaed red maple CPOM, while the second 

was a comparative s tudy  t o  examine the e f f e c t  o f  snss'l grazing on 

the microbiota assoc ia ted  w i t h  oak CPOM. 

The microbial  biomass, expressed as ATP, -for the red maple 

CPOM, remained r e l a t i v e l y  cons t an t  over the period of  15 t o  44 days;  

however, a modest i nc rease  i n  ATP occurred during the l a t t e r  s t a g e  

of  the s tudy period (days 34 t o  4 4 ) .  The mean A T P  concent ra t ion  

was about 15,000 py A T P  cm-2 of l e a f  s u r f a c e  and ranged from 5820 

pg t o  20,586 p g .  The mean bioiiiass ( a s  A T P )  est imated For the red 

maple CPOM was approximately 3.5-fold and 4.5-fold g r e a t e r  than 

the ungrazed and yrazed microbiota ,  r e s p e c t i v e l y ,  on t he  white oak 

CPOM. 

The biomass, a s  ATP,  and b a c t e r i a l  c e l l  d e n s i t y  a s s o c i a t e d  

with both the ungrazed and grazed oak CPOM remained r e l a t i v e l y  con- 

s t a n t  during the 68-day period examined (co loniza- t ion  period,  days 

112 t o  191) .  The microbial  community on the oak CPQM, t h e r e f o r e ,  

was i n  a s t eady- s t a t e .  

c a n t l y  g r e a t e r  biomass ( A T P )  and b a c t e r i a l  d e n s i t y  than d id  the 

grazed microbial  community. The unyrazed microbiota  on oak CPOM 

had a mean A T P  biomass o f  approximately 4200 pg A T P  ~ r n - ~  of  l ea f  

The ungrazed CPOM microbiota had a s i g n i f i -  
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surface, and a mean bacterial density of 2.37~107 cells cm-2 o f  

leaf surface, whereas the grazed microbial community had a mean 

ATP biomass of approximately 3300 pg ATP 

a mean bacterial cell density of 1.40~107 cells cm-2 o f  leaf surface. 

o f  leaf surface, and 

ATP content per bacterium was used as an index o f  the physi- 

ological status of the microbiota associated with the oak CPOM. 

The microbiota of the ungrazed oak CPOM had a calculated mean ATP 

content per cell of approximately 0,19 f g  ATP bacteriwm'l, while 

the grazed CPOM microbiota had 0.25 fg ATP bacterium-1. 

that the grazed microbial community was metabolically more active 

than the ungrazed microbiota. 

This suggests 

Bacteria were the first population to colonize the leaf CPOM. 

The fungal population was next to develop and then subsequently 

declined, while the bacterial population continued to be present. 

The heterotrophic community was enclosed in a polysaccharide 

matrix (glycocalyx) which increased with residence time in the stream. 

The development of the glycocalyx has important implications concerning 

the availability of phosphate for utilization by the microbiota 

with the glycocalyx. 

The kinetic data for the maple and oak studies indicate that 

the microbiota associated with CPOM were not metabolically very 

active and were slowly growing. The calculated generation time 

was 12 days for the grazed oak microbiota and 32 days for the ungrazed 

oak microbiota. The microbial community associated with the maple 

CPOM recycled phosphate about two-fold faster than the oak microbiota, 
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and i t  should be noted t h a t  the maple microbiota  were much younger 

r e l a t i v e  t o  the oak microbiota .  

The presence o f  s n a i l s  S i g n i f i c a n t l y  reduced the amount o f  

phosphate accumulated by the microbiota  on an area-speci  f i c  b a s i s ,  

b u t  s n a i l  grazing s i g n i f i c a n t l y  increased the amount o f  c e l l - s p e c i f i c  

phosphate accumulated. 

a l s o  s t imula ted  the microbial  a c t i v i t y  as evidenced by the e l eva ted  

biomass-specif ic  phosphorus turnover  and incorpora t ion  r a t e s  f o r  

t he  i n t r a c e l l u l a r  phosphorus pools (L-P, MP-P, R N A - P ,  D N A - P ) .  The 

microbiota  recycled phosphorus about two-fold g r e a t e r  per c e l l  i n  

t he  presence o f  snails; however, the increased  recyc l ing  was not  

enough t o  counter-balance t h e  reduct ion i n  biomass. Thus, on an 

a r e a - s p e c i f i c  bas i s  the grazed microbiota  d i d  not  s i g n i f i c a n t l y  

recyc le  phosphorus a t  a g r e a t e r  r a t e  than the ungrazed microbiota .  

Grazing o f  the oak micrabiota  by s n a i l s  



VIII. CONCLUSIONS 

The general  conclusions t h a t  can be drawn from this inves t iga-  

t i o n  a r e :  

1. The microbial  community was p r i n c i p a l l y  composed of  

b a c t e r i a l  and fungal populat ions which were enclosed i n  a glycocalyx 

matr ix .  The b a c t e r i a  were the f i r s t  c o l o n i z e r s  o f  the CPOM followed 

by the  fung i .  

2. The rnicrobl’ota a r e  slowly growing (genera t ion  time 92 

days t o  32 days)  and a r e  not metabol ica l ly  very a c t i v e .  

3.  Snai l  grazing reduces the microbial  biomass and i n c r e a s e s  

the metabolic a c t i v i t y  and generat ion time of the community. 

4. The microbiota assoc ia ted  w i t h  CPOM seems t o  play a damping 

o r  buf fer ing  r o l e ,  slowly r e l e a s i n g  phosphorus, and slowing down 

the l o s s  of phosphorus from the ecosystem. 

5. A s  a r e s u l t  of  the reduced r e t e n t i o n  o f  phosphorus due  

t o  graz ing ,  the s p i r a l i n g  l e n g t h  i s  increased i n d i c a t i n g  a decrease 

i n  the e f f i c i e n c y  of  phosphorus u t i l i z a t i o n .  

6. The developmental age o f  the microbiota a s s o c i a t e d  w i t h  

CPOM i s  i n v e r s e l y  r e l a t e d  t o  phosphorus s p i r a l i n g ,  i . e . ,  the younger 

the community, the s h o r t e r  the s p i r a l i n g  l eng th .  
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