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e d  from trees i n  sone  exper iments ,  or immediate- 
l y  a f t e r  f a l l i n g  i n  o t h e r s )  were enc losed  i n  the 
bags by rust-proof  s a f e t y  p i n s ,  which served  in-  
c i d e n t a l l y  as convenient  'po in ts  f o r  i n s e r t i n g  a 
s t a i n l e s s  s tee l  f i v e - i n c h  n a i l  t o  hold t h e  bag i n  
its mapped p o s i t i o n  on t h e  ground, 

Oak Ridge, Trnitersee 

I NTRODUCX I ON 

The g r e a t  power of r a d i o n u c l i d e  techniques  i n  
ecology c a n  be e x p l o i t e d  s imul taneous ly  f o r  i n f o r -  
mat ion on t h e  biogeochemical t r a n s f e r  of a n  i n d i -  
v i d u a l  e lemcnt ,  and as a d e v i c e  f o r  answering 
broad q u e s t i o n s  s u c h  a s  those  concern ing  t h e  gen- 
e ra l  ra te  of flow of energy and t h e  c y c l i n g  of nu- 
t r i e n t s  i n  ecosystems. The consumption of food,  
and hence the  t r a n s f e r  of energ3  and of rad ionu-  
c l i d e s  from producing p l a n t s  t o  herb ivorous  and 
predaceous insects,  has  been cons idered  by Cross- 
l e y  and Howden (1961), C r m s l e y  (1963) ,  and Mum 
and Golley (1963) .  A d d i t i o n a l  s t e p s  of t r a n s f e r  
t o  be cons idered  i n  t h i s  paper involve  t h e  break- 
down of l i t t e r  by decomposer organisms and t h e  re- 
lease of r a d i o a c t i v e  n u c l i d e s  and of n u t r i e n t s  t o  
t h e  so i l ,  from which they may be recyc led  through 
t h e  l i v i n g  p a r t s  of t h e  ecosystem. 

Techniques of s t u d y i n g  t h i s  cycle which are 
to  be d i s c u s s e d  have been developed a s  p a r t  of a 
l a r g e r  s t u d y  i n  t h e  Southern Appalachian f o r e s t s  
t o  which many i n d i v i d u a l s  have c o n t r i b u t e d  (Olson 
e t  a l . ,  1960, 1961). Shanks and Olson (1961) have 
examined t h e  d i f f e r e n c e s  i n  breakdown rates of d l -  
v e r s e  s p e c i e s  of un labe led  l e a v e s  i n  c o n t r a s t i n g  
v e g e t a t i o n a l  and c l i m a t i c  c o n d i t i o n s  of the  Oak 
Ridge R e s e r v a t i o n ,  Oak Ridge, Tennessee,  and t h e  
nearby Great Smoky Mountains. Crossley and Hog- 
lund (1962) a r e  r e l a t i n g  t h e  popula t ions  of mites 
and insects t o  t h e  weight  loss and n u c l i d e  r e l e a s e  
of t h e  l i t t e r  on which they f e e d .  Witkamp (1960) 
h a s  r e c e n t l y  extended s e v e r a l  methods of fo l lowing  
t h e  m i c r o b i a l  p o p u l a t i o n s ,  r e s p i r a t i o n ,  and growth 
rates which he s t u d i e d  on a long-range p r o j e c t  on 
l i t ter  breakdown a t  Arnhem i n  t h e  Nether lands .  
(Yitkamp, 1960). 

I n  England, Murphy (no d a t e )  u t i l i z e d  t a n t a -  
lum-182 p r i m a r i l y  a s  a l a b e l  f o r  i d e n t i f i c a t i o n  of 
and recovery  of l e a v e s ,  t h e  breakdown of which was 
s t u d i e d  by weighing. T h i s  technique has one ad- 
vantage  of p e r m i t t i n g  f r e e  movement of l e a v e s  i n  
t h e  l i t ter ,  and o f f e r s  I n t e r e s t i n g  p o s s i b i l i t i e s  
for e c o l o g i c a l  s t u d i e s  of d i s p e r s a l  by an imals  or 
by wind 'or water .  Our own e a r l y  work has  mainly 
p l i z e d  s e v e r a l  v a r i a t i o n s  of what we c a l l  t h e  
l i t t e r  bag" technique  i n  o r d e r  to  c o n c e n t r a t e  a t -  

t e n t i o n  on t h e  f a t e  of a d e f i n i t e  amount of con- 
f i n e d  l i t t e r  w i t h  a d e f i n i t e  i n i t i a l  amount of nu- 
c l i d e .  However, we a p p r e c i a t e  t h e  l i m i t a t i o n s  i m -  
pased by such  a r t i f i c i a l  confinement  of l i t t e r ,  
and o t h e r  s t u d i e s  w i t h  unbagged l i t t e r  are i n  
progress. 

UETEODS 

The l i t t e r  bag t e c b i i q u e  is a n  e x t e n s i o n  of 
the u s e  of h a i r n e t s  f o r  c o n f i n i n g  l e a v e s ,  which 
vas employed e x t e n s i v e l y  i n  a progrnm of t h e  Na- 
ture Conservancy i n  England (Bocock and G i l b e r t ,  
1957; Bocock e t  al. ,  1960) .  S t u d i e s  of Fhanks 
8nd Olsoa (1961) u t i l i z e d  nylon n e t t i n g  of the  
same tme found i n  bal l room d r e s s e s .  and found i t  

While e n t r y  of l a r g e r  animals  may have been 
r e s t r a i n e d ,  t h e s e  bags developed a high .;-pula- 
t i o n  of smaller animals  w i t h i n  a few weeks. 
Crassley and Hoglund (1962) p r e f e r r e d  working 
wi th  dec imeter  s q u a r e  bags s o  t h a t  only a few hun- 
dred  a r t h r o p o d s  had t o  be bnndled per  sample. 
They suspec ted  that  t h e  smaller s i z e  permi t ted  
more e f f e c t i v e  e x t r a c t i o n  of t h e  fauna by t h e  
Berlese method t h a n  t h e  more massive samples of 
l i t t e r  i n  which a r thropods  might f i n d  r e t r e a t s  
where they would remain i n s t e a d  of being d r i v e n  
o u t  through t h e  T u l l g r e n  funnel .  Two kinds  of 
f i b e r g l a s s  c u r t a i n  mesh were found t o  d i f f e r  
s l i g h t l y  from nylon n e t  i n  t h e i r  e f f e c t  on l i t-  
ter bag microclimate, b u t  s o  f a r  appear  more 
d u r a b l e  t h a n  nylon i n  f i e l d  performance. 

The use of a r t i f i c i a l l y  l a b e l e d  l i t t e r  avoids  
m c s t  of t h e  d i f f i c u l t i e s  of low-level count ing  and 
mixed r a d i o n u c l i d e  contaminat ion  t h a t  might i n t e r -  
f e r e  w i t h  measurements i n  c o n t r o l l e d  experiments  
i f  m a t e r i a l s  contaminated w i t h  f a l l o u t  from nu- 
c l e a r  tests or waste d i s p a s a l  r e s i d u e s  were used. 

Graham,s (1954) technique of s e a l i n g  c l o s e d  
vials i n  holes  i n  t h e  trees p r i o r  t o  r e l e a s i n g  
t h e  nuc l ide  was used i n i t i a l l y  and has a n  advan- 
t a g e  of minimal r i s k  of e x t e r n a l  contaminat ion ,  
b u t  restrictions of s m a l l  volume r e q u i r e  n u c l i d e  
p r e p a r a t i o n s  of h igh  s p e c i f i c  a c t i v i t y  or special  
t rea tment  t o  n e u t r a l i z e  excess  a c i d i t y .  A hand 
p r e s s m e  pump of t h e  garden s p r a y  type  (Auerbach 
e t  a l . ,  1959; F igure  37) makes p o s s i b l e  a r a p i d  
i n t a k ?  ( t h r e e  t o  t e n  minutes) of 20 t o  4 0  m i l l i -  
l i ters of s o l u t i o n  through p i p e s  threaded i n t o  
h o l e s  i n  tree t r u n k s ,  from which pathways of sub- 
s e q u e i t  t r a n s l o c a t i o n  could  be fol lowed.  Mauget 
feedecs  were more convenient  for i n s e r t i n g  a t  many 
point ;  around a tree, and have l e d  t o  some c a s e s  
of r a J i d  uptake,  b u t  ra te  of emptying v a r i e s  wide- 
l y .  h e n  w i t h  t h e  bottoms of t h e  f e e d e r s  p a r t i a l -  
l y  f i l l e d  t o  g i v e  prompt d r a i n a g e  of s o l u t i o n ,  
s e v e r 1 1  rinses may be needed t o  g e t  m c s t  0' i t  out  
of t h ?  feeder .  One of t h e  best methods f o .  r a p i d  
a b s o r p t i o n  of n u c l i d e s  is a v a r i a t i o n  of tile 
t rougn technique  of Base and Mawson (1953), which 
c o n s i s t s  of t h e  c o n s t r u c t i o n  of a t rough wi th  seal-  
i n g  cmpound and aluminum f o i l .  A c h i s e l  is used 
to  c u t  i n t o  t h e  sapwood of the tree below t h e  l e v e l  
of water  i n  t h e  t rough.  
s e v e r a l  r i n s e s  of water are poured i n  as r a p i d l y  
as tht? s o l u t i o n  is sucked i n t o  t h e  v a s c u l a r  s y s -  
tem b f  t r a n s p i r a t i o n .  

tracer f o r  trees two to  f i v e  inches  i n  d iameter  
u s u a l i y  r e s u l t s  n high uptake of cesium-134 (of-  
t e n  exceeding l& d i s i n t e g r a t i o n s  per  minute per 
gram). Absolute uptake of o t h e r  n u c l i d e s  {s t ron-  
t ium-90, s t r o n  t ium-85 , calcium-45, c o b a l t  -60, 
zinc-65, i ron-59,  ruthenium-106) is u s u a l l y  lower 
and more v a r i a b l e .  
w i t h  season, weather ,  l o c a t i o n  of m a t e r i a l  i n  t h e  
tree, and w i t h  d e t a i l s  of techniques.  

Radionucl ide s o l u t i o n  and 

The use of s e v e r a l  millicuries of r a d j o a c t i v e  

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

f a i r l y - G a t i s f a c  tory f o r  exper iments .  l a s t i n g  one or 
two years .  Mesh s i z e  was Smaller (2*3 
than t h a t  of h a i r n e t s  and thereby  r e s t r a i n e d  re- 
moval Of large frapenb Of litter by nnimalss but 
baga could be sewed t o  sizes l a r g e  enough (e.g., 

When l a b e l e d  l e a v e s  a r e  used, t h e  decimeter  
l i t t e r  bags have a n  a d d i t i o n a l  advantage i n  t h a t  
repea ted  count ing  of  t h e  amount of t r a c e r  remain- 
i n g  l a  pasa ib le .  Tbe l i t t e r  bag is c o l l e c t e d  i n  P 
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p l a s t i c  bag, i n s e r t e d  i n t o  a 4.5 i n c h  p l a s t i c  
sandwich box (F igure  1). and counted in a s t a n d a r d -  
ized  p o s i t i o n  over a s c i n t i l l a t i o n  c r y s t a l .  Pro- 
cedure  1 (Crossley and lioglund, 1962) i n v o l v e s  an- 
imal  e x t r a c t i o n ,  ve ighing  i n  e t a n d a r d  l a b o r a t o r y  

,. . .. . * .  

_. 

,..- -4 

Figure 1. Bag o f  f l b e r g l r s s  c u r t a i n  m a t e r i a l  
c o n t a i n i n g  l e a v e s  s u b j e c t  t o  apparent ly  normal 
breakdown, e x c e p t  f o r  restricted removal of 
l a r g e  p a r t i c l e s  by large  animals .  

air-dry c o n d i t i o n s ,  count ing  for r a d i o a c t i v i t y ,  
and r e t u r n i n g  t o  t h e  f i e l d  one week a f t e r  collec- 
t i o n ,  wi thout  d i s t u r b a n c ?  for  s e v e n  more weeks: 
r e p e a t e d  a n a l y s e s  on t h e  same bag are scheduled  
every e i g h t  weeks, so t h i t  s e v e n  c y c l e s  cover  
s l i g h t l y  over one y e a r ,  Procedure 2 i n v o l v e s  
l e a v i n g  t h e  bags undis turbed  u n t i l  they are 
6cheduled f o r  c o l l e c t i o n ,  i n t a c t  c o u n t i n g ,  and 
subsequent  p a r t i t i o n  for purposes  of microbial cu l -  
ture on one gram a l i q u o t s  and chemical a n a l y s i s  
on t h e  remainder. Procedure 3 i n v o l v e s  c o u n t i n g  
of bags immediately f o l l o w i n g  their use f o r  two 
hours  d u r i n g  l i t t e r  r e s p i r a t i o n  exper iments ,  and 
t h e n  r e t u r n i n g  t h e  bags t o  t h e  f l e l d  (usua l ly  s i x  
hours a f t e r  c o l l e c t i o n ) ,  so that repeated measure- 
ments on t h e  same bag c a n  be made w i t h  less dras-  
t ic  d i s t u r b a n c e  than that r e q u i r e d  for  a i r - d r y i n g  
and animal  e x t r a c t i o n .  

Whereas t h e s e  techniques  merely measure t h e  
rate of loss of t h e  n u c l i d e s  from t h e  l i t ter  dur-  
i n g  i t s  breakdown, t h e  amount of n u c l i d e  which en- 
ters and is r e t a i n e d  i n  t h e  surface l a y e r  of t h e  
pnder ly ing  s o i l  c a n  also be counted  u s i n g  p l a s t i c  
sandwich boxes (F igure  2).  Prior c o l l e c t i o n s  were 
tisde of decimeter s q u a r e  s labs  o f  f o r e s t  f l o o r  
aaterial. These c u t  slabs of  forest f l o o r  mate- 
r ia l s  were p u t  i n t o  p l a s t i c  d i s h e s  which were i n  
t u r n  placed i n  t h e  f i e l d  under t he  bags of l a b e l e d  
lltter (Ftgure 3). Suppor t  f o r  t h e  s labs  of 
foreet floor was provided by a layer of fiberglass 

l i g u r e  1. Close-up of o l d  f o r e s t  f l o o r  and 
hunua material undergolng decay underneath the  
l i t t er  bags i n  the l i t ter  boxes .  

window s c r e e n ,  and c o n t a c t  w i t h  t h e  u n d e r l j l n g  
s o i l  through t h i s  s c r e e n  was provided by l i r g e  
h o l e s  bored through t h e  bottoms of t h e  p1a; t ic  box 
(Figure 4). The whole box was enc losed  in a p las -  
tic bag for  count ing.  I t  w a s  i n v e r t e d  so t h a t  t h e  
ground s u r f a c e  i n i t i a l l y  r e c e i v i n g  t h e  m a t x i a l s  
be ing  leached from t h e  l i t t e r  bag r e s t e d  01 a 
p l a s t i c  p la t form t h a t  was f l u s h  w i t h  t h e  aluminum- 
Clad c o u n t i n g  s c i n t i l l a t i o n  c r y s t a l  (Figur.? 4).  

Because of t h e  problems of s tandard :  z i n g  
geometry , s t a n d a r d s  of three c o n i  i g u r n t i o n 3  ( f i l t e r  

.~ . .. 
Plgut. 3. C a b i n a t i b n  of littor bag nsmtled 

l a  p o s i t i o n  over littmr box. 

. 
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the c rys t a l ,  so that  s m a l l  changes i n  thickness 
w i l l  have negligible e f fec ts .  

Tlgure 4 .  Bottom view of l i t t e r  box,  shor-  
i n g  f i b e r g l a s s  window s c r e e n  m a t e r i a l  t h a t  
supports  the  s l n b  o f  f o r e s t  f l o o r  m a t e r i a l ,  and 
h o l e s  provlding  a c c e s s  f o r  movement o f  smal l  
f o r e s t  animals .  P l a s t i c  bag f o r  n a i n t a I n i n g  
moisture and n u c l i d e s  i n  sample during  handl ing .  

paper, 13-millimeter cel lulose sponge, 33-milli- 
meter cel lulose sponge) were counted along w i t h  
l i t t e r  or fores t  f loor  s labs  (Figure 5) .  Shif t s  
in horizontal posit ion were minimized by use of a 
pasteboard positioning device that  f i t s  inside t h e  
large lead shield surrounding the s c i n t i l l a t i o n  
detector.  I n  Crossley’s l a t e r  arthropod experl-  
ments, e f f ec t s  of varying l i t t e r  thickne.. -q were 
accounted for  by ra i s ing  the samples s l i g h t l y  as  
t h e  l i t t e r  s e t t l e s ,  so th2 . t  the center of gravity 
of the  materials remainec f a i r l y  constant re la -  
t i v e  t o  tha t  of the standzrd. Xn other experi- 
ments, ce l lu lose  sponges *e re  used t o  press the  
f resh leaves or the l i t t e i .  i n to  one of the atand- 
8rd geometries. 
low count r a t e  is not a l jmit ing fac tor )  Is t o  
posit ion t h e  counting boxes on a platform over 

A still be t te r  procedure (Where 

Figure 5 .  L i t t e r  box i n v e r t e d  in cardboard 
p o s i t i o n e r ,  ready f o r  count ing  o v e r  a s c i n t i l l a -  
t i o n  c r y s t a l  i n  a large  lend s h i e l d .  Sandwich 
box c o n t a i n i n g  l i t t er  bag on l e f t .  Standard 
T i t h  collulose sponge o n  upper r i g h t .  C e l l u l o s e  
ipoage for s l i g h t  c w p r e s s i o n  of looso l i t ter  
on lowor r i g h t .  

WEIGHT LLSS OF FOREST LITlTR 

Weight loss can of course be estimated w i t h  
unlabeled leaves, Shanks and Olson (1961) showed 
how r a t e s  of l i t t e r  breakdown of deciduous leaves 
i n  large l i t t e r  bngs varied systematically 33 a 
function of leaf species and the environment, 

For example, mulberry (Morus rubra L . )  
leaves decayed several  times a s  r a p i d l y  a s  beech 
leaves (m randifol i  Ehrh.), while white oak 

uercus a lba  i H ; d  red oak (8. s h u m a r d u  
sugar maple (Acer saccharum Marsh.) 

showed intermediate r a t e s  of weight lass .  First 
year lasses ,  averaging over a l l  f ive  species,  
showed remarkably systematic trends w i  th a l t i -  
tude, w i t h  differences i n  lcss ra tes  ,of approxi- 
mately 2.4 per cent per thousand f ee t  of eleva- 
t ion i n  the Southern Appalachian moun ta ins ,  or 
about cine per cent per year a t  each of three ele-  
vations;  differences i n  r a t e  of weight loss of 
the same k i n d s  of leaves between typical decidu- 
ous and coniferous forests  were s i x  per cent. If 
release of radionuclides and of nutr ients  is pro- 
portional t o  breakdown of l i t t e r ,  then one might 
expect from these r e su l t s  to  find systematic 
trends in nuclide release as a function of leaf 
speciese climate,  and local  differences i n  forest  
habitat .  

I n  order to  detect  seasonal changes i n  r a t e  
of  weight loss, weekly weights were taken of 
labeled pine Pinus  v i r  iniana Mi1l.Ie oak (s. 
fa lca ta  H i c h x . k d - & i p m C o r n u s  f lorlda L.)  
leaves i n  pine and oak fores t s  on the Oak Ridgo 
Reservation, L i t t e r  bags were placed i n  the f i e l d  

I)(* I W E D O I  

Figure 6 .  Weights of decaying l e a v e s  i n  
l i t t e r  bags ,  eXpre66ed as  a percentage of 
i n i t i a l  weight. o f  l i t t o r ,  through time. Throe 
l e a f  s p e c i e s  i n  t w o  s t a n d s .  Hollow c i r c l o e  am 
i n d i v i d u a l  measuremonts; a o l i d  c i r c l e s  are  
averages  for oight-week c@es. Lines f i t t e d  
by .yo. 
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Pigure  7 .  Radionucl ide r e t e n t i o n  by decay- 
i n g  l e a v e s  i n  l i t ter  bags ,  expressed as logarithm 
to t h e  base 1 0  of (bag count r a t i o  d i v i d e d  by 
standard count r a t i o ) ,  as a f u n c t i o n  o f  time. 
Fbllor circles a r e  i n d i v i d u a l  measuremeqts; 
a b l i d  c i r c l e s  a r e  averages  f o r  e i g h t - r e e k  
c y c l e s .  S o l l d  l i n e  r e p r e s e n t s  weight  loss 
r e p l o t t e d  on semi- log  scale from d a t a  o f  Figure 
0 .  Lines f i t t e d  by eye. 

i n  November, 1959, J u s t  a f te r  t h e  main deciduous 
l i t ter  f a l l .  Procedure 1 was used;  i.e., t h e  
bags were r e t u r n e d  t o  t h e  f i e l d  f o l l o w i n g  e x t r a c -  
t i o n  of a r t h r o p o d s ,  d ry ing ,  and weighing, so t h a t  
r e p e a t e d  measurements were taken  on t h e  same 
bags a t  eight-week i n t e r v a l s .  F igure  6 i l l u s -  
trates t h e  changes i n  rate of weight  loss. Im- 
media te ly  a f t e r  exposure Icss of weight  was r a p i d ,  
p a r t i c u l a r l y  so f o r  dogwcod. During t h e  w i n t e r  
months t h e  rate of weigh: loss was slower b u t  w a s  
never  n e g l i g i b l e ,  even d u r i n g  a c o l d  w i n t e r  w i t h  
many p e r i o d s  of snow. Th? rate of weight  loss 
a c c e l e r a t e d  d u r i n g  s p r i n g  and t h e n  proceeded a t  a 
remarkably s t e a d y  rate for t h e  rest of t h e  f i r s t  
year. A t  t h e  end of t h e  first y e a r  f r a c t i o n s  re- 
maining were: p ine ,  6 1  to  63 per c e n t  of t h e  ori- 
g i n a l  weight ;  oak, 58 to 68 per c e n t ;  dogwood, 48 
t o  56 per c e n t .  . 

S n l c u l a t e d  for  t h e  l i n e a r  r e g r e s s i o n  of  weight  
f r a c t i o n  of weight  remaiaing" on time, f o r  e a c h  
of t h e  48 bags (three species, sampled d u r i n g  
e i g h t  per iods  i n  e a c h  of two s t a n d s ) .  A log 
t r a n s f o r m a t i o n  should  g i v e  a s t r a i g h t  l i n e  under 
t h e  h y p o t h e t i c a l  assumptson (Jenny e t  al . ,  1949) 
that litter decay proceeds a t  a rate p r o p o r t i o n a l  
to amount of l i t t e r  remaining.  T h i s  mathematical  
model i m p l i e s ' t h a t  t h e  f r a c t i o n  of l i t t e r  remnin- 
in shoufd follow a n e g a t i v e  e x p o n e n t i a l  fur ic t ion  
.-it, where k is t h e  rate of breakdown, t is time, 
and e is t h e  base  of t h e  n a t u r a l  logar i thms.  Such 
a model does  not f i t  t h e  f i n e  d e t a i l s  of curva-  
ture shown by t h e  s o l i d  l i n e  i n  F i g u r e  7, which 
mas based on t h e  semi-logarithm p l o t  of t h e  weight  
data from Figure  6. Eowever, the r e g r e s s i o n  

k a s t  s q u a r e s  r e g r e s s i o n  c o e f f i c i e n t s  were 

procedure provided a s u r p r i s i n g l y  s a t i s f a c t o r y  
method f o r  f i t t i n g  a l l n e a r  f i r s t  spproximation 
through t h e  curved l i n e s  of Figure  7. 

g r e s s i o n  c o e f f i c i e n t s  f o r  weight loss by l i t t e r  in 
t h e  two s t a n d s .  T ine  i s x x p r e s s e d  i n  y e a r s ,  so 
t h a t  t h e  r e g r e s s i o n  c o c f f l c i e n t s  are es t imahes  Of 
t h e  rate parameter  k (0.693 d i v i d e d  by t h e  h a l f -  
l i f e  of l i t ter  breakdown"; s e e  Olson, 1961; Cross- 
l e y ,  1963). The t o p  p a r t  of Table  1 is based on 
t h e  e n t i r e  f i r s t  year. For each  s p e c i e s  brcak- 
down was more r a p i d  i n  t h e  oak s t a n d ;  a?k and dog- 
wood showed g r e a t e r  d i s c r e p a n c i e s  than  d i d  p ine ,  
The bottom of Table 1 shows r e g r e s s i o n  c o e f f i c i e n t s  
f o r  d a t a  w i t h  t h e  f i r s t  two c y c l e s  (16 weeks) omit- 
t e d ,  so t h a t  t h e  sudden e a r l y  changes i n  ra te  of 
weight  lass a r e  ignored.  D i i f e r e n c e s  between the  
two s t a n d s  a r e  even more accentua ted  wi th  t h i s  
t rea tment .  An a n a l y s i s  of v a r i a n c e  d e t e c t e d  t h e  
s t a n d  d i f f e r e n c e s  as s t a t i s t i c a l l y  s i g n i f i c a n t  bu t  
n o t  t h e  d i f f e r e n c e  between s p e c i e s  of l e a f  (Table 
1). Real d i f f e r e n c e s  e x i s t  between r a t e s  of 
breakdown f o r  t h e  d i f f e r e n t  l e a f  s p e c i e s ,  bu t  
they seem t o  be more pronounced i n  t h e  r a p i d  i n i -  
t i a l  loss of weight  than  i n  t h e  ra te  of subse-  
quent  breakdown. 

Table  1 r e p r e s e n t s  t h e  average of e i g h t  re- 

Table 1 .  Average o f  e i g h t  r e g r e s s i o n  c o e f f i c i o n t s  as 
an e s t i m a t e  o f  the r a t e  parameter k .  R e -  
g r e s s i o n  of t h e  natural  logarithm of weight  
of remaining l i t ter  on t i m e  ( y e a r s ) .  L i t t e r  
of three  leaf s p e c i e s  i n  two s t a n d s .  Values 
are natural  logarithms o f  grams per  year .  

P i n e  s tand Oak s tand 
e s t i m a t e  of k es t imata  o f  k 

en i r e  year 
P i n e  n e e d l e s  0 . 4 5 0  + 0.0335 I 0 . 4 6 1  + 0.0826 
Oak l e a v e s  0 . 3 3 0  r 0.0060 9 . 4 8 4  0.0168 
Dogwood l e a v e s  0 . 4 2 1  0 .0251 0 . 5 6 0  + 0.0299 

Pine  n e e d l e s  0 . 5 5 7  + 0.0563 0 .573  + 0.1018 
0.566 5 0.0347 0 . 3 9 7  7 0 . 0 1 3 2  Oak l e a v e s  

Dogwood l e a v e s  0 . 4 9 3  7 0 . 0 3 7 1  0 . 7 0 9  7 0 . 0 5 1 5  
A n a l y s i s  of variance  

without f irs t  two c y c l e s  716 weeks) 

Source Degrees 
of of Yean 

Tar i a t  ion  freedom S uare 
Leaf s p e c i e s  2 0.0020010430 
Stands 1 0.0000044847 9.16. 
S p e c i e s  x s t a n d s  

i n t e r a c t  ion  a o . o o o o o o ~ 2 ~ z  1 .a9 
Error 4a 0.0000004895 
T o t a l  47 

'Average + one standard error of the mean, 
*Signi€ic;irit a t  the 0 . 0 1  l e v e l  o f  s i g n i f i c a n c e ,  r e l -  
a t i v e  to orror mean square .  

RELEASE OF RADIONUCLIDES 

Figure  7 compares t h e  rates of re feasc  of 
ruthenium-106, cobal t -60,  and s t ront ium-85 t o  
ra tes  of l i t t e r  breakdown. Rates of loss G f  ra- 
d i o n u c l i d e s  were approximately similar t o  I a t c s  
of weight  lass on t h e  average.  
t o r t i o n  of t h e  d a t a  r e s u l t e d  from t h e  s e t t i i n g  of 
t h e  i n i t i a l l y  l o o s e  litter, and consequen?ly i m -  
proved c o u n t i n g  geometry, so t h a t  c o u n t s  s o o n  
a f t e r  t h e  early r e a d i n g s  were f r e q u e n t l y  higher  
than i n i t i a l  counts .  I t  w a s  f o r  t h i s  reason  that 
la ter  techniques  have reduced t h i s  c o u n t i n g  d i f -  
f i c u l t y  by p o s i t i o n i n  t h e  litter v e r t i c a l l y  t o  a 
l e v e l  more n e a r l y  e q u f v a l e n t  t o  t h a t  of the  
i n i t i a l  read ings .  T h i s  i n i t i a l  d i s t o r t i o n  would 
have obscured any r a p i d  i n i t i a l  lass of radloou-  
c l i d e s  analogous w i t h  t h e  r a p i d  change i n  weight  
immediately a f t e r  exposure i n  t h e  f i e l d .  

However, some d i s -  
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Tablo 2 .  Averago r e g r e s s i o n  c o e f f i c i o n t s  f o r  tho 
naturAl logarithm of bag count ra ta  d iv ldod  
by standard count r a t e ,  as  a funct ion  of time 
( y e a r s ) .  Four radIonuclido-11 t t o r  combina- 
t i o n s  i n  two s t a n d s .  Yaluoe a r e  natura l  
logarithms 02 bags c uat  r a t e  dividod by 
at'andard count  r a t a .  P 

Pino utand Ozk s tand  
e s t i m a t e  of  k e s t i m a t e  of k 

Ruthenium-IO6 i n  pin0 
n e e d l e s  0.81  2 0.1832 0 . 7 1  2 0 . 1 9 2  

Ruthenium-106 i n  oak 
l c n v e s  1 . 1 5  2 0 . 5 3 1  0.80 2 0.440 

Cobalt-60 i n  oak 
l e a v e s  0 . 5 6  2 0 . 2 4 9  0 . 8 3  2 0 . 3 2 6  

Strontium-85 i n  - docwood l c n v e s  0 . 5 0  t 0 . 1 1 7  0 . 6 4  + 0 . 1 0 6  
A n a l y s i s  01 v a r m a  

Source b g r o e s  
or o f  Moan 

v a r i a t i o n  Crecdom Square P 
Leaf s p e c i e s  3 0.0001121521 0 . ? i r  
Stands 1 0.0000000064 0.00 
Species x s t i n d s  

i n  tbrac t i o n  3 0.00006325 18 0 . 5 2  
Error 4 0  0.0001208644 
T o t a l  47 

1Rutheoium-106 i n  p ine  n e e d l e s  and etrontium-85 i n  dog- 
wood l e a v e s  based on e i g h t  v a l u e s ;  the  o t h o r s  based on 
f o u r  v a l u e s .  

'Average 2 ono standard error of t h e  mean. 

For f u r t h e r  i n d i c a t i o n  of subsequent  r a t e  of 
loss of r a d i o n u c l i d e s  from t h e  l i t t e r ,  Table  2 
shows r e g r e s s i o n  c o e f f i c i e n t s  ( e s t i m a t e s  of k) es- 
t imated  by t h e  same method as f o r  lass of weight. 
Because of t h e  h i g h  v a r i a b i l i t y  of i n d i v i d u a l  
bags ,  an a n a l y s i s  of v a r i a n c e  f a i l e d  to  d e t e c 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  d i f f e r e n c e s  between 
s t a n d s  or among s p e c i e s  of r a d i o n u c l i d e  f o r  t h e s e  
r e g r e s s i o n  c o e f f i c i e n t s ,  bu t  c e r t a i n  t r e n d s  may 
be noted from t h e  d a t a .  Lcss of s t ront ium-90 from 
d o p o d  l e a v e s  proceeded a t  a rate approximate1 
similar to  t h e  o v e r - a l l  rate of weight  (Table  15, 
whereas loss of ruthenium-106 and c o b a l t - 6 0  from 
p i n e  and oak l e a v e s  seemed s l i g h t l y  more r a p i d  
t h a n  loss of weight .  The rate of loss of r u t h e -  
nium-106 seemed more r a p i d  i n  t h e  p i n e  s t a n d  w h i l e  
loss for c o b a l t - 6 0  and s t ront ium-90 seemed g r e a t e r  
in t h e  oak s t a n d .  However, improved techniques  
for c o u n t i n g  r a d i o a c t i v i t y  of t h e  l i t t e r  bags, t o  
reduce  t h e  s t a n d a r d  errors of such  estimates, 
s h o u l d  permit a f i r m e r  d e t e c t i o n  and e s t i m a t i o n  of 
d i f f e r e n c e s  i n  rates of movement of  rad ionucl ides .  

An example of Procedure 3 for  r e p e a t e d  b i -  
weekly c o u n t i n g  of  t h e  same bag of w h l t e  oak l e a v e s  
is g i v e n  i n  F igure  8. I n  t h i s  case, t h e  n u c l i d e  
is cesium-134. which e v i d e n t l y  is leached much 
more r a p i d l y  than ruthenium, c o b a l t ,  or s t ront ium.  
During t h e  f i r s t  32 week a f t e r  t h e  experiment was 
set o u t  i n  November, 1960, r e l e a s e  of cesium-134 
from w h i t e  oak leaves  i n  a w h i t e  oak f o r e s t  aver-  
aged a weekly loss of 3.8 p e r  c e n t  of t h e  amount 
remaining i n  t h e  preceding week. T h i s  is 2.5 
times as f a s t  a s  t h e  average  ra te  of weight  loss, 
which was e s t i m a t e d  from biweekl r  c o l l e c t i n g  
o t h e r  nearby l i t t e r  bags by Procedure 2. F i n a l  
s ta t is t ics  m u s t  await a n a l y s i s  of more e x t e n s i v e  
data still be ing , ,co l lec ted ,  b u t  t h e s e  e a r l y  re.- 
s u l t s  s u g g e s t  a 
a b o u t  17 weeks f o r  cesium-134 in t h e  l i t t e r  bags,  
w h i l e  t h e  " h a l f - l i f e  of l i t t e r  breakdown" was 
I l l l g h t l y  less t h a n  one year.1 

m 

b i o l o g i c a l  h a l f  - l i f e "  of only 

Xu teras of rate 

'Subsequent data at the end of 56 weeks give  a regrcsaion 
amtimate ol k = 0.817 t 0.031 standard error of the regression 
astimate. 
W O l g h t  10s.. 

This 10 equTvalent to a half-tima of 44 weeks for 
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Figure 8 .  D i f f erence  i n  r a t e  o f  r e l e a s e  of 
cesium-134 above and weight  loss o f  oak l e a v e s  
below.  Fract on a ir -dry  weight  remaining 
assumed - e-k'. Est imates  o f  k - 0.038 
and kwt - 0.0154 r e a p e c t i v e l y ,  Banding complete  
a n a l y s i s .  

parameters  d i scussed  ID a paper  on e c o l o g i c a l  
models (Olson, 1963), t h e s e  f i g u r e s  are e q u i v a l e n t  
t o  v a l u e s  f o r  k of about  2 for cesium-134 r e l e a s e  
and aboLt 0.8 f o r  l i t ter  breakdown, i n  the  example 
s e l e c t e d  f o r  i l l u s  trat ion. 

Prcblems of count ing  geometry and s t a n d a r d i -  
z a t i o n  m i l l  make it d i f f i c u l t  t o  make an e x a c t  
comparison between t h e  amounts of cesium-134 
leached out  of t h e  l i t t e r  and t h a t  r e t a i n e d  i n  t h e  
boxes. However, p re l iminary  e s t i m a t e s  s u g g e s t  
t h a t  about  20 to  30 per  cent of t h e  amounts o r i g i -  
n a l l y  e s t i m a t e d  f o r  t h e  l i t t e r  were r e t a i n e d  in 
t h e  u n d r r l y i n g  s l a b  of f o r e s t  f l o o r  material. 
C l e a r l y ,  much more than  t h i s  amount has  l e a c t e d  
from thc litter (Figure 8 ) ,  so t h a t  t h e r e  must  a l -  
ready hpve been s u b s t a n t i a l  movement d m n  i n t o  t h e  
i n t a c t  p o r t i o n s  of t h e  minera l  s o i l  p r o f i l e  under- 
l y i n g  t i l e  f o r e s t  f l o o r  materials. 

Thcse examples, then ,  s u g g e s t  t h a t  a combina- 
t i o n  of l i t t e r - b a g  and l i t t e r - b o x  technique  can  
complemc u t  observa t ions  on unconfined l i t t e r  and 
undis turbed  soils. These techniques  provide e s t i -  
mates of how r a p i d l y  t h e  p r c c e s s e s  of l i t t e r  break- 
down take  p lace  and show that release and subse-  
quent  mcvements of n u c l i d e s  may be similar t o  t h i s  
rate of breakdown i n  some cases and cons iderably  
more r a r i d  i n  o t h e r  cases.. 

- -  

The t r a n s f e r  of chemica l  e lements  from f r e s h  
dead organic  l i t ter  t o  t h e  s u r f a c e  l a y e r s  of t h e  
forest f l o o r  t o  deeper  l a y e r s  of so i l  and back in- 
t o  l i v i n g  organisms commonly imposes t h e  l i n l t i n g  
rate f a c t o r s  on t h e  biogeochemical c y c l e  t h a t  oc- 
curs w i t h i n  a n  eccsystem. Radioac t ive  t r a c e r s  
t h e r e f o r e  provide  porverful methods f o r  i n v e s t i g a -  
t i n g  t h e  g e n e r a l  ra te  of mineral n u t r i e n t  tu rnover  
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as well a s  the detai led pathways of movement of C r o s s l e y ,  D.A. ,  Jr. 1963. Consumption of  v o g e t a t i o n  
individual elements and radioactive contaminants. by i n s e c t s .  2 t h i s  volume, pages  427-430. 

Previous s tud ies  by repeated weighing and 
chemical analysis of l i t t e r  have been supplemented 
by repeated counting of radioactive t racers  i n  
standardized counting posi t ions over a s c i n t i l l a -  
t ion c r y s t a l .  Labeled l i t t e r  In decimeter square 
bags of nylon net or f iberglass  cur ta in  material  
was counted i n  p las t ic  sandwich boxes. I n  sone 
cases  decimeter square s labs  of humus materials,  
1.3 t o  three centimeterc thick,  were placed i n  
p las t ic  boxes w i t h  openingsin s ides  and bottom be- 
neath the l i t t e r  bags i n  approximately na tura l .  
posi t ion on the f o r e s t  f loor .  

Whereas cobalt-60, ruthenium-106, and stron- 
tium-85 or strontium-90 are  released from t ree-  
leaf l i t t e r  a t  r a t e s  s imi la r  td or s l i g h t l y  great-  
er than t h e  r a t e  of weight loss, cesium-134 is re- 
leased considerably more rapidly. Much of the nu- 
c l i d e  released is intercepted by the surface s l a b  
of humus, especial ly  i n  types i n  which mineral 
soil layers were included. Rowever, there was 
s i g n i f i c a n t  re lease t o  laver par t s  of the soil 
p r o f i l e  even for these soils. 
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