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FINAL REPORT ON POSTATTACK ECOLOGY 

S. I. Auerbach cmd P. B. Dunmay 

SUMMARY 

I -  

-- - 

-=. 

This f i n a l  r e p o r t  summarizes progress on t h e  cooperat ive s tud ies  
o f  behavior o f  f a l l o u t  s imulants i n  n a t u r a l  systems; t r a n s f e r s  o f  
137Cs through s o i l s ,  p lan ts ,  and animals; r e t e n t i o n  o f  54Mn and 
6oCo i n  p ine  voles; gamma and be ta  dosimetry; and e f f e c t s  o f  chronic  
and acute r a d i a t i o n  on p l a n t s  and animals i n  t h e  l a b o r a t o r y  and 
i n  the  f i e l d .  

Studies us ing  f a l l o u t  s imulant  showed t h a t :  
f a l l o u t  i n t e r c e p t e d  by vegetat ion v a r i e d  as a f u n c t i o n  o f  f o l i a g e  
c h a r a c t e r i s t i c s  and p a r t i c l e  s i ze .  (2)  Loss r a t e s  were s i m i l a r  f o r  
a wide v a r i e t y  o f  p l a n t s .  ( 3 )  Rapid l o s s  o f  p a r t i c l e s  f rom p l a n t  
surfaces occurred g e n e r a l l y  d u r i n g  t h e  f i r s t  week a f t e r  deposi t ion,  
b u t  a f t e r  about th ree  weeks, p a r t i c l e  l o s s  r a t e s  were r e l a t i v e l y  constant 
and proceeded a t  a slow r a t e  regardless o f  r a i n  and wind cond i t i ons .  

(1 ) '  I n i t i a l  f r a c t i o n s  of 

Cesium-137 was t r a n s f e r r e d  d i r e c t l y  from f a l l o u t  s imulant  t o  fescue by 
f o l i a r  a s s i m i l a t i o n  and t o  c o t t o n  r a t s  by i n - v i v o  absorpt ion.  Approximately 
50% o f  radiocesium a s s i m i l a t e d  by t h e  f o l i a g e  moved r a p i d l y  t o  o t h e r  
p a r t s  o f  t h e  fescue p l a n t ;  o f  t h i s  amount, about 20% went t o  t h e  r o o t  
system, 20% t o  emerging f l o r a l  s t r u c t u r e s ,  and 45% t o  mature i n f l o r e s -  
cence. Decrease i n  f o l i a g e  concentrat ion fo l l owed  a negat ive 
exponent ia l  p a t t e r n ,  and accumulation i n  r o o t s  was a m i r r o r  image 
o f  f o l i a r  l oss .  Co t ton - ra t  whole-body burdens o f  137Cs i n i t i a l l y  
were i n f l u e n c e d  h e a v i l y  by t h e  amounts o f  f a l l o u t  s imulant  and con- 
taminated dead vegetat ion ingested, b u t  as t ime progressed and t h e  
amount o f  r a d i o a c t i v i t y  i n  l i v i n g  vegetat ion began t o  e q u i l i b r a t e ,  a 
r e l a t i v e l y  constant,  lower body burden was reached. A f t e r  30-60 
days ch ron ic  i n g e s t i o n  i n  the enclosures tagged w i t h  fa1  l o u t  s imulant ,  
c o t t o n - r a t  body burdens were comprised o f  4% i n  hear t ,  l i v e r ,  spleen, 
and kidney; 6% i n  stomach and i n t e s t i n e s ;  9% i n  p e l t ;  27% i n  gastro- 
i n t e s t i n a l  (GI)  contents; and 55% i n  res idua l  carcass (most ly i n  
muscle). I n  t h e  G I - t r a c t  contents,  79% o f  t h e  137Cs was i n  organic  
m a t t e r  and 21% i n  f a l l o u t  s imulant .  Losses o f  i n j e c t e d  54Mn and 
6oCo from p ine  voles i n  n a t u r a l  populat ions were more r a p i d  than 
from voles i n  t h e  l abo ra to ry ,  w i th  most o f  t h e  d i f f e r e n c e  o c c u r r i n g  
d u r i n g  t h e  f i r s t  two bleeks pos tadmin i s t ra t i on .  
from f i e l d  p l o t s  never exceeded 2% o f  r a i n f a l l ,  and o n l y  about 0.015% 
of t h e  f a l l o u t  depos i t  w i l l  be r e d i s t r i b u t e d  i n  each p r e c i p i t a t i o n  
event t h a t  produces r u n o f f  o f  - > 4  l i t e r s / m 2 .  

Dosimetry s tud ies  were done by us ing  an area scanner and by use o f  
microdosimeters a t  p o i n t s  o f  i n t e r e s t .  Gamma dose r a t e  1 m above 
ground sur face o f  t h e  contaminated enclosures has n o t  decreased s i g -  
n i f i c a n t l y  from t h e  2.46 rads/day measured e a r l y  i n  the  experiment, 

Surface water r u n o f f  
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b u t  the beta dose r a t e  rapidly decreased ear ly  as the f a l l o u t  simulant 
descended toward the ground. Gamma dose t o  cotton r a t s  decreased from 
3.84 rads/day in February 1969 t o  2.35 rads/day i n  July 1969, with 
no s i  gni  f i  cant di fference thereaf te r  t o  Apri 1 1970. 
t o  plants in  microsites (e .g . ,  a x i l s )  were as much as 27.5 rads/day. 
Developing f lo ra l  t i s sues  in fescue during 1971 received about 
4 rads/day, compared with about 17 rads/day in  1968. 
near the  ground received two t o  three times as much radiation as 
grasshoppers l iving higher on vegetation. 

Early doses 

Crickets l iving 

Various radiat ion-effects  studies were done in  b o t h  the laboratory 
and f i e l d .  Production of normal and aborted pollen from i r rad ia ted  
fescue averaged 5 percentage uni ts  less  and 6 units more, respectively,  
than tha t  of controls ,  b u t  no differences were observed i n  percentage 
of  aberrant pollen. 
50% t h a t  o f  controls ,  when dose r a t e  was 11 t o  1 7  rads/day, b u t  when 
dose r a t e  decreased by 40%, seed production was 20% le s s  than controls .  
Cotton-rat grazing a l so  reduced seed production, even one year a f t e r  
the r a t s  were removed. Laboratory studies of acute beta or gamma 
i r rad ia t ion  e f f ec t s  in  one species of Collembola showed t h a t  eggs and 
juveni l e s  were more radiosensit ive than adults . Chroni c exposure of 
another species of Collembola t o  beta i r rad ia t ion  showed tha t  
radiation responses of the population was determined primarily by 
e f fec ts  on f e r t i l i t y  ra tes  of adul t s .  Population densi t ies  of 8 
of 75 arthropod taxa were s ign i f icant ly  smaller i n  the  enclosures 
during summer 1970, and populations of s i x  o f  the e ight  taxa again 
were smaller in summer 1971. 

Seed production in  i r rad ia ted  fescue was only 

White-footed mice were i r rad ia ted  each m o n t h  f o r  two years w i t h  an 
acute dose of 1050 rads and were caged in an outside environment. 
Mortality was lowest from May through September (42 t o  55%), highest 
during November and December ( g o % ) ,  and ranged from 59 t o  72% during 
the remaining months. Env i  ronmental conditions and/or endogenous 
factors  acted synerg is t ica l ly  with radiation during most of the year  
because mortali ty was usually grea te r  and survival time shor t e r  than 
f o r  this species i n  the laboratory. Pine voles were i r rad ia ted  with 
700 'rads and released with nonirradiated voles back i n t o  a natural 
environment. 
nonirradiated females were observed, b u t  t h i s  r e s u l t  may have 
ref1 ected 1 oss of t e r r i t o r y  during radiat ion sickness ra ther  than 
death per see 
by day 105 pos t i r rad ia t ion ,  they did not seem t o  be more vulnerable 
t o  predation. 

, 

Si gni f i  cantly fewer recaptures of i r rad ia ted  than 

A1 though  i rradi ated voles exhi bi ted pel age graying 

INTRODUCTION 

This i s  the f ina l  report of research on postattack ecology in the 
Environmental Sciences Division, Oak Ridge National Laboratory, sponsored 
by the Office of Civil Defense ( O C D )  i n  cooperation w i t h  the  U.S. Atomic 
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Energy Commission. Studies began, i n  summer 1968, a t  special ly  con- 
s t ructed f i e l d  f a c i l i t i e s  and in the laboratory on work re la ted  t o  
OCD programmatic needs. 
categories:  ( 1 )  behavior of f a l l o u t  simulant i n  vegetation surfaces;  
( 2 )  movement of 137Cs th rough  s o i l s ,  p lants ,  and animals; ( 3 )  environ- 
mental and organismal gamma and beta dosimetry; (4 )  e f f ec t s  of chronic 
and acute beta and gamma radiation on organisms; and ( 5 )  in te rac t ions  
of ecological fac tors  in categories 1-4. 

Research emphasis was placed on the  following * 

The f i e l d  f a c i l i t i e s  constructed were: 
on a fescue, Festuca arundinacea, community. Four of the enclosures 
were tagged uniformly with a f a l l o u t  simulant containing 137Cs. 
diameter was 88-177 p, mass loading was 72 g/m2, and radioact ivi ty  was 
2 . 2  C i  per enclosure. 
simulant interception and retention by various grasses,  crop p lan ts ,  and 
t r ees .  
0 ,  500, 1000, 2000, or 4000 R of gamma radiat ion.  A re la ted f a c i l i t y  
contained 33 hives in enclosures; these hives were i r rad ia ted  with 0 ,  
1500, or 3000 R. 
seasonal changes in rad iosens i t iv i ty  of rodents. In addition t o  ’ 

these f i e l d  f a c i l i t i e s ,  supporting fac i1 , i t i es  were provided in the 
laboratory,  in greenhouses, and in environmental chambers. 

( 1 )  Eight 100-m2 enclosures 

Par t ic le  

( 2 )  Enclosed f i e l d  plots  fo r  s tudies  of f a l lou t -  

(3)  A f i e l d  aviary of 40 hives of honeybees i r rad ia ted  with 

( 4 )  A building open t o  the weather for t e s t s  of 

, 
Unfortunately, an OCD budget decrease in 1969 forced us t o  terminate 
the promising study of honeybees, and termination of a l l  O C D  support 
i n  1971 d ic ta ted  tha t  we s t o p  a l l  research under tha t  funding. Cessation 
of OCD support was par t icu lar ly  unfortunate because we had begun 
t o  del ineate  unsuspected, long-term e f f e c t s  on natural populations 
of animals and plants from chronic, low-level, beta-gamma radiat ion.  
We a lso  began t o  demonstrate t h a t  i r rad ia t ion  doses, i r rad ia t ion  
e f f e c t s ,  and radionucl ide t ransfers  in some cases were qui te  d i f f e ren t  
from what would be expected from laboratory experience. We believe 
tha t  the r e su l t s  provided under O C D  support represent excel l en t  value 
for tne money received, b u t  we suggest t h a t  long-term i r r ad ia t ion  
e f f ec t s  in plant and animal populations cannot be characterized fu l ly  
i n  only two or three years .  

Summarization of some of the work done in the past  i s  presented in 
th i s  repor t ,  b u t  r e su l t s  of  newer research and syntheses of past 
work have been emphasized here.’ For more detai led records of our  
past performance under O C D  funding, a l i s t  of publications i s  included 
with t h i s  report .  This l i s t  i s  n o t  t o  be considered as a f inal  
summation, because a number of other publications emanating from 
th i s  project will  appear l a t e r .  
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FIELD STUDIES ON RETENTION OF SIMULATED FALLOUT BY PLANTS 

J .  P. Witherspoon and F. G. Taylor, J r .  

Summary 

Several f i e l d  s tud ies  on the retent ion by plants  of local f a l l o u t  
par t ic les  ( p a r t i c l e s  exceeding 44 p i n  diameter) are  summarized. 
Although i n i t i a l  f rac t ions  of intercepted f a l l o u t  varied as a function 
of plant fo l iage  cha rac t e r i s t i c s  and p a r t i c l e  s i z e ,  average retention 
values were s imi la r  f o r  a wide var ie ty  of p lan ts .  

Rapid losses o f  par t i c l e s  from fo l iage  and other  plant par t s  due 
to  weathering occurred generally d u r i n g  the f i r s t  week f o l l  owing 
pa r t i c l e  deposition. 
was r e l a t ive ly  constant and'proceeded a t  a slow ra t e  regardless of 
subsequent rain and w i n d  conditions. 
p a r t i c l e  loss r a t e s  were i n  the order: 

After about three weeks the  loss of pa r t i c l e s  

For general vegetation types,  
t rees  > crop plants  > grasses 

, Introduction 

Several experiments on the retent ion of d i f f e ren t  s izes  of f a l l o u t  
pa r t i c l e s  by plants  were performed on a range of plant types including 
mosses, l ichens,  grasses ,  crop p lan ts ,  and t r e e s .  Results of these 
experiments have been published i n  the  open l i t e r a t u r e  (Peters and 
Wi therspoon 1972, Taylor and Wi therspoon 1972, Wi therspoon 1970 and 
1972, Witherspoon and Taylor 1969, 1970, and 1971). 

Results 

1. Lichen (Cladonia subtenuis) and moss (Dicranum scoparium) mats of 
uniform s i z e  were contaminated w i t h  a quartz f a l l o u t  simulant 
(88-175 p) containing 134Cs (Taylor and Witherspoon 1972). 
Mass loading was 5.0 g of pa r t i c l e s  per f t 2  of s o i l  surface 
area.  Total r a in fa l l  d u r i n g  the experiment was 3.7 i n .  
(eight events) w i t h  0.25 i n .  occuring d u r i n g  the 0-1 day 
time period. 

Lichen mats intercepted 70% of the i n i t i a l  pa r t i c l e s  
application and moss mats intercepted 100%. 
times were calculated f o r  periods of 0-1 and 1-42 days. 
Half-times f o r  pa r t i c l e s  d u r i n g  the 0-1 day component were 
1.2 and 3.2 days f o r  l ichens and mosses, respectively.  For 
the 1-42 day component, half-times were s imi la r  w i t h  values 
of 48.6 ( l ichens)  and 49.4 days (mosses). 

Weathering ha1 f -  

, J  
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2. Five species of crop plants (squash, soybeans, sorghum, peanuts, 
and lespedeza) were tes ted i n  the  f i e l d  with two pa r t i c l e  s i z e  
ranges of quartz containing B6Rb (Witherspoon and Taylor 1970, 
Witherspoon 1972). 
and 6.6 g of par t ic les  per f t 2  (88-175 1.1 pa r t i c l e s )  were applied 
t o  6-week-old plants.  I n i t i a l  interception and retention up  t o  
8 weeks were determined. The i n i t i a l  interception of smaller 
pa r t i c l e s  (44-88 1.1 diam) by fo l iage  was 2.5 times tha t  of la rger  
pa r t i c l e s  (88-175 1.1 diam). Pa r t i c l e  interception was correlated 
w i t h  leaf  area and varied between species by a f ac to r  of 65 in 
terms of pCi 0 6 R b  per g of fol iage.  

Mass loadings of 5.7 (44-88 1.1 pa r t i c l e s )  

After rapid i n i t i a l  losses o f  f a l l o u t  (67% in the f irst  week 
a f t e r  deposition) , differences i n  retention between species 
became nonsignificant. Retention times of the two pa r t i c l e  
size ranges were a l so  found t o  be s imilar .  
half-times for par t ic les  were 2.3, 9.0, and 16.0 days fo r  time 
components of 0-1.5, 1.5-14, and 14-33 days, respectively.  

(Average weathkring 

3. Smaller pa r t i c l e s  (1-44, average 7.5 11) containing 134Cs were 
applied t o  6-week-old soybean and sorghum plants (Wi therspoon 
and Taylor 1971). 
of so i l  surface area. 

Mass loading was 1.9 g of pa r t i c l e s  per f t 2  

I n i t i a l  interception was s imi la r ,  w i t h  39.5 and 38.2% of the 
deposition quantity retained by soybeans and sorghum, respec- 
t ive ly .  S i t e s  of intercept ion,  however, differed great ly  
between species.  

Pa r t i c l e  weathering half-times were determined fo r  whole plants 
and plant par ts .  
days fo r  0-7 and 7-34 days, respectively.  Sorghum fol iage half-  
times were 3.9 and 17.9 days. Par t ic les  in the axi l  regions of  
sorghum, e f fec t ive  trapping s i tes ,  had a weathering half-time 
of 35.4 days - about twice t h a t  of pa r t i c l e s  on sorghum foliage.  

A quartz f a l l o u t  simulant containing 134Cs was deposited (1.85 g 
of pa r t i c l e s  per f t 2 )  on four common species of grasses used 
fo r  pasture o r  turf purposes (Zoysia, Bluegrass, Fescue, and 
Bermuda) (Peters and Wi therspoon 1972) .  I n i t i a l  interception of 
the f a l l o u t  sirnulant varied from 68 t o  82% between species.  
Weathering half-times (days k 1 S.E.) of pa r t i c l e s  on fol iage 
average 3.5 f 0.6, 36.7 2 8.6,  and 80.5 k 39.5, respectively,  
fo r  time periods of 0-2.5, 2.5-34, and 35-48 days following 
deposition. Par t ic les  l o s t  from fo l iage  were mostly trapped 
by dense mats of stem and dead fol iage,  and t ransfer  of par- 
t i c l e s  t o  the so i l  surface amounted only t o  31% of the original 
deposition a t  48 days. As a r e su l t  of greater  retention during 
postcontamination fallout-contaminated grasses m i g h t  be expected 
t o  receive greater  radiation doses and supply more radioact ivi ty  
f o r  food-chain t ransfers  than other agr icul tural  plants w i t h  
l e s s  e f fec t ive  structures f o r  pa r t i c l e  re tent ion.  

Soybean fo l iage  half-times were 4.4 and 24.4 

4. 
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5. Small wh i te  p ine  (Pinus s t robus)  and r e d  oak (Quercus rubra)  
t rees  were dusted i n  the  f i e l d  w i t h  a f a l l o u t  s imu lan t  con- 
s i s t i n g  o f  88-175 p-diam quar t z  p a r t i c l e s  con ta in ing  134Cs 
(Witherspoon 1969). 
up t o  33 days a f t e r  a p p l i c a t i o n  o f  t he  Simulant, and t h e  134Cs 
r e t e n t i o n  by each species was determined. 

Whole p lan ts  were harvested a t  i n t e r v a l s  

The i n i t i a l  f r a c t i o n  o f  t h e  s imu lan t  r e t a i n e d  by f o l i a g e  
was h ighe r  i n  t h e  oaks (35%) than i n  t h e  p ines (24%). However 
a f t e r  1 h r ,  t h e  broad- leaved oaks had l o s t  90.5% o f  t h e  
i n i t i a l  134CS concentrat ions,  w h i l e  t h e  p ines had l o s t  on l y  about 
10%. 
e f f e c t s  o f  wind on t h e  two d i s t i n c t  f o l i a g e  types. 

E f f e c t i  ve ha1 f-1 i ves were c a l  c u l  a ted  f o r  bo th  species a t  
i n t e r v a l s  o f  0-1, 1-7, and 7-33 days. 
values were 0.2, 4.5, and 20.7 days, r e s p e c t i v e l y .  For oaks, 
they were 0.1, 1.4, and 24.9 days. 

These e a r l y  r e t e n t i o n  d i f f e rences  were r e l a t e d  t o  t h e  

For p ine  t r e e s  these 

These s tud ies  demonstrated t h a t  e a r l y  l oss  r a t e s  o f  
p a r t i c l e s  f rom a wide v a r i e t y  o f  vegeta t ion  types are s i m i l a r .  
Weathering ha1 f - t imes f o r  var ious t ime components and vegeta t ion  
types were w i t h i n  a f a c t o r  o f  2 d i f f e r e n c e .  

Tree species were shown t o  have a g r e a t e r  r a t e  o f  e a r l y  
l oss  o f  f a l l o u t  p a r t i c l e s  than a g r i c u l t u r a l  p l a n t s .  Matted 
p l a n t s  such as some l i chens ,  mosses, and grasses proved t o  be 
very e f f e c t i v e  i n  r e t a i n i n g  f a l l o u t ,  thus demonstrat ing a h igh  
p r o b a b i l i t y  bo th  o f  g rea te r  dose t o  these vegeta t ion  types 
and t o  animals t h a t  consume them. 

Recommendations 

1. Studies repo r ted  here have invo lved  t h e  use o f  fa1  l o u t  p a r t i c l e s  
g rea te r  than 44 v i n  diameter.  
sma l le r  p a r t i c l e s  which are l i k e l y  t o  be d ispersed over a w ide r  
area than c l o s e - i n  f a l l o u t  f o l l o w i n g  de tonat ion  o f  nuc lea r  
devices . 

S i m i l a r  s tud ies  should be made on 

. - 

2 .  More i n f o r m a t i o n  i s  needed on s p e c i f i c  r e t e n t i o n  s i t e s  on 
p lan ts .  
s i t e  i n  t h e  a x i l  regions, and est imates o f  r a d i a t i o n  dose 
should i nco rpo ra te  c o n t r i b u t i o n s  o f  dose from these spec ia l  
reg ions . 

For example, grasses have a very e f f e c t i v e  r e t e n t i o n  

-c 
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RETENTION O F  FALLOUT SIMULANT PARTICLES ON FESCUE VEGETATION 

R. C. D a h Z r n a n  

Summary 

Short-term (to t o  2 weeks) re tent ion and weathering were determined 
for  sand s i z e  (44-188 p diam) pa r t i c l e  deposits on fescue grass .  
mum retention ranged from 45% a t  to t o  11% a t  t + 1 hr, and pa r t i c l e  
weathering was described with a modified negative exponential function 
over a 2-week in t e rva l .  
times ( 3  t o  5 days) would tend t o  reduce radiation exposure t o  fol iage 
and would diminish the entry of radionuclide in to  food-chain pathways. 

Maxi- 

Re1 a t ive ly  short pa r t i c l e  weathering ha1 f -  

Expe r i men t a1 

Surface nuclear detonations produce cl ose-i n fa1 1 o u t  p a r t i c l e s ,  
and t h i s  material represents a new dimension of environmental con- 
tamination. The behavior of simulant pa r t i c l e s  and the resul t ing 
e f f ec t s  of 137Cs contaminant on p lan ts ,  animals, and insec ts  were 
investigated in a t a l  1 fescue (Festuca arundinacea Shreb) meadow. 

Pa r t i c l e  re tent ion and weathering were determined f o r  uniform stands 
of 10-week-old regenerated fescue grass.  For a mass load (10 g / f t 2 )  
applied t o  fescue (17 g / f t 2  34 s t e m s / f t 2 ) ,  i n i t i a l  re tent ion (to) 
was 45% fo r  small (44-88 1.1 diam) and 20% f o r  large (88-177 p diam) 
par t i  c l e s .  Immediate par t i  cl e 1 oss from vegetation occurred because 
retention averaged 11% a t  to + 1 hr; the rea f t e r ,  pa r t i c l e  weathering 
was described with a negative exponential model (Fig.  l a )  of the form, 

where a and A parameters were 0.20 2 0.02 and 0.26 2 0.02, respect ively.  
The model has a l so  been tes ted  w i t h  sorghum data (see Witherspoon, t h i s  
r epor t ) ,  and the continuous function weathering model described time- 
dependent retention on sorghum with a nearly s imi la r  1 parameter 
(0.26 versus 0.23),  b u t  with appreciably d i f f e ren t  terms (0.20 versus 
0.03). 

Short-term ( t  + 1 week) weathering half-times were approximately 
3-5 days for  lo th  fescue and sorghum cases. 
important because, while i n i t i a l  (to) pa r t i c l e  retention on coarse 
pasture grass may approach 50% of deposi ti  on , rapi d weatheri ng processes 
will  decrease retention t o  only 10% within 1 hr. Rapid and exponential 
pa r t i c l e  weathering wil l  continue f o r  several weeks, exhibi-ting pa r t i c l e  
retention half-times of 3 t o  5 days. 

These observations are 

Prompt pa r t i c l e  weathering 

- I  
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Fig.  1. Average e f f e c t i v e  p a r t i c l e  r e t e n t i o n  by fescue and sorghum grasses. Data normal ized t o  
express t + 1 h r  as i n i t i a l  r e t e n t i o n .  
prov ided by Witherspoon and Taylor, t h i s  r e p o r t .  

Sorghum and fescue data composited i n  ( c ) .  Sorghum data 



, 
10 

a f fec t s  several other  radio1 ogi cal manifestations : (1  ) Radiation 
dose t o  grass fol iage from contact exposure i s  reduced, d i r ec t  radio- 
nuclide uptake by fol iage from pa r t i c l e  deposits i s  decreased, and 
resu l tan t  radionuclide entry in to  ecological food-chains i s  diminished. 
( 2 )  In  cont ras t ,  rapid red is t r ibu t ion  of highly radioact ive,  shor t  
h a l f - l i f e  f a l l o u t  pa r t i c l e s  from fol iage concentrates the deposit  
a t  so i l  surfaces which would increase the radiation dose t o  the  meristems 
(growing points)  of graminacous plants (grass ,  grain,  corn) ,  a mechanism 
which conceivably would increase radiation e f f ec t s  and damage t o  
bo th  native and agronomic p lan ts .  These manifestations would be 
influenced great ly  by short-term pa r t i c l e  and radionuclide behavior 
d u r i n g  the i n i t i a l  two weeks o f  contamination. 
in radiological hazard assessment would scarcely be a l t e r ed ,  however, 
by the new re su l t s  on rapid weathering of pa r t i c l e s  as determined 
from these experiments. 

Long-term considerations 

Recomrnenda t i ons 

1. 

2 .  

3. 

4. 

Experimental work on pa r t i c l e  re ten t i  on and weathering on 
Vegetation needs t o  be extended t o  include smaller s i ze  
classes (0.5 t o  5.0 p diameter). Retention and deposition 
processes (pl ume d ispersa l ,  deposition veloci ty)  need t o  be 
re1 ated t o  d u s t  cloud characteri  s ti cs . 
Relationships between vegetation charac te r i s t ics  ( l ea f  
morphology, f o l i a r  crevices and other  microsi tes)  and pa r t i c l e  
retention need fur ther  e lucidat ion.  

Re1 ationships between pa r t i c l e  weathering rates  and meteoro- 
1 ogi cal condi t i  ons (dew formati on,  preci p i  t a t i  on , canopy a i  r 
turbulence) need refinement. 

Correlation of pa r t i c l e  weathering ra tes  w i t h  vegetative 
cha rac t e r i s t i c s  (phytotaxic growth ,  central  axis elongation, 
wind-induced leaf-sheath f l exa t i  on) needs fu r the r  investigation 
f o r  vegetable and forage crops. 

-.. - 
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DISTRIBUTION OF RADIOCESIUM ASSIMILATED BY FESCUE FOLIAGE 

R. C. DahZman 

Summary 

Foliar assimilation and in t rap lan t  red is t r ibu t ion  of radiocesium 
by fescue grass were determined fo r  a simulated contamination. As 
indicated by mi croautoradiographs, most of the 34Cs was ini  t i  a1 ly 
incorporated in to  internal  t i s sues  . Approximately 50% of the f o l i a r  
radiocesium moved rapidly t o  other par ts  of the plant ;  of t h i s  
amount, about 20% moved t o  the root system, 20% t o  emerging f lo ra l  
s t ruc tu res ,  45% t o  mature inflorescence.  Decrease in fol i age con- 
centration followed a negative exponential pattern and the 
accumulation in roots was a mirror image of f o l i a r  l o s s .  This 
experiment i l l  us t ra ted the  great  mobi 1 i ty of radiocesium in plants ,  
and s imi la r  patterns of uptake and d is t r ibu t ion  can be expected from 
f o l i a r  uptake of fa1 lou t  deposits.  

Experimental 

Knowledge of radioisotope di s t r i  buti on pat terns  i n  p l  ant  par ts  of 
grass i s  important because fol iage comprises the principal food 
base of the grass-cattle-human food chain. Ingested food s t u f f s  will  
determi ne radioact ivi ty  body burden and internal  dose t o  consumer 
organisms which feed on fo l iage ,  roots, and seeds. 

Foliar assimilation of radiocesium and subsequent redis t r ibut ion 
t o  other par ts  of fescue plants were determined in the laboratory 
during vegetative and flowering phases of the growth cycle. Grass 
plants were contaminated by submerging leaves in a I3%s solut ion.  
Most of  the assimi la ted  radiocesi urn was internal  , because microautoradio- 
graphs of leaves disclosed ac t iv i ty  d is t r ibu ted  i n  veins ra ther  than 
concentrations on the  leaf  surface.  Uniformity in to t a l  uptake permitted 
subsequent analysis o f  in t rap lan t  d i s t r ibu t ion  pattern ( F i g .  2 )  with 
time and phenological developments. Signif icant  quanti t i e s  of f o l i a r -  
assimilated radiocesium were promptly redis t r ibuted t o  d i f fe ren t  
plant par t s ,  a b o u t  20% t o  the root  system in f ive  days and then 20% 
t o  the flower s t ruc tures  as they emerged from the sheath 15 days 
a f t e r  labeling. A t  f l o ra l  maturity the content in inflorescence 
increased to  45% of the to t a l  present i n  the  plant.  Redistribution 
of radiocesium from root  t o  inflorescence accounted f o r  approximately 
half the i n i t i a l  burden in the flowering organs.  
jncrease in flowering par ts  was a t t r ibu ted  t o  t ransport  from fol i age, 
and the rapidi ty  with which transport  occurs i s  i l l u s t r a t e d  by these 
r e su l t s .  Approximately 15% of to t a l  plant radiocesium moved t o  the 
emerging fescue inflorescence in a 2-day period. 

Subsequent radiocesium 

1 



12 

-- 

ORNL-DWG 68-6718 

TOTAL TRANSPORT TO ROOTS- ------ ---- 

80 

70 

- 60 
a-" - 
5 
v) 
W 

50 
0 
U 
(z 

40 

30 

20 

10 

0 

. 

\" 
LEACHED FROM ROOTS 7 

I 
NODALROOTS 

6 

0 5 10 15 20 25 30 35 
TIME AFTER ASSIMILATION (days) 

Fig .  2. Distribution of radiocesium i n  d i f fe ren t  organs of fescue 
following f o l i a r  assimilation. Large e r ror  terms for fol iage and inf lor -  
escence a t t r ibu ted  t o  variable retention on surface microsites and in t e r -  
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Interest ing radiocesium dis t r ibu t ion  patterns were observed 
between seminal and nodal roots of young fescue grass.  The former 
or iginate  from germinal t i s sue  i n  the seed, and the l a t t e r  develop from 
meristematic t i s sue  of the  stem nodes. I n i t i a l l y ,  radiocesium moved 
from shoots t o  seminal roots;  then a f t e r  four days nearly a l l  the 
basipetal movement was t o  the nodal roots. Although less  than 10% of 
the radiocesium present in the en t i r e  p l a n t  was leached from roots, th i s  
quantity r e f l e c t s  additional basipetal transport which would have gone 
undetected i f  the  rooting media had n o t  been examined fo r  a c t i v i t y .  
Radiocesium leached from roots was roughly half of the to t a l  observed 
in the root  system. 
to ta l  roo t  system followed an exponential pattern ( F i g .  2 )  during 
the 2- t o  14-day period following f o l i a r  ass imilat ion.  
with inflorescence emergence, the direct ion of t ransport  was reversed, 
and the nuclide moved back in to  the shoots. 
accumulation in roots probably would have continued, b u t  a t  a slower 
r a t e ,  such as t h a t  indicated by the extrapolated to t a l  t ransport  t o  
roots.  

The r a t e  of radiocesium accumulation in the 

Coincident 

I n  the absence of flowering, 

In the ear ly  phase of radiocesium transport  from fo l iage ,  the 
reduction in ac t i  vi ty appeared t o  fo l l  ow a decreasing exponenti a1 
pat tern,  somewhat a mirror image of accumulation in roots .  B u t  
the emerging inflorescence provided an addi t ional "si n k "  t o  whi ch 
the mobile nuclide moved. This caused the r a t e  of t r ans fe r  from 
fol iage t o  be maintained a t  a re la t ive ly  high l eve l ,  and eventually 
over 50% of the  assimilated radiocesium moved out of the fo l iage .  
I n  the absence of inflorescence emergence, a slower ra te  of radiocesium 
transport  from fo l iage  would be expected during the l a t e  phase 
(plus 2 weeks) of red is t r ibu t ion ,  and expected retention i n  fol iage 
(Fig. 2 )  was estimated a t  65 t o  70% of t h a t  assimilated.  A two-phase 
ra te  of t ransport  was suggested f o r  radiocesi um movement from fol iage.  
B o t h  f ree  and bound cesium ions probably exis ted in plant t i s sues ,  
and the ear ly  phase (1 t o  2 weeks) consisted of t ransport  of the 
readily avai lable  portion via the translocation stream. Then the  
ra te  diminished, because of decreased ava i l ab i l i t y  and pool s i z e ,  
and possibly due t o  physical-chemical and biological f ixat ion of 
cesium in  l iv ing  protoplasm of the leaf  t i s sue .  

Similar patterns of d i s t r ibu t ion  i n  fescue plants would be expected 
fo r  the radiocesium assimilated from f a l l o u t ,  with the exception 
of accumulation in s o i l .  If s o i l  acted as a sink which continually 
absorbed cesium ions released from the roots, then t r ans fe r  t o  the 
so i l  may be greater  than tha t  observed in t h i s  experiment. This 
mechanism would e f fec t ive ly  remove the nucl i de from bi 01 ogi cal ci r cu la t i  on. 
On the contrary, i f  the so i l  presents an optimal physical-chemical 
and moisture envi ronment, these fac tors  would modify root  s t r e s s ,  
thereby reducing root l o s s .  
in soi ls  i s  n o t  ea s i ly  evaluated because precise measurement of t ransfers  
via t h i s  route i s  complicated by the d i f f i c u l t y  of separating roots 
from cl ay-mi neral res i dues. 

- _. 
Root contribution t o  radiocesium accumulation 
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Recommendations 

1 .  Experimental s tudies  should be done t o  determine ra tes  and 
magni tudes of fol  i ar incorporation of o ther  fa1 1 o u t  radi o- 
nucl i des ( 90Sr,  144Ce, 0 6 R u ) .  Internal uptake should be 
investigated i n  re la t ion  t o  modes o f  contamination, physio- 
1 ogi cal and morphologi cal fea tures ,  and m i  crocl imati c 
condi t i  ons (dew formati on, soi 1 water s t a tus  ) . 

2.  Physiological s tudies  should be extended t o  determine the 
mechanism of radionuclide uptake i n  re la t ion  t o  stomatal 
openings , f i ssures  i n  epi dermal cut i  n ,  and gas-water vapor 
exchange processes. 

3.  In t rap lan t  t ranslocat ion and r e l a t ive  concentrations of 
assimi 1 ated radi oacti vi  ty  i n pl ant organs should be i nves t i  - 
gated f o r  vegetable and grain crops. 

. 
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ESTIMATION OF RADIOCESIUM REDISTRIBUTION I r j  RUNOFF 
FROM A FESCUE MEADOW 

R. C. DahZman 

Summary 

- -- 

.I - 

R e d i s t r i b u t i o n  o f  137Cs i n  r u n o f f  f rom contaminated grass p l o t s  
was c a l c u l a t e d  from f a l l o u t  s o l u b i l i t y  and s o i l  p e r m e a b i l i t y  
c h a r a c t e r i s t i c s ,  i n c l u d i n g  est imates o f  s o i l  e ros ion  and sur face 
water r u n o f f .  Observed r u n o f f  never exceeded 2% o f  r a i n f a l l  i n p u t ,  
and i t  was est imated t h a t  approximately 0.015% o f  t h e  f a l l o u t  depos 
w i l l  be r e d i s t r i b u t e d  i n  each p r e c i p i t a t i o n  event t h a t  produces a t  
l e a s t  4 l i t e r s  r u n o f f  pe r  m2. L i m i t e d  data on measured radiocesium 
t r a n s p o r t  were i n  reasonable agreement w i t h  p r e d i c t e d  values o f  r a d  
a c t i v i t y  l oss  f o r  a grass-sod system. 

Ex pe r i men t a1 

t 

0- 

The p r e c i  p i  t a t i o n  regime o f  t h e  Southeastern Uni ted States averages 
50 in. /year,  and r a i n f a l l  occas iona l l y  occurs as i n t e n s e  storms. 
R e d i s t r i b u t i o n  o f  f a l l o u t  v i a  e ros ion  may i n f l u e n c e  r a d i o a c t i v i t y  
concentrat ions i n  f o o d s t u f f s  and d r i n k i n g  water o r  a f f e c t  t h e  
r a d i a t i o n  dose t o  endemic organisms. P o t e n t i a l  r a d i o a c t i v i t y  
r e d i s t r i b u t i o n  was est imated f o r  t y p i c a l  r a i n f a l l  events p r i o r  
t o  i n t r o d u c i n g  t h e  f a l l o u t  s imulant.  R a d i o a c t i v i t y  i n  r u n o f f  
was r e l a t e d  t o  excess water r u n o f f  from p r e c i p i t a t i o n  events. 
S o i l  eros ion was determined from an adaptat ion o f  a s o i l - l o s s  
equat ion (Wischmeier 1965) t o  f i t  grass-sod systems. Actual  and 
p r e d i c t e d  rad ioces i  um losses were compared f o r  a fescue meadow ecosystem. 
It was determined t h a t  radiocesium removal f rom t h e  experimental 
area would be a f u n c t i o n  o f  (1  ) t h e  q u a n t i t y  o f  water  and eroded 
s o l i d s  i n  r u n o f f  and (2 )  t he  q u a n t i t y  o f  137Cs d isso lved  i n  water 
and sorbed on s o l i d s .  Runoff was r e l a t e d  t o  s o i l  mois ture recharge 
and r a i n f a l l  i n t e n s i t y ,  and genera l l y  t h e  s o i l  system had t h e  capac i t y  
t o  absorb approximately 4 i n .  o f  r a i n ,  a f t e r  which t h e  s o i l  became 
sa tu ra ted  and r u n o f f  occurred. This  observed 4- in.  recharge c o r r e l  a ted  
we1 1 w i t h  t h e  ca l  c u l a t e d  water s torage capac i t y  based on avai  l a b l e  
pore space [25% when s o i  1 water was 25% ( f i e 1  d capac i t y  i s  28%)] 
assuming recharge o f  t h e  top  15 t o  20 i n .  o f  t h e  p r o f i l e .  Indeed 
t h e  s o i  1 system absorbed p r e c i p i t a t i o n  i npu ts ,  because r u n o f f  was 
inconsequent ia l ,  and t h e  maximum observed was 2% o f  t h e  t o t a l  i n p u t .  
S i x  of n ine  r u n o f f  events each y i e l d e d  l e s s  than 1% o f  the  r a i n f a l l  
i npu t .  An upper l i m i t  of radiocesium l o s s  was est imated f o r  an 
extreme case o f  5% (2.5 t imes the observed) r u n o f f ,  where 0.015% o f  
t he  f a l l o u t  depos i t  ( I )  would be removed i n  r u n o f f  ( I  x 0.15 [ s o l u b i l i t y ]  
x 0.02 [Kd] x 0.05 [ r u n o f f ]  = 1 x 0.00015 o r  1 x 0.015%; see Fig. 3 ) .  
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Fig. 3. Predicted movement of radiocesium from a >400-liters/100 m2 (4 liters/m2) runoff event 
shortly after application of 2 Ci (20 mCi/m2) of 137Cs fallout simulant. 
represent mil 1 icuries of 137Cs, and other values indicate fractional transfer between compartments. 
Distribution coefficient (*Kd = Cssoil /Cswater ) was 200 for illitic clay. 
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Wi th in  1 i m i  t s ,  1 i near ex t rapo l  a t i o n  probably would ho l  d f o r  r a i  n f a l l  
o f  g rea te r  magnitude. Dense cover o f  grass and l i t t e r  f i l t e r e d  and 
removed most o f  t h e  s o i l ,  and eroded s o l i d s  were n e a r l y  absent from 
r u n o f f  water. Although t h e  h ighes t  concentrat ions o f  r a d i o a c t i v i t y  
would be c a r r i e d  by s o l i d  ma te r ia l s ,  t h e  t o t a l  l o s s  i n  t h i s  phase 
was n e g l i g i b l e  because t h e  vege ta t i ve  cover e f f e c t i v e l y  prevented 
so i  1 eros ion.  

Resul ts from f i e l d  experiments a f t e r  contaminat ion pe rm i t ted  a com- 
pa r i son  o f  p r e d i c t e d  and observed r u n o f f  and s o i l  loss. For cond i t i ons  
o f  severe r u n o f f ,  annual s o i l  l oss  was p r e d i c t e d  on t h e  bas is  o f  20 r a i n -  
f a l l  events, each producing 400 l i t e r s  o f  r u n o f f  which would y i e l d  16 g 
m-2 y e a r - I  o f  s o i l  l oss  [(400 l i t e r s / e v e n t ) ( 2 0  events) / (5  li t e r s / g )  
(100 m2)]. 
l oss  equat ion 3 eros ion l o s s  was reasonably good cons ide r ing  t h a t  t h e  
s o i l - l o s s  model (Wischmeier 1965) was de r i ved  i n i t i a l l y  f o r  c u l t i v a t e d  
systems, and t h e  system i n  quest ion was a grass meadow. C o r r e l a t i o n  
was b e t t e r  when observed eros ion was compared w i t h  t h e  maximum p r e d i c t e d  
assuming extreme condi ti ons o f  r a i  n f a l  1 eros i v i  t y  . 
t h e  Wischmeier and Smith model overest imated e ros ion  from a vegetated 
sod by three t o  ten t imes t h a t  which was observed f o r  s imulant  p l o t s .  

The impor tan t  factors  determin ing i n i t i a l  d i s t r i b u t i o n  o f  137Cs w i l l  
be s o r p t i o n  on s o i l  and movement o f  d isso lved  and s o l i d  m a t e r i a l s  i n  
water. 
s imulant  was s o l u b l e  i n  water, and 24% o f  t h e  radiocesium w i l l  t r a n s f e r  
t o  c l a y  i n  a 1: l : lO simu1ant:clay:water s l u r r y .  E q u i l i b r a t i o n  occurred 
r a p i d l y  because o n l y  26% t r a n s f e r  was observed a f t e r  7 days. 
s o l u b i l i t y  (10%) and exchange (20%) parameters, a model ( F i g .  3) was 
const ructed t o  show t h e  expected behavior  o f  rad ioces i  um under c i  rcum- 
stances o f  a heavy r a i n  (>4.0 i n . )  immediately f o l l o w i n g  a p p l i c a t i o n  o f  
t h e  contaminant t o  t h e  p l o t s .  

thus,  most o f  t h e  137k i n  s o l u t i o n  was sorbed by s o i l .  

I n  porous s o i l  which possessed moderate recharge capac i t y  ( 4  t o  5 
i n .  pe r  storm event) ,  r a i n f a l l  i n t e n s i t y  can be l a r g e l y  ignored when 
grass-sod c o n s t i t u t e s  t h e  landscape sur face.  A r a i n f a l l  event which 
produced 400 l i t e r s  o f  r u n o f f  was p r e d i c t e d  t o  con ta in  0.015% o f  137Cs 
contaminant (see above d iscuss ion and Fig.  3 )  o r  0.33 m C i  (5.0 x 
2.2 C i  of t h a t  a p p l i e d ) .  
on l y  one event produced apprec iab le r u n o f f ,  v i z .  400 l i t e r s  (Table 1 ) .  
To ta l  measured a c t i v i t y  removed from t h e  p l o t  was 0.118 m C i ,  l ess  than 
o n e - t h i r d  of the est imated removal (0.33 m C i  p e r  even t ) .  

A reement between observed and p r e d i c t e d  (based on t h e  s o i l -  

For normal condi ti ons , 

From l a b o r a t o r y  t e s t s  i t  was determined t h a t  10% o f  t he  137Cs 

For 

Because o f  t h e  h igh  K o f  cesium r e a c t i o n  
w i t h  i l l i t i c  c lays  (K = ZOO), t h e  water was desorbe i q u i c k l y  by t h e  c lay ;  

x 
Dur ing a t e s t  p e r i o d  i n v o l v i n g  w i n t e r  r a i n f a l l ,  

\ 

- f 
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Table 1.  Observed Radiocesium i n  Runoff from Fescue Meadow 

Runoff (1 )  Erosion (9)  Total 137Cs (mci) 

2 
400a 

2 

- 
0.5 
0.3 

0.001 
0.118 
0.001 

aRunoff r a t e  - 4 l i ters /m2.  

In conclusion, an approximate quant i ty  of rad ioac t iv i ty  car r ied  i n  
runoff from contaminated areas can be calculated from fa1 1 out sol u b i  1 i ty  
and so i l  .sorption coef f ic ien ts ,  from erosion estimates (negl igible  
i n  grass systems) based on the so i l - loss  equation, and from estimates 
o f  surface water runoff. 
soluble simulant and a sandy-loam so i l  containing i l l i t i c  clay,  
approximately 0.015% of tha t  deposited will  be t ransfer red  i n  events 
where runoff exceeds 2% of the ra infa l l  i n p u t .  Total radiocesium 
removal via runoff can be estimated w i t h i n  acceptable l imi t s  based 
on a working knowledge o f  f a l l o u t  and s o i l  charac te r i s t ics  and an 
estimate of excess water runoff. 

For radiocesium, a f i e l d  t e s t  w i t h  a moderately 

Recommendations , 

1 .  Redistribution of other  f a l l o u t  products (90Sr, I O ~ R U ,  14?e) 
which exhib i t  variable so lub i l i t y  i n  runoff should be examined 
i n  re la t ion  t o  nuclide s o l u b i l i t y ,  grass cover, and so i l  
i n f i l t r a t i o n  cha rac t e r i s t i c s .  

2. Localized f a l l o u t  p a r t i c l e  and nuclide red is t r ibu t ion  pat terns  
should be examined f o r  fallow, vegetated, and cu l t iva ted  
s o i l  t o  determine "hot spot"  concentrations on the s o i l  surface.  
Radioactivity reconcentrations should be re la ted  t o  small-scale 
models of erosion and sediment t ransport  i n  e f f o r t s  t o  pred ic t .  
radi a t i  on dose t o  cul t i  vated o r  endemi c organisms . 

r Ref e ren ce 

Wischmeier, W .  H . ,  and 0. D. Smi th .  1965. Predicting r a in fa l l  erosion 
losses from cropland e a s t  of the Rocky Mountains: 
select ion of pract ices  f o r  s o i l  and water conservation, U.S.  Dept. 
Agr. ,  Agr. Handbook No. 282. 

Guide f o r  
-- - 
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RADIONUCLIDE CONCENTRATIONS IN COMPONENTS OF A GRASSLAND ECOSYSTEM 
FROM AN ACUTE CONTAMINATION EVENT 

R. C. Dahlman  

Summary 

Radiocesi um-tagged pa r t i c l e s  were applied t o  a fescue community i n  
a simulated contamination event. Direct deposition on foliage resulted 
in 137Cs uptake by the vegetation which was two orders of magnitude 
grea te r  than chronic concentrations maintained by assimilation from the 
soi 1 . Radi ocesi um was dynami cal l y  redis t r ibuted during the  i ni t i  a1 
2-week period by pa r t i c l e  weathering, leaching, and in t rap lan t  movement. 
Thereafter new equ i l ib r i a  developed as b io t i c  137Cs burdens were based 
on uptake from the so i l  pool. The l i t t e r  component i n i t i a l l y  retained 
the grea tes t  f ract ion of radioact ivi ty  and was characterized by the 
slowest turnover time (T = 80 days). The important ecological 

organism body burdens i n  detr i ta l -based food chains. This integration 
and assimilation i s  valuable,  because i t  would a i d  the design of 
ecological monitoring programs by identifying habi ta ts  and endemic 
organi sms whi ch would be exposed t o  maximum amounts o f  radi oact i  vi ty  . 

implication i s  t ha t  long- c2 erm retention i n  l i t t e r  will  lead t o  substant ia l  

There are  convi nci ng ndi  cations t h a t  the  fol i a r  i ntercepti  on mode 
of contamination will  r e su l t  in  higher radioact ivi ty  concentrations in 
foliage and foods tuff compared wi t h  radi onucl ide uptake from soi 1 
(Krieger e t  a l .  1966, Middleton 1959). When f a l l o u t  simulant par t ic les  
were deposited d i r e c t  y on fescue (Festuca arundinacea Shreb.), the 
137Cs content of l iving vegetation was two orders of magnitude grea te r  
than when the radionuclide was assimilated from an equivalent so i l  
pool . The i ni ti  a1 ly  h i g h  radi onucl i de concentrations of fol i age, 
due t o  d i r ec t  deposition, decreased exponentially as a function of 
time a f t e r  the contamination event. 

Substantial radioact ivi ty  concentration in  vegetation creates  a 
re la t ive ly  h igh  hazard t o  other animals which may feed on the contaminated 
material dur ing  i n i t i a l  postcontamination periods (See Dunaway e t  a l . ,  
this r e p o r t ) .  However, the high hazard potential  i s  of re la t ive ly  
short  duration , because weathering and growth processes decrease 
radionuclide concentrations t o  a level which i s  maintained by uptake 
from s o i l .  Subsequently, a lower equilibrium between plants and so i l  
becomes establ ished,  and chronic plant burdens are  a function of  routine 
plant nu t r i t ion  processes and the quantity of radionuclide i n  the  so i l  
pool. Concentrations maintained by t h i s  equilibrium are several orders 
of magnitude l e s s  than the i n i t i a l  concentration caused by d i r ec t  
deposition on fol iage.  The chronic plant radionuclide burden will  
account fo r  less  radioact ivi ty  entry in to  food chains, where attendant 
radiological hazards are  low level and of a long-term duration. 
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Resul ts f rom f i e l d  and l a b o r a t o r y  experiments on t h e  contaminat ion 
o f  fescue grass have been i n t e g r a t e d  w i t h  t h e  a i d  o f  systems modeling 
techniques t o  i l l u s t r a t e  r e l a t i v e  concent ra t ions  o f  radiocesium i n  
d i f f e r e n t  ecosystem components f o l  low ing  a u n i t  source depos i t i on  t o  a 
fescue meadow. I n i t i a l  cond i t i ons  and t r a n s f e r  f unc t i ons  used i n  t h e  
model are summarized i n  Table 2 .  Radiocesium t r a n s f e r s  among p l a n t -  
li t t e r - s o i l  components were de f i ned  as 1 i n e a r  o r  exponent ia l  funct ions 
(T's, Table 2 ) ,  and t h e  equat ions f o r  change i n  s t a t e  o f  s i x  compart- 
ments were so lved w i t h  a Runge-Kutta r o u t i n e  prov ided by Com-Share. 
W i t h i n  l i m i t s ,  t he  r e s u l t s  o f  t h i s  s imu la t i on  (F ig .  4 )  f i t  observed 
concentrat ions and t rends o f  rad ioces ium r e d i s t r i b u t i o n  among d i f f e r e n t  
components of  a g rass -so i l  system as a f u n c t i o n  o f  t ime a f t e r  
contaminat ion.  The p a r t i c l e  depos i t  f rom a s i n g l e  acute i n p u t  i n i t i a l l y  
was p a r t i t i o n e d  a t  10 and 90% f o r  f o l i a g e  and l i t t e r ,  r e s p e c t i v e l y  (see 
R. C. Dahlman, t h i s  r e p o r t ) .  Resul ts  o f  t h e  s imu la t i on  i l l u s t r a t e d  
the  h i g h l y  dynamic na ture  o f  radiocesium du r ing  the  i n i t i a l  2- t o  3-week 
p e r i o d  f o l l o w i n g  contaminat ion.  P a r t i c l e  weather ing,  leaching,  and 
i n t r a p l a n t  movement o f  radiocesium are processes which accounted 
f o r  dynamic r e d i s t r i b u t i o n  i n i t i a l l y ,  and, t h e r e a f t e r ,  radiocesium 
f l uxes  became less  dynamic as new e q u i l i b r i a  depended on uptake f rom 
the  s o i l  pool .  

Experiments whi ch prov ided data f o r  t h i s  s i m u l a t i o n  focused on 
p a r t i c l e  dynamics i n  l i t t e r  and f o l i a g e ,  p l a n t - p a r t i c l e  i n t e r a c t i o n s ,  
and rad ioces i  um m o b i l i t y  i n  aboveground vegeta t ion  (Dahlman e t  a1 . 
1969). 
o t h e r  l i t e r a t u r e  i n fo rma t ion .  Data on radiocesium content  o f  r o o t s  
were incomplete,  b u t  t h e  t r e n d  f o r  r o o t  concent ra t ion  was w i t h i n  
an acceptable l i m i t  based on o t h e r  repo r t s  o f  radiocesium roo t /shoot  
r a t i o s  (Dahlman 1972, Handley and Babcock 1970). Simulated radiocesium 
concent ra t ion  t rends  i n  l i t t e r ,  so i  1 , f o l  iage,  and f r u i t  were accurate 
representa t ions  o f  observed r e d i  s tri b u t i  on i n f i  e l  d and 1 abora tory  
experiments. This  was t r u e  f o r  both t rends o f  r e d i s t r i b u t i o n  and 
r e l a t i v e  magnitude o f  radiocesium i n  t h e  d i f f e r e n t  compartments as a 
f u n c t i o n  o f  t ime. 

Est imates o f  p l a n t  uptake f rom s o i l  were based i n  p a r t  on 

The s ign i f i cance  o f  t h i s  s i m u l a t i o n  was t h e  i l l u s t r a t i o n  o f  r e l a t i v e  
concentrat ions o f  a n u c l i d e  i n  d i f f e r e n t  components o f  t he  ecosystem 
f o l l o w i n g  an acute contaminat ion event.  
those of others (Rogowski and Tamura 1965), showed t h a t  t h e  l i t t e r  
component i n i t i a l l y  r e t a i n e d  t h e  g rea tes t  f r a c t i o n  o f  r a d i o a c t i v i t y ,  
and i t  a l s o  e x h i b i t e d  the  s lowest  tu rnover  t ime. A f t e r  severa l  months, 
t h i s  component s t i l l  r e t a i n e d  t h e  l a r g e s t  f r a c t i o n  o f  t he  i n i t i a l  
i npu t .  
and one month l a t e r  i t  approached a concent ra t ion  l e v e l  which was 

f o r  t h e  contaminant, b u t  equ iva len t  amounts i n  l i t t e r  and s o i l  d id  
n o t  occur u n t i l  6 months a f t e r  contaminat ion according t o  t h i s  i n t e g r a t i o n .  

r e t e n t i o n  i n  t h e  l i t t e r  component may l e a d  t o  s u b s t a n t i a l  concent ra t ions  
i n  d e t r i t a l - b a s e d  food chains.  Where dead organ ic  ma te r ia l  i s  an 

These r e s u l t s ,  and apparent ly  

The radiocesium content  o f  l i v i n g  f o l i a g e  d imin ished r a p i d l y ,  

two orders of magnitude less  than t h a t  a t  to. 

An impor tant  eco log i ca l  i m p l i c a t i o n  i s  t h a t  apprec iab le long- term a _  

S o i l  acted as a s i n k  .- - 
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Table 2. Initial Conditions and Transfer Functions Used in the Simulation 
of Radiocesium Dynamics in a Fescue Meadow 

Functions of fractional transfer (1) 

from specified compartment (day-') Initial 
condition" Compartment 

Definition Form Parameter 

Foliage surface (E) 0.1 1 1  = wlE, particle 
weatheringb 

1 2  = uq I E, particle 
t o  leaf surface 
leachingC 

1 3  =clE,leaf 
turnovef 

Litter (L) 

Soil (S) 

Root (R) 

Foliage burden (B) 

0.9 

0.0008 

0.0008 

0.0002 

14 = c2 L, litter 
turnovef 

1 5  = c3S, root 
uptakee 

16 = c ~ R ,  translocation to 
foliagef 

excretion, 
turnovek 

death and 
weatheringC 

to inflorescencec 

to rootc 

TI  = cs R, root 

~g = w ~ B ,  leaf 

19 = f1 qzB, translocation 

110 =f2qsB,  translocation 

Inflorescence (I) 0.0 Sink 

Negative exponential 

Negative exponential 
(wI  = e-kt) 

(u = ,-At) 

Constant linear 

Constant linear 

Constant linear 

Constant linear 

Constant linear 

Negative exponential 
(w2 = e+t) 

x = 0.25 
t = day 
A,= 1.38 
4' = 0.15 
t = day 
C' =0.005 

~2 = 0.006 

~3 = 0.0003 

~4 = 0.004 

cs = 0.0007 

A = 0.02 
t = day 

A = 0.35 
t = day 
A = 0.12 
t = day 
43 = 0.25 

"Unit input was initially partitioned between foliage surface and litter. Initial soil content was specified as 8 X lo4 of initial 
input; root content (8 X lo4) assumed to be equilibrated with soil; foliage burden specified as 0.2 of total plant content (0.1 X 
lo-', see footnoted). Inflorescence functions as a sink and receives input from foliage burden (B). 

.... -, 'T-. bR. C. Dahlman, 1972. 
'R. C. Dahlman et al., 1969. 
dJ. M. Kelly et al., 1969. 
eR. C. Pendleton et al., 1960. 
fR. Handley et al., 1970. 
gR. C. Dahlman et al., 1965. 
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Fig. 4. Relative concentrations of 137Cs i n  plant so i l  segments 
of fescue grassland contaminated with f a l l o u t  sirnulant par t ic les .  
I n i t i a l  deposit was parti t ioned between fo l iage  and l i t t e r  i n  the r a t i o  
of 1:9. 
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impor tan t  d i e t a r y  cons t i t uen t ,  rad ionuc l i de  i n g e s t i o n  would be a t  
l e a s t  two orders o f  magnitude g rea te r  than i f  l i v i n g  p l a n t  ma te r ia l  
c o n s t i t u t e d  the  food base. 

Empi r i ca l  and s imu la t i on  i n fo rma t ion  on r e l a t i v e  concentrat ions,  .r 
as shown here, a l s o  would a i d  t h e  design o f  eco log i ca l  mon i to r ing-  
programs, because i t  would i d e n t i f y  segments o f  t h e  system t h a t  have 
the  h ighes t  hazard p o t e n t i a l  w i th  regard t o  food-chain reconcentrat ions 
and exposure o f  endemic organisms. 

Recommendations 

1. Add i t i ona l  i n v e s t i g a t i o n s  o f  landscape contaminat ion are needed 
i n  t h e  ecosystem contex t  t o  evaluate r e l a t i v e  concentrat ions 
o f  o t h e r  rad ionuc l ides  i n  t h e  f u n c t i o n a l  components. Behavior 
o f  h i g h l y  rad ioac t i ve ,  s h o r t - l i v e d  contaminants should be used 
t o  assess shor t - te rm r a d i o l o g i c a l  hazards more r e a l  i s t i c a l  l y .  

2 .  Grazing animals should be i nc luded  as another ecosystem com- 
ponent i n  o rde r  t o  descr ibe  food-chain movements and r e s u l t a n t  
body burdens o f  r a d i  o a c t i  v i  t y  . 
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EFFECTS OF SIMULATED FALLOUT RADIATION DEPOSITS 
ON POLLEN VIABILITY . 

R. C. Dahlman ,  L inda  K.  Mann, and M. A .  BogZe 

S umma ry 

i. 

- .  

- .. 

..- 

Q u a l i t a t i v e  a t t r i b u t e s  o f  fescue grass p o l l e n  were o n l y  sl i g h t l y  
a f f e c t e d  by exposure t o  a low- level ,  chronic  r a d i a t i o n  regime (3-4 
rads/day).  
than t h a t  o f  c o n t r o l s .  Aborted p o l l e n  from i r r a d i a t e d  p l  ants averaged 
6% g r e a t e r  than con t ro l s ,  b u t  no d i f f e r e n c e s  were observed i n  percent-  
age o f  aberrant  p o l l e n .  

Normal p o l l e n  from i r r a d i a t e d  fescue averaged 5% l e s s  

Experimental 

Man i fes ta t i on  of a r a d i a t i o n  e f f e c t  on fescue grass (e.g., reduced 
seed p roduc t i on )  under circumstances o f  l ow- leve l  f i e l d  i r r a d i a t i o n  
(21 rads/day decreasing t o  6 rads/day) prompted an i n v e s t i g a t i o n  
o f  poss ib le  e f f e c t  on fescue p o l l e n  produced under s i m i l a r  exposure 
cond i t i ons .  
mental areas ( f o u r  c o n t r o l ,  f o u r  i r r a d i a t e d )  as t h e  f i r s t  anthers 
were beginning t o  dehisce and re lease  p o l l e n  i n  1971. 
b u t  nondehisced anthers was mounted on s l i d e s ,  s ta ined,  and scored f o r  
abor ted and aberrant  development. 
a t  t h i s  w r i t i n g ,  and a v a i l a b l e  data have n o t  been evaluated s t a t i s t i c a l l y ,  
b u t  apparent d i f f e r e n c e s  i n  fescue p o l l e n  abort ion-normal i t y  were 
observed from t h e  f i e l d - s o u r c e  i r r a d i a t i o n  when t h e  t o t a l  3-year 
dose was approximately 8400 rads -de l i ve red  a t  r a t e s  ranging from 
17 rads/day i n i t i a l l y  and decreasing t o  4 rads/day three years l a t e r .  
Developing f l o r a l  t i s s u e s  i n  1971 received approximately 500 rads 
a t  dose r a t e s  o f  3.5 t o  4 rads/day. 

Fescue pan ic les  were randomly c o l l e c t e d  from e i g h t  exper i -  

Po l l en  from mature 

S l i d e  sco r ing  has n o t  been completed 

Average percentage o f  normal fescue p o l l e n  was c o n s i s t e n t l y  lower 
f o r  t h e  i r r a d i a t e d  c o l l e c t i o n s ;  average normal p o l l e n  pe r  anther  from 
i r r a d i a t e d  p l a n t s  was 5% less  than t h a t  o f  c o n t r o l  areas (Table 3). 
Conversely, t h e  average percentage o f  abor ted po l  l e n  from i r r a d i  a ted  
areas was n e a r l y  6 u n i t s  g r e a t e r  than t h a t  of c o n t r o l s .  While t h e  
r e s u l t s  have n o t  been subjected t o  s t a t i s t i c a l  t reatment,  t h e  5 - u n i t  
d i f f e r e n c e  between i r r a d i a t e d  and c o n t r o l  probably i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  because t h e  data a re  cha rac te r i zed  by l a r g e  N and small  
var iance Val ues . 
po l l en .  Another s i g n  o f  r a d i a t i o n  e f f e c t  on p o l l e n  v i a b i l i t y  was t h e  
frequency o f  anthers i n  which a l l  p o l l e n  g ra ins  were aborted. 
600 s l i d e s ,  each rep resen t ing  an anther,  which were examined f o r  both 
treatments ( i  r r a d i a t e d  and c o n t r o l  ) , occurrence o f  completely abor ted 

No d i  f ferences were observed i n  percentages o f  aberrant  

O f  



Table 3. Percentage of Normal Aborted and Aberrant Fescue Pollen 
from Irradiated and Control 137Cs Experimental Areas. 

I rradi ateda Control a 
P1 o t  Normal Aborted Aberrant Plot Normal Aborted Aberrant 

2 87.1 11.5 1.5 4 92.8 6.3 0.9 
5 79.3 20.4 0.2 6 89.9 7.5 2.6 
7 84.4 11.6 4.0 8 87.5 9.4 3.1 

Average 83.6 14.5 1.9 Average 89.2 8.8 2.0 

aData f o r  each experimental area were based on a subsamp,le of 20 panicles from 
an original sample of 60, and 10 pollen preparations per panicle. 
value i s  an average of 200 determinations. 

T h u s ,  each 
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p o l l e n  was 10 t imes g r e a t e r  f o r  i r r a d i a t e d  than f o r  c o n t r o l .  This 
suggests t h a t  r a d i a t i o n  damage t o  t h e  d e r i v a t i v e  mother c e l l  o f  t h e  
anther  had g r e a t e s t  i n f l u e n c e  on anomalous p o l l e n  product ion as 
opposed t o  subsequent cell-damage du r ing  l a t e r  stages o f  spore 
format ion when o n l y  i n d i v i d u a l  o r  small  groups o f  p o l l e n  spores would 
be a f fec ted .  Dose r a t e s  were low (3-4 rads/day) du r ing  anther  
i n i t i a t i o n  and development, b u t  rep roduc t i ve  t i ssues  o f  grasses are 
i n i t i a t e d  from meristems a t  t h e  s o i l  sur face (which a l s o  was t h e  zone 
o f  g rea tes t  r a d i a t i o n  f l u x )  and may have rece ived  as much as 500 rads 
t o t a l  dose. 

This experiment demonstrated t h a t  chronic  exposure t o  l ow- leve l  
r a d i a t i o n  from p a r t i c l e  deposi ts  indeed can cause a r a d i a t i o n  e f f e c t .  
Under normal circumstances 5% reduc t i on  i n  p o l l e n  v i a b i l i t y  would be 
a n e g l i g i b l e  consequence i n  s i t u a t i o n s  o f  l a rge -sca le  contaminat ion o f  
grass, because these p l a n t s  t y p i c a l l y  produce very l a r g e  amounts o f  
po l l en .  Yet, t h e r e  a re  spec ia l  cases where s e l f - p o l l i n a t i o n  i s  comon 
i n  cleistogamous p l a n t s  ( s e l f - p o l l i n a t i n g  i n  t h e  bud as opposed t o  
cross p o l l i n a t i o n ) ,  and t a l l  fescue possesses t h i s  c h a r a c t e r i s t i c .  I n  
t h i s  case, rep roduc t i ve  capac i t y  may be d imin ished t o  a g rea te r  e x t e n t  
when both genomes o r i g i n a t e  f rom t h e  same i r r a d i a t e d  parent.  Repeated 
cleistogamous rep roduc t i ve  events i n  a n a t i v e  i r r a d i a t e d  popu la t i on  
cou ld  a l s o  r e s u l t  i n  gene t i c  damage and p o s s i b l y  reduced b i o l o g i c a l  
v i g o r  over many generat ions.  

Re comme ndat i on s 

1. F i r s t  generat ion e f f e c t s  o f  ch ron ic  l ow- leve l ,  i o n i z i n g  i r r a -  
d i a t i o n  on p o l l e n  development i n  g r a i n  p l a n t s  ( b a r l e y ,  oats,  
wheat) should be i n v e s t i g a t e d  because these species are 
a1 so cleistogamous graminaceous p l  ants . 
S i m i l a r l y ,  ovule development i n  g r a i n  p l a n t s  should be inves-  
t i g a t e d  i n  regimes of chronic, l ow- leve l  i r r a d i a t i o n  exposure. 

2 .  
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EFFECTS OF SIMULATED FALLOUT RADIATION 
ON REPRODUCTIVE CAPACITY OF FESCUE 

R. C. DahZman, Y .  Tanaka" and J .  J .  Beauchamp** 

The e f f ec t  of chronic i r rad ia t ion  (<17 rads/day) on the reproductive 
potential  of t a l  1 fescue (Festuca arundi nacea Shreb. ) 
investigated f o r  a fescue community contaminated w i t h  Q 3 7 C ~  fa1 lou t  
simulant (Dahlman e t  a l .  1973). Internal da i ly  dose r a t e  t o  apical 
meristems from radioact ivi ty  i n  t i s sue  was l e s s  than 9 rads beta 
and 0 . 3  rad gamma per day a t  the beginning o f  vegetative phenophase, 
with an additional measured external exposure of 12 rads/day. By 
the end of f i r s t -yea r  flowering, when the internal  dose r a t e  t o  meri-' 
stematic t i s sues  had decreased by a fac tor  of 10 and to t a l  dose rate 
ranged from 11 t o  17 rads/day, seed production was reduced approxi- 
mately 50% re l a t ive  t o  controls.  
season, when dose r a t e  had decreased by 40% and rad ioac t iv i ty  concen- , 
t r a t ion  i n  tissue had decreased by a f ac to r  of 200 t o  300, seed 
production was 20% less than controls.  The number of germinable 
seeds per panicle,  measured by seed germination, was n o t  s ign i f icant ly  
reduced i n  e i t h e r  reproductive period. Diminished reproductive 
capacity indicates t ha t  f l o ra l  organ i n i t i a t i o n  and development may 
be s igni f icant ly  affected by low-intensi t y  simulated f a l l o u t  radiat ion.  

rass  was 

A t  the conclusion of the second 

E xpe ri menta 1 

Reproductive response of p l an t s  i n  a regime of  chronic, low-level, 
-- in -s i tu  beta-gamma radiation was determined fo r  simulated f a l l o u t  
contamination in the 137Cs grassland f a c i l i t y .  Observations were 
made on the e f f e c t  of combined internal-external i r rad ia t ion  on seed 
production and germination of Ky-31 t a l l  fescue. Dose ra tes  t o  the 
meristematic t i s sue- in i  t i a t i on  zones were b o t h  measured with thermo- 
luminescent dosimeters and calculated from t i s sue  radioact ivi ty  
concentration and are  summarized i n  Table 4 fo r  midsummer periods 
over two years (1969 and 1970) of observation. 
selected in te rva ls  was integrated f o r  desired time periods by 
assuming a l i nea r  decrease in dose r a t e  (a  plot  showed s l i g h t  
curv i l inear i ty  with a negative s lope) .  

Total exposure fo r  

Average seed production was reduced by 50% i n  the f i r s t  reproductive 
period, then the f i e l d  radiation regime ( F i g .  5 )  ranged from 21 t o  

.- 

-L- 

*Present address: Forestry Research Center, Weyerhaeuser Company, a -  

Centralia,  Washington. 
**Mathemati cs Di vi s i  on , Oak Ri dge National Laboratory, Oak Ri dge, Tennessee. 
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Table 4. Comparison of Dose Rate ( R e  + R v )  t o  Meristematic 
Tissuea Receiving Radiation Exposure from External 
Fa1 1 out Fi el  d and Internal Radi oacti  v i  t y  . 

Gamma and Beta Dose Rate 
(rads/day) 

Date External Source Internal Sourceb Total 

August 1968 1 2c 4.6 16.6 

June 1969 gd 0.5 9.5 

July 1970 gd 0.0 6 

aMeristem assumed t o  be 1 cm above s o i l  surface and 
possessed 0.5-cm-diam by 1.0-cm-long average dimensions. 

bDose r a t e  calculated from formulas given by Hine and 
Brownwell ( 1  956), Parmely e t  a1 . (1 962), and Marine1 1 i -- e t  a l .  (1948). 

‘Measured dose ra te .  

dInterpolated dose rate .  
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Fig.  5 .  Average number o f  geminab le  and nongerminable seeds per pan ic le  i n  experimental p l o t s ,  
1969 and 1970. 
i n  control  P4 i n  1970. 

S t e r i l i z e d  and empty seeds were lumped as one category i n  1969. No seeds germinated 
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10 rads/day. A t  the  conclusion of the second season (1970) when 
dose r a t e  had diminished by an additional 40%, seed production was 
20% less  than t h a t  of controls .  
the 3-month period pr ior  t o  flowering (during the time of probable 
f lo ra l  i n i t i a t i o n )  was 1100 and 550 rads fo r  1969 and 1970, respectively.  
Short-term cumulative dose t o  primordial reproductive t i s sue  was 
considered more r e a l i s t i c  and probably affected seed responses more 
t h a n  did t o t a l  dose from long-term (1-  and 2-year) exposures, because 
continuous turnover and replacement of plant s t ruc tures  ( l e a f ,  stem, 
t i l l e r )  characterize the growth pattern of grasses. 
of t i s sues ,  each generation would receive a f i n i t e  exposure and would 
be exposed t o  l e s s  than the cumulative dose. 
may be affected by long-term exposures , because t h e i r  genetic apparatus 
may pe r s i s t  fo r  several ce l l  generations. Results indicated t h a t  
seed production was affected by dose ra te  ra ther  t h a n  t o t a l  long-term 
exposure to  a chronic -- in -s i tu  radiation source. Percentage reduction 
in the number of seeds per panicle was roughly twice as much in 1969 
as in 1970 (50 versus 20%), and the decrease roughly corresponded 
t o  reduction in dose r a t e  ( ~ 1 7  versus <9 rads/day) d u r i n g  periods 
of f lo ra l  i n i t i a t i o n .  

Percentage germination of i r rad ia ted  seeds wai only eight  uni ts  l e s s  
than tha t  of controls in 1969 ( F i g .  5 ) ,  b u t  t h i s  difference was n o t  s ig -  
n i f i can t  according t o  ANOVA t e s t s .  Germination r e su l t s  fo r  the 1970 
col lect ion were inconclusive because a l l  23,781 seeds from one control 
plot  f a i l ed  t o  germinate. 
been determined, b u t  i t  i s  not l i ke ly  t h a t  complete germination inhibi t ion 
i s  a natural phenomenon in t a l l  fescue seed. Normal seed production was 
observed for  col lect ions from t h i s  p lo t  in 1969, and the anomaly in 
1970 was a t t r ibu ted  t o  undefined germination conditions i n  the labora- 
tory.  The germination f a i l u r e  necessitated the  use of an estimated value 
in the ANOVA t e s t s ,  consequently there  was no s ign i f i can t  difference 
between i r rad ia ted  and control treatments in 1970. Results fo r  both 
production and germination disclosed t h a t  the  l a t t e r  was a l e s s  sens i t ive  
indicator  of radiation e f f ec t s  than seed production. 
expl ained by consi deri ng developmental sequences of  sexual reproduction 
in angiosperms (including g ras s ) ,  where deleterious e f f ec t s  fo r  each 
genome probably would n o t  be t ransferred t o  subsequent reproductive 
events ( i . e . ,  anomalies a t  sporogenesis may vanish before the onset of 
f e r t i l i z a t i o n ) .  The anomaly would disappear from the genome and popu- 
l a t ion ,  and i t  would n o t  be detected when scoring fo r  e f f ec t s  a t  l a t e r  
stages of germinule development. 

Estimated cumulative exposure in 

I n  such a succession 

Derivative c e l l s ,  however, 

The fac tor  which caused t h i s  f a i l u r e  has n o t  

This can be 

Another independent experiment which involved cotton r a t s  was i n  
progress in the experimental plots  during vernal vegetative growth, f l o ra l  
i n i t i a t i o n ,  and panicle col lect ion i n  1969. 
vegetation by the cot ton-rat  grazing required special  s t a t i s t i  ca1 t r e a t -  
m e n t  of the seed production and germination r e s u l t s .  
grazing reduced seed production (Fig. 5) through d i r ec t  b u t  apparently 
subt le  damage t o  the developing inflorescence. 
the e f f ec t  of grazing on seed production was s ign i f i can t  in 1969 a t  the 

Appreciable disturbance t o  

Cotton-rat  

Relative t o  controls ,  
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5% level and in 1970 a t  the 1% level .  The cotton rats were removed from 
the experimental areas in 1970, and suppression of production and 
germination in the  second year was speculated as a carryover e f f e c t  
from pr ior  grazing impacts. 

Results from this study indicate  t h a t  a dose ra te  of 9 t o  17 rads/day 
caused detectable e f f e c t s  on fescue reproduction. However, the  e f f ec t s  
were demonstrable only when intensive sampling procedures and sens i t i ve  
s t a t i s t i c a l  analyses were employed. When compared with laboratory 
exposure data f o r  approximately equivalent doses to  meadow fescue 
(Sparrow 1971), the ORNL r e su l t s  indicate  a f ac to r  of l o 3  reduction i n  
the dose ra tes  which will  produce an e f f e c t  on grass.  This occurred 
when the rad ioac t iv i ty  was intimately associated w i t h  the  organism's 
reproductive tissue and while being affected by variable f i e l d  climates.  
Decreased seed production of pasture or forage grass may not be a 
serious consequence of contamination i n  an actual fa1 1 out s i t u a t i o n ,  
because grasses are  maximized f o r  vegetative rather  than seed y ie ld .  
B u t  i f  the same e f f ec t  applies t o  cereal crop, and i t  probably would 
apply because wheat and corn are  more radiosensi t ive than forage 
grass ,  then 50% reduction in grain y i e ld  could be expected i f  developing 
f lo ra l  t i s sues  were exposed t o  close-in nuclear fal 'lout. Similar 
50% ,decreases i n  seed production i n  native plant populations would 
great ly  a f f ec t  a species I reproductive capacity i n  terms of reduced 
ecesis  and es tab1 i shment. 
be lowered species success and changes i n  community composition, 
both of which would be ind i rec t  impacts a t t r i bu tab le  t o  sublethal 
deposits of f a l l o u t  radiat ion.  

Resultant ecological manifestations would 

Recommendations 

1 .  Vegetative and reproductive responses of forage and edible  
plants should be examined for an in-situ radiation source 
i n  which the decay ra tes  and e n e r G  spec t ra  of applied 
rad ioac t iv i ty  resemble more closely the cha rac t e r i s t i c s  
(chyonic dose r a t e s )  of f a l l o u t  from nuclear explosions. 

2.  Research should be designed t o  evaluate interact ion e f f e c t s ,  
e .g . ,  environmental s t r e s s  o r  grazing versus in - s i tu  radiat ion.  -- 
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RESPONSES OF ARTHROPODS TO IONIZING RADIATION 

C. E. Styron* and GZadys J .  Dodson 

Summary 

Responses of arthropod communities t o  ionizing radiation as i t  nter-  
acts  with other environmental parameters have been investigated i n  
(1)  short-term laboratory s tudies  on interact ions of radiation i t h  popula- 
t ion dynamics of selected species,  ( 2 )  s tudies  of the biological and 
physical dosimetry of beta and gamma radiation in a f a l l o u t  area,  and 
( 3 )  long-term f i e l d  observations on interact ions o f  simulated radioactive 
fa1 1 o u t  wi t h  seasonal changes i n  arthropod communi ty compos i t i  on and 
s t ruc ture .  Population dynamics of adul t s ,  juveni les ,  and eggs of 
S ine l la  curviseta (Collembola) were studied i n  the laboratory following 
acute d o o f S r - 9 0 Y )  beta radiation o r  ( 6oCo) gama radiat ion.  
Fecundi ty ra tes  (eggs/adul t/day) of adults were increased 48% by 
the lowest dose (1880 rads) of beta radiat ion,  b u t  f e r t i l i t y  rates were 
reduced by radiation a t  a l l  other doses. 
e f fec t ive  than beta in  reducing f e r t i l i t y  ra tes .  
sensitive than adul ts  t o  b o t h  types of radiat ion,  and dayeold eggs were 
the most sensitive s tage studied. Data on chronic exposure of  Folsomia 
(Collembola) t o  beta radiation from goSr-90Y f a l l o u t  indicate  t h a t  
sens i t i v i ty  of the population i s  determined primarily by s e n s i t i v i t y  
of  f e r t i l i t y  ra tes  ra ther  than by s e n s i t i v i t y  of adul ts .  
ra tes  estimated t o  give an LDR50-3o  da (dose r a t e  estimated t o  k i l l  
50% of the population in 30 days) o r  L 8 R  0 - 6 0  day (dose r a t e  estimated 
t o  k i l l  50% of the population i n  60 days! f o r  aduTts are  more than 
twice as h igh  as dose ra tes  required t o  reduce f e r t i l i t y  ra tes  t o  zero. 
Lithium f luoride microdosimeters attached t o  the thorax and abdomen 
of  insects  i n  a f a l l o u t  f i e l d  indicated tha t  closely re la ted  organisms 
may receive s igni f icant ly  d i f f e ren t  radiation doses ( P  - < 0.01) due 
t o  differences i n  habi ta t .  

Gamma radiation was more 
Juveniles were more 

Beta dose 

There was no s ign i f i can t  difference in  variation between numbers 
o f  s o i l - ,  l i t t e r - ,  and grass-inhabiting arthropods col lected i n  f i e l d  
enclosures before application of  f a l l o u t  i n  summer 1968. Signif icant  
differences ( P  < 0.05) i n  var ia t ion between control and contaminated 
communities appeared i n  summer 1970 ( P  - < 0.05), disappeared i n  autumn 
1970, and reappeared in  summer 1971 ( P  < 0.01). 
densi t ies  for 15 o f  75 arthropod taxa  hzd been affected from 1969 
t o  summer 1971 i n  the radioactive area,  b u t  only eight populations 
were s igni f icant ly  smaller ( P  - < 0.05). Recovery was noted f o r  two 
of these e igh t  i n  summer 1971. No s ign i f i can t  increase i n  t axa  composition 
d iss imi la r i ty  between the contaminated and control areas has been 
absorbed. 
on taxa composition of the arthropod community must be above the 
2.4 t o  13.0 rads/day delivered over 3 years.  

T h u s  population 

Consequently, the threshold for e f fec ts  of fa1 lou t  radiation 

*Present address: Division of Mathematics and Natural Science, S t .  Andrews 
Presbyterian College, Laurinburg, North Carolina 28352. 
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Introduction 
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.- 

Early assessments of radiation e f f ec t s  a t  the ecosystem and biome 
levels consisted of  extrapolations from laboratory studies on single 
organisms o r  populations. 
es tab l i sh  r e l a t ive  s e n s i t i v i t i e s  of different species.  
t ion was gained on effects of chronic i r rad ia t ion  on population parameters 
(e.g., fecundity and longevity) due t o  inherent d i f f i c u l t i e s  in this type 
o f  experiment. 
lack of a sa t i s fac tory  system f o r  measuring dose. 

Acute doses of  gama radiation were used t o  
L i t t l e  i'nforma- 

Beta radiation e f f ec t s  received even less  a t tent ion for 

This project was i n i t i a t e d  t o  assess e f f ec t s  of  beta and'gamma radiation 
from simulated radioactive f a l lou t  on an old-f ie ld  arthropod community. 
Three types o f  studies have been conducted: 
laboratory studies on interact ions of beta and gamma radiation w i t h  
population dynamics of  selected species,  ( 2 )  biological and physical 
dosimetry in  a f a l lou t  area,  and ( 3 )  long-term, extensive f i e ld  observations 
on interact ions of fa1 lou t  simulant w i t h  seasonal changes i n  arthropod 
community composition and structure. 
years o f  observations on the arthropod community. 

( 1 )  short-term, intensive 

T h i s  paper covers the f i rs t  three 

Effects of  Acute Beta and Gamma Radiation on a Population 
of Spr ingta i l s ,  S ine l la  curviseta (Collembola)* 

Collembola play an important role  i n  breakdown of organic material 
i n  the biological cycle of so i l  formation, and numerically they are 
usually second only t o  mites i n  the air-breathing fauna of so i l .  
mation on interact ions of  beta and gamma radiation w i t h  population 
dynamics of such small, rapidly reproducing so i l  arthropods i s  of 
i n t e r e s t  in  predicting ecosystem responses t o  radiation from nuclear 
f a l lou t .  The objective of th i s  study was t o  assess e f f ec t s  of acute 
doses of beta and gamma radiation on survival and reproductive a b i l i t y  
of a Collembola population i n  cul ture .  

Infor- 

Sens i t iv i ty  of adul t  S ine l la  curviseta t o  gamma radiation is  s imilar  
t o  tha t  reported by Edwards ( m o t h e r  species o f  Collembola 
when survi Val of i r r ad i  ated i ndi  v i  dual s is the observed endpoi n t .  
Juveniles and eggs were more sens i t ive  than adults t o  gamma as well 
as beta i r rad ia t ion .  
d u r i n g  these experiments resulted n o t  from death of  i r rad ia ted  i ndi v i  d- 
uals ,  b u t  from changes in  fecundity ra tes  and egg mortali ty.  Fecundity 
ra tes  of i r rad ia ted  adul ts  increased by 48% d u r i n g  the f i r s t  month 
following 1880 rads of beta radiat ion,  and egg mortali ty increased by 
only 16%. 
cause great  increases in the population density o f  Collembola and sh i f t  

*Extracted from Styron 1971. 

The grea tes t  f luctuat ions i n  population numbers 

In the f i e l d  such an e f f ec t  of increased fecundity could 
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predator-prey balances. 
information. A t  o ther  doses of radiat ion,  fecundity ra tes  were reduced 
and egg mortal i ty  was increased. 
of gamma radiation l a i d  eggs, 90-100% of the  eggs died,  and none of the 
juveni 1 es reached maturity . 

This i s  an area in which we have very l i t t l e  

A1 t h o u g h  adul ts  receivi ng >4950 rads 

The eggs of S ine l l a  a re  a c r i t i c a l  s tage i n  the  response of a laboratory 
population t o  ionizing radiation. 
the parents or the  eggs themselves a re  i r rad ia ted .  
t o  assume t h a t  t h i s  i s  t rue  f o r  o ther  populations of Collembola. *The 
ecological s ignif icance of h i g h  egg s e n s i t i v i t y  t o  a Collembola popu- 
la t ion  may be masked, however, by seasonal cycles i n  reproduction. 
la t ion  maxima are reached by d i f f e ren t  species i n  every season. I f  * 

adults of a species are  n o t  i n  o r  are  not just  entering a reproductive 
phase when i r r ad ia t ed ,  s e n s i t i v i t y  of eggs may not be an important 
fac tor  in population survival .  
t o  k i l l  adults could collapse the population by reducing fecundity ra tes  
and increasing egg mortali ty.  T h i s  se lec t ive  elimination of Collembola 
species could, in the  context of an e n t i r e  ecosystem, upset i n t e r -  
spec i f i c  in te rac t ions .  Implications of this research are  tha t  sublethal 
doses of beta or  gama radiation can ser iously a f f ec t  the  survival and 
reproductive abi 1 i t i e s  o f  Col 1 embol a populations , thereby curtai  1 i ng 
t h e i r  contributions t o  nut r ien t  cycling. 

Their s e n s i t i v i t y  is  evident whether 
I t  seems reasonable 

Popu- 

To another population, a dose in su f f i c i en t  

Effects of Chronic Beta Radiation from Fallout on a Population 
o f  Spr ingta i l s ,  Folsomia sp. (Collembola)* 

In a natural s i t u a t i o n ,  organisms are  more l ike ly  to  be exposed chronically 
to  contaminating mater ia ls .  The objective of t h i s  study was to  assess 
e f f ec t s  of chronic doses of beta radiat ion from 90Sr-90Y simulated f a l l o u t  
on the survival and reproductive a b i l i t y  o f  a Collembola population i n  
cu l ture .  

Survival and reproductive abi 1 i ty  of these Col lembol a were reduced 
a t  a l l  19 beta radiat ion dose ra t e s  tes ted .  The LDko,  days (dose 
r a t e  estimated t o  k i l l  50% of the population i n  30 days3 f o r  chronically 
i r rad ia ted  adul ts  was estimated by least-squares regression analysis  
t o  be 174.5 rads/hr ( t o t a l  dose i n  30 days of 125.5 krads) and the 
LDk 0-60 days was estimated t o  be 38.1 rads/hr ( to t a l  dose in 60 days 
of 54.9 krads). 
( F i g .  6 )  could n o t  have been ant ic ipated from s tudies  (Styron 1971, 
O‘Neill and Styron 1970) on the  e f f ec t s  of acute i r r ad ia t ion  alone. 
After each acute dose of ionizina rad ia t ion ,  fecundity r a t e  of each 

The e f f ec t s  of chronic beta radiation on fecundity ra tes  

population was sharply changed, 6 u t  ra tes  fo r  Sinel l  a” curviseta  frequently 
returned t o  control leve ls  a f t e r  one month. Under chronic i r r ad ia t ion  
condi ti  ons , however , a1 1 fecundity ra tes  f o r  Folsomi a were i ni t i  a1 ly  

*Extracted from Styron and Dodson 1971, Sty.ron i n  press. 
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Fig .  6. Isometric projection of fecundity i n  eggs per adul t  per 
day on time in days and gaSr-90Y beta-radiation dose r a t e  fo r  Folsomia 
sp. f o r  continuous exposure a t  the indicated dose ra tes .  
ra tes  f o r  each dose r a t e  a re  presented as a regression on time s ince 
the fecundity of each population changed as the to t a l  doses of radiation 
were accumulated. 

The fecundity 
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a t  control levels ,  b u t  dose ra tes  were reduced through time as doses 
were accumulated. Changes in fecundity ra tes  under chronic i r rad ia t ion  
conditions should therefore be represented as the slope of a regression 
l i n e  rather  than as a p o i n t .  
fecundity ra tes  rapidly approached zero. Egg mortali ty ( F i g .  7 )  was 
increased by chronic dose rates  above 13.5 rads/hr, and no eggs hatched 
a t  dose rates  above 17.4 rads/hr. 
matured t o  adul ts ,  b u t  a l l  were s ter i le .  

. 
A t  dose ra tes  greater  than 5 rads/hr,  

A t  14.5 rads/hr,  38% of the eggs 

These data agai n i 11 us t ra te  t ha t  radi osens i ti  v i  ty  of a popul a t i  on *of 
Collembola t o  beta radiation is  manifest primarily i n  the e f f e c t  on 
f e r t i l i t y  ra tes  (number of  eggs surviving) ra ther  than on mortali ty 

Dose ra tes  estimated t o  give an LDR50-30 days o r  
LDRSo-60 days f o r  adults are  more than twice as high as dose ra tes  
required t o  reduce f e r t i l i t y  t o  zero. 
S ine l la ,  i f  a natural population of Collembola were subjected t o  acute 
m t i o n  d u r i n g  a cycle of low reproductive ac t iv i ty ,  recovery could 
occur before the population entered i t s  period of maximum reproductive 
ac t iv i ty .  The ecological s ignif icance of the s e n s i t i v i t y  of f e r t i l i t y  
ra tes  t o  acute i r rad ia t ion  could t h u s  be masked by seasonal cycles i n  
reproduction. In cont ras t ,  research on Folsomia i ndi cates  t ha t  e f f ec t s  
of  chronic beta radiation would not be masked by seasonal cycles i n  
reproductive a c t i v i t y ,  s ince recovery could n o t  occur. 

' ra tes  of adul ts .  

As po in ted  out i n  the study on 

Effects o f  Simulated Radioactive Fa1 1 out 
on an Old Field Arthropod Community* 

Studies reported above have i l l u s t r a t e d  the importance o f  beta and 
gamma radiation i n  population dynamics of small arthropods i n  cul ture .  
Impact of radiation on arthropods in  the context of a natural  system 
has been observed d u r i n g  the  past  3 years a t  a u n i q u e  experimental 
f a c i l i t y  a t  Oak Ridge National Laboratory. A managed grassland ecosystem 
was selected f o r  the i n i t i a l  experimental system, s ince grasslands 
cover large areas of  this country and are  extremely important as pastures 
for grazing animals . 
The f i e ld  s i t e ,  experimental design,  and application of f a l l o u t  
simulant have been extensively described by Auerbach (1969), Dahlman 
and Auerbach (1968) , Dahlman -- e t  a l .  (1969), Lane (1967), Styron and 
Dodson (1971), and Styron and Dodson ( i n  press). 

Soi 1 , 1 i t t e r ,  and grass components of the arthropod community received 
s igni f icant ly  different beta- and gamma-radiation doses due t o  changes 
in  ver t ical  d i s t r ibu t ion  of f a l l o u t  simulant and t o  the short range o f  
137Cs beta pa r t i c l e s .  Results of a radiation p ro f i l e  i n  the middle of 
the contaminated enclosure 8 weeks a f t e r  f ina l  application of f a l lou t  

*Extracted from Styron and Dodson 1971, Styron and Dodson i n  press. 
c -  



39 

ORNL-DWG 69-8823 

100 

80 

c 

$ 

k 

Y 

60 
J 

OZ 
0 
I 
2 4 0  

$ 

w 

20 

0 

- 
I 
t 
I- 
I- - 

0 5 IO 50 I00 500 

DOSE RATE (rads /  hr) 

Fig .  7. Egg mor ta l i ty  plot ted against  9oSr-90Y beta-radiation dose 
r a t e  f o r  Folsomia sp. f o r  continuous exposure a t  the indicated dose ra tes .  
The point a t  0 rads/hr represents the mean of 10 control populations. 
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simulant are shown i n  F i g .  8. .These data have been used t o  estimate 
radiation doses t o  soi 1 , l i t t e r ,  and grass components of the arthropod 
community (Table 5) t o  f a c i l i t a t e  comparisons of radiat ion doses w i t h  
b i  ol og i  cal responses. 

Microdosimeters placed i n  and on fescue grass 8 weeks a f t e r  the f ina l  
application of simulant ( F i g .  8) showed t h a t  most of the intercepted 
simulant had been removed from leaf  surfaces b u t  t ha t  some remained 
trapped i n  l eaf  a x i l s .  Beta plus gamma dose ra tes  i n  ax i l s  ranged 
from 0.9 t o  1.1 rads/hr. By combining biological and physical * 

approaches t o  radiat ion dosimetry, differences between dose ra tes  t o  
c r icke ts  (thorax 0.22, abdomen 0.31 rads/hr) and grasshoppers (thorax 
0.09, abdomen 0.10 rads/hr) have been observed t h a t  migh t  not have 
been predicted from e i t h e r  models o r  from phys'ical dosimetry alone. 
Grasshoppers and cr icke ts  are  c losely re la ted  taxonomically, b u t  they 
occupy d i f f e ren t  microhabitats. Crickets dwell primari ly  on and i n  
l i t t e r ,  where, i n  this instance,  they were exposed t o  more beta 
radiat ion;  grasshoppers dwell h igher  on blades of grass .  Thus  any 
attempt t o  predict  ecological responses t o  radiat ion based on d i f f e ren t  
radiat ion s e n s i t i v i t i e s  of species should a l so  deal w i t h  the problem 
of d i  fferenti a1 radi a t i  on exposure and n i  che occupati on. 

Biological data i n  the form of numbers of individuals of each of 
75 arthropod taxa col lected d u r i n g  41 sampl i ng periods were subjected 
to  a sequential three-way analysis  of variance t o  detect  s ign i f i can t  
changes i n  structure of the community . Variation among si tes , taxa,  
and sampling dates was f i r s t  calculated u s i n g  seven sampling dates 
(April 1 t o  June 25, 1968) before application of f a l l o u t  simulant. 
F test  indicated s ign i f i can t  differences among dates ( P  < 0.01) and 
taxa ( P  < 0.01) b u t  not between control and contaminated-pens o f  either 
pen and The roped area.  Differences among sampling dates would be 
expected because of seasonal var ia t ions of the arthropod community, 
and differences among taxa would be expected because the taxa normally 
occur i n  varying population dens i t ies .  Since the  three f i e l d  s i t e s  
o r ig ina l ly  possessed comparable arthropod taxa compositions, subsequent 
differences i n  community s t ruc tu re  cannot be a t t r i bu ted  t o  pretreatment 
v a r i a b i l i t i e s .  Analysis of a l l  41 sampling dates (April 1 ,  1968, t o  
August 17, 1971) confirmed the  differences among dates ( P  < 0.01) and 
taxa ( P  < 0.01). 
from the-beginning and towards the end of the study and the analysis  
of variance repeated a f t e r  each de le t ion ,  a seasonal l y  cycl i c pat tern 
o f  variance between a l l  s i t e s  emerged. Comparisons of s i t e  variance 
by F t e s t  indicated grea tes t  variance f o r  summer samples, l e a s t  f o r  
winter samples. 
taxa would not  contribute to  community variance. A l a rger  number of 
act ive taxa d u r i n g  the summer leads t o  a grea te r  possible variance 
between communi t ies .  Variance between the control and contaminated 
communi ties was greater--but not s t a t i s t i c a l l y  significant--during 
the f i rs t  summer (1969) than before f a l l o u t  appl icat ion.  
1969, the  so i l  component of the arthropod community had received 1760 

An 

When sampling dates were sequent ia l ly  deTeted 

During the winter fewer taxa are  ac t ive ,  and the  inact ive 

By August 8, 
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F i g .  8. Distance aboveground plotted against  gamma and beta + gamma dose ra tes  11 w-zks aftei  the 
The prof i le  was prepared f o r  the middle of 

The distance between the two dose-rate 
f i r s t  application and 8 weeks a f t e r  the second application. 
the contaminated enclosure a t  the 0800 Ecology Research Area. 
l i nes  represents the beta radiation dose. 
plant  a r e  a l so  presented. 

Beta, gamma, and the combined dose r a t e s  observed for a fescue 



Table 5. Radiation Doses from Simulated Radioactive Fallout t o  Three Components 
of the Managed Grassland Arthropod Community.a 

Time a f t e r  
Simulant d Sampling Application DoseC t o  Arthropod Compartments ( rads)  

Year Date kleeksb Soi l  Surface Litter Grass 

1968 Aug. 20 
Sept. 10 
Sept. 24 
Oct. 30 
Dec. 10 

1969 Feb. 12 
Mar. 6 
Mar. 27 
Apr. 30 
May 6 
Ju ly  1 
July 15 
Aug. 8 
Oct. 9 
Oct. 24 
Nov. 26 
Dec. 17 

1970 Feb. 11 
Mar. 1 8  
Apr. 7 
June 10 
J u l y  1 
July 17 
Aug. 6 
Sept. 16 
Nov. 4 

2.0 
4.9 
6.9 

12.0 
18.0 
27.1 
30.4 
33.4 
38.1 
39.0 
46.9 
48.9 
52.4 
61.3 
63.4 
68.1 
71.1 
79.1 
84.1 
87.0 
95.5 
98.0 

100.0 
104.0 
108.0 
114.5 

338 (137) 
601 (229) 
782 (229) 

1245 (456) 
1776 (649) 
2566 (943) 
2862 (1049) 
3132 (1145) 
3551 (1296) 
3633 (1324) 
4323 (1579) 
4504 (1643) 
4743 (1757) 
5329 (2036) 
5474 (2105) 
5792 (2258) 
6998 (2356) 
6528 (2608) 
6866 (2770) 
7065 (2865) 
7627 (3132) 
7798 (3214) 
7936 (3280) 
8124 (3365) 
831 2 .  (3450) 
8612 (3588) 

407 
645 
81 0 

1230 
1687 
2363 
2620 
2853 
321 5 
3286 
3879 
4036 
4223 
4678 
479 1 
5039 
5199 
561 1 
5875 
6030 
6466 
6600 
6 708 
6850 
6991 
721 8 

(129 
(201 
(257 
(400 
(572 
(834 

1014 
1149 
1174 
1402 
1459 
1562 
1814 
1877 
201 5 
21 04 
2332 
2478 
2564 
2806 
2880 
2940 
301 7 
3094 
321 9 

(929 

77 (60) t o  300 
131 (104) t o  481 
168 (134) t o  605 
262 (211) t o  922 
375 (303) t o  1244 
545 (444) t o  1721 
607 (494) t o  1902 
664 (540) t o  2067 
752 (612) t o  2323 
769 (626) t o  2373 
917 (748) t o  2791 
954 (778) t o  2902 

1018 (836) t o  3035 
1172 (979) t o  3364 
1210 (1014) t o  3445 
1294 (1092) t o  3622 
1349 (1  141) t o  3737 
1488 (1271) t o  4034 
1577 (1353) t o  4223 
1630 (1401) t o  4334 
1778 (1538) t o  4649 
1823 (1580) t o  4745 
1860 (1613) t o  4821 
1912 (1668) t o  4939 
1964 (1723) t o  5057 
2051 (1814) t o  5246 

(1 20) 
(1  95) 
( 247 1 
(370) 
(527) 
(765) 
(851 1 
(929) 

( 1052) 
(1 075) 
(1282) . 

(1 334) 
(1 424) 
(1 647) 
(1 702) 
(1 823) 

(2230) 
(2306) 
(251 9) 
(2584) 
(2636) 
(271 0)  
(2783) 

(1901) 
(2102) 

(2902) 

P 
Iu 

P : 



Table 5 (Continued) 

Time a f t e r  
Simul ant 

Sampling Application DoseC t o  Arthropod Compartmentsd (rads). 
Year Date Weeksb Soil Surface Litter Grass 

1970 Nov. 25 
Feb. 25 
Mar. 17 
Apr. 14 
June 2 
June 15 
July 13 
Aug. 17 

117.5 
130.5 
133.5 
137.5 
144.5 
146.5 
150.5 
154.5 

8754 (3651) 
9331 (3926) 
9473 (3989) 
9661 (4074) 
9983 (4222) 

10079 (4265) 
10267 (4350) 
10455 (4434) 

7324 (3277) 
7759 (3528) 
7866 (3586) 
8007 (3663) 
8250 (3798) 
8322 (3836) 
8464 (3913) 
8605 (3990) 

2089 (1854) t o  5335 
2275 (2048) t o  5700 
2313 (2088) t o  5789 
2365 (2143) t o  5907 
2459 (2242) t o  6110 
2485 (2269) t o  6170 
2537 (2323) t o  6288 
2589 (2378) t o  6406 

(2956) 
(31 95) 
(3250) 
(3323) 
(3451 ) 
(3488) 
(3561) 
(3634) 

P 
w 

aNo radiation dose was detected d u r i n g  seven sampling periods from April 1 t o  June 25, 
1968, p r io r  t o  f a l lou t  simulant application. 

bDate of f ina l  application of f a l l o u t  simulant was August 5, 1968. 

‘Doses are  presented a s  beta + gamma (gamma). 

dSoil component i s  a t  0.0 cm above ground; l i t t e r  comporlent i s  a t  0.1 t o  2.5 cm; and grass 
component i s  a t  2.6 t o  32.5 cm. 
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rads gamma and 2990 rads be ta  r a d i a t i o n  (Table 2 ) ;  t h e  l i t t e r  component, 
1560 rads gamma and 2660 rads beta; and t h e  grass component, 836 t o  
1420 rads gamma and 182 t o  1610 rads beta.  Variance between c o n t r o l  
and contaminated communities d i d  reach a l e v e l  o f  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  ( P  5 0.05) du r ing  t h e  second summer (1970) when 
accumulated doses had n e a r l y  doubled. This var iance dec l i ned  i n  t h e  
ensuing autumn and w in te r ,  b u t  reappeared du r ing  the  t h i r d  summer 
(1971) (P - < 0.01). 

Cal c u l  a t i  on o f  an index of taxa  composi ti on d i  ss imi  1 a r i  ty  (Or1 o c i  
1963, Sokal and Sneath 1963, Sokal 1966, Grieg-Smith 1964) f o r  each 
sampling date and s i t e  p a i r  combination has v e r i f i e d  t h e  seasonal 
cyc le  i n  community composi t ion (F ig .  6 ) .  The number o f  i n d i v i d u a l s  
i n  each ar th ropod taxon c o l l e c t e d  f rom a s i t e  on each sampl ing p e r i o d  
was transformed and used t o  c a l c u l a t e  i n  Eucl idean hyperspace t h e  
taxa composi t ion d is tance,  d, between each p a i r  o f  s i t e s  ( c o n t r o l  
versus roped area, c o n t r o l  versus contaminated, and roped area versus 
contaminated). The lower  t h e  value o f  d, t h e  g rea te r  t he  s i m i l a r i t y  
i s  between communities o f  t he  respec t i ve  s i t e s ,  and t h e  h ighe r  t h e  
va lue o f  d, t h e  l e s s e r  t h e  s i m i l a r i t y  i s  between comnunit ies.  
technique i s  re1  a t i  v e l y  sensi  t i ve f o r  de tec t i ng  changes i n communi ty 
composi t ion and i s  o f  g rea t  va lue f o r  summarizing l a r g e  amounts o f  
data (Woodwell 1965). 
s i g n i f i c a n t  o r  cons i s ten t  change i n  s i m i l a r i t y  between community o f  
t h e  contaminated enc losure e i t h e r  t h e  c o n t r o l  o r  roped area du r ing  
t h e  f i r s t  summer (1969). When values o f  d i s s i m i l a r i t y  between these 
communi t i e s  are p l o t t e d  aga ins t  t ime, seasonal cyc les  become ev ident .  

Th is  

Resul ts  o f  t h e  ana lys i s  (F ig .  9)  showed no 

Minima o f  d i s s i m i l a r i t y  f o r  a l l  combinations o f  communities were reached 
du r ing  w i n t e r  months, and maxima occurred i n  t h e  summer. Dur ing w i n t e r  
fewer taxa  are ac t i ve ,  and i n a c t i v e  taxa would n o t  c o n t r i b u t e  t o  an 
index  o f  d i s s i m i l a r i t y .  A l a r g e  number o f  taxa  du r ing  t h e  summer leads 
t o  a g rea te r  poss ib le  d i s s i m i l a r i t y  between s i t e s .  The peaks o f  
d i s s i m i l a r i t y  between c o n t r o l  and contaminated communi t i e s  i n  t h e  
summers o f  1969 were fo l lowed c l o s e l y  by t h e  c o n t r o l  versus roped area. 
I n  t h e  second (1970) and t h i r d  (1971) summers, however, t h e  c o n t r o l  
versus contaminated and t h e  roped area versus contaminated were genera l l y  
above t h e  c o n t r o l  versus roped area. 

Because o f  d i  f f e r e n t i  a1 r a d i a t i o n  sensi  ti v i  t i e s  and modes o f  exposure 
f rom mixed be ta  and gamma r a d i a t i o n ,  community responses were r e l a t i v e l y  
smal l  i n  comparison w i t h  what migh t  have been p r e d i c t e d  f rom l a b o r a t o r y  
s tud ies  (Styron 1969, O ' N e i l l  and Styron 1970, Styron 1971). 
o f  the  t h i r d  summer t h e  s o i l  component o f  t h e  ar th ropod community had 
rece ived 10,400 rads (Table 2 )  o f  be ta  p lus  gamma r a d i a t i o n  (4430 rads 
o f  gama);  t h e  1 i t t e r  component, 8600 rads o f  be ta  p lus  gama (3990. rads 
o f  gama);  and t h e  grass component 2590 t o  6400 rads o f  be ta  p lus  gamma 
(2380 t o  3630 rads o f  gamma). 

(S ty ron  1971). 

By August 17 

- 8  

If any o f  these doses were admin is tered i n  
an acute mode t o  t h e  community, major  eco log i ca l  e f f e c t s  would be p r e d i c t e d  r -  
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Fig .  9. Index of taxa composition d iss imi la r i ty  f o r  the control versus the roped area (0 ) ,  for 
the control enclosure versus the contaminated enclosure ( 0 ) ,  and f o r  the roped area versus the con- 
taminated enclosure ( A )  plotted against  each sampling date.  
i n  the enclosures i s  superimposed on a seasonal cycle w i t h  minima of taxa composition d i s s imi l a r i t y  i n  
winter and maxima i n  summer. Natural var ia t ion i n  these systems obscures e f f e c t s  of f a l l o u t  s imulant .  
Diss imilar i ty  was greatest  for  the control versus contaminated enclosure dur ing  summer 1969, 1970, and 
1971. T h i s  possible trend will be checked i n  fu ture  observations. 

The e f f ec t s  of changes i n  taxa composition 
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Analyses of community responses i n  this study revealed no permanent 
change i n  community structure. The multiple analysis  of variance tes t  
and the analysis of taxa composition d iss imi la r i ty  between communities 
pointed to  differences only d u r i n g  the second and t h i r d  summers of 
exposure. The t r ans i en t  diffence between control and contaminated com- 
muni  t ies occurred d u r i n g  summer periods o f  maximum reproduction and 
growth when the grea tes t  number of fac tors  must be coordinated f o r  
survival .  Natural f luctuat ions i n  community dynamics obscured radiat ion 
e f f ec t s .  Thus the threshold f o r  e f f ec t s  of mixed beta and gamma radiat ion 
from f a l l o u t  a t  the connnunity level mus t  be above the 2.4 t o  13.0*rads/day 
delivered over 3 years .  A l i ke ly  explanation f o r  this  degree of radiat ion 
e f f e c t  i n  a f i e l d  s i t ua t ion  l i e s  i n  homeostatic mechanisms t h a t  enable 
the community t o  respond t o  radiat ion stress i n  the same manner as t o  
other environmental s t r e s ses  ( P l a t t  1965). One population m i g h t  
functionally replace another, and a t  the community level there  would appear 
t o  be no e f f e c t .  I t  is a l so  conceivable t h a t  i n  the context of an 
e n t i r e  ecosystem, any g i v e n  population may exhib i t  threshold responses 
t o  radiat ion stress. 

W i t h  the  above supposition i n  mind,  f u r the r  analyses were directed 
toward describing responses of individual populations. In comparison 
w i t h  populations i n  the control enclosure,  15 arthropod taxa i n  the 
contami nated area had evidenced reductions i n seasonal population 
density maxima by summer 1971. Only e igh t  of these cases were 
s t a t i s t i c a l l y  s ign i f i can t  (P 0.05). In 1969, population density 
declined f o r  Thomisihomisidae ( P  > 0.10) and Lycosidae ( P  > 0.10)-- 
nei ther  s ign i f i can t .  
sp. ( P  > 0.05), Entomobr a r i s eo l iva t a  ( P  > 0.05),  Kolla b i f ida  + P ~ 0 . 0 5 ) ,  
Carabidae ( P  < 0.01 ++ Phalacridae P < 0.05) ,  S imul i idae (P  < 0.05), 
Drosophilidae-(P > O.lO), Agromyzidae-(P > 0.10) Formicidae TP > O.,lO), 
Thomisiade ( P  > 0.10), and Lycosidae ( P  < 0.10)--four s ign i f icant .  In 
1971, population density declined f o r  Poduridae ( P  < 0.05),  Entomobr a 

Aphididae < OTOl), Carabidae ( P  < O.O5T, D r o s o p m a m  O.ln, 
Agromyzidae (F > 0.10),  Trombiculidxe ( P  i 0.05), and Lycosidae (P  - < 
0.10)--six s ign i f i can t .  Also i n  1971 Entzmobrya sp. ,  Phalacridae, 
Simuliidae, Formicidae, and Thomisidae recovered t o  control leve ls .  
Of the five taxa showing recovery, only Phalacridae and Simuliidae 
had been s ign i f i can t ly  affected in  the  preceding years .  The eight 
taxa t h a t  showed s ign i f i can t  reductions i n  population density are  a l l  
smal 1 insects  ( < l o  mm i n  length) .  Five o f  these taxa a re  c losely 
associated w i t h  s o i l  and l i t t e r  a t  some s tage i n  t h e i r  l i f e  cycle.  

In 1970, population density decreased for Entomobr a 

r i s eo l iva t a  ( P  < 0.05), Sminthuridae ( P  < 0.05), KFlla b i f ida  -+- P < 0.05), - 

. 

Recommendations f o r  Future Research 

1.  Continued monitoring of the experimental s i t e  should produce a 
c learer  understanding of re la t ionships  between affected popu- 
la t ions  and the community as a whole, and their in te rac t ion  
w i t h  beta and gama r a d i a t i o n .  Another advantage of the study 
would be the poss ib i l i t y  of considering genetic as well as 

-. 
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somatic e f f ec t s  of radiation. 
genetic responses of populations are  among the most d i f f i c u l t  
parameters t o  extrapol a t e  from short-term 1 aboratory o r  f ie1 d 
s tud ies .  Further, the experimental design incorporates a con- 
t ro l l ed  environmental s i tua t ion .  Direct comparisons 
are  possible between the contaminated and uncontaminated com- 
munities, f o r  the enclosures have been t reated in  precisely 
the same manner except fo r  application of f a l lou t  simulant. 
Long-term analysis o f  data will  give a better understanding of 
redis t r ibut ion of f a l l o u t  in a contaminated grassland, responses 
of the arthropod community t o  the i n t r i n s i c  beta and gamma 
radiat ion,  as well as fundamental ecological responses of a 
grassland arthropod community. 

T h e  far-reaching, b u t  more subt le ,  

2. Studies on the e f f ec t s  o f  f a l lou t  on arthropod communities 
of other types of ecosystems (crop1 ands , fores t s  , deserts, and 
marshes) should be undertaken t o  provide comparisons of responses 
t o  low dose ra tes  i n  d i f fe ren t  ecosystems. 

3. Results of these s tudies  should be compared w i t h  effects predicted 
by postattack mathematical models, and the models should be 
refined. 
t o  be improved. I t  cannot be s t a t ed  too strongly t h a t  models 
which a re  insensi t ive t o  biological parameters cannot predict  
events accurately.  

Sens i t iv i ty  of these models t o  biological data needs 
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RADIONUCLIDE ACCUMULATION AND RADIATION EFFECTS 
IN SMALL MAMMALS 

. -  

- *  

- .. 

- -  

P. B. m a w a y ,  J .  T .  Kitchings, J .  D. Story, 
L. E .  Tucker, and D. DiGregorio 

SUMMARY 

Mammal populations i n h a b i t i n g  an area contaminated by f a l l o u t  from 
a nuclear explosion will  receive bo th  external and internal doses of 
radiation. 
fa1 lou t  pa r t i c l e s  and contaminated food. 
ments were desi ned t o  measure: ( 1 )  i r rad ia t ion  dose, ( 2 )  radiation 
e f f e c t s ,  and ( 3  B radionuclide cycling i n  free-ranging mammals. 

Whole-body retention and excretion o f  134Cs a f t e r  a s ing le  ingestion 
of simulated f a l l o u t  material were determined f o r  cotton r a t s .  The 
average 'biological ha l f - l i f e  was 2.75 days. 
134Cs-tagged l e t tuce  as a contaminated food source enabled us to:  
(1)  determine uptake ra tes  and equilibrium levels  of 134Cs i n  the cotton 
rat under chronic ingestion conditions and ( 2 )  determine retention 
curves f o r  134Cs following termination of chronic feeding. Uptake 
curves were multicomponent and equilibrium was reached a f t e r  544 hr 
(22.7 days). Retention curves were characterized by two components. 
The biological ha l f - l i f e  f o r  the f i r s t  component ( l i v e r ,  in tes t ina l  t r a c t ,  
e t c . )  averaged 5.70 days, while the second component (muscle, e t c . )  
had a ha l f - l i f e  of 8.20 days. 

In 1968, f i e l d  s tudies  were i n i t i a t e d  on the movement of 137Cs i n  
cotton r a t s  t ha t  had been placed i n  areas contaminated with f a l lou t  
simulant. 
influenced by the amounts of f a l lou t  simulant and contaminated dead 
vegetation which were available f o r  ingestion, b u t  as time progressed 
and the amount of radi oacti  vi t y  i n  1 i ving vegetation approached tha t  
of the dead vegetation, a constant body burden was reached. 
prey t ransfer  was a l so  considered, based on the equi 1 i br i  um body burden 
fo r  cotton r a t s  in  the f i e l d .  Factors influencing the trophic-level 
t ransfer  of radi onucl ides are  a1 so examined. 

The internal  dose will  r e su l t  primarily from ingestion of 
Laboratory and f i e l d  experi- 

Concomitant studies us ing  

Cotton r a t  whole-body burdens of 137Cs i n i t i a l l y  were 

Predator- 

Losses of injected 54Mn from nonirradiated pine voles and 6OCo 
from i r rad ia ted  voles in natural populations were more rapid than from 
comparable specimens of the species in  the laboratory. 
difference occurred d u r i n g  the f i r s t  two weeks postinjection. 
Consequently, i r rad ia t ion  doses were l e s s  i n  free-ranging than i n  
captive animals. 

Most of t h i s  

Average gamma dose r a t e s  from both external and internal  sources 
in cotton r a t s  decreased from 3.84 rads/day in  February 1969 t o  2.35 
rads/day i n  November 1969. I n i t i a l  decrease in dose r a t e  was due t o  
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changing prof i le  of the radiation f i e l d s  in  pens as the f a l lou t  
simulant descended through the vegetation t o  the ground. 
f a l lou t  simulant has now reached ground l eve l ,  forming an i r r egu la r  
plane source and resul t ing in a r e l a t ive ly  s tab le  dose r a t e  of approxi- 
mately 2.46 rads/day a t  height of 1 m.  
radiation on e i t h e r  body weight o r  peripheral blood of cotton r a t s  
was apparent. 

Most of the  

No e f f ec t s  of the 137Cs 

White-footed mice were trapped during the f i r s t  o f  each m o n t h  
from June 1969 t o  May 1971 , given 
environment. 
(42.5 t o  55.0%), 
from 59 t o  72.5% during the remaining months. 
declined from a high of 8.3 days in June t o  a low of 5.29 i n  
November. 
w i t h  radiation were more important than temperature alone as determinants 
of mortali ty and survival times. 

A preliminary e f f o r t  was undertaken t o  t e s t  ( 1 )  f e a s i b i l i t y  of 
analyzing radiation e f f ec t s  in a wild pine vole population by means of 
in jec t ing  t race  amounts of radioisotopes in to  females and then 
whole-body counting the young from these females t o  ascer ta in  the 
reproductive success in the two groups,  and ( 2 )  i r rad ia t ion  e f f ec t s  in  
adul ts .  After an acute dose of 700 rads,  t o t a l  number of recaptures 
for  i r rad ia ted  females (33) in the  population was s igni f icant ly  
l e s s  (<0.01) than to t a l  recaptures of nonirradiated females (65),  b u t  
recaptures of  i r rad ia ted  males (35) were n o t  s ign i f icant ly  d i f f e ren t  
from recaptures of nonirradiated males (40) .  The s igni f icant ly  fewer 
recaptures of i r rad ia ted  female pine voles may n o t  have been a 
ref lect ion of i rradi ated death per se , b u t  a loss of t e r r i t o r y  d u r i n g  
radiation sickness. 
discernible  increase in  predation r a t e .  Effects of i r rad ia t ion  on 
reproduction could n o t  be ascertained because only two radioactive 
young appeared in the  population. 

1050 rads , and caged in  the outside 
Mortality was r e l a t ive ly  low from May, t h r o u g h  September 

h i g h  during November and December (90.0%) , and ranged 

Results demonstrated tha t  some fac to r  or  factors  in te rac t ing  

Mean survival time 

Pelage g r a y i n g i n  i r rad ia ted  voles caused no 

In troduct i on 

Consequences t o  biota from environmental contamination following 
a nuclear explosion should be considered from three aspects.  
absorption of radi onucl ides from i nges t i  on of fa1 1 out par t i  cl es 
per se and in es t ion of contaminated foods should be measured. 

absorption of cesium by the gas t ro in tes t ina l  (GI) t r a c t .  Concomitant 
chronic-feeding in the  laboratory u t i l i z i n g  13'+Cs-tagged le t tuce  t o  
simulate contaminated vegetation ident i f ied  some of the events which 
could be expected during chronic exposure i n  the  f i e l d .  
then described i nfl  uences of environmental fac tors  on radi onucl i de 
turnover. Second, i r rad ia t ion  doses actual l y  delivered t o  organisms 
must be measured, because estimates of dose from radiation f i e lds  often 

F i r s t ,  

In our  
laboratory, 9 %s-tagged pa r t i c l e s  were administered ora l ly  t o  measure 

Field s tudies  

. 

* I  

. -. 

-- - 
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are seriously erroneous. We u t i  1 ized m i  crodosimeters i n  cotton r a t s  t o  
measure gamma-i r radiat ion doses and assayed tissues f o r  estimations of  
internal beta dose. T h i r d ,  e f f ec t s  t ha t  result from exposure t o  
internal and external doses of radiation should be ident i f ied .  Our 
f i e l d  investigations have provided information on seasonal responses 
t o  acute i r rad ia t ion  and on the response o f  free-ranging populations 
t o  radiation in su l t .  

Laboratory s tudies  dealing w i t h  the e f fec ts  of re la t ive ly  high-level 
acute and chronic i r rad ia t ion  on both laboratory and wild animals are  
abundant. 
However, reviews of n e  l i t e r a t u r e  (Auerbach e t  a1 . l v l z  Templeton 
-- e t  a l .  1970, Auerbach -- e t  a l .  1971b) re la t ing  t o  radiation e f f ec t s  on 
organisms have shown t h a t  very few studies have been conducted on 
the e f f ec t s  of  chronic low-level radiation (from ingested radioactive 
materi a1 ) on t e r r e s t r i  a1 popul a t i  ons. Accumul ation and excretion 
of  radiocesium a lso  have been studied extensively under laboratory 
conditions (Hood and Comer 1953, LeRoy e t  a l .  1963, Hakonsor and Whicker 
1968, and Kitchings e t  a l .  1969)s and cycling studies have demonstrated 
t h a t  wild mammals r e z i v  accumulate radiocesium (Jenkins e t  a l .  1969, 
Plummer -- e t  a1 . 1969, and Kaye and Dunaway 1963). 
s t r a t i n g  the movement of  radiocesium i n  the food chain generally have 
shown an increasing 
in the food chain (Jenkins e t  a1 . 1969, Hanson e t  a1 . 1964, and Pendleton 
-- e t  a l .  1965). Although considerable information i s  avai lable  on i r rad ia-  
t i o n  e f f ec t s  a t  various doses f o r  many organisms, v i r tua l ly  no information 
i s  available f o r  measured i r rad ia t ion  doses t o  mobile organisms as they 
move th rough  radioactive environments. 

(Bond e t  a l .  1965, Betz 1965, and Dunaway e t  a l .  1969b) 
-- 

-- 
-- 

Experiments demon- 

7Cs concentration a t  the secondary consumer levels  
-- -7 

RADIONUCLIDE METABOLISM 

The ava i l ab i l i t y  of radionuclides from ingested f a l l o u t  par t ic les  
t o  vertebrates i s  determined by ( 1 )  so lub i l i t y  ra tes  of  the nuclides 
from the par t icu la te  matter i n  the GI t r a c t s ,  ( 2 )  t r a n s i t  time of the 
f a l lou t  par t ic les  through the GI t r a c t ,  and (3)  absorbabili ty of the 
nuclides by the GI t r a c t s .  

Radiocesium Behavior in Cotton Rats i n  the Laboratory 

Cesium-134 tagged simulants w i t h  varyin in-v i t ro  nuclide solu- 
b i l i t i e s  were analyzed w i t h  respect t o  Q3Ts-%%hilities i n  GI 
t r a c t s  and absorbabi l i t ies  by GI t r a c t s  of cotton r a t s  (Sigmodon 
hispidus) i n  laboratory s tudies .  Determinations of whole-body 
retention and excretory patterns were used t o  discern variations i n  

of the par t ic les  through GI t r a c t s  were determined because the 
34Cs metabol ism caused by sol ubi 1 i t y  differences . Transi t  times 
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par t ic les  const i tute  internal  point sources as long as they are 
present. 
from simulant was greater  than the in-vi t ro  leaching. LeRoy e t  a l .  
(1963) a lso reported tha t  more l e a c h i n g u r r e d  in  the i n t e s t i n a l  
t r a c t  of man than i n  v i t ro .  
increasing elimination o f  the absorbed 134Cs w i t h  a decrease i n  
sol ubi 1 i t y  , b u t  the  evidence was inconcl usi ve and a greater  sol u b i  1 i ty  
gradient i s  needed t o  resolve t h i s  question. 
ha l f - l i f e  of assimilated 134Cs f o r  the three groups of  simulant tes ted 
was 2.75 days. 

Our data suggested tha t  generally -- in-vivo leaching of 13%s 

There a l so  was a h i n t  in our study of an -- 

The average biological 

After f a l l o u t  pa r t i c l e s  reach the so i l  or l i t t e r  layer ,  the body 
burden of radioactive materials in small mammals normally i s  the resu l t  
of chronic absorption of the nuclide from contaminated foods. 
chronic administration of an isotope in  the laboratory was more l ike ly  
t o  simulate uptake under f i e l d  conditions a few weeks o r  longer a f t e r  
f a l l o u t  cessation. A preliminary experiment was designed to :  
(1 )  determine uptake ra tes  and equilibrium levels  of  
cotton r a t  under chronic ingestion conditions, and ( 2 )  develop retention 
curves f o r  134Cs following termination of chronic ingestion. 
tagged with 134Cs was used t o  simulate vegetative material contaminated 
by leachate containing the radioisotope. Lettuce tagged wi t h  34Cs 
was given dai ly  in doses of 0.06 pCi t o  groups of laboratory-born 
and wild-trapped cotton r a t s  f o r  4 weeks. Whole-body and excreta 
counts were made a t  various in te rva ls  over a 712-hr time span. 
After 712 hr, administration of the  isotope was s topped  and 
measurements of excretion of cesi um were begun.  Ser ia l  s ac r i f i ce s  
were made d u r i n g  b o t h  the accumulation phase and excretion phase of 
the experiment and e ight  t i s sues  were analyzed fo r  13'+Cs. 

The 134Cs uptake curve f o r  bo th  the laboratory and wild animals 
groups appeared t o  be a multicomponent curve. 
occurred from about hour 16 t o  hour  208. 
group were as follows ( f i r s t  component): 

T h u s ,  

i n  the 

Lettuce 

The f i r s t  component 
Uptake equations f o r  each 

The second component began a t  about the 208th hr and ran t o  the  
544th hr: 

. 

After the 544th hr (22 .7  days) the ra te  increase approached was zero. 



53 

. *  

.- * 

. .  

Subsequent f i e l d  s tud ies  i n  the  contaminated enclosures a l s o  i n d i c a t e d  
t h a t  e q u i l i b r i u m  l e v e l s  of radiocesium would be reached w i t h i n  a 
30-day per iod.  
a f t e r  p l a c i n g  them i n  the  contaminated pens; whole body burden was 
0.3620 and 0.3579 pCi , respec t i ve l y .  
d i f f e r e n t  f rom 0.3790 pCi determined on day 30. 
co t ton  r a t s  had e s s e n t i a l l y  reached 137Cs equ i l i b r i um,  and any ga in  
o r  l oss  would be n e g l i g i b l e  f o r  an a d d i t i o n a l  30 days. 

I n  March 1970, co t ton  r a t s  were t rapped 7 and 10 days 

These values were n o t  s i g n i f i c a n t l y  
By 30 days, t h e  

Retent ion curves, us ing  t h e  e q u i l i b r i u m  l e v e l  as 100% absorbed 
dose, were descr ibed w i t h  components. 
through 7), considered t o  be main ly  rep resen ta t i ve  o f  systems such as 
the l i v e r  and i n t e s t i n a l  t r a c t ,  gave r e t e n t i o n  equat ions and b i o l o g i c a l  
h a l f - l i v e s  (Tb) o f :  

The f i r s t  component (day 1 

l a b  born: 

w i  1 d trapped: 

Y = 92.8 e -0s1332  ', Tb = 5.20 days 

Y = 100.8 e-o-1116 Tb = 6.21 days 

The second component (days 8 through 35) i s ,  o f  course, r e f l e c t i v e  o f  
the longer  r e t e n t i o n  compartments, such as muscle, and i s  represented 
by : 

lab  born: Y = 61 

w i  1 d trapped: Y = 79 

The type o f  i nges t i on ,  acute 
have in f l uenced  t h e  metabol ic  

7 e-0 .0853  x, Tb = 8.12 days 

0 ', Tb = 8.38 days 

s imu lan t )  versus chron ic  (vegeta t ion)  may 
k i n e t i c s  o f  134Cs i n  co t ton  r a t s  under 

l abo ra to ry  cond i t i ons .  However, s ince  t h e  s h o r t  t ime i n t e r v a l  (5.8 days) 
over  which r e l i a b l e  measurements cou ld  be made f o r  t h e  s imulant  
co inc ides w i t h  t h e  t ime requ i red  f o r  t h e  f a s t  component t o  c l e a r  i n  t h e  
chron ic  study, t h e  Ab and Tb repo r ted  f o r  t h e  s imu lan t  cesium may be 
appropr ia te  f o r  organs such as the  l i v e r  and i n t e s t i n e  i n  which 
r e t e n t i o n  t ime i s  sho r t .  

Radiocesium Behavior i n  Cotton Rats i n  t h e  F i e l d  

F i e l d  s tud ies  i n  enclosures were designed t o  f o l l o w  t h e  movement of 
137Cs as i t  r e l a t e d  t o  the  p o s i t i o n  o f  t h e  s imu la ted  f a l l o u t  and t o  
determine t h e  pr imary source o f  137Cs i n  co t ton  r a t s ,  whether f rom 
inges ted  p a r t i c u l a t e  mat te r  o r  vegetat ion.  Cesium content  i n  f o u r  
components (whole body, t o t a l  t i ssue ,  organic  mat ter ,  and f a l l o u t  
s imu lan t )  increased from December 1968 t o  February 1969. 
February ana lys is  t h e  amount o f  137Cs i n  the  samples began t o  decrease 

A f t e r  the 
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(Fig.  10).  The i n i t i a l  r i s e  i n  c o t t o n  r a t  whole-body 137Cs was i n f l u e n c e d  
by t h e  r e l a t i v e  p ropor t i ons  o f  l i v i n g  and dead vegetat ion i n  t h e i r  d i e t .  
As l i v i n g  vege ta t i on  decreased du r ing  w i n t e r ,  r a t s  foraged c l o s e r  t o  
t h e  ground; thus, t h e i r  d i e t  cons i s ted  o f  i nc reas ing  amounts o f  dead 
vegetat ion.  R a d i o a c t i v i t y  was considerably  g r e a t e r  i n  dead vege ta t i on  
than i n  l i v i n g  vege ta t i on  (Dahlman e t  a l .  1969), and t h e r e f o r e  as 
the f a l l o u t  s imu lan t  descended t o  g K u d  l e v e l ,  i t s  a v a i l a b i l i t y  f o r  
i n g e s t i o n  coupled with the  c o t t o n  r a t ' s  increased i n t a k e  of dead vege- 
t a t i o n  helps e x p l a i n  the midwinter  increase i n  whole-body 137Cs. As t ime 
progressed, however, r a d i o a c t i v i t y  o f  1 i v i  ng and dead vegetat ion dpproached 
each other ,  r e s u l t i n g  i n  a r e l a t i v e l y  constant  body burden i n  c o t t o n  
r a t s .  Curves o f  these measurements p a r a l l e l  t h a t  o f  t h e  dosimetry and 
again r e f l e c t  movement o f  f a l l o u t  s imulant  toward the  ground (F ig .  11).  

Figure 12 shows r e l a t i v e  amounts o f  137Cs i n  each o f  f i v e  compartments: 
i n t e r n a l  organs, G I  t i s s u e ,  GI contents (o rgan ic  ma t te r  and f a l l o u t  
simul a n t )  , p e l t  ( s k i n  and h a i r )  , and res idua l  carcass. The percentages 
i n c l u d e  both 30- and 60-day samples over t h e  e n t i r e  exper imental  p e r i o d  
because no s i g n i f i c a n t  i nc rease  o r  decrease f rom 30 t o  60 days was 
noted. Cesium-137 i n  the co t ton  r a t s  was conta ined most ly  i n  t h e  
res idua l  carcass (F ig .  12 ) .  P e l t ,  which inc ludes s k i n  and h a i r ,  accounted 
f o r  8.9% o f  the whole-body r a d i o a c t i v i t y .  
weight, i s  muscle. Because o f  muscle s p e c i f i c i t y  f o r  137Cs (Hamil ton 
1947, and Kereiakes e t  a l .  1961) and amount o f  muscle i n  t h e  mammalian 
body, i t  i s  a p p a r e n t t h a t  most o f  t h e  t o t a l  body 137Cs was conta ined i n  
muscle. 
body burden. O f  t h e  t o t a l  amount o f  r a d i o a c t i v i t y  i n  t h e  G I  contents,  
79% was i n  organic  m a t t e r  and 20.9% was i n  f a l l o u t  s imulant.  I n  t h e  
e a r l y  p a r t  o f  t h e  experiment, t h e  r a d i o a c t i v i t y  c o n t r i b u t e d  by f a l l o u t  
s imulant  was approximately 10 t imes t h a t  o f  t h e  l a s t  sample per iod.  
Weathering caused leach ing  o f  137Cs from t h e  f a l l o u t  s imulant  i n t o  
the  s o i  1 and subsequently onto t h e  p l a n t s .  With i nc reas ing  t ime, 
vegetat ion r a d i o a c t i v i t y  w i l l  r e f l e c t  r a d i o a c t i v i t y  l e v e l s  i n  t h e  
s o i  1 ; the re fo re ,  f u t u r e  body burdens o f  he rb i  vores and saprovores 
l i v i n g  i n  contaminated areas w i l l  r e f l e c t  137Cs l e v e l s  i n  l i v i n g  
and dead vege ta t i on  , r e s p e c t i v e l y  . 

Most o f  t h e  p e l t ,  i n  terms of 

The average 137Cs i n  the  GI t r a c t  contents was 27% o f  t h e  whole- 

Turnover o f  54Mn and 6oCo i n  a Populat ion o f  Pine Voles 

The r o l e  o f  environmental f a c t o r s  i n  i n f l u e n c i n g  the  r a t e  o f  r a d i o -  
n u c l i d e  e l i m i n a t i o n  i n a popul a t i o n  o f  p i  ne voles (Microtus 

study because populat ions o f  t h i s  species were a t  r e l a t i v e l y  high, 
s t a b l e  d e n s i t i e s  i n  comparisons w i t h  populat ions o f  most species o f  
small  mammals a t  t h e  t ime. 
because these elements are impor tan t  rad ioeco l  og i  ca l  l y  and phys io l  og i  - 
c a l l y  (Wangersky 1963 and Lowman 1963), y e t  l i t t l e  i s  known o f  t h e i r  
behavior  i n  f ree - rang ing  mammal populat ions.  ~ Laboratory s tud ies  were 
conducted t o  serve as a " c o n t r o l "  so t h a t  t h e  i n f l u e n c e  o f  environmental 

i netorum) 
was i n v e s t i g a t e d  us ing  54Mn and 6oCo. Pine voles were s e l e c t e  %--- f o r  

Manganese-54 and 6oCo were s e l e c t e d  
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Fig. 10. Total radioactivity (VCi) in cotton rats after chronic ingestion of 137Cs-contaminated 
fallout simulant and vegetation for 30 or 60 days. 
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ingestion of 137Cs-contaminated fa1 lout simulant and vegetation. 
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f a c t o r s  might  be assessed. Only females received rad io isotopes ( t o  
asce r ta in  maternal parentage) ; those r e c e i  v i  ng 54Mn were n o t  i r r a d i  a ted 
and those r e c e i v i n g  6oCo were given 700 rads. 

The most s t r i k i n g  r e s u l t  o f  t h e  rad io i so tope  measurements was the  
more r a p i d  l o s s  o f  54Mn and 6oCo from t h e  p i n e  voles i n  the  f i e l d  
populat ion than from t h e  voles h e l d  i n  t h e  l a b o r a t o r y  (F igs.  13 and 14) .  
Most of t h i s  d i f f e r e n c e  occurred by day 14 f o r  54Mn and day 21 f o r  6oCo, 
and t h e r e a f t e r  t h e  l o s s  r a t e s  are 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 .  
poss ib le  t h a t  g rea te r  a c t i v i t y  by t h e  voles i n  the  f i e l d  was responsib le  
f o r  the more r a p i d  loss o f  54Mn and 6oCo. 
exerc ised Perom scus o l i o n o t u s  excreted 65Zn f a s t e r  than nonexercised 
o l d - f i e l d  h h ? e s  (1m showed t h a t  losses o f  '"Co and 137Cs 
f rom wh i te - foo ted  m i  ce were slower f rom body burdens acqui r e d  chroni  c a l  l y  
than acute ly ,  and we found a s i m i l a r  phenomenon f o r  t h e  c o t t o n  r a t s  i n  
the p r e v i o u s l y  discussed experiment. 
and f i e l d  voles a l s o  may have a f f e c t e d  r a d i o n u c l i d e  exc re t i on .  French 
(1967) discussed poss ib le  e f f e c t s  o f  type o r  form o f  vegetat ion on 
element uptake, b u t  h i s  d iscuss ion was o r i e n t e d  toward i nges ted  elements. 
One e x p l i c i t  assumption has been t h a t  r a d i o n u c l i d e  e x c r e t i o n  depends i n  
l a r g e  p a r t  on metabol ic  r a t e .  E a r l i e r  s tud ies  were unsuccessful i n  
q u a n t i t a t i v e l y  c o r r e l a t i n g  t h e  long component o f  e x c r e t i o n  w i t h  
metabolism (Wangersky 1963, Orr 1967, and Baker and Dunaway 1969). I n  
re t rospec t ,  i t  seems 1 og i  ca l  t h a t  t he  e a r l y  components o f  r a d i o n u c l i d e  
e x c r e t i o n  curves should r e f l e c t  metabol ic  r a t e s  b e t t e r  than t h e  l ong  
components because, i p s o  f a c t o ,  t h e  t i ssues  and organs most a c t i v e  i n  
r e l e a s i n g  elements d u r i n g  e a r l y  exc re t i on ,  i n  general,  are those which 
are most a c t i v e  metabol i cal  l y  i n  e x c r e t i n g  unincorporated mater i  a1 s . 
Whatever t h e  reasons f o r  t he  more r a p i d  e x c r e t i o n  o f  54Mn and 6OCo 
from the f ree - rang ing  p ine  voles, an obvious consequence i s  reduc t i on  
i n  i n t e r n a l  i r r a d i a t i o n  dose. 

I t  i s  

Chew (1971) showed t h a t  

D i f f e r i n g  d i e t s  o f  t h e  l a b o r a t o r y  

I f  r37Cs enters  t h e  d i e t  p r i m a r i l y  through m a t e r i a l  deposi ted on 
vegetat ion,  i n t e r n a l  dose w i l l  be p r o p o r t i o n a l  t o  r e t e n t i o n  o f  t h e  
fa1 l o u t .  If, however, t h e  i so tope  i s  i nco rpo ra ted  predominately 
through the  r o o t  systems o f  p l a n t s ,  t h e  dose w i l l  be p r o p o r t i o n a l  t o  
the  t o t a l  amount o f  i so tope  i n  the  s o i l ,  assuming r o o t  uptake as a 
f u n c t i o n  of rad ionuc l i de  pool s i z e  i n  s o i l .  Regardless o f  t he  mechanism 
o f  i n c o r p o r a t i o n  o f  rad io i so tope ,  one o f  t h e  major consequences o f  f a l l -  
ou t  i s  t h e  c r e a t i o n  o f  a contaminated food source which subsequently 
c i  r c u l  ates through food chains . Contamination t r a n s f e r  i n  t h e  eco- 
system w i l l  n o t  cease a t  t he  vege ta t i on -co t ton  r a t  l i n k  i n  t h e  food 
chain. Trophic  l e v e l  increase r a t i o s  f o r  t h e  predator-prey r e l a t i o n s h i p s  
were found t o  be 2.0 f o r  t he  gray f o x  and c o t t o n  r a t  and 6.9 f o r  t h e  
bobcat/cot ton r a t  r e l a t i o n s h i p  (Jenkins 1969). Since t h e  same predator-  
prey r e l a t i o n s h i p s  o f  gray fox-cotton r a t  and bobcat-cot ton r a t  presumably 
e x i s t  i n  and around Oak Ridge, contaminat ion l e v e l s  can be p r e d i c t e d  f o r  
t h e  gray f o x  and bobcat. I n  February 1969, when r a d i o a c t i v i t y  i n  co t ton  
r a t s  was h ighes t  (0.04 pCi/g) , r a d i o a c t i v i t y  i n  gray f o x  and bobcats 
would have been about 0.08 and 0.28 pCi/g, r e s p e c t i v e l y .  
1969 when co t ton  r a t  r a d i o a c t i v i t y  was lowest  (0.007 uCi/g),  
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r a d i o a c t i v i t y  i n  gray foxes and bobcats would have been about 0.014 and 
0.048 pCi/g, r e s p e c t i v e l y .  
cou ld  accumulate 70 U C i ,  w h i l e  a bobcat weighing 7000 g cou ld  accumulate 
336 pCi.  

During November 1969, a 5000-g gray f o x  

D i f f e r i n g  l e v e l s  o f  radiocesium uptake i n  t h e  t i s s u e s  mean t h a t  food- 
chain t rans fe rs  t o  predators  from small  prey species such as c o t t o n  
r a t s  should d i f f e r  according t o  feeding h a b i t s  o f  t h e  predators .  
P re l im ina ry  r e s u l t s  o f  a study conducted i n  t h e  summer o f  1970 i n d i c a t e  
t h a t  t r o p h i c - l e v e l  magn i f i ca t i on  o f  137Cs may indeed depend upon t h e  
feeding h a b i t s  o f  t h e  p a r t i c u l a r  secondary consumer. Cesium-137 and 
6oCo-tagged w h i t e  p ine  seeds were used as t h e  base food supply i n  
s tudy ing  the  t r a n s f e r  o f  the i so tope  from t h e  food base t o  t h e  pr imary 
consumer (whi te- footed mouse - Peromyscus leuco us) t o  a secondary 
consumer ( s h o r t - t a i l  shrew - B l a r i n a  brevicauda + Based on t h e  whole- 
body equi l i b r i  um c o n c e n t r a t i o m g )  , the  concentrat ion f a c t o r  f o r  
137Cs movernent from Peromyscus t o  B l a r i n a  was 0.76. Add i t i ona l  data 
ana lys i s  may show t h a t ,  when the  concentrat ion f a c t o r  c a l c u l a t i o n  i s  
based on t h e  l e v e l s  o f  137Cs i n  t h e  t i s s u e s  most o f t e n  eaten by the 
shrews, an increase i n  137Cs from one t r o p h i c  l e v e l  t o  another does 
occur. 

Radiat ion E f f e c t s  

Radionucl ides i n  f a l l o u t  debr is  e n t e r  ve r teb ra te  populat ions p r i -  
m a r i l y  by i n g e s t i o n  and i n h a l a t i o n  o f  the p a r t i c l e s  and by i n g e s t i o n  o f  
foods contaminated w i t h  nuc l i des  leached o r  weathered from t h e  p a r t i c l e s .  
I n c o r p o r a t i  on and accumulation o f  these rad ionuc l  i des  by mamals depends 
on i n g e s t i o n  o f  t h e  nuc l i des ,  absorpt ion o f  t he  nuc l i des  w i t h i n  t h e  
g a s t r o i n t e s t i n a l  t r a c t ,  and f i n a l l y  t h e  p h y s i o l o g i c a l  importance o f  t he  
nucl i des. I n t e r n a l  r a d i a t i o n  doses t o  ve r teb ra tes  from fa1 1 ou t  thus 
r e s u l t  from two pathways o f  exposure. F i r s t ,  i nges ted  r a d i o a c t i v e  par-  
t i c l e s  e s s e n t i a l l y  are p o i n t  sources o f  i r r a d i a t i o n  w h i l e  i n  the  
g a s t r o i n t e s t i n a l  t r a c t .  Second, rad ionuc l i des  leached from f a l l o u t  
p a r t i c l e s  o r  from contaminated vegetat ion may be i nco rpo ra ted  i n t o  
t i ssues .  The e f f e c t  o f  i n t e r n a l  and ex te rna l  r a d i a t i o n  from t h e  s imulant  
was measured i n t h e  contaminat ion pens. 
t r i b u t e d  the  major p o r t i o n  o f  t h e  dose t o  t h e  whole-body. 
i r r a d i a t i o n  c o n t r i b u t e d  more t o  both t h e  whole-body and G I  t r a c t  t o t a l  
dose r a t e  than d i d  i n t e r n a l  gamma because o f  t h e  more complete absorpt ion 
of t he  be ta  energy. 

Average gamma dose r a t e s  from both ex te rna l  and i n t e r n a l  sources 
i n  co t ton  r a t s  ranged from 3.84 rads/day i n  February 1969 t o  2.35 rads/day 
i n  November 1969 (F ig.  11). Regression ana lys i s  showed t h a t  from February 
t o  J u l y  dose r a t e s  decreased by 0.008 rad/day pe r  day, b u t  from J u l y  
1969 t o  A p r i l  1970 the re  was no s i g n i f i c a n t  change. 
decrease i n  dose r a t e  was due t o  changing geometry o f  t h e  r a d i a t i o n  
f i e l d s  i n  pens as t h e  f a l l o u t  s imulant  descended through t h e  vegetat ion 

External  gamma i r r a d i  a t i  on con- 
I n t e r n a l  be ta  

The i n i t i a l  
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t o  the ground. Most of the fa l lou t -s imulant  has now reached ground 
level ,  forming an i r regular  plane source and resul t ing in  a re la t ive ly  
s tab le  dose rate of approximately 2.46 rads/day. No e f f ec t s  of the 
137Cs radiation on e i t h e r  body weight or peripheral blood of cotton 
r a t s  was apparent (Table 6)- Any s l i g h t  changes in body weight o r  
general blood measurements probably resulted from seasonal var ia t ions 
in the general environment, s ince s imi la r  measurements were obtained 
for  both control and experimental animals. For cotton rats, general 
environmental f luctuat ions may be of more immediate consequences 
than low-devel i r rad ia t ion .  Consequently, i t  i s  1 ikely tha t  a r e l a t ive ly  
large number of r a t s  l iv ing  f o r  many months or a few years on the 
areas would be required t o  detect  e f f ec t s  of i r rad ia t ion  a t  the low 
dose rates  present. Such an experiment was not possible with the 
f a c i l i t i e s  avai lable .  Previous s tudies  w i t h  cotton r a t s  showed t h a t  
re la t ive ly  high acute doses of radiation were required t o  a f f ec t  body 
weight  (Dunaway -- e t  a l .  1969b) and blood (Kitchings -- e t  a l .  1970). In 
January 1970, the experimental animals were exposed to  several days of 
0°F temperatures and precipi ta t ion.  
mental and 2 o f  8 control animals were recovered a l ive .  Similar 
mortali ty in  free-ranging cotton r a t s  during cold weather has been 
reported (Dunaway and Kaye 1961 ) . 

After 30 days, only 3 of 8 experi- 

The problem of predicting consequences t o  free-ranging mammal populations 
exposed t o  environmental contamination, whether bv radioactive fa l lou  
or. other chemical pol lutants  should be-approached" from two viewpoints 
Consideration must be given t o  the  immediate le thal  e f f e c t s ,  such 
as the level of external radiation received by the organism from 
the i n i t i a l  encounter with the source material .  I f  wild species '  
responses t o  acute doses of radiation vary s igni f icant ly  d u r i n g  the  
course of a year,  then knowledge of the environmental factors  respons 
i s  necessary f o r  prediction of radiation-induced consequences i n  
natural popul a t i  ons . 

ble  

Seasonal Changes in Radiation Effects on Whi te-Footed Mice 

White-footed-mice were trapped during the  f i r s t  of each month from 
June 1969 to  May 1971, given 1050 rads, and caged i n  the outside 
environment. 
laboratory (Dunaway e t  a l .  1969b). 
fo r  each mouse and f Z d 7 P u r i n a  Lab Chow) and water were provided - ad 
l i b i t u m .  

The dose of 1050 rads was the L D 5 ? - 3 0  for the mice i n  the 
Cotton bedding (10 g )  was provided 

- 4  

...- 

Mortality was r e l a t ive ly  low from May t h r o u g h  September (42.5 t o  
55.0%), high during November and December (90.0%), and ranged from 59 t o  
72.5% during the remaining months. 
h i g h  of 8.3 days in  June t o  a low of 5 .3  days i n  November. Mean survival 
time of P.  leucopus in the laboratory a t  this dose was 8.2 days. I t  
was antiFipated tha t  the caged animals would be exposed t o  lower 
average temperatures i n  winter than those experienced by free-ranging 

Mean survival time declined from a 



I * 

Table 6. Hematological Values of Cotton Rats i n  Control Enclosures 
and i n  13'Cs Fallout Simulant Contaminated Enclosures 

Enclosure Sample Day 
Treatment Number Sex Sampled Wgt. RB C H GB H CT MCB WBC 

Control 8 
Control 4 
Control 4 

Con t ami nated 8 
Con t ami nated 6 
Contaminated 4 

Control 8 
Control 7 
Control 3 

Contaminated 8 
Contaminated 6 
Contaminated - 5 

M 
M 
M 

M 
M 
M 

F 
F 
F 

F 
F 
F 

0 
30 
60 

0 
30 
60 

0 
30 
60 

0 
30 
60 

114.2 + 9.5 7.3 + 0.1 17.1 + 0.3 46.5 + 0.8 64.0 + 0.7 5.3 + 0.4 
96.97-5.9 6 .7E0.1  15.1T0.2 39.8T1.2 5 9 . 8 z 2 . 6  2 . 9 T l . l  

117.4 5 2 . 2  6.5 2 0 . 3  14.8 i O . 1  38.5 T - 1.3 59.0 2 1.5 4.7 i O . 9  

114.5 + 7.0 7.1 + 0.3 16.6 + 0.7 46.0 + 1.9 65.0 + 0.5 7.6 + 1.8 0" 
108.4 '7 7.6 6.5 T 0.3 14.8 T0 .4  40.0 1.9 61.7 1.0 2.6 7 0 . 3  
108.7 i 2 . 2  6.6 5 0 . 3  16.0 zO.9 37.9 E 1.2 57.5 1.9 4.3-7 - 0.3 

115.0 + 7.0 7.4 + 0.1 16.4 + 0.3 46.9 + 0.4 63.0 + 0.4 7.3 + 0.7 
115.4 T 6 . 8  6.4 T0 .2  15.1 T0 .6  40.5 T 1.5 63.9 T0 .6  3.5 T 0 . 4  
133.7 1 9 . 2  7.2 Z 0 . l  16.7 1 1.1 41.2 1 0 . 6  57.0 T - 1.5 3.0 FO.9 - 

118.1 5 8 . 1  7.9 + 0.2 17.2 + 0.5 48.1 2 0.9 61.0 + ,0 .8  6.6 + 1.3 
116.1 + 5.8 7.3 T 0 . 2  15.8 T0.5 43.2 + 1.0 59.5 T 1.3 2 .8T0.3  
132.8 z 4 . 9  7.7 TO.2 - 17.0 zO.6  44.6 1.1 58.0 T 2 . 4  - 3.6 i O . 7  
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mice, which had access t o  w e l l - i n s u l a t e d  burrows and nests and which 
could huddle i n  groups t o  conserve heat. I t  was expected t h a t  the 
h ighes t  m o r t a l i t y  and s h o r t e s t  s u r v i v a l  t ime would occur i n  w i n t e r  
(Newson and Kimeldor f  1961). 
and s h o r t e s t  s u r v i v a l  t ime i n  November and December i n d i c a t e  t h a t  some 
f a c t o r  o r  f a c t o r s  were more impor tan t  than temperature alone as 
determinants o f  m o r t a l i t y  and s u r v i v a l  t imes. Environmental cond i t i ons  
and/or endogenous f a c t o r s  c e r t a i n l y  acted s y n e r g i s t i c a l l y  w i t h  r a d i a t i o n  
du r ing  most o f  t h e  y e a r  because m o r t a l i t y  was u s u a l l y  g r e a t e r  and 
s u r v i v a l  t ime s h o r t e r  than f o r  t h i s  species i n  t h e  l a b o r a t o r y .  

As a companion t o  the  p r e v i o u s l y  mentioned 54Mn and 6oCo metabolism 
study i n  a w i l d  p i n e  vo le  populat ion,  a p r e l i m i n a r y  e f f o r t  was under- 
taken t o  t e s t  (1)  r a d i a t i o n  e f f e c t s  i n  a d u l t  voles and (2 )  f e a s i b i l i t y  
o f  analyz ing r a d i a t i o n  e f f e c t s  on rep roduc t i ve  success by i n j e c t i n g  
t r a c e  amounts o f  rad io i so topes  i n t o  females and then whole-body 
count ing the  young from these females. 
i n j e c t e d  w i t h  6oCo w h i l e  t h e  o t h e r  group, which was n o t  i r r a d i a t e d ,  
was i n j e c t e d  w i t h  54hln. The males were grouped s i m i l a r l y ,  w i t h  one 
group being i r r a d i a t e d  and t h e  o t h e r  r e c e i v i n g  no r a d i a t i o n ;  however, 
no males were i n j e c t e d  w i  t h  r a d i  o i  sotopes . 

Instead, such r e s u l t s  as h i g h e s t  m o r t a l i t y  

One group was i r r a d i a t e d  and 

Fewer i r r a d i a t e d  than u n i r r a d i a t e d  male voles were caught d u r i n g  
the  f i r s t  two t r a p p i n g  per iods,  b u t  e v e n t u a l l y  as many i r r a d i a t e d  as 
uni  r r a d i  a ted i ndi  v i  dual males were caught. Captured i r r a d i  a ted  females 
a1 so were fewer than un i  r r a d i  a ted  females d u r i n g  the  fi r s  t ,  two t r a p p i n g  
per iods.  However, t h e  t o t a l  number o f  i r r a d i a t e d  females caught du r ing  
t h e  e n t i r e  s tudy was o n l y  50.8% t h a t  o f  u n i r r a d i a t e d  females. 
t o t a l  o f  recaptures f o r  i r r a d i a t e d  females (33) was s i g n i f i c a n t l y  
l e s s  (<0.01) than t o t a l  recaptures o f  n o n i r r a d i a t e d  females (65), b u t  
recaptures o f  i r r a d i a t e d  males (35) 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 recaptures o f  n o n i r r a d i a t e d  males (40). 

The 

E f f e c t s  o f  i r r a d i a t i o n  on rep roduc t i on  cou ld  n o t  be judged i n  terms 
o f  young appearing i n t h e  popul a t i  on. 
were pregnant o r  l a c t a t i n g  9 t imes o u t  o f  20 captures from day 28 t o  
106 and n o n i r r a d i a t e d  females showed s igns o f  rep roduc t i ve  a c t i v i t y  
i n  19 o u t  o f  36 captures; on l y  two young vo les were captured t h a t  
contained e i t h e r  o f  t h e  rad ionuc l i des .  
d i a t e d  females e x h i b i t i n g  rep roduc t i ve  a c t i v i t y  from day 28-106 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  n o n i r r a d i a t e d  females (55.5%). 
day 28 one n o n i r r a d i a t e d  female, found dead i n  a t r a p ,  had two near-  
term fetuses; t h i s  54Mn- in jected female was counted, and t h e  fe tuses 
were removed and counted. The fe tuses accounted f o r  2.9% o f  t h e  t o t a l  
body burden o f  t h e  female. 
t o  young occurred i n  a 6oCo- in jected and i r r a d i a t e d  female which was 
counted on day 63 and bore one young w h i l e  be ing  h e l d  o v e r n i g h t  i n  
the l ab .  This new-born vo le  was counted on day 64 and no 6OCo was 
detected. 

A1 though i r r a d i  a t e d  females 

The percentage (47.4) o f  i r r a -  

On 

No such i s o t o p i c  t r a n s f e r  f rom mother 

c 
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The 700-rad dose caused graying of fu r  on voles in both the  laboratory 
and f i e l d  experiments, b u t  graying occurred f a s t e r  in  the f i e l d  population. 
Graying by days 105-106 i n  f i ve  out of seven i r r ad ia t ed  f i e l d  animals 
ranged from " s l i g h t  graying on head, back, and flanks" to  ''moderate 
graying a l l  over." In cont ras t ,  i r rad ia ted  voles in the laboratory 
showed no graying by day 114. 

The s igni f icant ly  fewer recaptures of i r rad ia ted  female pine voles may 
not have been a re f lec t ion  of i r rad ia ted  death per se .  The L D 5 0 - 3 0  of 
males and females i n  the laboratory was, respect ively,  883 and 1004 rads 
(Dunaway e t  a1 . 1969b),  and none died w i t h i n  30 days a t  a dose of 700 
rads d u r i n g t h a t  study o r  in the laboratory par t  of t h i s  study. "Radia- 
t ion sickness" would be expected a t  700 rads,  however, and the fewer 
captures of both i r rad ia ted  sexes d u r i n g  the f i r s t  two trapping periods 
may have resul ted from effectsof  radiat ion sickness. The continuing 
absence of i r rad ia ted  females may have resul ted from loss  of t e r r i t o r y  
by the females because of i n a b i l i t y  t o  defend t h e i r  t e r r i t o r y  d u r i n g  
this time. 

Pelage graying i s  a common phenomenon in mammals i r r ad ia t ed  with 
substant ia l  b u t  sublethal doses (Dunaway e t  a l .  1969b and Chase 1949). 
This graying r e su l t s  when damaged f o l l i c l e s  replace molted pigmented 
hair .  
the  laboratory may have ref lected normal molting of the f i e l d  animals 
i n  response t o  natural environmental cues, whereas in the laboratory 
the environment was unchanging. Graying seemed not t o  increase pre- 
dation r a t e  on the voles in . the  free-ranging population, although 
evidence tha t  has been compiled (Cott 1957) suggested t h a t  such 
prey species with pelage contrast  with t h e i r  environments would be 
more vu1 nerable t o  predators.  Survival of semifossorial species 
such as the pine vole a f t e r  graying may be d i f f e ren t  from other species 
more exposed t o  view of predators, b u t  the  data of 0 '  Farrell  -- e t  a1 . 
(1971 ) indicate  t h a t  grayed pocket mice (Perognathus parvus) survived 
in natural populations about as well as pocket mice w i t h  normal 
pel age. 

The more rapid graying of the animals in the f i e l d  than i n  

1 .  

- e  

Recommendations f o r  Future Research 

A review by Reichle e t  a l .  (1970) indicates  t ha t  both i n t r i n s i c  
biol ogi cal and ex t r i  nsi c environmental factors  a f f ec t  turnover 
and concentration of radi onucl i des i n food chai ns . Characteri za- 
ti  on of the environmental parameters t ha t  i nfl uence radionuclide 
movement in ecosystems needs t o  be in tens i f ied  as i t  becomes 
more obvious tha t  nuclear energy will  be providing power fo r  
much of the world within a few decades. Also, p r ior  knowledge 
of such radionuclide t r ans fe r  ra tes  i s  imperative fo r  protective 
and ameliorative measures i n  the event of nuclear war. 
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2. Since much o f  t he  dose rece ived  by ve r teb ra tes  i n  a contaminated 
envi  ronment w i  11 come from rad ionuc l  i des inco rpo ra ted  i n  t h e  
body t i ssues  o r  passed through t h e  body v i a  t h e  GI t r a c t ,  i t  
i s  necessary t o  cont inue work t o  i d e n t i f y  bioenvironmental  
pathways f o r  t he  t r a n s f e r  of  r a d i  onucl i des .  Of p a r t i c u l a r  
importance should be the  ones re leased by opera t i on  o f  any 
nuc lea r  f a c i  1 i ty o r  nuc lea r  weapon. 

3. I n v e s t i g a t i o n s  on t h e  e f f e c t  o f  ch ron ic  l ow- leve l  r a d i a t i o n  on 
v e r t e b r a t e  populat ions should be emphasized. 
concern should be the  e f f e c t s  on reproduct ion,  blood, and 
seasonal responses o f  f ree - rang i  ng populat ions.  Judging from 
r e s u l t s  obta ined i n  t h e  AEC-OCD f i e l d  and l a b o r a t o r y  f a c i l i t i e s  
here and i n  o t h e r  s tud ies ,  i t  seems l i k e l y  t h a t  long- term e f f e c t s  
f rom t h e  chronic ,  low- level  r a d i a t i o n  f i e l d  w i l l  be manifested 
i n  populat ions o f  mammals. 
e f f e c t s  w i  11 requ i  r e  ( 1  ) a d d i t i o n a l  enclosures t o  p r o v i  de popu- 
l a t i o n  o f  adequate s i z e  f o r  s t a t i s t i c a l  r a d i a t i o n  and (2 )  exper i -  
ments w i l l  have t o  be t r u l y  long-term--many months o r  a few years.  

O f  p a r t i c u l a r  

De l i nea t ion  o f  these long-term 

4. The vege ta t i on  s t u d i e s  showed t h a t  graz ing by c o t t o n  r a t s  was 
an impor tant  f a c t o r  i n  terms o f  p r o d u c t i v i t y  and e f f e c t s  on 
p l a n t  reproduct ion.  Future s tud ies  o f  a p lan t -he rb i vo re  food 

of  r a d i o n u c l i d e  dynamics and i r r a d i a t i o n  e f f e c t s  i n  a more 
p r a c t i c a l  manner and a t  much l e s s  c o s t  than s tud ies  u t i l i z i n g  
l a r g e  herb ivores and pastures.  Small predators  (e.g. , weasels, 
cats,  shrews) should be used t o  a s c e r t a i n  whether concentrat ions 
of p a r t i c u l a r  rad io isotopes i nc rease  o r  decrease t o  h ighe r  
t r o p h i c  l e v e l s  such as t h a t  occupied by man. 

chain (e.g., fescue-cotton r a t )  can prov ide p r e d i c t i v e  models a .  

. -  
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