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ABSTRACT 

The b ioene rge t i cs  o f  Simul ium spp. and Cheumatopsyche anal  i s  f rom 
Rat t lesnake Spr ings and S n i v e l y  Creek, ' r e s p e c t i v e l y ,  Benton County, 
Washington and T r i co r t hodes  minutus f r om Deep Creek, Oneida County, Idaho 
were s tud ied  us ing  a  v a r i e t y  o f  techniques. I n g e s t i o n  r a t e s  were measured 
us ing  f ood  sources (diatoms, f i n e l y  round watercress,  b a c t e r i a ,  and b l u e -  
green a lgae)  l a b e l l e d  w i t h  5 1 C r  and q4C. Theo re t i ca l  i n g e s t i o n  r a t e s  were 
c a l c u l a t e d  f rom analyses o f  g u t  weights  and d i g e s t i o n  t imes. A s s i m i l a t i o n  
e f f i c i e n c i e s  (AE) were determined us ing  t h e  1 4 C  and dua l - l abe l  (51Cr, 14C) 
methods and t he  a s h - r a t i o  technique.  The dual  - l a b e l  method p rov ided  
r e 1  i a b l e  r e s u l t s  when l each ing  o f  i so topes  f rom food and feces were n o t  
s i g n i f i c a n t .  Con t ro l s  f o r  adsorp t ion  o f  5 1 C r  and 1 4 C  and a s s i m i l a t i o n  o f  
5 1 C r  shou?d a l s o  be used. Al though C r  i s  a  non-essent ia l  element i n  
i n s e c t  n u t r i t i o n  i t  i s  absorbed t o  a  smal l  ex ten t .  The d u a l - l a b e l  method 
necess i t a tes  g r e a t e r  p recau t ions  and expense than  t h e  14c method b u t  i s  
advantageous when measuring AE o f  animals w i t h  r a p i d  i n  e s t i o n  r a t e s  which 
could be adverse ly  a f f e c t e d  by hand1 i n g .  Prov ided t h e  $ l C r  a c t i v i t y  den- 
s i t y  o f  food i s  s u f f i c i e n t ,  t h e  t ime r e q u i r e d  f o r  d i g e s t i o n  can a l s o  be 
more accu ra te l y  determined w i t h  5 1 C r  than w i t h  14C.  The a s h - r a t i o  method 
p rov ided  a  wide range o f  AE values and i s  n o t  as re1 i a b l e  as t he  dua l - l abe l  
method because minera l  a s s i m i l a t i o n  i s  unpred ic tab le .  Ass im i l  a t i o n  r a t e s  
were de r i ved  f o r  these animals us ing  t he  i n g e s t i o n  r a t e  and AE, by severa l  
methods employing 1 4 C  uptake curves, and by d i f fe rences  i n  5 1 C r -  and 
14C-der ived accumulat ion va l  ues. Methods used t o  measure o t h e r  energy 
budget components a re  a l s o  given. A system was develo ed f o r  corr~bust ing 
b i o l o g i c a l  samples c o n t a i n i n g  14c and de te rmin ing  cpm y 4 C  and t o t a l  carbon 
from a  s i n g l e  sample. Th is  method employs Van S lyke  wet o x i d a t i o n ,  f o r ced  
c i r c u l a t i o n  and sc rubb ing  o f  t he  gases o f  combustion, and c o l l e c t i o n  o f  
C02 i n  ethanolamine. R a d i o a c t i v i t y  i n  t h i s  systeni was determined by 
s c i n t i  1  l a t i  on coun t ing  and t o t a l  carbon by a  g r a v i m e t r i c  p r e c i p i t a t i o n  
method. 

Experiments were conducted on Simul ium t o  determine t h e  i n g e s t i o n  
r a t e s  and a s s i m i l a t i o n  e f f i c i e n c i e s  on t h ree  food sources ( b a c t e r i a ,  
diatoms, and f i n e l y  ground watercress)  us i ng  dual  -llabel ( "Cry  14C) 
food. Three f eed ing  chambers were employed and t h e  e f f e c t s  o f  t h e  
phys i ca l  environment c rea ted  i n  these chambers on f eed ing  r a t e s  were 
exp lo red .  Feeding chambers were a  fl ow-through g l  ass c y l  i nder w i t h  a  
6 cm/sec c u r r e n t  speed and g lass  s l i d e  substratum; a  p l a s t i c  t rough  
w i t h  c u r r e n t  speeds rang ing  f rom 30 t o  50 cm/sec and gravel  substratum; 
and a  c i r c u l a r  p l e x i g l  ass stream channel w i t h  l a r g e  stones as subst ra tum 
m a t e r i a l  . I n g e s t i o n  was measured a t  exper imenta l  temperatures rang ing  
from 17 t o  24OC which g e n e r a l l y  corresponded t o  n a t u r a l  stream temper- 
a tu res  w i t h i n  5OC. Graz ing was shown n o t  t o  be a  means o f  feeding f o r  
Simulium. I n g e s t i o n  r a t e s  on diatoms by f i l t r a t i o n  -in the  g l ass  
c y l  i n d e r  were approx imate ly  1 .4  t o  3.0 pg  DW/mg/h. The 1  ow c u r r e n t  
speed was p robab ly  r espons ib l e  f o r  these low feed ing  r a t e s  as l a r v a e  
i n  t h e  s t ream were found t o  be l o c a t e d  i n  r eg ions  where speeds were 



19 cm/sec o r  g rea te r .  I t  was found t h a t  Simul ium l a r v a e  cou ld  f i l t e r  
suspended charcoal  p a r t i c l e s  < 1  pm i n  d iameter  f rom the  stream. The 
low (0.032 pg/mg/h) f eed ing  r a t e s  on b a c t e r i a  i n  t he  g lass  c y l i n d e r  were 
aga in  due t o  inadequate c u r r e n t  speeds. The concen t ra t i on  o f  seston 
found i n  Ra t t lesnake  Spr ings throughout  t he  y e a r  was 0.97 t o  2.5 mg/R. 
A1 though food concen t ra t i ons  i n  g lass  c y l  i nder and t rough  feed ing  chambers 
were 4  t o  15 t imes g r e a t e r  than n a t u r a l  seston concen t ra t ions ,  t h e  
c o n c e n t r a t i o n  o f  suspended food  coul  d  n o t  compensate f o r  inadequate 
c u r r e n t .  I n g e s t i o n  r a t e s  on diatoms i n  t rough  exper iments raoged f r om 
approx imate ly  1  t o  17 pg/mg/h even though c u r r e n t  speeds were adequate. 
I t  i s  f e l t  t h a t  i n  these exper iments a  combinat ion o f  phys ica l  f a c t o r s  
( c u r r e n t  speed, wa te r  depth, and subst ra tum shape) c rea ted  excess i  ve 
tu rbu lence  which impa i red  t he  e f f ec t i veness  i n  food  ga the r i ng  by t h e  
c e p h a l i c  fans  o f  t he  l a r vae ,  e s p e c i a l l y  o f  t he  l a r g e r  s i z e  c lasses.  Com- 
p u t a t i o n  o f  t h e  Froude number (F )  f o r  t h e  phys i ca l  c o n d i t i o n s  o f  feed ing  
chambers i s  one means o f  e s t i m a t i n g  t h e  degree o f  tu rbu lence .  Values o f  
F > 1, i n d i c a t i v e  o f  t u r b u l e n t  f l ow,  were c a l c u l a t e d  f o r  t h e  t rough .  
Higher  i n g e s t i o n  r a t e s  (43.2 t o  55.0 pg/mg/h) were measured f o r  l a r v a e  
feed ing  on watercress i n  t he  p l e x i g l a s s  channel. I n  a d d i t i o n ,  F  values 
were < 1, t y p i c a l  o f  s t reaming f l ow .  A s s i m i l a t i o n  e f f i c i e n c i e s  o f  l a r v a e  
f eed ing  on diatoms measured by t he  d u a l - l a b e l  method were 52.7 t o  65.8% 
(mean 57.1%). Probably  a  combinat ion o f  d i f f e r e n t i a l  l each ing  o f  i so topes  
f rom f o o d  and feces and a s s i m i l a t i o n  o f  5 1 C r  made i n t e r p r e t a t i o n  o f  r e s u l t s  
d i f f i c u l t  i n  c e r t a i n  exper iments.  AE values measured by t h e  a s h - r a t i o  
method ranged f rom 7.6 t o  56.1%. The t ime  r e q u i r e d  f o r  d i g e s t i o n ,  measured 
i n  t he  s t ream w i t h  a  powdered charcoal  marker, was 45 t o  60 min. The g u t  
we igh t  f r a c t i o n  ( g u t  DW/body DW) was 109 pg/mg; g u t  f r a c t i o n s  c a l c u l a t e d  
f rom t h e  l i t e r a t u r e  were 82-111 pg/mg. Based on obse rva t i on  and da ta  f rom 
t h e  1  i t e r a t u r e  the  growth p e r i o d  o f  1  arvae was taken as 16 days. A  1  i near 
inc rease  i n  l a r v a l  we igh t  w i t h  mil-size c lasses t o  t h e  maximum l a r v a l  w e i g h t  
(1344 pg DW) was noted. Us ing a  r e s p i r a t i o n  r a t e  f rom the  l i t e r a t u r e  f o r  
Simul ium and an R.Q. o f  0.88, a s s i n i i l a t i o n  d u r i n g  t he  16 day growth p e r i o d  
o f  an i n d i v i d u a l  , determined as growth p l  us r e s p i  r a t i o n ,  t o t a l e d  11 .88 c a l  . 
A  t h e o r e t i c a l  i n g e s t i o n  r a t e  (pg/mg/h) f o r  seston was determined f r om 
d i g e s t i o n  t ime and gu t  f r a c t i o n  da ta  and a p p l i e d  t o  t h e  weights  o f  l a r v a e  
throughout  t h e  growth p e r i o d  t o  d e r i v e  t he  t o t a l  i n g e s t i o n  p e r  i n d i v i d u a l .  
To ta l  a s s i m i l a t i o n ,  determined us i ng  t h e  mean AE (57.1%) d e r i v e d  by t h e  
dua l - l abe l  method, was 11.76 c a l  f o r  t h e  growth per iod .  The a s s i m i l a t i o n  
r a t e  o f  l a r v a e  was 0.0439 cal/mg/h and t h e  n e t  growth e f f i c i e n c y  was 
49.5%. 

Some workers,  n o t i n g  d i f f e r e n c e s  i n  r e 1  a t i v e  p ropo r t i ons  o f  a1 gae 
between g u t  con ten ts  and suspended m a t t e r  i n  streams, have f e l t  t h a t  
hydropsychids must supplenient t h e i r  food  i n t a k e  by  g raz ing .  Mean values 
o f  food  accumulat ion by Cheumatopsyche i n  g raz i ng  exper iments ranged f r om 
0.38 t o  0.74 pg/mg/h. It i s  probable  t h a t  these values a r e  p r i m a r i l y  a  
r e s u l t  o f  su r f ace  adso rp t i on  o f  i so topes  and n o t  g raz ing .  The range o f  

x v i  i 



5 1 C r -  and 14C-derived r a t e s  o f  f i l t r a t i o n  measured i n  a  t rough  feed ing  
chamber d u p l i c a t i n g  c u r r e n t  speeds n a t u r a l l y  exper ienced by l a r v a e  was 
11.47 t o  25.62 pg/mg/h. Based on a d i g e s t i o n  t ime measurement o f  2h f o r  
Hydropsyche o c c i d e n t a l i s  a t  Deep Creek and a g u t  f r a c t i o n  o f  80 pg/mg, t he  
t h e o r e t i c a l  i n g e s t i o n  r a t e  i s  40 pg/mg/h. The f a c t  t h a t  measured values 
f o r  f i l t r a t i o n  are comparable t o  the  t h e o r e t i c a l  va lue i n d i c a t e s  t h a t  t h e  
tu rbu lence  which adverse ly  a f fec ted  feeding by Simul ium d i d  n o t  i n f l u e n c e  
Cheumatopsyche. I n g e s t i o n  r a t e s  by f i l t r a t i o n  a t  6  cm/sec i n  a  g l ass  
c y l i n d e r  feed ing  chamber were comparable t o  t h e  low r a t e s  ob ta ined  by 
g raz ing  and probably  i n d i c a t e  o n l y  adsorp t ion .  The l a c k  o f  s u f f i c i e n t  
m a t e r i a l  f o r  c o n s t r u c t i n g  a n e t  probably  i s  p r i n c i p a l l y  r espons ib l e  f o r  t he  
low i n g e s t i o n  r a t e s ,  b u t  low c u r r e n t  speeds may a l so  p l a y  a r o l e .  The 
range o f  AE values determined i n  f i l t r a t i o n  experiments was 45.97 t o  
49.1 3% (x = 47.26). Using t he  mean 51Cr-der ived i n g e s t i o n  r a t e  o f  
25.62 pg/mg/h and the  mean AE, t he  a s s i m i l a t i o n  r a t e  on Rat t lesnake 
Springs diatoms (18.47% organ ic )  was 0.0101 1 cal/mg/h. 

Experiments were conducted on Tr i co ry thodes  t o  determine i n g e s t i o n  and 
a s s i m i l a t i o n  ra tes ,  and a s s i m i l a t i o n  e f f i c i e n c i e s  on b lue-green a1 gae, 
diatoms, and f i n e l y  ground watercress.  P e t r i  d i s h  feed ing  chambers w i t h  a  
hypodermic needle ae ra t i on  supply  were used a t  temperatures rang ing  f r om 
18 t o  20°C. Curves d e p i c t i n g  accumulat ion o f  r a d i o a c t i v e  food are a com- 
p o s i t e  o f  g u t - f i l l  i n g  and a s s i m i l a t i o n  r a t e s .  The accumulat ion curves f o r  
T r i co ry thodes  f eed ing  on b l  ue-green algae were s im i  1  a r  between exper iments.  
Values o f  food  m a t e r i a l  accumulated by two s i z e  c lasses a f t e r  22.5 h o f  
feeding were n e a r l y  i d e n t i c a l .  I n  two exper iments where feed ing  on 
diatoms was measured t h e  amounts wcumula ted  a f t e r  5.0 h  of  feed ing  were 
n e a r l y  i d e n t i c a l  (76.3 and 72.9 pg/mg, r e s p e c t i v e l y ) .  Nonetheless, cons id-  
e rab le  v a r i a b i l i t y  i n  r a t e  o f  accumulat ion on a p a r t i c u l a r  food source was 
ev iden t  between some experiments.  C e r t a i n  exper iments i n d i c a t e d  t h a t  
w i t h i n  1 .0  h o f  feeding on diatoms o r  on b l  ue-green a1 gae t h a t  between 42.9 
and 79.6 pg/mg were accumulated; o t h e r  exper iments i n d i c a t e d  a lower  range 
(15.2 t o  34.0 pg/mg). Reasons f o r  t he  v a r i a t i o n s  a r e  unc lea r  b u t  may be 
r e l a t e d  t o  t h e  r a p i d  r a t e  o f  g u t - f i l l  i n g  o f  T r i co ry thodes .  An exper iment 
i n  which food marked w i t h  charcoal  powder was presented t o  nymphs p re -  
cond i t i oned  on unmarked food a t  20°C showed t h a t  they c o u l d  f i l l  t h e i r  
gu ts  w i t h i n  7  min. Another exper iment i n  which 14c- label  l e d  diatoms were 
presented as food  showed t h a t  w i t h i n  24 min nymphs had accumulated 
60 pg/mg and t h a t  t h i s  l e v e l  was n o t  exceeded d u r i n g  t h e  f i r s t  hour o f  
feed ing .  Gut weight  f r a c t i o n s  measured g r a v i m e t r i  c a l  l y  were 87 pg/mg; 
those c a l c u l a t e d  r a d i o m e t r i c a l l y  (14C) by s u b t r a c t i n g  t i s s u e  accumulat ion 
from t h e  combined gu t -p l  us - t i s sue  accumulat ion were 64.9 t o  78.1 pg/mg. 
Using a g u t  f r a c t i o n  o f  80 pg/mg and a d i g e s t i o n  t ime o f  7  min, t h e  
t h e o r e t i c a l  i n g e s t i o n  r a t e  would be 686 pg DW/mg/h. A1 though nymphs l o a d  
t h e i r  gu t s  a t  t h i s  r a t e  when food a v a i l a b i l i t y  i s  g rea t ,  these r a t e s  m igh t  
n o t  be sus ta inab le .  Evidence gained f rom 5 1 C r -  and 14C-deri ved accumulat ion 
va lues on diatoms i n d i c a t e d  t h a t  g u t - f i l l i n g  occurs w i t h i n  30 t o  60 min. 



The slopes o f  r eg ress i on  equat ions d e s c r i b i n g  t h e  cumul a t i v e  ass imi  1  a t i o n  
o f  14C-label  l e d  b l  ue-green a l gae  by 2.6-3.5 and 3.6-4.5 mm nymphs i n d i c a t e d  
a s s i m i l a t i o n  r a t e s  o f  12.4 and 14.7 pg DW/mg/h, e q u i v a l e n t  t o  0.0522 and 
0.0619 cal/mg/h, r e s p e c t i v e l y .  Al though these uptake curves f o r  22.5 h 
feed ing were h i g h l y  c o r r e l a t e d  w i t h  t ime,  t h e  va lue  f o r  accumulat ion a t  
t = 22.5 h  reduced t h e  s l ope  somewhat; t he  mean a s s i m i l a t i o n  r a t e  de r i ved  
by averag ing  t h e  h o u r l y  increments i n  accumulat ion d u r i n g  t h e  f i r s t  6.0 h  
o f  f eed ing  was 28.1 l lg  DW/mg/h. The v a l ~ ~ e s  f o r  accumulat ion a t  t = 22.5 h  
may be a b e r r a n t  because o f  r e s p i r a t o r y  losses  o f  14C ;  ano ther  exper iment  
showed t h e  1 oss o f  1 4 C  between 6.0 and 9.0  h  a f t e r  feeding on l a b e l  1  ed food  
was s l i g h t .  A q u a d r a t i c  equa t ion  f i t  t h e  observed data f o r  accumulat ion o f  
b l  ue-green a lgae  vs.  t ime  b e t t e r  than a 1  i n e a r  regress ion .  Values o f  
accumulat ion d e r i v e d  a t  t = 7 in in f r om  t h e  q u a d r a t i c  equat ions were 15.2 
and 1 9.6 pg/mg , r e s p e c t i v e l y  . These v a l  ues correspond c l o s e l y  t o  va l  ues 
o f  accumulat ion a f t e r  7  min o f  feed ing  on diatoms i n  one uptake exper iment.  
A s s i m i l a t i o n  r a t e s  d e r i v e d  f r om 14C uptake curves d u r i n g  5.0 h  o f  feeding 
on diatoms ranged f r om 0.00768 t o  0.01 11 c a l  /mg/h. Assimi 1  a t i o n  e f f i c i e n c i e s  
on b l  ue-green a1 gae i n  one exper iment based on a 7  min d i g e s t i o n  t ime ranged 
f r om 7.4 t o  11.8%; AE va l  ues on b l  ue-green a1 gae i n  a  second exper iment  
ranged f rom 5.5 t o  14.0% ( i  = 10.3%). AE va lues f o r  diatoms c a l c u l a t e d  by 
t he  dua l - l abe l  method averaged 37.6%. An energy budget was developed f o r  
T r i co r y thodes  growing f rom t h e  3.0 t o  4.0 mm s i z e  us ing  data from R. L.  
Newel 1  and D. Brass f o r  growth r a t e s  and c a l o r i c  values, r e s p e c t i v e l y ,  o f  
T r i co ry thodes  f rom Deep Creek. Nymphs i n  t h i s  s i z e  range grew 0.522 mg 
i n  7.59 days. The r e s p i r a t i o n  r a t e  was 2.51 pR 02/mg/h. A s s i m i l a t i o n  r a t e  
de r i ved  by sumning energy o f  growth, r e s p i r a t i o n  and exuv iae was 
0.0369 cal/mg/h; o f  t h i s  amount growth (G), r e s p i r a t i o n  (R), and exuv iae 
(Ex) cor~ ipr ised 58.1 , 33.3, and 8.6%, r e s p e c t i v e l y  , o f  t h e  expended energy.  
Wi th  a  g u t  f r a c t i o n  o f  80 pg/mg t h e o r e t i c a l  i n g e s t i o n  r a t e s  on diatoms 
were d e r i v e d  f o r  g u t - f i l l i n g  t imes o f  7, 30, and 60 min.  With t he  ass im i -  
l a t i o n  r a t e  c a l c u l a t e d  above, values o f  AE v a r i e d  f rom 6.5 t o  55.2% as 
g u t - f i l l i n g  t i m e  v a r i e d  f rom 7 t o  60 min. Data supp l i ed  f rom some e x p e r i -  
ments showed t h a t  g u t - f i l l i n g  occur red  i n  30 t o  60 min. I n  a d d i t i o n ,  a  
41-min g u t - f i l l i n g  t i m e  would be i n d i c a t e d  f r om AE de r i ved  by t h e  dua l -  
l a b e l  method and t h e  a s s i m i l a t i o n  r a t e  de r i ved  by summing G+R+Ex. I f  
g u t - f i l  l i n g  t imes a r e  nearer  60 min, then t h e  AE values d e r i v e d  f o r  b lue-  
green a lgae  and diatoms by methods based on a 7-min d i g e s t i o n  t ime  
(methods o t h e r  than t h e  dua l - l abe l  method) should  be m u l t i p l i e d  by  8.57. 



INTRODUCTION 

The o b j e c t i v e  o f  t he  p resen t  s tudy was t o  determine t he  i n g e s t i o n  
r a t e s  and a s s i m i l a t i o n  e f f i c i e n c i e s  o f  Simul ium spp. ( D i p t e r a )  and 
Cheumatopsyche a n a l i s  Banks ( ~ r i c h o p t e r m ~ a t t l e s n a k e  Spr ings and 
S n i v e l y  Creek, r e s p e c t i v e l y ,  Benton County Washington and T r i  corythodes 
minutus Traver  (Ephemeraptera) f rom Deep Creek, Oneida County, Idaho. 
The spec ies o f  Simul ium s t u d i e d  were Simulium argus W i l l  i s t o n  and 
Simul ium v i t t a t u m  Z e t t e r s t e d t .  I n  c o l l e c t i o n s  o f  l a r v a e  o n l y  5. argus 
was found on March 9, 1973 and S. v i t t a t u m  on J u l y  23, 1973, a l though  i t  
i s  p o s s i b l e  t h a t  o t h e r  spec ies e x i s t e d  c o n c u r r e n t l y  w i t h  these. 
T r i co ry thodes  exper iments 1-5 were conducted i n  t he  L i f e  Sciences Bui 1  d i ng  
a t  Idaho S ta te  U n i v e r s i t y  w h i l e  T r i co r y thodes  exper iments 6-11 and t h e  
S i m i ~ l  i um and Cheumatopsyche exper iments were c a r r i e d  o u t  a t  the  Ra t t lesnake  
Spr ings 1  abora to ry  on t h e  Hanford AEC s i t e .  A  v a r i e t y  of f ood  sources 
were used: diatoms, blue-green algae, b a c t e r i a  (Eshe r i ch i a  c o l  i ),  and 
wate rc ress  d e t r i t u s .  Some e f f e c t s  o f  c u r r e n t  speed, food  concen t ra t i on ,  
and subst ra tum were assessed i n  r e l a t i o n  t o  the  f eed ing  o f  Simul ium and 
Cheumatopsyche. Since g raz i ng  has been r e p o r t e d  o c c a s i o n a l l y  as a  
secondary means o f  f eed inq  f o r  bo th  o f  these f i l t e r - f e e d e r s ,  t h e i r  
a b i l i t y  t o  scrape diatoms-from s l i d e s  was exp lored.  I n  l i g h t  o f  t h e  
p resen t  c o n f l i c t  over  t h e  u t i l i t y  o f  b lue-green a lgae  as a  food  f o r  
aqua t i c  i n v e r t e b r a t e s  (see Arno ld  1971 ) , feed ing  r a t e s  and a s s i m i l a t i o n  
e f f i c i e n c i e s  o f  T r i co ry thodes  u t i l i z i n g  diatoms, watercress d e t r i t u s ,  and 
b l  ue-green a lgae  were compared. I n  a d d i t i o n ,  t h e  s u i  t a b i  1  i t y  o f  va r i ous  
methods f o r  measuring energy bud e t s  was examined and a  method was deve l -  a oped f o r  measuring r a d i o a c t i v e  C and t o t a l  carbon. 

To da te  ve r y  few energy budgets have been developed f o r  stream- 
d w e l l i n g  i n v e r t e b r a t e s .  Culr~mins (1973) g ives  an e x c e l l e n t  rev iew o f  t h e  
l i t e r a t u r e  on r e l a t i v e  percentages o f  va r i ous  foods consumed by aqua t i c  
i n s e c t s  and i n g e s t i o n  r a t e s  i n  terms o f  pe rcen t  d r y  body we igh t  p e r  day. 
A d d i t i o n a l  i n f o r m a t i o n  on i n g e s t i o n  r a t e s  o f  i n v e r t e b r a t e s  i s  summarized 
i n  Re ich le  (1 967), Mason (1 970a), McBrayer and Re ich le  (1971 ),  Monakov 
(1972), and Mackay and K a l f f  (1973). De feca t ion  r a t e s  i n  terms o f  pe rcen t  
body we igh t  pe r  day a re  summgrized f o r  depos i t - feeders  by Hargrave (1973). 
Notab le  energy budgets f o r  aqua t i c  i n s e c t s  a r e  those b y  Trama (1957), 
M c D i f f e t t  (1970), Sede l l  (1971 ) , Lawton (1971a), Cummins e t  a l .  (1973a), 
N ie l son  (1974), and O t t o  (1974). Never the less,  v i r t u a l l y  no th i ng  i s  
known about t h e  b i oene rge t i c s  o f  dese r t  s t ream i n s e c t s .  

The present  s tudy  was conducted on a q u a t i c  i n s e c t s  f rom Deep Creek i n  
southeastern Idaho and Rat t lesnake  Spr ings o f  southeastern Washington i n  
an e f f o r t  t o  d e r i v e  energy budgets f o r  i n s e c t s  o f  d e s e r t  streams. In forma-  
t i o n  ga ined on these i n v e r t e b r a t e s  i s  u s e f u l  i n  t he  con tex t  o f  da ta  
a l r eady  ava i  1  ab le  f rom t h e  Deep Creek-IBP ( I n t e r n a t i o n a l  B i o l o g i c a l  



Program) s tud ies ,  which have been i n  progress s i nce  1969 (M insha l l  e t  a1 . 
1973). As a  p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  t r o p h i c  dynamics of Deep Creek, 
Koslucher (Kosl  ucher and M insha l l  1973) examined t h e  food webs on a  seasonal 
bas i s .  I n  a d d i t i o n  Brass (1971) measured seasonal c a l o r i c  va lues and r e s p i r a -  
t o r y  r a t e s  f o r  c e r t a i n  stream i nsec t s .  

O f  p a r t i c u l a r  e c o l o g i c a l  i n t e r e s t  i s  t h e  re1  a t i  ve importance o f  
a1 lochthonous o r  autochthonous d e t r i t u s  versus p e r i  phyton i n  supp l y i ng  energy 
t o  t h e  animal popu la t ions .  Gut a n a l y s i s  i d e n t i f i e s  which m a t e r i a l s  a re  
consumed b u t  n o t  t h e i r  r e l a t i v e  importance n u t r i t i o n a l l y .  A  de te rm ina t i on  
o f  i n g e s t i o n  r a t e s ,  combined w i t h  t h e  abundant data on popu la t i on  d e n s i t i e s ,  
can p rov i de  an e s t i m a t e  o f  t h e  r a t e  o f  p rocess ing  of a v a i l a b l e  food supp l i es .  
I n  t he  present  s tudy  a s s i m i l a t i o n  e f f i c i e n c i e s  o f  t h r e e  h e r b i v o r e - d e t r i t i v o r e s  
were examined and compared t o  o t h e r  pub l i shed  energy budgets f o r  aqua t i c  
animals.  

Energy Flow i n  t h e  Community 

As a  f i r s t  s t e p  i n  t r a c i n g  t h e  f low o f  energy through a  community, t h e  
t r o p h i c  dependencies must be known. A number o f  i n v e s t i g a t o r s  i n c l u d i n g  
Monakov (1 972) have worked o u t  d e t a i l e d  diagrams o f  c o m u n i  ty t r o p h i c  s t r u c -  
t u res .  The p r i n c i p a l  feed-ing r e l a t i o n s  o f  i n v e r t e b r a t e s  i n  Deep Creek have 
been s i m i l a r l y  d e t a i l e d  (Kosl ucher and M insha l l  1973). I n  such a  scheme, 
herb ivore-producer  and p reda to r -p rey  r e l a t i o n s h i p s  a r e  uncovered, a l ong  w i t h  
t h e  r e l a t i v e  impor tance o f  va r ious  food  sources on a  d ie1  and seasonal b a s i s .  

Ana l ys i s  of g u t  con ten ts  combined w i t h  d i r e c t  observa t ions  o f  t h e  e x p e r i -  
mental a n i m a l ' s  behav io r  and mouthparts enables one t o  c l a s s i f y  t h e  animal as 
a  shredder,  c o l l e c t o r ,  scraper ,  o r  p reda to r ,  w i t h  f u r t h e r  s u b d i v i s i o n s  o f  
these ca tego r i es  (see Curr~mins 1973). I n s e c t s  s t u d i e d  i n  t h i s  research  a l l  
were determined t o  be c o l l e c t o r s .  The c o l l e c t o r s  feed on a l gae  and d e t r i t u s  
w i t h  i t s  m i c r o f l o r a l  community, as w e l l  as  on t h e  feces o f  o t h e r  an ima ls .  
F ine p a r t i c u l a t e  m a t t e r  i n  t h e  wa te r  i s  f i l t e r e d  o u t  by t h e  cephal i c  fans  o f  
Simul ium and by t h e  s i l k e n  ne t s  o f  Cheumatopsyche. T r i co r y thodes  i s  a  bottom- -- 
d w e l l i n g  mayf ly t h a t  consumes t h e  m i x t u r e  o f  l oose  o rgan i c  d e b r i s  f rom t h e  
substratum. Con t r i bu t i ons  t o  t h e  food  supp ly  o f  these co l  1  e c t o r s  o r i g i n a t e  
p r i m a r i l y  f r om  p r ima ry  p roduc t i on  w i t h i n  t h e  s t ream system o f  Deep Creek and 
f rom a  combinat ion o f  autochthonous and a1 1  ochthonous i n p u t s  i n  Ra t t lesnake  
Spr ings .  

Wi th  knowledge of t h e  a n i m a l ' s  food h a b i t s ,  exper imenta l  f eed ing  s i t u a -  
t i o n s  can be designed which p e r m i t  n a t u r a l  f eed ing  behav io r .  Th i s  knowledge 
a l s o  pe rm i t s  c o n s t r u c t i o n  o f  t h e  t r o p h i c  spectrum ( ~ a r n e l l  1964) f o r  a  spec ies  
i n  which t h e  pe rcen t  by volume ( o r  d r y  we igh t )  o f  each food  component can be 
s p e c i f i e d  (Mecom and Cummins 1964, Coffman, Cummins, and Wuycheck 1971, and 
Cummins e t  a l .  1973a). W i t h  i n f o r m a t i o n  gained on t h e  a s s i m i l a t i o n  e f f i i -  
c i e n c i e s  f o r  va r i ous  food components'at s p e c i f i c  f eed ing  r a t e s ,  one can 



o b t a i n  t h e  t i s s u e  suppor t  s t r u c t u r e  (Coffman e t  a l .  1971) f o r  an animal and 
diagram energy f l o w  between t r o p h i c  1  eve1 s.  

Prov ided t h a t  a  species belongs t o  o n l y  one t r o p h i c  l e v e l ,  energy f l o w  
f o l l o w s  t h e  convent ional  species o r i e n t e d  food cha in .  However, energy f l o w  
between t r o p h i c  l e v e l s  operates o n l y  w i t h i n  t he  supe rs t ruc tu re  o f  assembled 
popu la t ions .  The ac tua l  energy t r a n s f e r  i s  between energy pools .  I n  t h i s  
system the re  can be no s t r i c t  herb ivore ,  f o r  a  he rb i vo re  draws energy f rom 
the  decomposer pool as w e l l  as from energy of  p r imary  p roduc t ion .  Coprophagy 
(see Frankenburg and S m i  t h  1967) can be eco log i ca l  l y  impo r tan t  i n  i n c r e a s i n g  
the  e f f i c i e n c y  o f  energy e x t r a c t i o n  and process ing o f  ben th i c  food accumula- 
t i o n s .  IVeess (personal communication, see Kozl ovsky 1  968) proposed t h i s  
type of  t r o p h i c  scheme i n  which the  r e g u l a r  p r imary  consumers as w e l l  as t h e  
deccmposers ( b a c t e r i a  and animals which operate on dead p l a n t  ma te r i a l  and 
he rb i vo re  feces), and t he  i n t e s t i n a l  p a r a s i t e s  of herb ivores  a r e  a l l  thought  
of as herb ivores .  Carn ivores a r e  then consumers of  he rb i  vores, decomposers 
of animal f l e s h ,  i n t e r n a l  p a r a s i t e s  of  herb ivores ,  and i n t e s t i n a l  paras i  tes  
o f  ca rn ivores .  I n  t h i s  system food w i t h - i n  t h e  g u t  should be thought  o f  as 
ex te rna l  t o  t he  animal and feces s imp ly  as energy n o t  used (Odum 1968). 

The Energy Budget 

An energy budget f o r  an animal i s  a  mathematical express ion o f  t he  i n p u t s  
and ou tpu ts  of energy. Such a  budget f o r  t h e  aqua t i c  stages o f  an i n s e c t  
may be based on energy f l o w  i n  a  sho r t - t e rm  feed ing  s tudy o r  throughout  t he  
l i f e  span i n  t he  aquat i c  environment. A  sho r t - t e rm  feed ing  exper iment us ing  
~ ' + C - I  a b e l l  ed f ood  may n e g l e c t  energy 1  osses i n  exuv i  ae, exc re t i on ,  and secre- 
t i o n s .  Egg p roduc t ion  may a1 so be d is regarded  i n  t h e  non- reproduc t i ve  
aqua t i c  stages o f  i n s e c t s .  I n  a  sho r t - t e rm  energy budget de r i ved  w i t h  1 4 C -  

l a b e l l e d  food a l l  a s s i m i l a t e d  energy can be t r e a t e d  as one compartment w i t h -  
o u t  subd i v i d i ng  energy f l o w  i n t o  compartments f o r  reproduc t ion ,  exuviae, 
exc re t i on ,  secre t ion ,  e t c .  N i  1  sson (1  974) found l o w - t e r m  f i e 1  d  qrowth r a t e s  
on  amm mar is p u l e x  ( ~ m ~ h i ~ o d a )  t o  be much lower  than Taboratory sho r t - t e rm  
growth r a t e s  because animals i n  the  f i e l d  spent  energy o f  p roduc t ion  as 
exuv iae and eggs. However, i f  a s s i m i l a t e d  14c - l  abel l e d  o rgan i c  m a t t e r  i s  
r a p i d l y  cyc led  and e l  im ina ted  as exc re to r y  products  du r i ng  the  feed ing  p e r i o d ,  
then a s s i m i l a t i o n  must be co r rec ted  f o r  t h i s  l o s s .  Hargrave (1970) found 
t h a t  a  cons iderab le  amount o f  a s s i m i l a t e d  energy i s  l o s t  i n  e x c r e t i o n  by 
Hyal e l  1  a  azteca. However, most pub1 i shed  energy budgets d e p i c t  a s s i m i l a t e d  
energy d i v i d e d  between p roduc t i on  and r e s p i r a t i o n .  The p r i n c i p a l  aim i n  
energy budget a n a l y s i s  i s  t o  determine t he  amount o f  energy u t i l  i z e d  i n  
p roduc t ion  and r e s p i r a t i o n .  

I n  an a t tempt  t o  descr ibe  a  complete energy budget f o r  an animal i t  i s  
use fu l  t o  symbol ize t he  var ious  b i oene rge t i c  f u n c t i o n s  w i t h  l e t t e r s  and t o  



connect these energy compartments w i t h  arrows t o  descr ibe  t h e  numerous energy 
pathways. A  f i g u r e  o f  t h i s  k i n d  ' (F ig .  1  ) i s  presented here summarizing t h e  
probable energy pathways. Determin ing t he  r a t e  o f  f l o w  o f  energy through 
a l l  pathways dep ic ted  i s  a  compl icated problem, and i n  a  p r a c t i c a l  sense 
many o f  these pathways, though p h y s i o l o g i c a l  l y  c o r r e c t ,  represen t  such 
i n s i g i n f i c a n t  energy losses o r  ga ins t h a t  they  can be ignored. These energy 
r e l a t i o n s h i p s  may be organized i n t o  energy balance equat ions:  

The symbols used (as i n  F ig .  1 )  f o l l o w  t h e  suggest ions of  R i cke r  (1968) and 
Odum (1968).  

i n g e s t i o n  
feces 
a s s i m i l a t i o n  
p roduc t i on  
r e s p i r a t i o n  
e x c r e t i o n  ( u r i n e )  
growth 
repruduc t i o n  
exuv i  ae ( c a s t  s k i n s )  
sec re t i on  (mucus, p e r i  t r o p h i c  membrane) 

F ig .  1 diagrams the  f l o w  o f  energy f rom the  d e t r i t u s  food  base t o  t h e  
l e v e l  o f  t h e  p r imary  consumer. Energy f l o w  between s to rage  corn artments i s  e dep i c ted  i n  a  way t h a t  err~phasizes t h e  bas i c  p r i n c i p l e s  o f  t h e  C t r a c e r  and 
m a t e r i a l  balance methods (Johannes and Satomi 1967). Energy i s  dep i c ted  as 
e n t e r i n g  t he  g u t  i n  d i s c r e t e  bundles f rom t h e  d e t r i t u s  pool where i t  i s  
ass i rn i l  a ted  w i t h  50% AE i n  the  p o s t e r i o r  r eg ion  o f  t h e  gu t .  P e r i  t r o p h i c  
membrane and exc re t i ons  a re  added t o  t h e  g u t  m a t e r i a l  ; mucus i s  secre ted  
through t he  body w a l l  w h i l e  some d i sso l ved  o rgan i c  ma t te r  may be d i r e c t l y  
a s s i m i l a t e d  through t he  body w a l l  (Stephens 1967). The g u t  i s  v i s u a l  i z e d  
as a  conveyor be1 t which i s  ex te rna l  t o  t h e  body t i s sue .  I n g e s t i o n  
and de feca t i on  i n v o l v e  losses  o f  d i s s o l v e d  o rgan ic  m a t t e r  f rom t h e  food 
and feces which toge ther  w i t h  e x c r e t o r y  products  may be re i nco rpo ra ted  i n t o  
t h e  food base v i a  b a c t e r i a  o r  a1 gae (Adams and Angelov ic  1970, Monakov and 
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FIGllRE 1. Diagram o f  Energy Flow Through an I n s e c t  
Emphasizing P h y s i o l o g i c a l  Di  f f i c u l  t i e s  Encoun- 
t e r e d  i n  Measur ing Energy Flow. 



Sorok in  1972).  Feces Iiiay be re inges ted ,  i nc reas ing  t h e  degree o f  process ing.  
Some ma te r i a l  i n  t h e  g u t  may be a s s i m i l a t e d  by an exchavge r e a c t i o n  whereby 
p r e v i o u s l y  ass imi  1  a t e d  ma te r i a l  r een te rs  t h e  g u t  (Johannes and Satomi 1967).  
Ass im i l a ted  energy i s  d i s t r i b u t e d  between p roduc t ion  and r e s p i r a t i o n ;  energy 
o f  r e s p i r a t i o n  i s  de r i ved  f rom a  combined pool  o f  new and f o rmer l y  ass im i -  
l a t e d  m a t e r i a l  . 

General Procedures f o r  t he  Determinat ion 
o f  Energy Budgets 

Several methods f o r  measuring i n g e s t i o n  and ass imi  1  a t i o n  r a t e s  a r e  
a v a i l a b l e .  These a r e  d i v i d e d  i n t o  rad iome t r i c ,  g rav ime t r i c ,  and chemical 
analyses. One r a d i o t r a c e r  method (see Edwards e t  a l .  1970; Re ich le  and 
Van Hook, J r .  1970) re1 i e s  on t he  f a c t  t h a t  when an e q u i l i b r i u m  concentra- 
t i o n  o f  a  r a d i o i s o t o p e  i s  es tab l i shed  i n  an animal I s  body, t h e  r a t e  o f  
abso rp t i on  equals  t h e  r a t e  o f  e l i m i n a t i o n .  By de te rmin ing  t he  e l  i m i n a t i o n  
r a t e  ( b i o l o g i c a l  ha1 f - 1  i f e )  , one can c a l c u l a t e  t h e  q u a n t i t y  o f  inges ted  
food necessary t o  ma in ta i n  t h e  e q u i l  i b r i u m  l e v e l .  

The 1 4 C  method f o r  measuring i n g e s t i o n  and a s s i m i l a t i o n  (see Sorok in  
1968) has been used by many au thors  (Rodina and Trosh in  1954; Sorok in  1966, 
Sorok in  and Panov 1968, Schind l  e r  1968, Hargrave 1970, Arnol  d  1971 , 
Sch-indler 1971). By t h i s  method the 14C a c t i v i t y  p resen t  i n  an an ima l ' s  
g u t  o r  t i s s u e  a f t e r  a  s p e c i f i e d  p e r i o d  o f  feed ing  on food o f  a  known a c t i v -  
i t y  dens i ty ,  i n d i c a t e s  t h e  amol~nt i nges ted  o r  ass im i l a ted ,  r e s p e c t i v e l y .  

The dual - l a b e l  method (Calow and F l e t c h e r  1972) i s  another  r a d i o t r a c e r  
method which a1 1  ows independent i n g e s t i o n  r a t e  measurements by two i s o t o  es. P I n  a d d i t i o n ,  a s s i m i l a t i o n  e f f i c i e n c y  i s  i n d i c a t e d  by t h e  change i n  l 4 C I 5  C r  
a c t i v i t y  r a t i o s  o f  samples o f  food and feces. Organic ma t te r  a s s i m i l a t i o n  
can be de r i ved  because one i so tope  (SICr) i s  unabsorbed w h i l e  t he  o t h e r  
(14C) ac t s  as a  t r a c e r  f o r  uptake o f  o rgan ic  ma t te r .  

The g r a v i m e t r i  c  technique (Mason 1970a, McDi f f e t t  1970, Lawton, 1970, 
Stockner 1971, Mackay and K a l f f  1973) i s  commonly used. By t h i s  method 
i n g e s t i o n  i s  measured as t h e  d i f f e r e n c e  o f  i n i t i a l  minus f i n a l  d r y  we igh t  
o f  food o f f e r e d ;  de feca t i on  i s  measured by c o l l e c t i n g  and weigh ing f e c a l  
pe l1  e t s  produced d u r i n g  feeding; ass i~ i i - i l  a t i o n -  i s  taken as t h e  d i f f e r e n c e  o f  
i n g e s t i o n  minus de feca t ion .  I n g e s t i o n  r a t e s  a r e  a l s o  es t imated  g r a v i m e t r i -  
ca l  l y  by d i v i d i n g  t he  g u t  f r a c t i o n  ( g u t  we igh t lbody  we igh t )  by the  d i g e s t i o n  
t ime.  

Chemical analyses have been used t o  determine ass imi  l a t i o n  (see Conover 
1966, Hargrave 1970, Pandian and D e l v i  1973, O t t o  1974) by measuring t he  
change i n  concen t ra t i on  o f  some component o f  t h e  food and feces such as 



o rgan i c  mat te r ,  n i  t rogen,  o r  c a l o r i e s .  I n c l  uded i n  chemical analyses a re  
t h e  i n d i c a t o r  methods (McGinnis and Kas t i ng  1964, Edwards e t  a1 . 1970).  
The d i f f e r e n c e  i n  concen t ra t i on  o f  a  nonabsorbed substance (e.g. ,  CrOg) 
between food and feces i n d i c a t e s  t h e  degree o f  a s s i m i l a t i o n  o f  food. 

A  schematic diagram f o r  de te rmin ing  t h e  f l o w  of 1 4 C  i n  a  f eed ing  e x p e r i -  
m e n t u i n g  Simul ium i s  g iven  i n  F i g .  2 .  I n  t h i s  exper imenta l  des ign a l l  
major  energy pathways a r e  measured; AE i s  c a l c u l a t e d  us i ng  t he  1 4 C ,  ash- 
r a t i o ,  and dua l - l abe l  methods, and c o r r e c t i o n s  f o r  5 1 C r  abso rp t i on  and 
adso rp t i on  and 1 4 C  adso rp t i on  and l osses  due t o  r e s p i r a t i o n  and e x c r e t i o n  
a r e  made. Co r rec t i ons  a r e  a l s o  made f o r  l e a c h i n g  o f  1 4 C  and 51Cr  f rom 
feces, and procedures f o r  reduc ing  t h e  d i l  u t i o n  of food  a c t i v i t y  a r e  g iven.  
Abso lu te  amounts o f  energy i n  compartments such as r e s p i r a t i o n  and e x c r e t i o n  
a r e  n o t  measured, b u t  t h e  amount o f  1 4 C  e n t e r i n g  these compartments i s  
c a l c u l a t e d  so t h a t  t he  t o t a l  amount o f  o rgan i c  m a t e r i a l  a s s i m i l a t e d  can 
be de r i ved  by summation o f  t i s s u e  accumulat ion,  r e s p i r a t i o n ,  and e x c r e t i o n .  
Feces can be measured g r a v i m e t r i c a l l y  o r  r a d i o m e t r i c a l l y .  Due t o  t h e  v a r i -  
a b l e  ash con ten t  among and w i t h i n  f ood  spec ies (ash con ten t  of a  spec ies 
may va ry  t h r e e f o l d  depending on the  n u t r i e n t  concen t ra t i on  o f  t h e  wa te r  
supply  [Lowman e t  a1 . 1967, see Lowman, Rice,  and Richards 1971 1) a1 1  
a s s i m i l a t i o n  r a t e s  (and i n g e s t i o n )  should  be expressed i n  terms o f  l lg 
o rgan ic  m a t t e r  o r  carbon o r  c a l o r i e s .  

By mathematical man ipu la t i on  o f  t h e  energy budget equat ions,  a s s i m i l a -  
t i o n  (A) can be determined as a  sum of P + R + U o r  as a  d i f f e r e n c e  o f  I - F. 
Absolu te  a s s i m i l a t i o n  determined by t h e  summation method ( d i s r e g a r d i n g  
e x c r e t i o n )  can be d e r i v e d  by s tandard  r esp i r ome t r y  and measurement o f  f i e l d  
growth, o r  by us i ng  14C- labe l led  food  and de te rmin ing  t he  a c t i v i t y  i n  t h e  
t i s s u e  ( a f t e r  de feca t i on  o f  l a b e l l e d  food)  p l u s  t h a t  l o s t  i n  R and U. 

To ta l  p roduc t i on  i s  measured as t he  p r o l i f e r a t i o n  o f  an-imal t i s s u e  due 
t o  eggs and exuv iae as we1 1  as i n d i v i d u a l  growth.  Supplementary g r a v i m e t r i c  
measurements o f  egg and exuv iae p roduc t i on  compl e t e  t h e  p roduc t i on  es t in la t e  
f o r  t he  a n i m a l ' s  growth pe r i od .  I n g e s t i o n  and de feca t i on  r a t e  ( I  - F) f o r  
o rgan i c  ma t t e r  ( i  .e., ash- f ree  d r y  we igh t )  can a l s o  be measured w i t h  r a d i o -  
t r a c e r s  by de te rmin ing  t h e  a c t i v i t y  d e n s i t y  o f  t h e  food  ( ~ g  AFDW/cpm) and 
t h e  cprn o f  food i nges ted  and o f  feces.  The we igh t  o f  feces ( v g  AFDW) can 
then be determined s imp l y  by s c i n t i l l a t i o n  coun t i ng  o f  a  q u a n t i t a t i v e  
c o l l e c t i o n  o f  feces  a f t e r  a l l o w i n g  t ime f o r  g u t  c lea rance  on non labe l l ed  
food  (and then mu1 t i p l y i n g  cprn x  vg/cpm) o r  by d i r e c t  weigh ing.  Again, 
feces p roduc t i on  should  be s p e c i f i e d  i n  terms o f  ug o rgan i c  m a t e r i a l ,  carbon, 
o r  c a l o r i e s  because t h e  a c t i v i t y  d e n s i t y  o f  t h e  feces changes d u r i n g  
a s s i m i l a t i o n  due t o  an i nc rease  i n  t he  ash con ten t .  Compared t o  r e g u l a r  
g r a v i m e t r i c  a n a l y s i s ,  t h e  r a d i o t r a c e r  e s t i m a t e  o f  I - F has t h e  advantage 
o f  e l i m i n a t i n g  t h e  i n t e r f e r e n c e  caused by a d d i t i o n  o f  p e r i t r o p h i c  membrane 
t o  t h e  feces s i nce  t h i s  m a t e r i a l ,  a s s i m i l a t e d  p r i o r  t o  t h e  exper iment,  w i l l  
n o t  be l a b e l l e d  t o  any ex ten t .  I f  t h e  g r a v i m e t r i c  approach i s  a p p l i e d  t o  



FOOD 

GROW DIATOMS ON GLASS SLIDES - ALLOW ONLY 1 WEEK I N  STREAM 
SO THAT NO ACCUMUATION OF DEAD CELLS DEVELOPS 

..I 
2 0  SLIDES NON LABELLED 20 SLIDES - LABEL WITH I4c FOR 3 DAYS 

I OR MORE; KEEP pH OF MEDIUM NEAR 7.5 
DETERMINE PERCENTAGE ASH AND TO INSURE GOOD CELL GROWTH 
PROTEIN. C I N  RATIO, CALORIC 
CONTENT 

\ 

I USE I N  FEEDING STUDIES TO MEASURE 
INGESTION AND ASSIMILATION 

USE AS FOOD FOR GUT CLEARANCE 

ANIMALS 

COLLECT 390 BLACKFLY LARVAE 
I 

PLACE LARVAE ON ROCKS I N  8 l PLEXIGLASS STREAM CHANNEL.; 
ALLOW DEFECATION FOR 30MINUTES I N  FILTERED STREAM WATER 
10.45 p 1; REPLACE WATER AFTER DEFECATION PERIOD WlTH 
FILTERED WATER TO REDUCE CONTAMINATION BY NONLABELLED 
FECES I 
INTRODUCE EXCESS LABELLED FOOD SO THAT TOTAL CONCENTRA- 
TION I S  NOT REDUCED MORE THAN 1C% DURING INGESTION 

I 
SAMPLE FOOD (10 mL ALIQUOTS) AT I = 0, Q25, Q5 h AND 
DETERMINE MEAN pg lcpm 1 

I I 1 
I 

INGESTION RATE ANALYSIS 15'cr,14c) 

REMOVE 60 AN I MALS AT t = 0.25 h 
REMOVE 60ANlMALS A T t  ~ 0 . 5 0  h 
REMOVL 2 0  ANIMALS (KILLED AT 

t = 0 h I N  30% ETHANOL) FOR 
CONTROL ON ADSORPTION 

I 
FECES ANALYSIS 

LET 100 ANIMALS DEFECATE I N  PORCE- 
LA I N  PAN WlTH 150 m l  FILTERED STREAM 
WATER; COLLECT ALL FECES FOR a5 h TO 
GET WEIGHT OF FECES PRODUCED 
(pg lmg lh ) ;  DETERMINE p g  FECESlcpm; AE 
BY DUAL-LABEL METHOD; DETERMINE 
PERCENTAGE ASH AND PROTEIN, CIN 
RATIO. AND CALORIC CONTENT OF FECES: 

FECES (CORRECTION FOR LOSS FROM FECES); 
OBTAIN DRY WT (DW) OF ANIMALS 

PLACE 150 ANIMALS I N  A SECOND LABORATORY STREAM; FEED ON 
SUPERABUNDANT UNLABELLED DIATOMS TO CLEAR GUT (LO h ) T O  
INSURE THAT LABELLED FECES PRODUCED MAKE AN INSIGNIFICANT 
PORTION OF UNLABELLED DIATOMS INGESTED - 

PLACE 5 0 A N l M A L S  I N  SEALED 150 m l  AFTER 1.5 h FEEDING 
RESPIRATORY CHAMBER; AERATE I 
USING C02+REE AIR; COLLECT RE- SAMPLE 50 ANIMALS TO DETERMINE 
SPIRED 1 4 ~ 0 ~  I N  EXHAUST GASES I N  A S S l M l l A T l O N  ( p g  AFDWlmglh) AND AE 
ETHANOLAMINE FOR 1 h PERIOD; BY 1 4 ~  METHOD (CORRECT ASSIMILATION 
ACIDIFY CHAMBER TO pH 3 AND BUBBLE FOR RESPIRATORY AND EXCRETORY LOSSES) 
FOR ADDITIONAL 10 MINUTES TO COM- I 
PLETE COLLECTION OF 14c02 SAMPLE 50 ANIMALS TO DETERMINE DEGREE 

I OF 5 1 ~ r  ABSORPTION IN p g ~ c p m  (DETER- 
SAMPLE THREE 1 m l  ALIQUOTS OF CHAMBER MINE PERCENT ABSORPTION PER FEEDING 
WATER TO MEASURE 14c  EXCRETORY LOSS TIME AND CORRECT FOR THI S LOSS I N  DUAL 
( c p m l m g l h ~  I LA BEL METHOD) 

COLLECT ALL 5 0  ANIMALS, DRY, WEIGH TO 
F IND RESPIRATORY LOSS A S  cpmlmglh 

FIGURE 2. Measurement o f  Energy Flow i n  Simul ium u s i n g  14C,  
5 1 ~ r  and 14c, a s h - r a t i o ,  and chemical  methods 



a s s i m i l a t i o n  de te rmina t ions  based on I - F, then t h e  o rgan i c  m a t t e r  r e t e n t i o n  
scheme used by Johannes and Satomi (1967) shou ld  be app l i ed ,  keeping i n  mind 
t h a t  an o v e r a l l  n e t  a s s i m i l a t i o n  ( r e t e n t i o n )  i s  be ing  measured and n o t  an 
i ns tan taneous  a s s i m i l a t i o n .  

The g r a v i m e t r i c  method i s  o f t e n  used by t e r r e s t r i a l  e c o l o g i s t s  (Wal dbauer 
1964, Mason 1970a, Muke r j i  and Guppy 1970, La thee f  and Ha rcou r t  1972) and 
f r equen t l y  by f reshwater  e c o l o g i s t s  (Hargrave 1970, Lawton 1970, McDi f f e t t  
1970, T r i s k a  1970, Wallace, Woodall, and Sherberger 1970, G ra f i us  1972, 
Cummins e t  a1 . 1973b, Mackay and K a l f f  1973, O t t o  1974, N i l s son  1974),  
a1 though t h e  probleliis i n c u r r e d  i n  b l o t t i n g  and rewe igh ing  food  f o r  f r esh -  
water  s t ud ies ,  v a r i a b l e  decomposi t ion,  l each ing ,  growth, water  l o s s  o f  f ood  
sources, and t h e  c o n s t r u c t i o n  o f  f r esh - t o -d r y  we igh t  convers ions make t h i s  
method d i f f i c u l t .  As can be seen i n  Harg rave 's  (1970) exper iment us i ng  
Char.a as a  f ood  source, ass i l i i i l  a t i o n  e f f i c i e n c i e s  by t h e  g r a v i m e t r i  c  method 
can be ex t reme ly  v a r i a b l e .  Th is  i s  due t o  t h e  d i f f i c u l t y  i n  a c c u r a t e l y  
weigh ing t h e  food  be fo re  and a f t e r  t h e  f eed ing  exper iment .  Food was weighed 
t o  t h e  nea res t  0.1 mg on a  M e t t l e r  balance, w h i l e  feces were weighed t o  t h e  
nea res t  1  . 0  pg on a  Cahn balance. I n  a d d i t i o n ,  ep iphy tes  brushed o f f  t h e  
Chara d u r i n g  g raz i ng  c o u l d  r e s u l t  i n  cons iderab le  we igh t  l o s s  o f  t h e  Chara, 
w h i l e  d i s i n t e g r a t i o n  o f  feces o r  t h e  m i n g l i n g  o f  feces i n  t h e  sediment 
i n t r oduce  o t h e r  p o s s i b i l i t i e s  f o r  e r r o r .  Unless t he  animal i s  q u i t e  l d rge ,  
g r a v i m e t r i  c  exper iments ( e s p e c i a l l y  i n  wa te r )  must be extended over  a  g r e a t e r  
t ime  p e r i o d  than r a d i o t r a c e r  exper iments.  Dur ing t h i s  t ime  t h e  qua1 i t y  o f  
t h e  f ood  may change, l e a c h i n g  must be accounted f o r ,  and m i c r o b i a l  growth 
on t he  food  may inc rease  o r  decrease t h e  we igh t  and c a l o r i c  con ten t  and 
inc rease  t he  p r o t e i n  con ten t  ( T r i s k a  1970, Kaushik and Hynes 1971).  For  
these reasons f ood  should  be changed r e g u l a r l y ,  b u t  t h e  l o s s  o f  we igh t  
w i t h i n  t h i s  t ime  may be too  smal l  t o  measure. 

The Grav imet r i c ,  Rad io t racer ,  and M a t e r i a l  
Balance Techniques i n  Con t ras t  

B a s i c a l l y  two techniques a r e  i n  common use f o r  computing t h e  r a t e  o f  
a s s i m i l a t i o n  o f  energy: t h e  g r a v i m e t r i c  and r a d i o t r a c e r  techniques. Each 
technique has s p e c i f i c  l i m i t a t i o n s  i n  i t s  a b i l i t y  t o  es t imate  t h e  a c t u a l  
q u a n t i t y  o f  m a t e r i a l  ass im i l a t ed .  The g r a v i m e t r i c  technique, which uses 
t h e  ba lance equat ion:  A  = I - F  t o  d e r i v e  a s s i m i l a t i o n ,  i s  based on two 
assumptions (Johannes and Satomi 1967): (1)  t h a t  t h e  feces c o n t a i n  o rgan i c  
m a t t e r  e n t i r e l y  d e r i v e d  f rom food, and ( 2 )  t h a t  a l l  unass im i l a t ed  food i s  
re leased  i n  f e c a l  pe l  l e t s .  Assumption 1  m igh t  n o t  e n t i r e l y  be met because 
mucus and c h i t i n o u s  p e r i t r o p h i c  membrane a r e  r e l eased  i n t o  t h e  g u t  a t  a 



cons tan t  r a t e  i n  c e r t a i n  i n s e c t s .  Assumption 2 i s  a l s o  tenuous because 
some o f  t h e  i nges ted  o rgan ic  m a t t e r  can be re leased  as d i sso l ved  o rgan i c  
m a t t e r  o f  feces;  o r  t h i s  d i sso l ved  o rgan i c  ma t te r  cou ld  be de r i ved  f rom 
a s s i m i l a t e d  o rgan i c  m a t t e r  as sec re t i ons  and excre t ions ;  and t he  process 
o f  chewing t he  f ood  o f t e n  re leases  d i s s o l v e d  o rgan i c  ma t te r .  

A s s i m i l a t i o n  values c a l c u l a t e d  us ing  t h e  g r a v i m e t r i c  and m a t e r i a l  b a l -  
ance methods d i f f e r  cons iderab ly .  The advantages and disadvantages o f  each 
method and t he  r e s u l t s  ob ta i nab le  by each can be most e a s i l y  seen by  con- 
s t r u c t i n g  a  sample problem. I n  t h e  g r a v i m e t r i c  method a  q u a n t i t a t i v e  co l  l e c -  
t i o n  o f  feces produced du r i ng  1.0 h  i s  weighed on a  f o i l  square. The we igh t  
o f  feces produced d u r ~ n g  1.0 h  i s  sub t rac ted  from t h e  we igh t  o f  food  i nges ted  
du r i ng  1.0 h  t o  d e r i v e  t h e  we igh t  a s s i m i l a t e d  d u r i n g  t h a t  t ime.  Due t o  v a r i -  
a b i l i t y  i n  t he  percen t  ash o f  food  sources i t  i s  d e s i r a b l e  t o  compute 
i n g e s t i o n  i n  terms o f  ash- f ree  o rgan i c  m a t t e r  o f  food and feces when d r y  
weights  a r e  used (Re i ch le  1971). Otherwise these r a t e s  a r e  comprlted i n  
terms o f  ~ g C / h  o r  ca l / h .  Cons ider ing  t h e  p o s s i b l e  magnitude r a d d i t i o n s  
t o  feces we igh t  f rom sec re t i ons  and o f  l osses  o f  d i sso l ved  o rgan i c  ma t te r  
through sec re t i ons  and exc re t i ons ,  i t  i s  seen t h a t  a s s i m i l a t i o n  w i l l  be 
underest imated o r  overest imated,  r e s p e c t i v e l y .  Due t o  t h i s  d i f f i c u l t y  o f  
measuring t h e  ac tua l  amount ass im i l a ted ,  i t  i s  e a s i e r  and more s i g n i f i c a n t  
i n  a  p roduc t i on  sense t o  measure t h e  n e t  amount o f  o rgan i c  ma te r i a l  r e t a i n e d  
( a s s i m i l a t i o n  c o r r e c t e d  f o r  1 osses) (see Johannes and Satomi 1967). Th i s  
technique does n o t  i s o l a t e  t h e  amount i ns tan taneous l y  a s s i m i l a t e d  b u t  
computes n e t  a s s i m i l a t i o n  i n  a  long- te rm energy balance. The method c rea tes  
a d d i t i o n a l  problems though which a re  n o t  e x p l i c a t e d  by Johannes and Satomi. 
Confusion a r i s e s  because d i s s o l  ved o rgan ic  m a t t e r  de r i ved  f rom m a t e r i a l  
a1 ready a s s i m i l a t e d  i s  1  umped w i t h  d i s s o l  ved o rgan i c  ma t te r  d e r i v e d  f r om 
non-ass im i la ted  sources. 

These d i f f i c u l t i e s  i n v o l v e d  i n  c a l c u l a t i n g  a s s i m i l a t i o n ,  shown i n  F ig .  1 ,  
can be q u a n t i t a t i v e l y  diagrammed i n  a  r e p r e s e n t a t i v e  problem (F ig .  3 ) .  I f  
t h i s  problem (F ig .  3 )  were approached i n  t h e  t r a d i t i o n a l  g r a v i m e t r i c  fash ion ,  
one would c a l c u l a t e  a s s i m i l a t e d  m a t e r i a l  as I - F  w i t h  no c o r r e c t i o n s  f o r  
exc re t i ons ,  secre t ions ,  d i sso l ved  o rgan i c  r e l ease  w i t h  c e l l  damage, o r  feces 
;caching. A s s i m i l a t i o n  then would be measured as 30-7.5 = 22.5, p rov ided  
t h a t  a l l  f e c a l  p e l l e t s  cou ld  be s o r t e d  o u t  o f  t h e  food. I n g e s t i o n  i s  c a l -  
c u l a t e d  as food ( i n i t i a l  w t )  - food  ( w t  remain ing)  and o n l y  t h e  s o l i d  food  
remain ing can be determined by s tandard g r a v i m e t r i c  methods. Feces a re  a  
combinat ion o f  i n s o l  ub le  pe l1  e t s  and g u t  sec re t i ons .  

Johannes and Satomi (1967) avo ided t h e  ques t ions  o f  r a t e s  o f  exc re t i on ,  
secre t ion ,  e t c .  by measuring t h e  o rgan i c  m a t t e r  r e t a i n e d  r a t h e r  than t h e  
ac tua l  a s s i m i l a t i o n .  Using t h e  equat ion  X = I-F-E where X i s  t h e  r a t e  o f  
r e t e n t i o n  o f  o rgan i c  carbon, I i s  t h e  r a t e  o f  i nges t i on ,  F  i s  the  r a t e  of 
r e l ease  of feces, and E i s  t h e  r a t e  of r e l ease  of a s s i m i l a t e d  o rgan i c  carbon. 



FOOD AVAILABLE FOR INGESTION 
I N I T I A L  WEIGHT - 5 0 p g  OF CELLS 

FOOD REMAIN1 IVG (NOT CONSUMED) 

--- DURING FEEDING CELLS WERE DAMAGED 
*AND DISSOLVED ORGANIC MATTER 

WAS RELEASED 

I 201.14 OF CELLS, 5 p g  DISSOLVED 

I -- FOOD INGESTED 
25 p g  OF CELLS I BECOMES MIXED W I T H  FOOD 

t 
F -- FECES PRODUCED = 5ugPELLETS+5pgDlSSOLVED 

1 0  v g  t ORGANIC FROM 
LEACHING OF FECES 

M I X E S  W I T H  
A -- FOOD ASSIMILATED FECAL PELLETS 

GROSS A 15 p g  
- 2.5 p g  GLlT SECRETIONS 
- 2.5 p g  EXCRETIONS 

(RETEIVTION) net A 10.0 
n 

P + R +INORGANIC C 0 2  

FIGURE 3. Hypothe t i ca l  Diagram o f  Inges t ion ,  Ass im i l a t i on ,  
and Defecat ion o f  Food Ma te r i a l  Coupled w i t h  
Leaching, Exc re t i on  and Secre t ion .  



Approaching t he  same p r o b l e ~ n  w i t h  t h i s  equat ion,  one can c a l c u l a t e  r e t e n -  
t i o n  o f  o rgan i c  ma t t e r .  

I n  essence t he  we igh t  o f  f e c a l  p e l l e t s  (composi te  o f  und isso lved  p e l l e t s  
and s e c r e t i o n s )  p l u s  a l l  s o l u b l e  o rgan i c  ma t t e r  i s  sub t rac ted  f rom t h e  
g r a v i m e t r i c a l l y  d e r i v e d  i n g e s t i o n  r a t e  t o  y i e l d  r e t e n t i o n .  I f  t h e  same 
problem i s  so lved  us i ng  t he  1 4 C  r a d i o t r a c e r  method then many o f  these 
comp l i ca t i ng  f u n c t i o n s  can be ignored.  The r u p t u r i n g  o f  c e l l s  d u r i n g  chew- 
i n g ,  a l though  p robab ly  a  m inor  cons ide ra t i on  us i ng  any technique, i s  l e s s  
s i g n i f i c a n t  w i t h  t h e  1 4 C  method because i f  a l l  products  a r e  u n i f o r m l y  
l a b e l l e d  then t h e  counts which do appear i n s i d e  t he  animal s t i l l  r ep resen t  
a  s p e c i f i c  d r y  we igh t  o f  c e l l s  ( l o s s  o f  l a b e l l e d  m a t e r i a l  th rough  c e l l  
damage i s  a u t o m a t i c a l l y  e l  im ina ted  f rom the  ac tua l  amount inges ted)  . The 
amount a s s i m i l a t e d  can be es t imated  d i r e c t l y  i f  i t  can be assumed t h a t  
t h e  sec re t i ons  i n t o  the g u t  and t he  e x c r e t i o n s  a re  n o t  l a b e l l e d .  Losses o f  
l a b e l l e d  o rgan i c  m a t e r i a l  f r om  t h e  animal can be ignored  i f  t he  f eed ing  
exper iment  i s  s h o r t  enough and t h e  body burden o f  1 4 C  remains low.  I f  
e x c r e t i o n s  a r e  l a r g e l y  i n  t h e  fo rm o f  NH3, then these exc re t i ons  w i l l  n o t  
be l a b e l l e d ,  b u t  t he  deaminat ion o f  p r o t e i n s  occurs,  w i t h  t h e  r e s u l t a n t  
l o s s  o f  me tabo l i c  C 0 2 ;  and i f  t h e  newly a s s i m i l a t e d  l a b e l l e d  o rgan i c  mate- 
r i a l  i s  metabol ized, t h i s  14c02 can be measured and t h e  a s s i m i l a t i o n  va l ue  
can be cor rec ted .  L a b e l l e d  d i s s o l v e d  o rgan ics  can a l s o  be measured w i t h  a  
s c i n t i l l a t i o n  coun te r  by o x i d i z i n g  a  wa te r  sample i n  which these p roduc ts  
were exc re ted  us i ng  a  spec ia l  combus t i o n  apparatus.  

The 1 4 C  method i s  then  used t o  c a l c u l a t e  t h e  amount a s s i m i l a t e d  i n  t h i s  
p rob l  em. 

A  = 15 pg c a l  cu l  a t ed  independent l y  

I f  1  abel l e d  d i s s o l v e d  o rgan i c  m a t t e r  i s  r e l eased  t o  t h e  wate r ,  then one 
ca l  c u l  a tes:  



ne t  A = 13 

gross A = 15 

A poss ib le  danger invo lved i n  app ly ing  these cor rec t ions  i s  t h a t  l a b e l l e d  
organics from feces could be leached - into the water and mistaken f o r  
excre t ions .  However, when percent r e t e n t i o n  i s  ca l cu la ted  by Johannes and 
Satomi ' s  (1967) method ( i n  which percent r e t e n t i o n  o f  organic carbon = 
[ (o rgan ic  C 'ingested - p a r t i c u l a t e  and d isso lved organ ic  carbon re1 eased) 
+ organic C ingested]  x  100 a  value o f  33% [(30-20)/30] i s  obtained. I f  
mechanical r u p t u r i n g  o f  c e l l s  i s  s i g n i f i c a n t ,  then the  r e a l  i nges t i on  r a t e  
and the  r e a l  de fecat ion  r a t e  are unobtainable by t h i s  method, because 
d isso lved mater ia l  from feces, excret ions,  and c e l l  contents and/or secre- 
t i o n s  are  i ntermi ngl ed and inseparable. The ac tua l  amount ingested (25 pg ) . 
cannot be determined w i t h o u t  knowing how much t o  c o r r e c t  the  apparent 
i f l ges t i on  r a t e  (30 pg) .  The actual  percent r e t e n t i o n  should be 10125 = 40%. 
However, a s s i m i l a t i o n  e f f i c i e n c y  cal cu la ted  from the standard formula 
( I - F ) / I  becomes (30-7.5)/30 = 75% o r  (25-7.5)/25 = 70% i f  the mechanical 
r u p t u r i n g  o f  c e l l s  i s  n e g l i g i b l e ,  o r  (25-10)/25 = 60% i f  c e l l  r up tu r i ng ,  
feces leaching, g u t  secret ions,  and excre tory  losses do n o t  occur.  I n  t h i s  
1  a t t e r  case a s s i m i l a t i o n  e f f i c i e n c y  determined g rav ime t r i ca l  l y  i s  equal t o  
e f f i c i e n c y  ca l cu la ted  rad iomet r i  cal  l y .  But  i f  any 1  osses occur, then AE 
ca l cu la ted  g r a v i m e t r i c a l l y  i s  i n  e r r o r  ( t h e  degree o f  e r r o r  depending on 
the ac tua l  r a t e s  of each o f  these func t ions) ,  and i n  t h i s  case Johannes and 
Satomi 's mod i f i ca t i on  o f  the g rav ime t r i c  method i s  essent ia l  i n  d e r i v i n g  a  
value w i t h  some app l i ca t i on .  Many o f  the e r r o r s  described can be avoided by 
se lec t i ng  the r a d i o t r a c e r  technique f o r  ass i~ i i i  1  a t i o n  measurements. Any 
ma te r ia l  re ta ined  i n  the animal through the feeding experiment can be used 
i n  growth and i n  r e s p i r a t i o n .  I f  a  balance were accurate enough t o  measure 
the increases i n  weight o f  an animal dur ing  continuous feeding ( c o r r e c t i n g  
f o r  the increase i n  weight o f  the g u t  contents dur ing  growth) then t h i s  
va l  ue would be growth (G) . Since r e s p i r a t i o n  cont inues throughout feeding 
a t  a  constant  ra te ,  the f a c t o r  R i s  removed from the  amount of  organic 
mater ia l  r e t a i n e d  ( X ) ,  l eav ing  G. Growth i d e a l l y  i s  measured as a  sum 
o f  instantaneous increases i n  d ry  weight ( i n c l u d i n g  cas t  sk ins) ,  and 
resp i  r a t i o n  must be measured independently . 



Environmental  Cons idera t ions  

E f f e c t s  o f  t he  Environment on t h e  
Energy Budget o f  an Aqua t i c  Animal 

The food and f eed ing  o f  aqua t i c  i n s e c t s  i s  s u b j e c t  t o  a  complex system 
o f  i n t e r a c t i n g  b i o l o g i c a l  , phys i ca l  , and chemical v a r i a b l e s .  I n  a d d i t i o n ,  
change i n  t he  l e v e l  o f  one energy budget  component (e.g., r a t e  o f  r e s p i r a -  
t i o n )  r e s u l  t s  i n  t h e  ad justment  o f  a l l  o t h e r  b i o e n e r g e t i c  components t o  
e f f e c t  a  balance w i t h i n  l i m i t s  determined by  t h e  energy i n t a k e .  The r a t e  
o f  energy f l o w  through a q u a t i c  an imals  i s  d a i l y  and seasona l l y  " tuned" b y  
t h e  cons tan t  f l  u c t u a t i o n  and i n t e r p l  ay o f  env i  ronmental v a r i a b l e s .  Lab- 
o r a t o r y  exper iments,  which cannot  d u p l i c a t e  changing c o n d i t i o n s  o f  t h i s  
complex i ty ,  must a t  l e a s t  measure t h e  responses o f  an animal t o  average 
c o n d i t i o n s  about  wh ich  these v a r i a b l e s  fl uc tua te .  An unders tanding o f  f ac -  
t o r s  which determine t h e  d i s t r i b u t i o n ,  abundance, behav io r ,  and phys io logy  
o f  the  animal w i l l  a l s o  a i d  i n  c r e a t i n g  r e a l i s t i c  exper imenta l  f eed ing  s i t -  
ua t i ons  o r  microcosms o f  the  a c t u a l  hab i  t a t .  

As Cooke (1972) i n d i c a t e s ,  t h e  e f f e c t  o f  changing phys i ca l  and chemical 
parameters may be s t u d i e d  very  e f f e c t i v e l y  i n  microcosm communit ies, b u t  t h e  
responses measured f o r  one spec ies w i t h i n  t he  microcosm community may be 
expressed i n  p r o p o r t i o n  t o  t h e  degree o f  s t a b i l i t y  o r  comp lex i t y  o f  t h e  
community. That  i s ,  r e s p i r a t o r y  r a t e s  o r  growth r a t e s  measured i n  s i n g l e  
spec ies c u l t u r e  may d i f f e r  g r e a t l y  f r om  the  same r a t e s  measured i n  mixed 
c u l t u r e .  For  example, Chua and B r i n k h u r s t  (1 973) found d i f f e r e n c e s  i n  
growth, r e s p i r a t i o n ,  and i n g e s t i o n  r a t e s  i n  pure versus mixed spec ies c u l -  
t u r e s  o f  t u b i f i c i d  worms. Cumnins e t  a1 . (1973b) found s i g n i f i c a n t  d i f f e r -  
ences i n  growth r a t e  o f  s t ream d e t r i  t i v o r e s  w i t h  v a r i a t i o n s  i n  animal d e n s i t y  
and spec ies composi t i o n .  

The d i f f i c u l  ty i n  des ign ing  l a b o r a t o r y  f eed ing  exper iments which p r o v i d e  
data appl  i c a b l e  t o  f i e l  d s i t u a t i o n s  i s  f u r t h e r  emphasized by Hubbel l  , S i  kora,  
and P a r i s  (1965) and Lawton (1971b). Lawton found t h a t  ac tua l  f e e d i n g  r a t e s  
( i n  na tu re )  were c l o s e r  t o  maximum l a b o r a t o r y  r a t e s  d u r i n g  t h e  summer than  
i n  w i n t e r  f o r  Pyrrhosoma nymphul a  (Zygoptera)  . I n  a d d i t i o n ,  Lawton (1  970) 
s t a t e s  t h a t  ass imi  1  a t i o n  e f f i c i e n c i e s  d e r i v e d  i n  t h e  1  abora to ry  can be appl  i e d  
t o  t h e  f i e l d  s i t u a t i o n  o n l y  f o r  those an imals  i n  which a s s i m i l a t i o n  e f f i c i e n c y  
(AE) i s  n o t  a f f e c t e d  by f eed ing  r a t e .  Temperature, l a r v a l  s i ze ,  and phys io -  
l o g i c a l  s t a t e  a l s o  can mod i fy  t he  AE b u t  can be more e a s i l y  c o n t r o l l e d  i n  
t he  l a b o r a t o r y .  A  s tudy  o f  l a b o r a t o r y  and f i e l d  growth r a t e s  o f  t h e  mayl'ly 
T r i co ry thodes  minutus r evea led  t h a t  l a b o r a t o r y  growth r a t e s  were o f t e n  con- 
s i d e r a b l y  1  ess than f i e l d  growth r a t e s  when measured under comparable tem- 
pe ra tu re  c o n d i t i o n s  (Newel 1  , personal  communication). Th i s  same re1 a t i o n -  
s h i p  a1 so was observed i n  l a b o r a t o r y  and f i e l  d  growth s t u d i e s  on Hydropsyche 
o c c i d e n t a l  i s  ( T r i  chop te ra )  (McCul lough, unpubl i shed da ta )  . 



The r e l a t i o n s h i p  o f  energy budget components t o  environri iental va r i ab les  
i s  i n t r i c a t e .  A decrease i n  temperature may l i m i t  t h e  i n g e s t i o n  r a t e ,  thereby 
reduc ing  growth r a t e  and decreasing r e s p i r a t i o n  r a t e .  The growth and inges-  
t i o n  o f  some aqua t i c  i n s e c t s  a re  c u r t a i l e d  below a low c r i t i c a l  water  tem- 
pera t u re .  Only 1 ong-term growth s tud ies  may uncover these ef fects .  Envi ron-  
mental f ac to rs  such as c u r r e n t  speed, substratum, food supply,  oxygen tens ion ,  
nearby t e r r e s t r i a l  vegeta t ion ,  water  chemist ry ,  1 i g h t  i n t e n s i t y ,  and teni- 
pe ra tu re  can a l l  i n f luence  the  animal d i s t r i b u t i o n  w i t h i n  t he  stream commu- 
n i  ty. Because these f a c t o r s  a r e  t i g h t l y  in terconnected,  a complex p a t t e r n  
o f  microenvironments i s  created i n  t h e  stream (see A l l e n  1959) which causes 
animals t o  seek a s p e c i f i c  s e t  o f  v a r i a b l e s  w i t h i n  t h e i r  range o f  to le rances  
t o  ~ i iee t  immediate needs f o r  food. To some e x t e n t  d e f i c i e n c i e s  can be compen- 
sated f o r  by excesses elsewhere b u t  a minimum requirement remains which must 
be met be fo re  any compensation can be o f  importance. 

I n  o rde r  t o  understand the  e f f e c t s  o f  i n t e r a c t i q g  b i o l o g i c a l  , phys ica l  , 
and chemi ca l  f a c t o r s  on t he  measured energy budget components, a compi 1 a t i o n  
o f  pr imary b i o l o g i c a l ,  phys i ca l ,  and chemical f a c t o r s  was organized accord- 
i n g  t o  t h e i r  e f f e c t s  on feeding, feed ing  ra te ,  d i g e s t i o n  t ime, growth, 
r e s p i r a t i o n ,  a s s i m i l a t i o n  e f f i c i e n c y  and de feca t ion .  

B i o l o g i c a l  Factors  Which A f f e c t  t h e  Energy Budget 

Food and Feeding 

Behavior o f  species and i n t e r a c t i o n s  among species i n f l u e n c e  food se lec-  
t i o n  and feed ing  a c t i v i t y .  For example, t he  o v i p o s i  t i o n  s i t e  i n i t i a l l y  
determines the  f ood  a v a i l a b l e  t o  e a r l y  i n s t a r s .  During t he  second i n s t a r  
Simul ium l a r v a e  d r i f t  i n t o  the s w i f t  water  sec t ions  o f  t he  stream f rom o v i -  
p o s i t i o n  s i t e s  (Chu t te r  1972); p reda t ion  on s i m u l i i d s  by t he  Hydropsychidae 
gene ra l l y  i s  h i gh  du r i ng  t h i s  per iod .  Cummins (1964) noted t h a t  P cno s che 
l a r v a e  migra te  f rom the  cen ter  o f  t he  stream (where the  eggs were --=7 deposi ted 
t o  t he  margins d u r i n g  t he  l i f e  cyc le .  Compet i t ion f o r  a l i m i t e d  food supp ly  
a f f e c t s  t he  a v a i l a b i l  i ty o f  food per  i n d i v i d u a l  . A species excluded f rom 
i t s  favored h a b i t a t  may be ab le  t o  o b t a i n  o n l y  a suboptimal amount o r  qua1 - 
i ty o f  food. Reduction i n  a v a i l a b l e  food  by f loods may increase corr~peti t i v e  
i n t e r a c t i o n  between r e l a t e d  species (Mackay and K a l f f  1973) and too g r e a t  
an increase i n  d e n s i t y  o f  a species may cause i n t r a s p e c i f i c  aggression o r  
cannibal ism, as no ted  f o r  Hydropsyche (W i l l i ams  and Hynes 1973). I n  t h e  
present  s tudy a small degree o f  p reda t i on  upon Simulium by  Cheumatopsyche 
was noted i n  j o i n t  feeding experiments.  Mecom o r e p o r t e d  t h a t  phys io-  
l o g i c a l  changes i n  c e r t a i n  c a d d i s f l i e s  may cause them t o  become predaceous 



d u r i n g  c e r t a i n  months. Exper imental  f eed ing  o f  a  h e r b i v o r e  under non-s t ressed 
(no p r e d a t i o n )  c o n d i t i o n s  may n o t  be t y p i c a l  o f  t he  normal cond i t i ons ,  f o r  
under n a t u r a l  c o n d i t i o n s  each animal s e l e c t s  a  h a b i t  where i t s  behav io r  
p a t t e r n  enables i t  t o  e f f e c t  t he  bes t  compromise between o b t a i n i n g  f ood  and 
be ing  preyed upon t oo  heavi  l y  (Macan 1961 ) . 

Feeding Rate 

Suspended food  concen t ra t i on  i s  i m p o r t a n t  i n  de te rmin ing  d i s t r i b u t i o n  o f  
f i l  t e r - f eed ing  i n s e c t s  (Cushing, J r .  1963, C h u t t e r  1968, Spence and Hynes 
1971 ) . General l y  f eed ing  r a t e  inc reases  w i t h  food  concen t ra t i on  t o  a  c e r t a i n  
l e v e l ,  a f t e r  which i t  remains cons tan t  d e s p i t e  f u r t h e r  inc reases  i n  f ood  
concen t ra t i on .  F i l t r a t i o n  r a t e ,  on t h e  o t h e r  hand, remains cons tan t  a t  l ow  
food concen t ra t i ons  b u t  dec l  i n e s  a f t e r  a  c r i t i c a l  h i g h  concen t ra t i on  i s  
reached. 

I n n a t e  b i o l o g i c a l  rhythms o f  a c t i v i t y  can cause t h e  f eed ing  r a t e  t o  be 
g r e a t e r  under c e r t a i n  c o n d i t i o n s .  Among zoopl ank te r s  , Cal anus feeds more 
i n  t h e  dark than  i n  t h e  1  i g h t  and Diaptomus r a c i l o i d e s  feeds more i n  t h e  
1  i g h t  (Edmondson 1961 ) .  Hedr iod iscus  t r u q u i i  f--T D i p t e r a  feeds on t op  o f  t h e  
a1 ga l  mat a t  n i g h t  and h ides  w i t h i n  i t  d u r i n g  t h e  day (Stockner  1971).  Prus 
(1 971 ) found t h a t  i n  t h e  l a b o r a t o r y  f ood  consumption b y  A s e l l  us aqua t i cus  
( Isopoda)  was e i g h t  t imes  g r e a t e r  i n  summer than w in te r ,  even though t h e  
an imals  were acc l ima ted  and f e d  a t  10°C i n  bo th  cases. Th is  suggests t h a t  
age o r  a  b i o l o g i c a l  c l o c k  governs f eed ing  r a t e .  Chaston (1968) found an 
a c t i v i t y  rhythm i n  Simul ium which causes d r i f t  o f  l a r v a e  t o  i nc rease  a t  
n i g h t .  I f  l a r v a e  move about  on t h e  s u b s t r a t e  o r  d r i f t  a t  n i g h t ,  feed ing 
r a t e s  e x t r a p o l a t e d  t o  a  24-h p e r i o d  f rom dayt ime f eed ing  exper iments would 
be too  h i gh .  

I n i t i a l  feed ing r a t e s  may be g r e a t e r  than sus ta ined  r a t e s .  Hol t e r  (1973) 
found h i g h  i n i t i a l  r a t e s  o f  f eed ing  by Aphodius (Co leop te ra )  l a r v a e  due t o  
r a p i d  f eed ing  w h i l e  bur row ing  i n t o  dung. S t a r v a t i o n  has a l s o  been r e p o r t e d  
t o  a f f e c t  t h e  g u t  r e t e n t i o n  t ime.  Re i ch l e  (1966) and Conover (1966) no ted  
an i nc rease  i n  d i g e s t i o n  t ime f o r  f o r e s t  f l o o r  d e t r i t i v o r e s  and mar ine 
zoopl ankton , r e s p e c t i v e l y  , when food  was scarce .  The normal d i g e s t i o n  t ime  
o f  Euphausia p a c i f i c a  (Euphausiacea) i s  one hour b u t  some food s t i l l  remains 
i n  the  g u t  a f t e r  40 h  o f  s t a r v a t i o n  (Lasker  1966).  Hubbel l  e t  a l .  (1965) 
found t h a t  r e t e n t i o n  o f  f ood  by A r m a d i l l i d i u m  (Isopoda) i n  t h e  f i e l d  was 
much g r e a t e r  than i n  t h e  l a b o r a t o r y  because f ood  concen t ra t i ons  i n  t h e  f i e 1  d  
were l owe r .  De feca t ion  ceased when f eed ing  ceased. Th is  i s  an advantage 
t o  an imals  s u b j e c t  t o  v a r i a b l e  food resources.  Other  i n v e s t i g a t o r s  have 
assumed t h a t  s t a r v a t i o n  f o r  up t o  72 h  comp le te ly  c l e a r s  the  g u t  o f  a l l  food.  
Calow and F l e t c h e r  (1972) determined e x t r a o r d i n a r i l y  h i g h  AE va lues f o r  
s n a i l  s, which p robab ly  can be a t t r i b u t e d  t o  incompl e t e  de feca t i on .  Wol da, 
Zweep, and Schuitema (1971) f e l t  t h a t  h i g h  AE va lues f o r  sna- i ls  determined 



by c e r t a i n  authors were erroneous because g u t  contents  o f  s n a i l s  a re  a l t e r e d  
very 1  i t t l e  upon passage through the  gut .  Lawton (1971a) est imated f i e l d  
d iges t i on  t ime by measuring the  t ime r e q u i r e d  f o r  p roduc t ion  o f  the  1  a s t  
f eca l  p e l l e t  o f  Odonata nymphs c o l l e c t e d  i n  t he  f i e l d .  The mean t ime r e q u i r e d  
f o r  complete de feca t i on  was assumed t o  be ha1 f the  ac tua l  d i g e s t i o n  t ime. 
Defecat ion r a t e s  were measured by  McDi f f e t t  (1970) and Lawton (1 971 a) du r i ng  
s t a r v a t i o n  f o r  2.0 h  and 6.0 h  per iods,  r espec t i ve l y .  I n  such s tud ies  i t  
must be assumed t h a t  defecat ion cont inues normal ly  even when feed ing  ceases. 
This  assumption i s  probably  l e s s  v a l i d  f o r  continuous feeders (herb ivores)  
than f o r  i ntermi  t t e n t  feeders (carn ivores)  . 

Resp i ra t i on  

D iu rna l  a c t i v i t y  rhythms have been repo r ted  i n  mayfly nymphs (Harker 1953, 
E l  1  i o t  1968). The a c t i v i t y  p a t t e r n  can e x i s t  independent o f  f l u c t u a t i n g  
1  i g h t i  ng condi t i ons ,  b u t  g r e a t e r  d i u rna l  f l  uc tua t ions  i n  a c t i v i t y  occur  under 
the  added s t i m u l ~ ~ s  o f  a  l i g h t - d a r k  cyc le .  Ulanoski  and M c D i f f e t t  (1972) found 
a  d i u r n a l  r e s p i r a t i o n  rhythm i n  a  mayf ly  known t o  have a  d iu rna l  a c t i v i t y  
p a t t e r n .  A c t i v i t y  and r e s p i r a t i o n  were s i g n i f i c a n t l y  g rea te r  i n  t he  dark 
than i n  t he  l i g h t .  However, M c D i f f e t t  (1970) and Lawton (1971a) found 
no d a i l y  p e r i o ~ d i c i  ty  i n  oxygen consumption f o r  ~ t e r o n a r c ~ s  s c o t t i  (Pl  ecoptera)  
and Pyrrhosonia nymphul a  (Odonata) , r e s p e c t i v e l y .  

The 1  i f e  stage o f  an i n s e c t  a l s o  i n f l uences  t he  r e s p i r a t o r y  r a t e .  Animals 
e n t e r i n g  diapause gene ra l l y  show a  reduced metabo l i c  r a t e  ( K e i s t e r  and Buck 
1964). Lawton (1971a) noted a  r e s p i r a t o r y  r a t e  i n  stage 3 metamorphosing 
Pyrrhosoma which was two t imes g rea te r  than expected on t he  bas i s  o f  s i z e .  
Larvae i n  t h i s  s t a t e  do n o t  feed and w i t h  t h e  g rea t  energy demand du r i ng  
metamorphosis, a  gradual l o s s  i n  we igh t  was observed. Other phys io log i c  
s ta tes  (quiescence, dormancy) can be expected t o  a f f e c t  r e s p i r a t i o n .  

Reich le (1968) has shown t h a t  metabol ic  r a t e  v a r i e s  w i t h  t he  m e t a b o l i c a l l y  
e f f e c t i v e  body weight.  Metabo l i c  r a t e  pe r  u n i t  weight  tends t o  inc rease  as 
body s i z e  decreases. Some workers have shown t h a t  d a i l y  i n g e s t i o n  r a t e  i s  
p o s i t i v e l y  c o r r e l a t e d  w i t h  body sur face  area and i s  f a i r l y  comparable between 
animals o f  s i m i l a r  geometry. However, Reich le (1968) found a  b e t t e r  c o r r e l a -  
t i o n  o f  food  i n t a k e  w i t h  d ry  body weight .  Edwards (1958) found no c o r r e l a -  
t i o n  o f  O 2  consumption and sur face  area f o r  Chironomous r i p a r i u s .  Stockner 
(1971) no ted  t h a t  r e s p i r a t i o n  r a t e  r e l a t i v e  t o  body we igh t  o f  t he  te rmina l  
i n s t a r  o f  Hedr iod iscus was s i g n i f i c a n t l y  lower  than i n  e a r l y  i n s t a r s  due t o  
an accumulat ion o f  metabol i c a l  l y  i n e r t  1  i pids  . A1 though mean i nges t i on  per  
day (pg/ i nd iv /day)  i s  g rea te r  f o r  l a r g e r  i n s t a r s  ( i n s t a r  4>3>2), the  inges-  
t i o n  r a t e  i n  terms o f  ug/mg/day i s  g r e a t e s t  f o r  sma l l e r  i n s t a r s  ( i n s t a r  
2>3>4). 



A s s i m i l a t i o n  E f f i c i e n c y  

B i o l o g i c a l  c o n d i t i o n s  such as s i z e ,  age, dens i t y ,  developmental stage, 
o r  r e p r o d u c t i v e  s t a t e  can a f f e c t  t h e  a s s i m i l a t i o n  e f f i c i e n c y .  Pyrrhosoma 
showed a  decreased e f f i c i e n c y  w i t h  i n c r e a s i n g  s i ze ,  r ang ing  f r om 92.9% f o r  
4  mm an imals  t o  84-86% f o r  13-14 mm i n d i v i d u a l s  (Lawton 1970).  M c D i f f e t t  
(1  970) s t a t e d  t h a t  ass im i  1  a t i o n  e f f i c i e n c y  of  Pteronarcys decreases w i t h  
aae. Stockner  (1 971 ) no ted  a  decrease i n  a s s i m i l a t i o n  e f f i c i e n c v  o f  
~ e d r i o d i s c u s  t r u q u i i ' f r o m  i n s t a r s  2 and 3 t o  i n s t a r  4  r e l a t e d  t i o n s e t  o f  
pupa t ion  and decreased a c t i  v i  t.y. However, diapause and metamorphosis i n  
~ ~ r r h o s o m a  (up t o  the  p o i n t  where f eed ing  ceases) had no e f f e c t . o n  a s s i m i l a -  
t i o n  e f f i c i e n c y  r e l a t i v e  t o  va lues f o r  nonmetamorphosing t e rm ina l  i n s t a r s  
(Lawton 1970). 

Muke r j i  and Guppy (1970) found t h a t  a s s i m i l a t i o n  e f f i c i e n c y  i n  t h e  
l a r v a l  s tage o f  a  moth decreased w i t h  age due t o  l e s s  d i s c r i m i n a t o r y  food  
s e l e c t i o n  i n  t he  l a r g e r  l a r v a e .  P o r t i o n s  o f  the  l e a f  o f  h i g h e s t  food  
qua1 i t y  were se lec ted  by young i n s t a r s .  McD i f f e t t  (1970) no ted  a  s i m i l a r  
behav io r  i n  Pteronarcys,  which ske le ton i zed  1  eaves. Prus (1 971 ) found t h a t  
the  r e p r o d u c t i v e  c o n d i t i o n  o f  Asel 1  us aqua t i cus  determined a s s i m i l a t i o n  
e f f i c i e n c y .  Ovigerous females had a  h i g h e r  AE than  males o r  non-ovigerous 
females, which a l lowed them t o  compensate f o r  a  l owe r  i n g e s t i o n  r a t e .  A,; 
p a r t i a l  exp lana t i on  f o r  the  l ow  i n g e s t i o n  r a t e  o f  ov igerous  females i s  t h a t  
h a l f  t h e  body we igh t  was composed o f  m e t a b o l i c a l l y  independent eggs. Prus 
t e s t e d  t he  e f f e c t  o f  d e n s i t y  (1 , 5, 10, and 20 i n d i v i d u a l  s  p e r  p e t r i  d i s h )  
on a s s i m i l a t i o n  e f f i c i e n c y  and found s i g n i f i c a n t l y  g r e a t e r  e f f i c i e n c i e s  i n  
group c u l  t u r e s  (34.9%) compared t o  s ing1 e  cu l  t u r e s  (26.3%) . 

Phys ica l  Fac to rs  Which A f f e c t  t h e  Energy Budget 

Feeding 

I t  i s  conce ivab le  t h a t  n a t u r a l  f eed ing  responses f rom an animal can be 
ob ta ined  o n l y  i n  a  f a v o r a b l e  h a b i t a t .  Popham (1941) (see Macan 1961) 
i n d i c a t e d  t h a t  Co r i xa  d i s t i n c t a  chooses a  background which i t  matches and 
i s  r e s t l e s s  on a  background o f  d i f f e r e n t  i n t e n s i t y  than i t s e l f .  Mac io lek  
and Tunzi (1968) no ted  t h a t  b l a c k f l y  l a r v a e  g e n e r a l l y  choose rocks  o f  a  
dark  c o l o r  as a t tachment  s i t e s  a1 though they  o c c a s i o n a l l y  found 1  arge 
numbers o f  l a r v a e  on l i g h t  o b j e c t s .  I n  t he  p resen t  research an imals  i n  
f eed ing  exper iments were p laced  a g a i n s t  a  dark  background o r  upon food. 

H a b i t a t  a l s o  p a r t i a l l y  determines t he  food s e l e c t i o n  o f  an an imal .  
A1 though Simul ium, Cheumatopsyche, and T r i co r y thodes  a r e  a1 1  c o l l e c t o r s ,  
t hev  have d i s t i n c t l v  d i f f e r e n t  ~ i i i c r o h a b i t a t s  and d i f f e r e n t  food h a b i t s .  
~ i m i l  ium l a r v a e ,  actached t o  t h e  tops  o f  smooth stones a r e  a b l e  t o  f i l t e r  
seston f rom t h e  water;  they  a r e  n o t  1  i k e l y  t o  i n g e s t  l a r g e  amounts o f  coarse 



sand, which g e n e r a l l y  would n o t  be i n  suspension. The food  o f  T r i co ry thodes  
however i s  mixed w i t h  n o n n u t r i t i v e  sediment, i n d i c a t i v e  o f  t h e i r  ex i s t ence  
w i t h i n  t h e  a l g a l  mat cover ing  coarse grave l  i n  r i f f l e s  and w i t h i n  l oose  
d e t r i t u s  i n  s lower  waters .  Cheumatopsyche l i v e s  under stones and i s  more 
a p t  t o  c o l l e c t  d e t r i t u s  p a r t i c l e s ,  a long  w i t h  some a lgae  which s e t t l e  between 
t h e  s tones.  Some foods o f  s u i t a b l e  n u t r i t i o n a l  va lue a r e  n o t  eaten because 
o f  mechanical f ea tu res  o f  t h e  consumer's mouthparts.  Among f i l t e r - f e e d i n g  
i n v e r t e b r a t e s  p a r t i c l e  s i z e  s e l e c t i o n  has been found t o  be a f u n c t i o n  o f  t h e  
mechanical s t r u c t u r e  o f  t h e  f i l t r a t i o n  apparatus and c e r t a i n  behav io ra l  
f ea tu res  (A rno ld  1971, Jorgensen 1955, N i l  son 1973).  The combinat ion o f  
f i 1 t r a t i o n  e f f e c t i v e n e s s  and food concen t ra t i on  and qua1 i ty determines 
whether an animal can meet i t s  energy requi rements .  

W i l l i ams  and Hynes (1973) determined t h e  mesh s i z e  o f  t h e  n e t  c rea ted  
by  t h e  f i f t h  ( t e n i ~ i n a l  ) i n s t a r  Hydropsyche sparna (T r i chop te ra )  t o  be 190x300 
pm and t h a t  f o r  t h e  second i n s t a r  t o  be 30x55 um. Mesh s i z e  inc reases  w i t h  
each i n s t a r  due t o  t he  i nc rease  i n  s i z e  o f  t h e  mouthparts,  which c r e a t e  t h e  
ne t .  Wi th  t h e  i nc rease  i n  n e t  s i z e  t h e r e  undoubtedly i s  a  change i n  food  
g a t h e r i n g  capab i l  i t i e s  w i t h  age. The n e t  mesh dimensions o f  ano ther  f i l t e r -  
f eed ing  cadd is  l a r v a  (Chimarra a t e r r i m a )  were much s~ i la l  1  e r  (6x70 pm) and 
consequent ly  e x t r a c t e d  a sma l l e r  range o f  p a r t i c l e s  f rom t h e  water.  Se lec-  
t i o n  f o r  fobd  o f  a  p a r t i c u l a r  s i z e  range cou ld  s imu l taneous ly  d i s c r i m i n a t e  
f o r  food  o f  a  c e r t a i n  q u a l i t y .  Other  au thors  have descr ibed  t h e  n e t  mesh 
dimensions o f  Hydropsychidae (Edington 1968, Mac io lek  and Tunzi  1968, Hynes 
1970). W i l l i ams  and Obeng (1961 ) found t h a t  Simul ium can t r a p  a wide range 
o f  p a r t i c l e  s i zes  b u t  s e l e c t  most h e a v i l y  f o r  p a r t i c l e s  i n  t h e  range 6-14 pm. 
A b r i e f  s tudy  on p a r t i c l e  s i z e  s e l e c t i o n  was done i n  t h i s  research.  

A l though i t  g e n e r a l l y  i s  assumed t h a t  aqua t i c  i n v e r t e b r a t e s  i n g e s t  leaves 
t o  o b t a i n  t h e  assoc ia ted  funga l  growth, Cummins e t  a l .  (1973b) found t h a t  t h e  
may f l y  Stenonema was unable  t o  f eed  on a t h i c k  funga l  mat due t o  mechanical 
i n t e r f e r e n c e  w i t h  t h e  f eed ing  mechanism. Stockner  (1971 ) found t h a t  f eed ing  
r a t e  o f  Hedr iod iscus was reduced on b l  ue-green mats i n  a  h o t  s p r i n g  compared 
t o  t h e  feed ing  r a t e s  on f i l amentous  Oedogonium sp. and e p i p h y t i c  diatoms, 
d e s p i t e  a  g r e a t e r  c a l o r i c  con ten t  i n  t h e  b lue-green mat. The smooth, f i b r o u s  
b lue-green mat appa ren t l y  made feed ing  d i f f i c u l t .  W i  1  hm (1970) was a b l e  t o  
no te  d i f f e r e n c e s  i n  p a r t i c l e  s i z e  s e l e c t i o n  between L imnod r i l us  (O l igochac ta )  
and St ic toch i ronomus ( D i p t e r a )  f eed ing  on d e t r i t u s .  Bu t  L i m i n o d r i  l u s  accumu- 
l a t e d  rad io i so topes  f a s t e r  than  St ic toch i ronomus by f eed ing  s e l e c t i v e l y  on 
sma l l e r  (more contaminated) p a r t i c l e s .  The s n a i l  Ancylus f l u v i a t i l i s  was 
shown t o  have preference f o r  p a r t i c u l a r  spec ies o f  p e r i p h y t i c  a lgae and f o r  
smal l  - s i zed  c e l l  s  (Cal ow 1973). 

Feeding Rate 

The feed ing  r a t e  o f  f i l  te r - f eed ing  zooplankton i s  l i n e a r l y  r e l a t e d  t o  t h e  
concen t ra t i on  o f  food  u n t i l  a  c r i t i c a l  h i g h  concen t ra t i on  o f  food i s  reached, 
a f t e r  which i n g e s t i o n  r a t e  u s ~ ~ a l l y  i s  s t a b l e  ( R i g l e r  1971). Secondary p ro -  
d u c t i v i t y  i s  t h e r e f o r e  c o n t r o l l e d  by p r imary  p r o d u c t i v i t y  as w e l l  as mechani- 
c a l  a b i l i t y  o f  t he  organism t o  u t i l i z e  food. 



A v a r i e t y  o f  mathematical f u n c t i o n s  descr ibe  t h e  r e l a t i o n s h i p  between 
body s i z e  and f i l t e r i n g  r a t e  f o r  zooplankton (Buikema 1973). The max-imum 
i n g e s t i o n  r a t e  f o r  aqua t i c  i n v e r t e b r a t e s  (e.g . , Pyrrhosoma nymphula) i s  a  
f u n c t i o n  o f  l a r v a l  s i z e  (Lawton 1971b). I t  i s  obvious t h a t  l a r g e r  animals 
have a  g r e a t e r  i n g e s t i o n  r a t e  ( ~ g / i n d i v / h ) .  M c D i f f e t t  (1970) d iscovered a  
l i n e a r  r e l a t i o n s h i p  between loglo i n g e s t i o n  r a t e  and loglo d r y  we igh t  a t  5, 
10, and 15°C. The 5  and 10°C reg ress ion  c o e f f i c i e n t s  (0.65 and 0.89) were 
s i g n i f i c a n t l y  d i f f e r e n t ;  c o e f f i c i e n t s  o f  r eg ress ion  f o r  10 and 15°C 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 .  Re i ch le ' s  (1968) regress ion  c o e f f i c i e n t  (0.68) f o r  
i n g e s t i o n  r a t e  o f  11 t e r r e s t r i a l  ar thropods i s  ve ry  s i m i l a r  t o  t h a t  o f  
M c D i f f e t t .  

T e m ~ e r a t u r e  i s  known t o  a f f e c t  t he  feed ina  r a t e .  The maxi~num feed ina  
r a t e  f o r '  Pteronarcys dorsa ta  occurred between 7 5 - 2 0 " ~  (Nebeker 1971 ) , w h i i e  
no feed inq  took  p l ace  a t  1°C o r  35°C. Feedinq a t  25°C was e r r a t i c  and l e s s  
was eaten- than i n  t h e  15-20°C range. Lawton (1971b) descr ibed  t h e  maximum 
feed ing  r a t e  (mg/ indiv/deg) f o r  Pyrrhosoma between 4°C and 15°C as a  percen t  
o f  the  r a t e  a t  15°C. There was a  6.2%/ C r e d u c t i o n  i n  f eed ing  r a t e  f rom 
15°C t o  4°C f o r  a1 1  l a r v a l  s i zes .  Ladle,  Bass, and Jenk ins (1972) found 
t h a t  f eed ing  i n  Simulium was suppressed between 5  and 8°C; between 8  and 21°C 
t h e r e  was no d i f f e r e n c e  i n  feed ing  r a t e .  

Fredeen (1964) (see Lad le  e t  a1 . 1972) noted t h a t  t h e  feed ing  r a t e  o f  
Simulium was r e l a t e d  t o  r a t e  o f  water  f l o w .  The Simul idae and Hydropsychidae 
n e a r l y  always a r e  observed i n  f a s t  f l o w i n g  waters  b u t  increased food a v a i l -  
a b i l i t y  i s  n o t  t he  o n l y  b e n e f i c i a l  e f f e c t  o f  r a p i d  c u r r e n t .  Feeding r a t e s  
o f  i n v e r t e b r a t e s  may a l s o  be expected t o  va ry  d i u r n a l l y  and month ly  (Malone 
and Nelson 1969). 

D iges t i on  Time 

G u t - f i l l  i n g  t ime i s  n o t  n e c e s s a r i l y  equal t o  the  t ime r e q u i r e d  f o r  
d i ges t i on .  I n i t i a l  feed ing  r a t e s  may be exaggerated so t h a t  r a p i d  g u t -  
f i l l i n g  i s  f o l l o w e d  by  l o n g  g u t  r e t e n t i o n  t imes.  Th is  i s  e s p e c i a l l y  t r u e  
o f  ca rn i vo res  which feed  s p o r a d i c a l l y  on p rey  (see Lawton 1971 a ) .  For 
herb ivores  cont inuous steady feed ing  and a  cons tan t  food  supply  a r e  
u s u a l l y  t h e  r u l e  so t h a t  d i g e s t i o n  t ime and g u t - f i l l i n g  t ime p robab ly  a r e  
equal. Lawton (1971a) c a l c u l a t e d  d i g e s t i o n  t ime as the t ime between 
i n g e s t i o n  and de feca t i on  o f  a  p a r t i c l e .  Lad1 e  e t  a1 . (1972) found no 
d i f f e r e n c e  i n  d i g e s t i o n  t ime f o r  Simulium r e l a t i v e  t o  l a r v a l  s i z e  o r  
spec ies.  I n  a l l  ins tances d i g e s t i o n  t ime was 20-30 minutes. Th is  was 
cor robora ted  by Fredeen (1 964).  



Growth 

Growth rate  i s  regulated by several environmental factors. Certain 
factors relat ive to the animal i t s e l f  are specified by Hynes (1961), who 
categorized many species according to  growth types ("slow" and "fast" growth 
species). Ulfstrand (1 968) found several species of Simul ium have a one-year 
cycle in which certain species grow rapidly a f t e r  oviposition, leading t o  
large slow-growing larvae, and others exhibit intense growth just  before 
emergence. A lowered rate  of metabolism in winter would be an advantage in 
streams of low productivity where food i s  scarce, b u t  when food i s  abundant 
some species could be expected to have a rapid winter growth i f  temperatures 
exceed 8°C. Mackay (1 972) fol 1 owed instantaneous growth rates (IGR) of three 
species of caddisfly and found that for P cno s che gen t i l i s  and P.  luculenta 
the TGR decreased through autumn and winter 55- a though mean indivizual weight 
steadily rose).  IGR began to r i se  with the water temperature in spring; a 
s ~ r i n a  thaw in A ~ r i l  removed much of the available food and the IGR showed 
a' corresponding d ip .  Another species, P .  scabri pennis, had a much reduced 
IGR i n  winter compared to  the other speFies, reducing competition for a 
limited food supply. Although physical factors may direct the growth ra te ,  
growth responses by individuals are uniquely characteristic of the species. 

Combinations of l ight  and temperature are also known to affect  larval 
development. Corbet (1959, see Cumins 1964) found tha t  rising water 
ten~peratures in the spring synchronize growth. In "summer" species (forms 
that  overwinter i n  stages other than the terminal instar)  synchrony i s  
obtained because the Terminal-2 stage has a lower temperature threshold than 
the Terminal-1 stage and commences growth f i r s t .  Longer days a t  each of the 
experimental temperatures promoted more rapid growth than short days. 

Respiration 

The respiration rate  of an animal i s  a good indicator of i t s  act ivi ty 
or physiological s ta te  (intermol t ,  premol t ,  diapause, instar ,  l i f e  stage).  
W i t h i n  a single instar  metabolic r a t e  i s  also found to vary depending on a 
variety of physical conditions. 

Temperature i s  an important control on respiratory rate.  Lawton (1971a) 
found an increase i n  the loglo respiratory rate  w i t h  an increase in tempera- 
t ~ ~ r e  for Pyrrhosoma between 5 and 16°C. McDiffett (1970) found that for 
Pteronarc s a l inear dependence of loglo respiratory rate  on loglo dry weight 
+as Y = a@) exists  within the same temperature range b u t  could 
find no significant difference in slopes for  regressions a t  1 and 10°C. 
Stockner (1 971 ) found only s l ight  variation in respiratory ra te  for 
Hedriodiscus between 10-40°C. 

Eri ksen (1968) showed the effect  of substrate particle s ize on respira- 
tory rate  of two species of mayflies. Oxygen consumption was lowest on the 
preferred parti cl e size.  Nymphs acted as  respiratory regulators on an optimal 



subs t ra te ,  ~ n a i  n t a i n i  ng a  cons tan t  r a t e  of r e s p i r a t i o n  by a d j u s t i n g  g i  11 beat  
f requency, and acted as conformers on u n s u i t a b l e  subs t ra ta .  M c D i f f e t t  (1970) 
found t h a t  Pteronarcys s c o t t i  was ext remely  a c t i v e  i f  no subs t ra te  was pro-  
v i d e d  i n  t h e  r e s p i r a t o r y  chamber. S e l e c t i o n  f o r  a  p a r t i c u l a r  s i z e  substratum 
i s  i n f l uenced  by  t he  l e v e l  o f  0, concen t ra t i on  i n  t h e  i n t e r s t i t i a l  water .  
Oxygen t ens ion  can i n f l uence  r e s p i r a t i o n  r a t e ,  as shown by Lawton (1971a). 
Resp i ra to r y  r a t e  of Pyrrhosoma dec l  i ned  gradual l y  w i t h  0, t e n s i  on between 
100-50% s a t u r a t i o n  and then dropped d r a s t i  ca l  ly .  Most pond i n v e r t e b r a t e s  
have r e s p i r a t o r y  r a t e s  which a r e  independent o f  0, concen t ra t i on  down t o  ve ry  
low O2 l e v e l s  (see Lawton 1971a). M c D i f f e t t  (1970) found 0, consumption by  
Pteronarcys t o  be cons tan t  down t o  70% d e p l e t i o n  o f  0, i n  water.  

C ~ ~ r r e n t  speed has a  cons iderab le  i n f l  uence on r e s p i  r a t i  on. R e s p i r a t i o n  
r a t e s  o f  some aqua t i c  i n s e c t s  inc rease  w i t h  c u r r e n t  speed ( P h i l  l i p s o n  1956, 
Er i ksen  1966), probably  due t o  t h e  phenomenon o f  p h y s i o l o g i c a l  enr ichment o f  
t h e  medium (Rut tner  1963) as t h e  boundary l a y e r  i s  reduced and t h e  0, g r a d i e n t  
i s  increased a t  g r e a t e r  c u r r e n t  speed. Oxygen requirements i n  an exper iment 
can be s a t i s f i e d  by p r o v i d i n g  two o f  t h e  f o l l o w i n g  t h r e e  f a c t o r s :  adequate 
c u r r e n t  speed, h i g h  0, content ,  o r  1  ow ter r~perature (Hynes 1970). 

A s s i m i l a t i o n  E f f i c i e n c y  

Since a s s i m i l a t e d  energy i s  t he  sum o f  energy o f  growth, exuviae, r e s p i r a -  
t i o n ,  eggs, and exc re t i on ,  abso lu te  a s s i m i l a t i o n  w i  11 vary  as i t s  components 
vary  under t he  i n f l u e n c e  o f  phys i ca l  f a c t o r s .  A s s i m i l a t i o n  e f f i c i e n c y ,  how- 
ever, be ing the  r a t i o  o f  a s s i m i l a t i o n  t o  i nges t i on ,  may n o t  change under t h e  
i n f l u e n c e  o f  these f a c t o r s  p rov ided  t h a t  t h e  i n g e s t i o n  r a t e  v a r i e s  d i r e c t l y  
w i t h  the  a s s i m i l a t i o n  r a t e .  Since feed ing  o f t e n  i s  c o r r e l a t e d  w i t h  tempera- 
t u r e  changes, temperature cou ld  i n f l u e n c e  a s s i m i l a t i o n  e f f i c i e n c y .  M c D i f f e t t  
(1970) found no seasonal change i n  a s s i m i l a t i o n  o r  growth e f f i c i e n c i e s  f o r  
Pteronarcys, w h i l e  Prus (1971 ) showed t h a t  AE v a r i e s  seasona l l y  f o r  Ase l l us  
aqua t i cus  b u t  consumption pe r  u n i t  we igh t  remains constant .  c o n o v e r m  
and Lawton (1970) found t h a t  a s s i m i l a t i o n  e f f i c i e n c y  was n o t  c o r r e l a t e d  
w i t h  temperature.  o r  f e e d i  ng r a t e  f o r  Calanus (~opepoda )  and Pyrrhosoma , 
r e s p e c t i v e l y .  Mason (1 970a) found t h a t  a s s i m i l a t i o n  e f f i c i e n c y  was indepen- 
dent  o f  temperature f o r  seven species o f  s n a i l s  b u t  t h a t  bo th  i n g e s t i o n  r a t e  
and abso lu te  a s s i m i l a t i o n  increased w i t h  i nc reas ing  temperature.  Sch ind le r  
(1 968) found temperature t o  markedly inc rease  ass imi  l a t i o n  e f f i c i  ency o f  
Daphnia magna, whi l e  f eed ing  r a t e s  were una f fec ted .  

De feca t ion  

Hargrave (1972) compared t he  r e l a t i o n s h i p  o f  logl  d r y  body we igh t  
egested/animal/day versus loglo d r y  body weight  f o r  values repo r ted  by 17 
workers and found t h a t  no s i n g l e  regress ion  l i n e  cou ld  be g i ven  f o r  a l l  spe- 
c i e s  o f  depos i t  feeders.  However, t he re  appeared t o  be a  r e g u l  a r  r e l a t i o n -  
s h i p  between eges t ion  and body weight  regard less  o f  species.  



Lawton (1971 a )  found t h a t  g u t  c learance t ime  o f  Pyrrhosoma was c o r r e l a t e d  
w i t h  s i z e  (head w i d t h )  and t h a t  g u t  c learance t ime a f  a l l  s i zes  o f  1 arvae 
v a r i e d  i n v e r s e l y  w i t h  temperature. These r e l a t i o n s h i p s  were descr ibed mathe- 
m a t i c a l l y  so t h a t  i n g e s t i o n  r a t e s  o f  l a r v a e  froni t h e  f i e l d  cou ld  be p r e d i c t e d  
i f  head w id th ,  eges t ion  r a t e ,  AE, and water  temperature were known. 

A l i n e a r  r e l a t i o n s h i p  e x i s t s  between feca l  p e l l e t  p roduc t ion  and tempera- 
t u r e  f o r  H y a l e l l a  (Hargrave 1972). Most workers have found l i n e a r  increases 
i n  eges t ion  r a t e  w i t h i n  a narrow temperature range o r ,  a l t e r n a t e l y ,  no change 
i n  eges t ion  r a t e  w i t h i n  a c e r t a i n  range, f o l l owed  b y  e leva ted  r a t e s  w i t h  
f u r t h e r  temperature inc rease  (reviewed by Hargrave 1972). However, Rhoads 
(1963) found t h a t  a s l i g h t  temperature inc rease  ( f rom 16 t o  21°C) caused a 
f i v e - f o l d  inc rease  i n  t h e  r a t e  o f  sediment eges t ion  by  Yo ld i a  1 imatu la  
(Pro tobranch ia ) .  

Chemical Factors  Which A f f e c t  t h e  Energy Budget 

I n  a gross manner, t h e  amount of energy s to red  i n  p l a n t  t i s s u e  d u r i n g  
p r imary  p roduc t i on  determines t h e  amount o f  energy which can f l o w  i n t o  t h e  
consumer 1 eve l  s, accord ing t o  thermodynamic r e s t r i c t i o n s  a t  each 1 eve l  o f  
t r a n s f e r .  Al though one seldom sees an i n s t a n t  i n  na tu re  where p l a n t  ma t te r  
i s  n o t  ava i  1 a b l e  t o  aqua t i c  herb ivores,  t h e  ava i  l a b i l  i ty o f  d i g e s t i b l e  o rgan ic  
m a t t e r  may be l i m i t i n g ,  and i n  t h i s  way food q u a l i t y  (and n o t  s imp l y  energy 
s t o r e d  i n  p l a n t  biomass, as measured by  c a l o r i m e t r y )  ac t s  as a d i r e c t  c o n t r o l -  
l i n g  agent on t he  amount o f  energy which i s  passed on t o  consumers. The 
complex o f  f a c t o r s  which r e g u l a t e  t h e  spec ies o f  p l a n t s  and t he  v a r i a t i o n  i n  
food q u a l i t y  w i t h i n  a species governs t h e  r a t e  o f  uptake and re l ease  of  
energy from t h i s  energy pool (Boyd and Goodyear 1971 ) .  

Food and Feedi ng Preference 

I n  o rde r  t o  adequately eva lua te  food supply  o f  aqua t i c  animals ( he rb i vo res  
and d e t r i  t i v o r e s )  one must know: (1 ) t h e  percentage composi t ion o f  food  mate- 
r i a l s  i n  t h e  g u t  ( o r  some o t h e r  meaure o f  what i s  ea ten) .  ( 2 )  t h e  d i g e s t i v e  
capabi l  i t i e s  o f  t he  organism - i .e., whether c e l l u l o s e  i s  d i g e s t i b l e  and t h e  
e f f i c i e n c y  o f  u t i l  i z a t i o n  o f  t h e  o rgan ic  components; and ( 3 )  t h e  percentage 
composi t ion o f  these o rgan ic  components i n  t h e  food  consumed. C e l l  u l  ose may 
be use1 ess as a food  by a herb ivore ,  b u t  when p a r t i a l l y  degraded by  m i c r o b i a l  
a c t i o n  the  food  may inc rease  i n  q u a l i t y  f o r  d e t r i t i v o r e s .  P r o t e i n  i s  essen- 
t i a l  f o r  growth and due t o  t h e  l a r g e  i n t e r s p e c i f i c  v a r i a t i o n s  i n  p r o t e i n  
con ten t  o f  d i f f e r e n t  leaves (see Kaushik and Hynes 1971) feed ing  r a t e  and 
growth p o t e n t i a l  o f  consumers a r e  t h e r e f o r e  d i r e c t l y  a f f e c t e d .  Again t h e  
food q u a l i t y  ( p r o t e i n  con ten t )  can be improved by the  a c t i o n  o f  microbes. 
Nurnerous s tud ies  revea l  t h a t  l i v e  l e a f  m a t e r i a l  niay be r e j e c t e d  because o f  
t o x i c  chemicals ( ~ a t h e e f  and Harcour t  1972), t h a t  f r e s h  leaves w i t h  no t o x i c  



e f f e c t  may be r e j e c t e d  because o f  l o w  food  v a l u e  (see Boyd and Goodyear 1971 ) ,  
o r  t h a t  t h e  e f f e c t  o f  m i c r o b i a l  a c t i o n  i n c r e a s e s  t h e  f e e d i n g  r a t e  and energy 
a s s i m i l a t i o n  on dead leaves  ( T r i s k a  1970, Mackay 1972, Mackay and K a l f f  1973) .  
F o r  these  reasons i t  i s  d e s i r a b l e  t o  measure t o t a l  p r o t e i n  ( t o t a l  N x  6.25) 
and t h e  amount o f  nonce11 w a l l  m a t e r i a l  (see Boyd and Goodyear 1971 ) as an 
i n d e x  o f  t h e  food  q u a l i t y .  Genera l l y ,  i f  p r o t e i n  l e v e l s  a r e  adequate, t h e n  
o t h e r  e s s e n t i a l  n u t r i e n t s  a1 so a r e  p r e s e n t  i n  r e q u i r e d  1  eve1 s. 

S e l e c t i o n  f o r  food  o f  h i g h  q u a l i t y  has even been demonstrated i n  t u b i -  
f i c i d  worms f e e d i n g  on sediment (see Monakov 1972).  S e l e c t i o n  f o r  t h e  l e a f  
p a r t s  o f  h i g h e s t  food  qua l  i t y  by e a r l y  i n s t a r s  has been no ted  ( M c D i f f e t t  1970, 
L a t h e e f  and H a r c o u r t  1972) .  Lasker  (1966) showed t h a t  f o r  Euphausia p a c i f i c a ,  
an omnivorous crus tacean,  d iatoms o r  A r temia  naupl  i i a r e  s u i  tab1  e  foods, b u t  
A r temia  i s  p r e f e r r e d .  C e r t a i n  d ia toms a l s o  a r e  s e l e c t e d  o v e r  o t h e r s  and i f  
an u n d e s i r a b l e  d ia tom spec ies  i s  presented a s  food  one day, a  1-2 day l a g  
phase occurs  b e f o r e  t h e  animal  w i l l  f e e d  when a  d e s i r a b l e  food  i s  presented.  

Feeding Rate 

Feeding r a t e  i s  determined t o  a  g r e a t  e x t e n t  by t h e  q u a l i t y  o f  food .  
P robab ly  t h e  most e x t e n s i v e  i n v e s t i g a t i o n  o f  t h e  f e e d i n g  r a t e s  on v a r i o u s  
f o o d  t ypes  i s  t h e  Russ ian work r e p o r t e d  by  Monakov (1  972).  They found t h a t  
as t h e  a v a i l a b i l i t y  o f  s u i t a b l e  f o o d  d e c l i n e s  i n  mud worked by  L i m n o d r i l u s  
( T u b i f i c i d a e ) ,  f e e d i n g  r a t e  i n c r e a s e s  f o r  a  p e r i o d ,  t h e n  d e c l i n e s  and f i n a l l y  
s tops .  As d i scussed  b e f o r e ,  a  tempera tu re  i n c r e a s e  can g r e a t l y  speed up 
i n g e s t i o n  o f  mud, b u t  i n c r e a s e d  q u a l i t y  o f  t h e  food reduces t h e  i n g e s t i o n  
r a t e  (Monakov 1972, Chua and B r i n k h u r s t  1973).  

A s i m i l a r  r e l a t i o n s h i p  was found by  House (1965) w i t h  C e l e r i o  euphorb iae 
( L e p i d o p t e r a )  l a r v a e .  The l a r v a e  a t e  p r o g r e s s i v e l y  more f o o d  as t h e  percentage 
of  n u t r i t i v e  m a t e r i a l s  was decreased by  t h e  a d d i t i o n  o f  n o n n u t r i t i v e  c e l l u l o s e .  
Inc reased  consumpt ion a c t e d  as a  compensating mechanism f o r  a  decrease i n  f o o d  
q u a l i t y .  On ly  a  s l i g h t  i n c r e a s e  i n  a s s i m i l a t i o n  e f f i c i e n c y  was d e t e c t e d  a s  
f o o d  q u a l i t y  decreased. When t h e  same i n s e c t s  were presented w i t h  an unba l -  
anced d i e t  (excess amino a c i d s  and v i t a m i n s ) ,  i n g e s t i o n  r a t e  d e c l i n e d  so t h a t  
m e t a b o l i c  imbalance was avoided.  As a  r e s u l t ,  g rowth r a t e  decreased, t o o .  On 
t h e  c o n t r a r y ,  Conover (1966) and R e i c h l e  (1967) found t h a t  g u t  r e t e n t i o n  t i m e  
was i n c r e a s e d  when n o t  enough energy c o u l d  be s u p p l i e d  by  t h e  a v a i l a b l e  food.  
T h i s  i s  an a l t e r n a t i v e  f o r m  o f  compensation f o r  l ow  food  q u a l i t y .  

Growth 

House (1  965) i n d i c a t e d  t h a t  g rowth  r a t e  i s  determined 1  a r g e l y  by t h e  
adequacy o f  t h e  d i e t .  Slow g rowth  i s  a  r e f l e c t i o n  o f  a  poor  d i e t .  I t  i s  a l s o  
a  response t o  a  seasonal l a c k  o f  food  o f  good qua l  i t y .  S tockner  (1971) 
observed t h a t  w i t h  en r i chment  o f  t h e  a l g a l  mat o f  a  h o t  s p r i n g s  H e d r i o d i s c u s  
had t h r e e  g e n e r a t i o n s  p e r  y e a r  i n s t e a d  o f  two, due t o  g r e a t l y  - increased g rowth  



r a tes .  Latheef  and Harcour t  (1972) found a s s i m i l a t i o n  e f f i c i e n c i e s  o f  a  
b e e t l e  t o  be n e a r l y  i d e n t i c a l  on po ta to  and tomato leaves, a l though t h e  n e t  
growth e f f i c i e n c y  (G/A) on po ta to  leaves was two t o  four  t imes g r e a t e r  than  
on tomato leaves. Presumably a  g r e a t e r  p r o p o r t i o n  of t h e  energy was used i n  
r e s p i r a t i o n  when t h e  bee t l es  f e d  on tomato leaves.  Greater  f e c u n d i t y  was 
observed when the  food was adequate, w h i l e  g rea te r  m o r t a l i t y  and lower  fecund- 
i ty  were observed when t h e  food was inadequate. 

Res p i  r a t i o n  

Levanidov (1949) found t h a t  t h e  metabo l i c  r a t e  of Asel l u s  aqua t i cus  
increases a f t e r  food i s  ingested.  D i e t a r y  p r o t e i n  causes a  30% inc rease  i n  
i n  metabolism, w h i l e  f a t s  and carbohydrates cause a  4% increase.  Pro te in ,  
f a t ,  and carbohydrate have c a l o r i c  values o f  5.50, 9.30, and 4.10 kca l /g ,  
r e s p e c t i v e l y  (see Boyd and Goodyear 1971). The phys io l og i c  va lue o f  p r o t e i n  
i s  4100 kca l / g  due t o  i t s  g rea te r  s p e c i f i c  dynamic a c t i o n  (SDA) (Nelson and 
S c o t t  1962). Because o f  t h e  g r e a t e r  energy expend i tu re  r e q u i r e d  i n  ass im i l a -  
t i n g  p ro te i ns ,  Welch (1968) found t h a t  n e t  growth e f f i c i e n c y  o f  ca rn ivores  i s  
lower  than  f o r  herb ivores,  w h i l e  a s s i m i l a t i o n  e f f i c i e n c i e s  f o r  ca rn i vo res  
a r e  h igher .  

A s s i m i l a t i o n  E f f i c i e n c y  

Monakov (1972) found t h e  index o f  a s s i m i l a t i o n  (percen t  o f  body carbon 
a s s i m i l a t e d  d a i l y )  f o r  Paramecium caudatum t o  va ry  f rom 0.9 t o  1 3  t o  74.4%, 
depending on whether t h e  animals were feeding on Anabaena, bac te r i a ,  o r  
C h l o r e l l  a, r e s p e c t i v e l y .  The re1  a t i o n s h i  p  between feed ing  r a t e  and ass imi  l a -  
t i o n  e f f i c i e n c y  i s  n o t  always p o s i t i v e .  For  example, w i t h  some f i l  te r - f eed ing  
crustaceans, i n g e s t i o n  r a t e  on C h l o r e l l a  i s  h i g h  b u t  a s s i m i l a t i o n  e f f i c i e n c y  
i s  low. A l so  the e f f i c i e n c y  o f  u t i l i z a t i o n  of c e r t a i n  a l g a l  species v a r i e s  
w i d e l y  among i n v e r t e b r a t e s  (see Monakov 1972). Lawton (1970) found t h a t  
a s s i m i l a t i o n  e f f i c i e n c i e s  f o r  Pyrrhosoma feed ing  on d i f f e r e n t  p rey  v a r i e d  
o n l y  f rom 79.9 t o  90.6%. Presumably s ince  ca rn i vo res  feed on prey which va ry  
1  i t t l e  i n  c a l o r i c  con ten t  and c o n t a i n  a  h igh  percentage o f  p ro te i n ,  a s s i m i l a -  
t i o n  e f f i c i e n c i e s  do n o t  exper ience t h e  extremes found i n  herb ivores .  

Schind l  e r  (1  968) found ass imi  1  a t  i o n  e f f i c i e n c y  o f  Daphnia magna t o  be 
d i r e c t l y  r e l a t e d  t o  c a l o r i c  con ten t .  He found f r e s h  algae, w i t h  a  h igh  
c a l o r i c  con ten t  was a s s i m i l a t e d  more e f f i c i e n t l y  than  was d e t r i t u s ,  w i t h  a  
lower  c a l o r i c  content .  A concomitant r educ t i on  i n  feed ing  r a t e  was noted 
when t he  Da hn ia  were f eed ing  on d e t r i t u s .  S i m i l a r  r e s u l t s  were ob ta ined  by  
B e l l  and + Ward 1970). A s s i m i l a t i o n  e f f i c i e n c y  may be smal l ,  however, even 
on food  o f  h igh  c a l o r i c  con ten t  i f  t h e  food i s  i n d i g e s t i b l e  (Boyd and Goodyear 
1971). H y a l e l l a  azteca i s  unable t o  d i g e s t  c e l l u l o s e  and l i g n i n .  A w ide 
v a r i a t i o n  i n  a s s i m i l a t i o n  e f f i c i e n c y  (5-75%) was noted f o r  severa l  species 
o f  algae. I n  a d d i t i o n ,  a s s i m i l a t i o n  e f f i c i e n c y  determined on t h e  bas i s  of  
t o t a l  o rgan ic  m a t t e r  was s i g n i f i c a n t l y  l e s s  than t h a t  based on changes i n  
p r o t e i n  con ten t  between food  and feces (Hargrave 1970). Bocock (1963, see 
Hargrave 1970) found a s s i m i l a t i o n  e f f i c i e n c y  o f  a  m i l l i p e d e  t o  vary  between 



10.5% f o r  d r y  m a t t e r  and 43.2% f o r  c rude f a t s .  Hubbel l  e t  a1 . (1965) and 
R e i c h l e  (1967) no ted  t h a t  t h e r e  was a  s e l e c t i v e  a s s i m i l a t i o n  o f  o r g a n i c  m a t t e r  
o f  h i g h e r  c a l o r i c  va lue .  R e i c h l e  found t h a t  f o r  two l i t t e r  feeders  t h e  c a l o -  
r i c  v a l u e  of  f o o d  d i g e s t e d  was 1.15-1.17 t imes  h i g h e r  than  t h a t  o f  t h e  f o o d  
inges ted .  

Humic substances leached f rom t h e  leaves  can i n h i b i t  a s s i m i l a t i o n  o f  
food i n  t h e  g u t  (B lazka 1971).  A n t i b i o t i c s  can be a p p l i e d  t o  t h e  medium t o  
l i m i t  t h e  growth o f  b a c t e r i a  (Hargrave 1970, Kaushik and Hynes 1971) b u t  t h e  
p o s s i b l e  e f f e c t s  on t h e  g u t  m i c r o f l o r a  o f  t h e  organism a r e  u n c e r t a i n .  C e r t a i n  
i n s e c t s  which feed  on l e a f  m a t e r i a l  have a  s y m b i o t i c  i n t e s t i n a l  m i c r o f l o r a  
which c o n v e r t s  c e l l  u l o s e  t o  a s s i m i l a b l e  p roduc ts  (Mason 1970b, B ja rnov  1972). 

I n t e r r e l  a t i  ons h i p s  o f  Energy Budget Components 

Energy f l o w  o f  a  p o p u l a t i o n  o r  a  community as d e f i n e d  by Stockner  (1.971) 
i s  p r o d u c t i o n  + r e s p i r a t i o n  d u r i n g  t i m e  ( t ) .  Because o f  t h e  r e l a t i o n  (p ro -  
d u c t i o n  + r e s p i r a t i o n  = ass im i  1  a t i o n ) ,  t h e  a b s o l u t e  amount a s s i m i l a t e d  can 
be expected t o  v a r y  c o n s i d e r a b l y  w i t h  changes i n  b i o l o g i c a l  o r  p h y s i c a l  c o n d i -  
t i o n s  d u r i n g  t h e  season; b u t  as Lawton (1970) found, a s s i m i l a t i o n  e f f i c i e n c y  
may remain c o n s t a n t  d u r i n g  these  changes. Temperature, a  p r imary  p h y s i c a l  
f a c t o r ,  c o n t r o l  1  ed f e e d i n g  r a t e  b u t  n o t  a s s i m i l a t i o n  e f f i c i e n c y .  Pyrrhosoma, 
however, b e i n g  a  c a r n i v o r e ,  i s  l e s s  s u b j e c t  t o  g r e a t  seasonal f l u c t u a t i o n s  
i n  c a l o r i c  c o n t e n t  o r  abundance o f  f o o d  than  some h e r b i v o r e s  m i g h t  be, so 
chemical changes i n  f o o d  q u a l i t y  a r e  n o t  so s i g n i f i c a n t .  

M c D i f f e t t  (1970) shows one o f  t h e  c l e a r e s t  examples o f  t h e  dynamic 
r e l a t i o n s h i p s  between energy budget components i n  a  graph o f  c u m u l a t i v e  
energy requ i rements  (growth and r e s p i r a t i o n  vs. t i m e )  f o r  P te ronarcys  d u r i n g  
a  17-mont h  p e r i o d .  Curves f o r  c u m u l a t i v e  i n g e s t i o n  and e g e s t i o n  a r e  para1 l e l  
d u r i n g  t h i s  17-month p e r i o d  a l t h o u g h  t h e  s lopes change th roughou t .  T h i s  i s  
a n  i n d i c a t i o n  t h a t  a s s i m i l a t i o n  e f f i c i e n c y  i s  n e a r l y  c o n s t a n t  d u r i n g  t h i s  
p e r i o d .  The curves f o r  growth and r e s p i r a t i o n  show t h a t  r e s p i r a t o r y  expendi  - 
t u r e s  o f  energy become g r e a t e r  i n  p r o p o r t i o n  t o  growth w i t h  nymphal age. A 
gradual  decrease i n  n e t  p r o d u c t i o n  e f f i c i e n c y  (P/A) a l s o  shows t h a t  a  s m a l l e r  
percentage o f  a s s i m i l a t e d  energy i s  d i v e r t e d  t o  growth as t h e  animal ages. 
Stockner  (1971) showed an i n t e r e s t i n g  r e l a t i o n s h i p  o f  growth t o  r e s p i r a t i o n  
i n  Hedr iod iscus  p o p u l a t i o n s  i n h a b i t i n g  two h o t  s p r i n g s .  Larvae i n  one spr-ir lg 
(never  exposed t o  temperatures g r e a t e r  than  27°C) p u t  o n l y  61% o f  a s s i m i l a t e d  
energy i n t o  r e s p i r a t i o n ,  w h i l e  l a r v a e  i n  t h e  o t h e r  s p r i n g  a t  35°C d i v e r t e d  
76% o f  t h i s  energy t o  r e s p i r a t i o n  and t h e  remainder  t o  growth.  

A good d e s c r i p t i o n  o f  t h e  d i r e c t  r e l a t i o n s h i p  between i n g e s t i o n  and  
e g e s t i o n  r a t e s  i s  f rom Hargrave (1972). I n g e s t i o n  r a t e s  c a l c u l a t e d  f r o m  
know1 edge o f  a s s i m i l a t i o n  e f f i c i e n c i e s  and e g e s t i o n  r a t e s  w i t h  s p e c i f i c  f o o d  
sources were v e r y  s i m i l a r  t o  i n g e s t i o n  r a t e s  c a l c u l a t e d  independen t l y  by r a d i o -  
t r a c e r  exper in ients.  Eges t ion  r a t e  i s  then  a  u s e f u l  i ndex  o f  i n g e s t i o n  r a t e .  
The s i m i l a r i t y  o f  t h e s e  r a t e s  was a l s o  shown by McDi f f e t t  (1970), Lawton (1 971), 
Stockner  (1971 ), and M u k e r j i  and Guppy (1 973). 



I t  i s  i n t e r e s t i n g  t o  note the  s i m i l a r i t y  of energy d i s t r i b u t i o n  i n  t h e  
budgets of d i f f e r e n t  species.  Table 1 presents  a  synopsis o f  se lec ted  s t u d i e s  
of i n d i v i d u a l  o r  popu la t i on  energy f low.  Values from s t u d i e s  by  Stockner, 
Teal ,  M c D i f f e t t ,  Lawton, and Lasker a r e  means o f  month ly  s tud ies  conducted 
on popu la t ions  f o r  a t  l e a s t  one year .  Hargrave o n l y  s t u d i e d  t h e  a d u l t  s tage 
of H. azteca. Only Hargrave and Levanidov measured exc re to r y  losses.  I f  t h e  
importance o f  t h i s  l o s s  i s  as g r e a t  as i nd i ca ted ,  36% o f  a s s i m i l a t e d  energy 
may be l o s t  as e x c r e t i o n  (Hargrave 1971). Stud ies summarized f rom Coffman 
e t  a l .  (1971) a r e  mean values o f  G/A f o r  t h e  he rb i vo re  and c a r n i v o r e  popula- 
t i o n s  o f  severa l  aqua t i c  communities. 

There i s  l i t t l e  evidence t o  suppor t  Welch's (1968) statement t h a t  c a r n i -  
vores tend  t o  have lower  n e t  growth e f f i c i e n c i e s  (G/A) than herb ivores .  None- 
the less ,  a  general  l y  appl  i c a b l e  r e l a t i o n s h i p  can be found between growth and 
r e s p i r a t i o n .  A comparison o f  many s tud ies  o f  popul a t i o n s  o f  s  hor t -1  i ved 
aqua t i c  and t e r r e s t r i a l  i n v e r t e b r a t e s  showed t h a t  P/R values range f rom 
0.2-0.4 (Hargrave 1971 ). Hargrave found a P/R  r a t i o  o f  0.31 f o r  H y a l e l l a .  
Animals w i t h  a  l ong  l i f e  span would be expected t o  have lower  P/R r a t i o s  
because they  e x h i b i t  growth curves w i t h  gradual  s lopes. However, t he  P/R 
r a t i o s  du r i ng  t h e  r a p i d  growth phase m igh t  be comparable. 

Muke r j i  and Guppy (1970) and Latheef  and Harcour t  (1972) found a d i r e c t  
l i n e a r  r e l a t i o n s h i p  between feed ing  r a t e  and growth. The presence o f  an 
a l k a l o i d  i n  tomato leaves  caused a r e d u c t i o n  i n  feed ing  r a t e  by Le t i n o t a r s a  
(Coleoptera)  so t h a t  t he  t h resho ld  l e v e l  o f  energy demand was met + basal meta- 
b o l i c  r a t e  o r  BMR) and a smal l  amount o f  energy was a v a i l a b l e  f o r  growth 
(Latheef  and Harcour t  1972). When the  p r e f e r r e d  food was suppl i e d ,  a  g r e a t e r  
amount o f  t h e  a s s i m i l a t e d  energy was d i v e r t e d  t o  growth. Lasker (1966) 
showed t h a t  a  temperature increase o f  o n l y  3.5"C caused a r e d u c t i o n  i n  feed-  
i n g  r a t e  coupled w i t h  an inc rease  i n  metabo l i c  demands, r e s u l t i n g  i n  d r a s t i c  
r e d u c t i o n  i n  t h e  growth r a t e  o f  Euphausia. 

The numerous Russian s tud ies  reviewed by Monakov (1972) c l e a r l y  show 
the  1 i n k  between food  concen t ra t i on  and type, feed ing  r a t e ,  and a s s i m i l a t i o n  
and growth. I n  f i l t e r - f e e d i n g  Cladocera, t h e  d a i l y  r a t i o n  (amount i nges ted )  
and abso lu te  amount a s s i m i l a t e d  inc rease  w i t h  food concen t ra t i on  u n t i l  unu- 
sual  l y  h igh  food  concent ra t ions  a r e  reached, a f t e r  which p o i n t  t h e  r a t i o n  
increases and a s s i m i l a t i o n  e f f i c i e n c y  decreases. A s s i m i l a t i o n  e f f i c i e n c y  
g e n e r a l l y  i s  cons tan t  f o r  a  s p e c i f i c  food type  u n t i l  t h e  opt imal  food  concen- 
t r a t i o n  i s  reached; abso lu te  a s s i m i l a t i o n  reaches a maximum a t  t h i s  value. 
With c e r t a i n  o t h e r  Cladocera (e.g., Pol hemus) t h e  index o f  a s s i m i l a t i o n  
(percen t  o f  body carbon ass im i l a ted lday  -!?- does n o t  form a p l a teau  b u t  f a l l s  
sha rp l y  a t  h i g h  food concent ra t ions .  The same r e l a t i o n s h i p s  o f  food con- 
c e n t r a t i o n  and index o f  a s s i m i l a t i o n  a r e  observed i n  copepods. The index o f  
of a s s i m i l a t i o n  i s  s t a b l e  a t  n a t u r a l  food concent ra t ions .  
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A t  op t ima l  f ood  concen t ra t ions ,  where abso lu te  a s s i m i l a t i o n  i s  maximal, 
growth p robab ly  i s  a l s o  maximal. Dur ing  per iods  o f  low food  supply  r e s p i r -  
a t i o n  r a t e  drops (see Stockner,  1971), t h e  r a t e  inc reases  w i t h  heavy f e e d i n g  
(see Lawton, 1971). A t  any temperature w i t h i n  t h e  normal feed ing  range, 
r e s p i r a t i o n  r a t e  reaches a p l a t e a u  depending on t h e  l e v e l  o f  feed ing ,  
p h y s i o l o g i c a l  s t a te ,  and f ood  concen t ra t ion ;  energy assini i  1 a t e d  i n  excess 
o f  metabo l i c  requi rements  i s  s t o r e d  as growth.  Dur ing  metamorphosis and 
moi t i n g ,  P/R i s  zero o r  ve ry  low. Only  mean P/R r a t i o s  ob ta i ned  over  t h e  
1 i f e  span can be mean ing fu l l y  corr~pared. Lasker ( 1  966) found t h a t  occasion- 
a l l y  t h e  percentage d i s t r i b u t i o n  o f  a s s i m i l a t e d  energy between r e s p i r a t i o n  
and growth measured by sho r t - t e rm  14C exper iments was f a r  d i f f e r e n t  f rom 
the  percentage d i s t r i b u t i o n  between growth and r e s p i r a t i o n  measured by 
o t h e r  means over  a l o n g e r  t ime  span. The e f f e c t  o f  f eed ing  r a t e  on e x c r e t i o n  
r a t e  may a l s o  have t o  be considered, as Hargrave (1971) suggests t h a t  
s t a r v a t i o n  may lower  t h e  e x c r e t i o n  r a t e .  



DESCRIPTION O F  STUDY AREAS 

Rat t lesnake  Spr ings and S n i v e l y  Creek 

I n  t h i s  research  Simul i um spp. were c o l l  e c t e d  i n  Ra t t l esnake  Spr ings 
and Cheumatopsyche a n a l i s  were c o l l e c t e d  i n  S n i v e l y  Creek. These two 
s m a l i - s p r i n g - f e d  d e s e r t  streams a r e  l o c a t e d  i n  t h e  33,350 ha. Ra t t l esnake  
H i  11 s  Research N a t u r a l  Area on t h e  Atomi c  Energy Commission ' s  Hanford 
Works Reserva t ion  i n  Benton County, Washi qgton (46O30' N and 1  19O40' W). 
The research  area,  a1 so known as t h e  A r i d  Lands Ecology (ALE) Reserve, has 
been s t u d i e d  as p a r t  o f  t h e  IBP Grasslands Biome P r o j e c t  b y  t h e  P a c i f i c  
Northwest L a b o r a t o r y  ( B a t t e l  l e  Memorial I n s t i t u t e )  . Watercress (Ror ippa)  
c o n t r i b u t e s  1110s t o f  t h e  autochthonous p r o d u c t i o n  i n  each stream. 
Cladophora, Sp i  r o g y r a  , and diatoms a r e  seasonal l y  abundant i n  Ra t t l esnake  
Spr ings b u t  p e r i p h y t i c  a lgae  i s  v e r y  sparse i n  S n i v e l y  Creek. Very few 
diatoms were c a r r i e d  i n  t h e  suspended 1  oad, which was p r i m a r i  l y  i n o r g a n i c  
sediment. The s t u d y  a r e a  o f  S n i v e l y  Creek was shaded i n  p laces  by low 
r i p a r i a n  shrubs w h i l e  t h a t  o f  Ra t t l esnake  Spr ings was c losed  by w i l l o w s  
through most o f  t h e  s t u d y  area. The su r round ing  d e s e r t  v e g e t a t i o n  o f  
these  streams was an u n l i k e l y  source o f  i n p u t .  

Ra t t l esnake  Spr ings  a r i s e s  as seeps i n  a  canyon bo t tom a t  a p p r o x i -  
ma te ly  21 3  m above sea l e v e l  and f l o w s  e a s t e r l y  a p p r o x i m a t e l y  1.5 km 
b e f o r e  b e i n g  consumed by r i  p a r i  an v e g e t a t i o n  and i n f  1  u e n t  seepage (Brown 
1970). The stream i s  c h a r a c t e r i z e d  p r i n c i p a l l y  by reaches and occas iona l  
areas w i t h  s h a l l o w  s l o w - f l o w i n g  poo ls  choked by emergent v e g e t a t i o n .  
Severa l  s h o r t  r i f f l e s  a r e  found  hav ing  subs t ra tum m a t e r i  a1 s  composed o f  
pebbles,  f i n e  g r a v e l  , and some l a r g e r  s tones.  Simul ium were c o l l e c t e d  
f r o m  r i f f l e s  n e x t  t o  t h e  l a b o r a t o r y  and a l s o  below a  pond f u r t h e r  down- 
stream. The mean d i s c h a r g e  was 105-110 m3/day (E .  Wo l f ,  unpub l i shed  d a t a ) .  
The minimum and maximum d a i l y  wa te r  temperatures were 2.8 and 22.3"C 
recorded  on December 13 and May 17, 1973, r e s p e c t i v e l y .  The maximum d i e l  
temperature  change was 6.7"C. Temperature changes near  t h i s  magnitude 
(6.0-6.7"C) were found f rom March 23 t o  June 6. The minimum d i e l  wa te r  
temperature  change was O . l ° C .  

S n i v e l y  Creek a r i s e s  5.8 km sou th  o f  t h e  R a t t l e s n a k e  Spr ings  l a b o r a -  
t o r y  f r o m  s p r i n g s  a t  an e l e v a t i o n  o f  about  427 m y  f l o w s  n o r t h  and f i n a l l y  
p e r c o l a t e s  i n t o  t h e  ground b e f o r e  r e a c h i n g  Ra t t l esnake  Spr ings  (Brown 
1970).  Cheumatopsyche were found i n  r i f f l e s  which had subs t ra tum m a t e r i a l s  
composed o f  sand, g r a v e l  , pebbles,  and many c o a r s e r  s tones ( f i s t - s i  zed o r  
s m a l l e r ) .  



Deep Creek 

Tr i co ry thodes  minutus were c o l l e c t e d  from s t a t i o n  2 o f  t h e  IBP-Desert ----- 
Biome s tudy  a t  Deep Creek. The s tudy  area i s  l o c a t e d  i n  Oneida County i n  
southeastern ~ d a h o '  (42'8' IV, 112'40'- W) a t  an e l e v a t i o n  of 1406 m above 
sea l e v e l .  The p r i n c i p a l  subst ra tum m a t e r i a l s  i n  t h i s  s tudy  area a r e  
g rave l ,  c l ay ,  and s i l t .  Water f low a r i s e s  a t  t he  head o f  t he  s tudy  
a rea  f rom Holbrook Springs. Mean d ischarge i s  0.7 m3/sec; t he  mean w id th  
and depth a re  5.9 m and 0.42 m, r e s p e c t i v e l y .  Due t o  d i v e r s i o n  o f  t h e  
s t ream water  a t  t h e  sp r i ngs  f o r  i r r i g a t i o n ,  . t h e  d ischarge i s  p e r i o d i c a l l y  
reduced seve re l y  d u r i n g  sp r i ng  and sumner months. The r e l a t i v e l y  cons tan t  
17°C wate r  a r i s i n g  from t h e  spr ings  may inc rease  i n  temperature t o  around 
29°C d u r i n g  low f l o w  per iods  and may drop t o  3°C d u r i n g  snow-melt r uno f f .  
Mean annual p r e c i p i t a t i o n  i s  40.6 cm. The average stream g rad ien t  i n  t h e  
363 m s tudy area i s  0.240%. 

The major macrophyt ic  species i n  t he  s t ream a r e  Potamogeton . 
e c t i n a t u s ,  P. f i  l i f o r m i s ,  and E leochar is  macrostachya. Cladophora 

:ontr ibuted The 1  a rges t  percentage o f  a1 1  p l a n t  p roduc t ion  du r i ng  t h e  
year.  P e r i p h y t i c  diatoms were abundant on t he  r i f f l e s  i n  s p r i n g  and 
autumn. The i n v e r t e b r a t e  s ~ e c i e s  most abundant bv numbers Der meter 
square i n  t h e  benthos were b p t i  oservus d i  vergens ," ~ y a l  e l  l a  azteca , 
~ r i c o r y t h o d e s  -- minutus, c h i  r m  dro o c c i d e n t a l i s , d  Baet i s  

.*. tri caudatus, r e s p e c t i v e l y  (Minshal 1  e t  a1 



METHODS 

O u t l i n e  o f  Procedures f o r  Ana lys is  o f  t h e  Energy Budget 

The methodology f o r  de te rmin ing  energy f l o w  through an organism u s i n g  
a  r a d i o a c t i v e  t r a c e r  can be subd iv ided  i n t o  severa l  b a s i c  procedures : 
( 1 )  s e l e c t i o n  o f  a  s u i t a b l e  animal ; ( 2 )  de te rm ina t i on  o f  f o o d  a v a i l a b i l i t y  
and foods o f  ma jo r  d i e t a r y  importance; (3 )  growth o f  a  s u i t a b l e  food and 
i t s  l a b e l l i n g  w i t h  r ad io i so topes ;  ( 4 )  p r e s e n t a t i o n  o f  t h i s  f ood  t o  t h e  
organism; and ( 5 )  measurement o f  r a d i o a c t i v i t y  o f  food,  animal t i s s u e ,  and 
feces o f  t h e  an imal ,  p l u s  me tabo l i c  o r  phys i ca l  l osses  o f  a c t i v i t y  f r om  
food, animal,  o r  feces .  The o v e r a l l  approach used i n  t h i s  s tudy  was t o  
c rea te  a  1  abora to ry  microcosm which reproduced essen ti a1 phys i ca l  v a r i  ab l  es 
o f  t he  n a t u r a l  streall1 environment so t h a t  r e a l  i s t i c  r a t e s  o f  i n g e s t i o n  and 
a s s i m i l a t i o n  c o u l d  be determined. I n g e s t i o n  r a t e s  determined w i t h  i s o -  
topes i n  these  exper iments  were compared w i t h  one ano ther  t o  assess t h e  
e f f e c t  o f  t h e  phys i ca l  v a r i a b l e s  and were a l s o  compared w i t h  r a t e s  
ob ta ined  by non- r a d i o t r a c e r  methods. Two r a d i o t r a c e r  methods ( t h e  1 4 C  and 
dual -1 abel  1 4 C - 5 1 C r  method) and t h e  a s h - r a t i o  technique were used i n  d e t e r -  
m in i ng  ass im ' i l a t i on  e f f i c i e n c y .  Four t ypes  o f  f ood  sources were used i n  
f e e d i n g  exper iments : b a c t e r i a  (Eshe r i ch i a  c o l  i ) , diatoms (asso r t ed  spec ies 
c u l t u r e d  on s l  i desJ ,  b l  ue-green n a n d  Anabaena) , and water -  
c ress  d e t r i t u s  (a f i n e l y  ground suspension "4" The a l g a l  o r  d e t r i t a l  sus- 
pensions were n o t  b a c t e r i a - f r e e ,  so  i t  i s  p o s s i b l e  t h a t  some m i c r o b i a l  
o rgan ic  m a t e r i a l  was inges ted  and a s s i m i l a t e d  i n  these cases t oo .  It was 
cons idered  o f  g r e a t e r  va lue  i n  these  exper iments t o  measure i n g e s t i o n  and 
a s s i m i l a t i o n  o f  a  normal (mixed) a l g a l  community than  t h a t  o f  a  pure  c u l -  
t u r e  o f  a  s i n g l e  spec ies.  

S e l e c t i o n  o f  t h e  Animal 

Aninials used i n  t h i s  research  were cons idered t o  be pr ime energy 
movers i n  t h e i r  communit ies on t h e  bas i s  o f  h i g h  p o p u l a t i o n  d e n s i t i e s  i n  
c e r t a i n  stream sec t i ons  th roughou t  t h e  year .  Simul ium spp. f r o m  
Rat t lesnake  Spr ings  and Cheumatopsyche a n a l i s  f rom S n i v e l y  Creek made 
convenient  animals t o  s t udy  because l a r v a e  were found i n  abundance through-  
o u t  t he  s tudy  pe r i od .  S ince bo th  spec ies a r e  f i l t e r  feeders  a  wa te r  cu r -  
r e n t  was r e q u i r e d  f o r  feed ing .  Th is  mode o f  f eed ing  p e r m i t t e d  t h e  an imals  
t o  become acc l imated  t o  c o n d i t i o n s  i n  t h e  f eed ing  chamber b e f o r e  i n t r o -  
d u c t i o n  o f  food.  Food concen t ra t ions  c o u l d  be measured e a s i l y .  Feces 
c o l l e c t i o n s  f r o m  Simul ium were r e a d i l y  ob ta i nab le  b u t  c o l l e c t i o n  o f  feces  
d u r i n g  feeding on n o n l a b e l l e d  f ood  was n o t  poss ib l e .  The f eed ing  behav io r  
o f  Simul ium pe rm i t s  t r a n s f e r  o f  l a r v a e  t o  a  suspension o f  n o n l a b e l l e d  food 



f o r  g u t  c learance b u t  t h i s  i s  no t  poss ib l e  w i t h  Chematopsyche, which 
requ i res  up t o  24 h  t o  e s t a b l i s h  a  n e t  f o r  feed ing .  Chematopsyche were 
ab le  t o  s u r v i v e  a t  l e a s t  seven days a t  room temperature i n  s t i l l  water  b u t  
t he  t o l e rance  o f  Simulium t o  s t i l l  water  was much l ess .  

T r i co ry thodes  m i  nutus f rom Deep Creek has been i d e n t i f i e d  f rom the  
Desert  Biome-IBP s tud ies  as an organism c o n t r i b u t i n g  h e a v i l y  t o  t h e  
secondary p roduc t ion  o f  t h e  stream and as hav ing a  h igh  tu rnover  r a t e  
(M insha l l ,  personal communication). T. minutus was found i n  Rat t lesnake 
Spr ings a l s o  b u t  was a  minor  cons t i t ueE t  o f m a y f l y  fauna. A s tudy  o f  
t h e  ene rge t i cs  o f  t h i s  species cou ld  be r e i n f o r c e d  by food h a b i t  s t ud ies  
o f  t he  major  aqua t i c  i n s e c t s  o f  Deep Creek conducted by Koslucher 
(Koslucher and Minsha l l  1973) and growth and l i f e  h i s t o r y  s tud ies  on 
Tr i co ry thodes  o f  Deep Creek conducted by R.  L. Newel 1  (unpubl ished d a t a ) .  
T r i co ry thodes  i s  abundant i n  s h a l l  ow slow-moving backwaters where i t  
c o l  l e c t s  diatoms and d e t r i t u s  ( l a r g e l y  i no rgan i c  m a t e r i a l  ) from t h e  sed i -  
ments. T. minutus moves s l ow l y  through t h e  depos i ted  sediments ga the r i ng  
m a t e r i a l t o w a r d  i t s  mouth w i t h  i t s  f o re l egs .  Th is  mode o f  behavior  makes 
Tr i co ry thodes  an e s p e c i a l l y  easy exper imenta l  animal t o  feed. This r obus t  
may f l y  was found t o  be ve ry  r e s i s t a n t  t o  temperature change and reduced 
oxygen t ens ion  and c o u l d  be success fu l l y  mainta ined i n  s t i l l  water a t  room 
temperature f o r  severa l  weeks. Under these cond i t i ons  nymphs were e a s i l y  
c u l t u r e d  through emergence. Nymphs b l o t t e d  d r y  and exposed t o  the  a i r  f o r  
15 min resumed a c t i v i t y  when rewetted. These animals were a l s o  una f f ec ted  
by hand l i ng  and resumed e a t i n g  immediately a f t e r  d is turbance.  1. minutus 
requ i red  no e l abo ra te  c u l t u r i n g  equipment. I n g e s t i o n  r a t e s  measured on 
t h i s  animal i n  t h e  l a b o r a t o r y  a re  more a p t  t o  correspond t o  f i e l d  values 
than a r e  r a t e s  determ-ined f o r  a  species w i t h  more complex demands. 

Determinat ion o f  Food Hab i ts  

For t h e  purposes o f  t h i s  work on l y  t h e  r e l a t i v e  abundance o f  algae 
vs. d e t r i t u s  (o rgan i c  o r  i n o r g a n i c )  i n  t h e  guts  of consllmers was cons idered 
impor tan t .  I n  a d d i t i o n ,  t he  major a l g a l  taxa  found i n  t h e  guts  o f  
Simulium were i d e n t i f i e d  t o  genus. An ex tens i ve  survey o f  t he  diatoms o f  
Rat t lesnake Spr ings by L i  p p e r t  (unpubl i shed  da ta )  a ided  t h e  i d e n t i f i c a t i o n .  
Food h a b i t s  o f  T r i co ry thodes  a re  descr ibed by Kosl ucher and lYi n s h a l l  
(1973). Examinat ion o f  g u t  contents  i n  my s tudy  was done by sever ing  t h e  
head and a  smal l  p o r t i o n  o f  t h e  t i p  o f  t h e  abdomen above t h e  anus t o  f r e e  
t h e  gut,  f o l l o w e d  by eas ing t he  g u t  ou t  0.5 t h e  body w i t h  f i n e - t i p p e d  f o r -  
ceps and a  d i s s e c t i n g  needle. Guts were removed q u i t e  e a s i l y  fro111 f r e s h  
Simulium la rvae ,  b u t  i t  was he1 p f u l  t o  s t o r e  Tr i co ry thodes  and 
Cheumatopsyche b r i e f l y  i n  f o r m a l i n  t o  harden the  g u t  l i n i n g  be fo re  d i s -  
sec t i on .  Occas iona l l y  t h e  g u t  con ten ts  cou ld  be pushed o u t  w i t h o u t  t e a r i n g  
t he  g u t  w a l l ,  which was then removed. Otherwise, q u a n t i t a t i v e  removal of 



t h e  gut  con ten ts  w i t h o u t  damage t o  t h e  gut  w a l l  was done by app l y i ng  a 
smal l  amount o f  3% H202 t o  one end o f  t h e  gu t  w i t h  a f i n e  p a i n t  brush; t h i s  
procedure c rea ted  oxygen bubbles, which pushed t h e  g u t  contents  n e a t l y  onto 
t he  covers l  i p .  Gut contents  were then examined i n  a wet mount o r  by use 
o f  a semi-permanent ( g l y c e r i n - g e l  a t i n )  mount ing medi urn. Th is  was i d e a l  f o r  
examining m a t e r i a l  which cou ld  n o t  be d r i e d  p r i o r  t o  mounting. Lowering 
t h e  s l i d e  onto the  c o v e r s l i p  minimized t h e  movement o f  m a t e r i a l  t o  t h e  
edge o f  the  covers l  i p. 

Microbes assoc ia ted  w i t h  gu t  mate r i  a1 were n o t  counted. The importance 
o f  b a c t e r i a  and f u n g i  cannot be d is regarded  as a source o f  food b u t  prob- 
ab l y  made up o n l y  a smal l  f r a c t i o n  o f  gu t  load.  However, p r e f e r e n t i a l  
d i g e s t i o n  o f  these foods would make them s i g n i f i c a n t  regard less  o f  t h e i r  
r e l a t i v e  abundance. 

Prepara t ion  o f  Food f o r  Use i n  Experiments 

A1 gae were cu l  t u r e d  on a medi um designed f o r  f reshwater  diatoms. The 
pH o f  t h e  ~ i ied iu~ i i  must be ad jus ted  t o  near  n e u t r a l i t y  as i t  i s  s l i g h t l y  
bas i c  a f t e r  p repa ra t i on  (Kates and Volcani  1966). Th is  medium was s e l e c t e d  
i n  preference t o  o thers ,  i n  which t he  exac t  concen t ra t i on  o f  elements i s  
i n d e f i n i t e  due t o  use o f  a s o i l  e x t r a c t  t o  supply  c e r t a i n  minor  elements 
and v i t am ins .  V i tamins,  however, a r e  n o t  e s s e n t i a l  f o r  t he  growth o f  niost 
types o f  f reshwater  diatoms (A1 tman and D i  t t m e r  1968). 

Two methods were used i n  p repar ing  food f o r  l r i c o r y t h o d e s  minutus i n  
experiments 1 through 5. An i n i t i a l  a t tempt  t o  c u l t u r e  diatoms i nvo l ved  
sc rap ing  and washing them from rocks and l o w e r i n g  the  pH o f  t h e  diatom 
suspension t o  3.5 f o r  5 min t o  e l i m i n a t e  the  microconsumers. The sus- 
pension was then f i  1 te red ,  washed, and resuspended i n  a smal l  amount o f  
wa te r  and mixed f o r  2 min a t  h i gh  speed i n  a Waring b lender  t o  break up 
co lon ies .  Th is  suspension was pa in ted  on a sheet o f  s tyrofoam ( S p e r l i n g  
and Grunewald 1969), d r i e d  s l i g h t l y  t o  a t t a c h  c e l l s  and then p laced i n  a 
s p e c i a l l y  designed aquarium which accommodated t h e  12 cm x 23  cm sheet  
w i t h  o n l y  a snial l  volu~i ie remain ing f o r  t h e  c i r c u l a t i o n  o f  medium over  t h e  
face of  t h e  styrofoam. A second styrofoam sheet  was suspended v e r t i c a l l y  
i n  midwater a t  s t a t i o n  2 o f  Deep Creek and a l lowed t o  co lon i ze  f o r  one 
week. Loose sediment and d e t r i t u s  were r i n s e d  o f f  t h e  sheet  which was then  
incubated i n  t h e  aquarium t o  c u l t u r e  p e r i p h y t i c  a lgae.  Algae were grown 
under cont inuous i 1 l um ina t i on  (approx. 450 ft. c .  ) f rom a bank o f  coo l  
w h i t e  f l u o r e s c e n t  bu lbs  and an incandescent b u l b  t o  supply  the  l o n  e r  wave- 
leng ths .  Each aquarium was sp iked p e r i o d i c a l l y  w i t h  50 pCi o f  NaHq4C03 
and t he  medium was changed e-very two weeks du r i ng  t h e  six-week c u l t u r i n g  
per iod .  A f t e r  a c u l t u r i n g  p e r i o d  o f  t h r e e  t o  f o u r  weeks i n  a d ia tom 
medium, t h e  s tyrofoam sheet i n  one aquarium h e l d  a n e a r l y  pure c u l t u r e  o f  
Lyngbya. The o t h e r  sheet  h e l d  p r i m a r i l y  Anabaena and Achnanthes 



l anceo la ta ,  w i t h  m inor  amounts o f  Phormidium PI r e t z i i  S c h i z o t h r i x  c a l  l s i c o l a ,  
Cosmari urn, N i  t z c h i a ,  and Cocconeis. A1 though t h e  b r i e f  l o w e r l n g  o f  pH 
e l i m i n a t e d  most microconsumers, i t  appears t h a t  t h e  s h i f t  t o  a  predon~inance 
o f  b lue-green a lgae  was a normal autcome o r  t h a t  t h e  e f f e c t  o f  low pH on 
diatoms was adverse. Subsequent exper imenta t ion  revea led  t h a t  pure c u l t u r e s  
o f  diatoms were e a s i l y  i s o l a t e d  a f t e r  c u l t u r i n g  mixed d ia tom suspensions 
s t r eaked  on agar  p l a t e s  w i t h  t h e  a l g a l  medium. Techniques f o r  c r e a t i n g  
s i n g l e  spec ies a l g a l  c u l t u r e s  a re  g iven  by James (1971). 

I n  t h e  T r i co ry thodes  exper iments 1-3 t h e  f o o d  t e x t u r e  was tough and 
l e a t h e r y  as i t  grew on t h e  styrofoam. Th is  m a t e r i a l  was broken i n t o  
sma l le r -  p ieces as i t  was peeled o f f  t he  s tyro foam suppor t  b u t  t h e  t e x t u r e  
was unchanged. Animals c l ung  t enac ious l y  t o  these p ieces  when p laced  i n  
p e t r i  d ishes f o r  f eed ing .  I n  exper iments 4 and 5 t h e  food sources used 
were Lyngbya and Anabaena, r e s p e c t i v e l y .  These foods were blended t h o r -  
oughly  i n  a  Waring b lender  u n t i l  a  homogeneous c o t t o n y  cons is tency  was 
obta ined.  M ic roscop ic  examinat ion revea led  t h a t  t r ichomes were broken up 
i n t o  s h o r t  u n i t s  b u t  c e l l s  w i t h i n  t h e  shor tened f i l a m e n t s  were i n t a c t .  A 
superabundance of f ood  was p resen t  i n  each p e t r i  d i s h  f o r  these e x p e r i -  
ments and a g r e a t  many more h a b i t a t s i t e s  were c rea ted  by  i n c r e a s i n g  t h e  
su r f ace  a rea  o f  t h e  food.  

Three food  sources were prepared a t  Ra t t lesnake  Spr ings f o r  f eed ing  
exper iments:  d iatoms, watercress,  and b a c t e r i a .  A n a t u r a l  d ia tom commu- 
n i t y  was c u l t u r e d  i n  Ra t t lesnake  Spr ings and i n  an outdoor  a r t i f i c i a l  
stream w i t h  f l o w i n g  Columbia R i v e r  wa te r  on g l ass  s l i d e s  which had been 
i n s e r t e d  v e r t i c a l l y  i n t o  s l i t s  c u t  a t  i n t e r v a l s  around t h e  c i rcumference 
of a  1  arge rubber  s topper  (Sladeckova 1962). S l i d e s  were suspended i n  t h e  
stream f o r  1  week, a f t e r  which they  were f r e e d  o f  i n v e r t e b r a t e s  and t r a n s -  
f e r r e d  t o  a  10-place g lass  s l i d e  h o l d e r  and immersed i n  a  500-ml beaker 
f i l l e d  w i t h  f i l t e r e d  d ia tom medium. Diatoms were grown i n  a  Hot pack 
i ncuba to r  a t  18°C on a 16:8 h  l i g h t - d a r k  c y c l e .  L i g h t  f rom s i x  coo l  w h i t e  
f l uo rescen t  bu lbs  d i f f u s e d  through a sheet  o f  w h i t e  t r a n s l u c e n t  p l a s t i c  
i l l u m i n a t e d  t h e  chamber. As a  r u l e  60 pCi o f  IVaH14C03 was added i n i t i a l l y  
t o  t h e  c u l t u r e  mediuni, f o l  lowed i n  4 days by a  second dose o f  20 pCi . 
A f t e r  one a d d i t i o n a l  day o f  i n cuba t i on  t he  s l i d e s  were removed, r i n s e d  
g e n t l y  i n  d i s t i l l e d  water  and p laced  on a sheet  o f  P a r a f i l m .  Then 6 t o  
8 m l  (240 t o  320 p C i )  o f  a 51CrC1 s o l u t i o n  was a p p l i e d  even l y  ove r  t he  
s l i d e s ,  which were then  stacked, wrapped i n  t h e  P a r a f i  l m  and sealed i n  a  
p l a s t i c  ba . S l i d e s  were h e l d  i n  t he  dark  a t  3°C t o  l i m i t  r e s p i r a t o r y  
losses o f  q4C02 from the  c e l l s .  A r e a t e r  degree o f  l a b e l  1  i n g  was 9 achieved by d i r e c t  a p p l i c a t i o n  o f  C r  t han  by adding 1 pCi/ml o f  c e l l  
suspension as s p e c i f i e d  by Calow and F l e t c h e r  (1972). Before use diatoms 
c o a t i n g  t h e  s l i d e s  were e i t h e r  r i n s e d  w i t h  d i s t i l  l e d  water  o r  were scraped 
o f f  t he  s l i d e s ,  suspended i n  f i l t e r e d  creek wate r  f o r  15 min and t hen  
washed down severa l  t imes  on a membrane f i l t e r  t o  remove any unbound 
5 l C r .  



Diatoms f r o m  t h e  Ra t t l esnake  Spr inqs  inocu lum found on s l i d e s  a f t e r  
one week c u l  t u r i  ng i n  t h e  1  a b o r a t o r y  were p r i  mar i  l y  Achnanthes 1  anceol  a t a  
and Synedra u l n a .  Those c u l t u r e d  f r o m  t h e  Columbia R i v e r  w a t e r  were 
p r i m a r i l y  F t e l o s i r a  and Cymbella w i t h  111-inor numbers o f  F r a g i  l a r i a  sp. ,  
Gomphonema sp. , Synedra rumpens, Ep i  themia t u r g i d a ,  and N a v i c u l a  sp.  

To l a b e l  wa te rc ress ,  sma l l  immature p l a n t s  were removed f rom t h e  
s t ream and p l a c e d  s i d e  by s i d e  i n  a  d e s i c c a t o r  j a r  i n  2  cm o f  w a t e r  so  
t h a t  t h e  b o t t o m  o f  t h e  c o n t a i n e r  was covered b u t  shad ing was m i n i m a l .  The 
j a r  was t h e n  p laced  w i t h o u t  a  1  i d  i n  an i n c u b a t o r  a t  18°C. A f t e r  two days 
o f  growth t h e  p l a n t s  became e r e c t  and n e a t l y  a r ranged  i n  t h e  j a r .  A t  t h i s  
t i m e  80 pCi o f  14C02 was r e l e a s e d  w i t h  H2SO4, f r o m  i t s  b i c a r b o n a t e  s a l t  
a l o n g  w i t h  c a r r i e r  C02 f r o m  100 mg Na2C03 t o  b r i n g  t h e  t o t a l  C02 c o n t e n t  
i n  t h e  j a r  t o  a p p r o x i m a t e l y  0.5%. The j a r  was p laced  i n  t h e  s t ream a t  
3:45 pm on May 17, 1973 and i n c u b a t e d  f o r  3.0 h  under n a t u r a l  1 i q h t i n q  
c o n d i t i o n s .  The j a r  was r o t a t e d  every  15 m in  d u r i n g  t h i s  p e r i o d  t o  e l i m i -  
n a t e  shad ing e f f e c t s .  A t  n i g h t  much o f  t h e  newly s y n t h e s i z e d  T 4 C  p r o d u c t s  
p robab ly  t r a v e l l e d  t o  t h e  r o o t s .  An a d d i t i o n a l  80 pCi was re leased  about  
12 noon t h e  n e x t  day and 3 .0  h  were a l l o w e d  f o r  pho tosyn thes is ,  w i t h  r o t a t i o n  
o f  t h e  j a r  as b e f o r e .  A f t e r  t h i s  l a s t  i n c u b a t i o n  a  Ge ige r -Mue l le r  c o u n t e r  
showed younger l eaves  t o  have 2  t o  3  t imes  more a c t i v i t y  t h a n  o l d e r  l eaves .  
Only  upper h e a l t h y  l eaves  were c o l l e c t e d ;  stems, r o o t s ,  and p e t i o l e s  were 
d i sca rded .  The c o l  l e c t e d  leaves  were d r i e d  a t  60°C i n  a  50-1111 Er lennieyer 
f l a s k  and were crushed i n t o  f i n e  f ragments w i t h  a  g l a s s  r o d .  A  p r o x i m a t e l y  e 6  cm3 o f  we t  w a t e r c r e s s  were i n o c u l a t e d  w i t h  51 pCi (6 m l )  o f  CrC1 
s o l u t i o n  t h r e e  days b e f o r e  T r i c o r  thodes exper imen t  9  and w i t h  33.8 pCi 
( o r  4  ml ,  c o r r e c t e d  t o  c o u n t i n g  - - T b -  da te  e f o r e  exper imen t  10. B e f o r e  each 
use, t h e  wa te rc ress  was washed s e v e r a l  t i m e s  w i t h  d i s t i l l e d  wa te r ,  soaked 
20 min  i n  d i s t i l l e d  w a t e r  and drawn down on a  5-pm membrane f i l t e r .  

B a c t e r i a  were a l s o  used as a  food source.  Fredeen (1964) s u c c e s s f u l l y  
c u l t u r e d  S imul ium on b a c t e r i a l  suspensions and found  I. c o l i ,  a  gram- 
n e g a t i v e  microbe,  t o  be a  ve ry  s u i t a b l e  food .  E. c o l i  was grown on an  M-9 
s a l t s  medium (see Appendix A) u s i n g  d e x t r o s e  as a  carbon source (Rober ts  
e t  a l .  1957) a t  37°C i n  a  shaker ba th .  To a v o i d  c a r m e l i z a t i o n ,  t h e  d r y  
d e x t r o s e  s h o u l d  be au toc laved  a l o n e  and t h e n  added a s e p t i c a l l y  t o  50 ml o f  
t h e  s a l  t s  medi um. F i v e  ml o f  t h e  c u l t u r e  was added t o  each o f  two 100-ml 
volumes o f  t h e  s a l t s  medium i n  250-ml f l a s k s  equipped w i t h  r u b b e r  s t o p p e r s  
f i t t e d  w i t h  i n t a k e  and exhaust  p o r t s .  I n  a d d i t i o n  t o  v i g o r o u s  shak ing,  a  
s teady f l o w  o f  s t e r i l e  a i r  (passed th rough  a  dense bed o f  s t e r i l e  c o t t o n )  
was bubb led th rough  t h e  s o l u t i o n .  Exhaust  gases passed t h r o u g h  a  d i l u t e  
KOH t r a p  t o  c a t c h  r e s p i r e d  14C02. Twelve hours were a1 lowed f o r  c e l l  
g rowth a f t e r  wh ich an a d d i t i o n a l  50 ml o f  medium was added t o  each f l a s k  
w i t h  10 pCi o f  s t e r i l e  glucose-14C and 4  hours were a l l o w e d  f o r  a s s i m i l a t i o n  
o t  t h e  l". Immed ia te l y  t h e  c u l t u r e  was heated t o  80°C f o r  10 m i n  t o  k i l l  
t h e  c e l l s .  The suspensions were s t o r e d  i n  t h e  dark a t  3°C. It was advan- 
tageous t o  c o l l e c t  t h e  c e l l s  by  c e n t r i f u g a t i o n  r a t h e r  t h a n  by  f i l t r a t i o n ,  



wash them t o  remove s a l t s ,  and then  i n o c u l a t e  them w i t h  6 p p . r o x i m t e l y  
100 uCi 51CrC1 ,. I n  t h i s  way t h e  l a b e l 1  i n g  s o l u t i o n  was more concent ra ted 
and l o s s  o f  5 1 C r  by  p r e c i p i t a t i o n  i n  t h e  s a l t s  medium was avoided. 

Since maximum and un i f o rm  1 4 C  l a b e l 1  i n g  o f  c e l l s  occurs i n  t h e  l o g -  
phase o f  growth, i t  m igh t  be advantageous i n  the  f u t u r e  t o  mon i to r  growth 
by f o l l o w i n g  t h e  inc rease  i n  t u r b i d i t y  i n  b a c t e r i a l  c u l t u r e s ,  t h e  inc rease  
i n  c h l o r o p h y l l  o f  d iatom c u l t u r e s ,  o r  p o s s i b l y  t he  inc rease  i n  p r o t e i n  
w i t h  b a c t e r i a  and diatoms. P r o t e i n  a n a l y s i s  cou ld  be performed us ing  
s tandard  m i c ro -K je l dah l  a n a l y s i s  o r  t h e  method o f  Lowry e t  a1 . (1951 ) .  

Feedi nq Experiments 

Al though i n d i v i d u a l  feed ing  exper iments d i f f e r e d  from one another  
w i t h  r espec t  t o  c e r t a i n  phys i ca l  c o n d i t i o n s  (e.g. c u r r e n t  speeds, d u r a t i o n  
of f eed ing ) ,  t he  general  procedure fo l lowed i n  each was r o u t i n e .  The 
bas i c  components o f  feed ing  exper iments ( phys i ca l  aspects o f  f eed ing  
chambers, p r e p a r a t i o n  o f  consumer organisms, i n t r o d u c t i o n  o f  t h e  food, 
sampl i n g  t h e  an imals  and feces, and de te rm ina t i on  o f  feeding r a t e s )  w i  11 
be descr ibed  t o  show t h e  degree of s i m i l a r i t y  between exper iments.  

Feedi ng Chambers 

Several  d i f f e r e n t  types o f  chambers were asse~i ib led t o  f i t  s p e c i f i c  
feeding requirements o f  t h e  an imals  be ing  s t u d i e d  (see F ig .  4 ) .  
T r i co ry thodes  f rom Deep Creek was found a t  t h e  s i des  o f  t h e  s t ream i n  
vege ta t i on  and i n  t h e  s lower  moving waters  o f  reaches and s i l t e d  margins 
of r i f f l e s .  I t  feeds on d e t r i t u s  and diatoms which i t  c o l l e c t s  on t h e  
bottom. E x c e l l e n t  r e s u l t s  have been ob ta ined  i n  c u l t u r i n g  t h i s  animal i n  
t h e  l a b o r a t o r y .  R. L. Newel1 (personal  comnunicat ion) has been success fu l  
i n  r e a r i n g  T r i co ry thodes  t o  t h e  a d u l t  s tage u s i n g  a  deep p l a s t i c  p e t r i  
d i s h  w i t h  a  hypodermic needle i n s e r t e d  through t h e  s i d e  and connected t o  
an a i r  source f o r  ae ra t i on .  Th is  method o f  m a i n t a i n i n g  T r i co ry thodes  was 
f o l l owed  i n  a1 1  my exper iments.  Water temperatures were ma in ta ined  a t  
21-23°C throughout  a l l  exper iments conducted on Tr i co ry thodes  a t  I S U  a n d  
a t  18°C i n  t h e  Rat t lesnake  Spr ings l abo ra to r y .  Animal d e n s i t y  per  d i s h  
was v a r i e d  accord ing  t o  t h e  apparent number o f  s i t e s  a v a i l a b l e  f o r  occu- 
pa t i on ;  i .e., when food  was ext remely  abundant i n  a  d i sh ,  t h e  number of 
h a b i t a t  s i t e s  was 1  arge, whereas when o n l y  a  smal l  amount o f  food covered 
t h e  d i sh ,  fewer s i t e s  were a v a i l a b l e .  Animal d e n s i t i e s  were s u b j e c t i v e l y  
ad jus ted  so t h a t  animals spent l i t t l e  t ime  search ing o r  competing f o r  
food. With fewer  an imals  p e r  d i s h  t h e r e  i s  l e s s  chance o f  an animal 
r e i n g e s t i n g  feces,  thereby r e s u l t i n g  i n  e l e v a t e d  AE values as t h e  1 4 C  
a c t i  v i  t y  o f  food i s  reduced. Animal d e n s i t y  i n  T r i co ry thodes  exper iments 









1-5 i n  which t he  blue-green algae f i l l e d  75% o f  the  p e t r i  d i s h  were 
approx imate ly  8037/m2. This  d e n s i t y  was about one - th i r d  t h e  mean 
Tr i co ry thodes  d e n s i t i e s  i n  Deep Creek ( s t a t i o n  2)  (M insha l l  e t  a l .  1973) 
and f a r  l e s s  than  t o t a l  animal dens i t i es ,  which were about 120,000/m2. 

Small gravel  (2-5 mni diam.) was sca t t e red  over  t he  bottom o f  each 
d i s h  t o  p rov ide  a s u i t a b l e  substratum. The g rave l  covered about  20% o f  
t h e  bottom o f  t he  d i s h  and food g e n e r a l l y  covered t h e  remainder. The 
dishes were placed on a dark  background t o  avo id  a nega t i ve  r e a c t i o n  by 
t h e  nymphs t o  unnatura l  l i g h t i n g  cond i t i ons .  A mesh screen d i v i d e d  each 
d i s h  i n  T r i co ry thodes  exper iment 1  b u t  t h i s  was removed when i t  was found 
t h a t  some animals c luna  t o  t he  screen throuahout  t h e  e x ~ e r i m e n t  i n   ref- 
erence t o  feeding.  F O ~  T r i co ry thodes  i n g e s t i o n  r a t e  experinlent 6  t h e  
nymphs were a l lowed t o  feed d i r e c t l y  on t h e  diatom-covered s l i d e s  (2  
s l i d e s  per  d i s h ) .  I n  experiments 7, 8, and 9 animals were a l lowed t o  feed 
d i r e c t l y  on t h e  s l i d e s  ( 3  pe r  d i s h )  and on a 47-mm membrane f i l t e r  on 
which had been f i l t e r e d  a t h i c k  l a y e r  o f  c e l l s  which had f a l l e n  o f f  t h e  
s l i d e s .  The membrane f i l t e r  was p laced upside down because i t  was found 
t h a t  t h e  animals p r e f e r r e d  t o  c l i n g  on t h e  underside o f  t he  f i l t e r s .  
S l i d e s  were supported on g rave l  so t h a t  t h e  nyniphs cou ld  move underneath 
t h e  s l i d e .  The diatoms on t he  s l i d e s  formed a f a i r l y  t h i n  cover ing;  
g e n e r a l l y  i t  was n o t  p o s s i b l e  f o r  an animal t o  burrow i n t o  t h e  mass. I n  
exper iment 11 t h e  diatoms were scraped o f f  t h e  s l i d e s ,  rewashed i n  d i s t i l l e d  
wate r  and p laced loose  i n  t h e  dishes so t h a t  an animal cou ld  c l i n g  t o  
c l  umps o f  t he  diatoms. 

Three types o f  feed ing  chambers were employed i n  S imu l i  and 
Cheumatopsyche exper iments a t  Rat t lesnake Springs. A summary o f  t h e  p r i -  
mary phys i ca l  parameters i n  Simul ium and Cheumatopsyche feeding e x p e r i  - 
ments i s  g iven i n  Table 3 and 4, r e s p e c t i v e l y .  Both animals are f i  1 t e r  
feeders, r e q u i r i n g  food p a r t i c l e s  o f  app rop r i a te  s i z e  i n  suspension. Both 
animals show a preference f o r  r a p i d  cu r ren t .  The f i r s t  feed ing  chamber 
used was a g lass  c y l i n d e r  (23.0 cm x 2.9 cm) w i t h  two halves j o i n e d  by 
40150 S ground g lass j o i n t s  (F igu re  4a) .  The ends o f  t h e  tube were drawn 
ou t  t o  f i t  i n t o  10-mm I .D. tygon tub ing,  which l e d  t o  a  D-6 Eastern 
pump. Water f l o w i n g  through t h e  chambers entered a 1-1 i t e r  r e s e r v o i  r 
immersed i n  an i c e  bath.  Wi th  t h i s  arrangement water  temperatures were 
h e l d  between 17-18°C (experiments 2-6, see Table 3 ) .  B l  a c k f l y  (~ i r nu l i u rn )  
l a r v a e  were placed on two g lass  s l i d e s ,  which were then i n s e r t e d  i n t o  t h e  
c y l i n d e r .  The c y l i n d e r  was f i l l e d  s l ow l y  w i t h  wate r  t o  a l l o w  animals t o  
a t t a c h  secu re l y  t o  t h e  s l i d e  be fo re  t h e  pump was s t a r t e d .  A cone- 
shaped p iece o f  monofi lament n e t t i n g  ( N i t e x )  (390 pm) covered t h e  o u t l e t  
p o r t  o f  t h e  chamber t o  p reven t  animals f rom be ing  swept away. Approximately 
700 m l  o f  wa te r  was needed t o  operate t h i s  system. Under p roper  cond i t i ons  
b l a c k f l y  l a r v a e  can be c o l l e c t e d  d i r e c t l y  on s l i d e s  he ld  i n  t h e  stream 
f o r  a  3-day per iod.  These s l  i des  can then be i n s e r t e d  d i r e c t l y  i n t o  t he  
chamber. Fredeen (1 964) s t a t e d  t h a t  i f experimental  feeding cond i t i ons  
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are subopt imal,  i t  may be necessary t o  feed Simulium i n  t h e  dark  o r  i n  
d i f f u s e  l i g h t .  Larvae i n  t he  stream were exposed t o  b r i g h t  l i g h t ,  b u t  
w h i l e  feed ing  i n  g lass  c y l i n d e r s  1  i g h t i n g  cond i t i ons  were low and uni form.  

The second type  of feed ing  chamber was a  p iece  o f  b l ack  i r r i g a t i o n  
p i pe  (5  cm diam) c u t  i n  h a l f  l eng th -w ise  t o  f o rm  a  t rough.  The t rough  
(F ig .  4b) was d i v i d e d  i n t o  f i v e  sec t i ons  w i t h  N i  t e x  n e t  (390 ~ m )  and t he  
D-6 Eastern pump was used t o  c i r c u l a t e  water  between t he  t rough and 
r e s e r v o i r .  Large (1  t o  2  cm) stones and smal l  g rave l  (2  t o  5  mm) were 
placed i n  each compartment as a  substratum. The t o t a l  water  volume 
requ i red  i n  t h i s  system was 1  l i t e r .  

The t h i r d  feed ing  chamber was a  p l e x i g l a s s  stream channel (60 cm l o n g )  
(F ig .  4c) .  Water was c i r c u l a t e d  by a  Cole-Parmer pump. Pump i n l e t  and 
o u t l e t  p o r t s  were f i t t e d  w i t h  16-mm I.D. tygon t ub ing .  Adjustment o f  t he  
r e l a t i v e  p o s i t i o n  o f  these tubes i n  t h e  channel ~ e r m i t t e d  c o n t r o l  o f  
c u r r e n t  speed. I n  exper iments w i t h  ~ h e u m a t o p s ~ c h e ,  l a r v a e  were p laced i n  
p e t r i  d i s h  chambers w i t h  N i t e x  n e t  l i d s  t o  a l l o w  wate r  c i r c u l a t i o n  i n t o  
t h e  d ish.  Dishes were prov ided w i t h  gravel  as a  subst ra tum and g lass  
s l i d e s  covered w i t h  l a b e l  l e d  diatoms as a  food  source. For work on 
Simul i um i n  t he  p l e x i g l a s s  channel, f o u r  s t e r i  l e y  smooth-surfaced rocks 
( 8 c m )  were b u t t e d  aga ins t  one another  i n  a  s e r i e s  t o  p rov ide  a  sub- 
s t r a tum f o r  at tachment.  

I n  t he  p l a s t i c  t rough and g lass  c y l i n d e r  feed ing  chambers water  was 
pumped w i t h  a  D-6 Eastern pump connected t o  a  v a r i a b l e  t rans fo rmer  so t h a t  
pump speeds cou ld  be c o n t r o l l e d  by a d j u s t i n g  t h e  vo l tage .  Pumping r a t e s  
and c u r r e n t  speed a t  va r ious  vo l tages  i n  a  s i n g l e  g lass  c y l i n d e r  a re  g iven  
i n  Table 5. The g lass  c y l i n d e r  had a  volume o f  118 cm3 and was 23 cm long .  
Current  speeds were c a l c u l a t e d  by d i v i d i n g  the  purr~ping r a t e  (cm3/sec) a t  
se lec ted  vo l tages by t h e  volume o f  t h e  c y l  i n d e r  and mu1 t i p l y i n g  t h i s  
f i g u r e  by 23 cm. Due t o  t he  design o f  t h e  c y l i n d e r ,  c u r r e n t  speeds 
p robab ly  were much g rea te r  toward t h e  c e n t e r  than t h e  ou ts ides  o f  t h e  
chamber. A  r e a t  amount o f  tu rbu lence  was c rea ted  i n  t h e  a n t e r i o r  h a l f  o f  
t he  chamber 9 s l i d e s  w i t h  Simulium were i n  t h e  p o s t e r i o r  h a l f )  as h i g h  
v e l o c i t y  water  i n  t h e  i n t a k e  p o r t  entered t h e  l a r g e r  d iameter  chamber. 
Simulium l a r v a e  lodged i n  t h i s  h a l f  o f  t h e  c y l i n d e r  were b u f f e t e d  severe ly  
by t h e  c u r r e n t s  and o f t e n  had t h e i r  abdomens swept back toward t h e  i n l e t  
p o r t .  I n  a l l  Simul ium experiments i n  t he  g lass  c y l i n d e r s  80 V was used 
and c u r r e n t  speeds were ad jus ted  by t he  use o f  one o r  two chambers. When 
two chambers were used i n  p a r a l l e l  the  speeds were h a l f  t h a t  o f  one chamber 
a1 one. Therefore,  t he  c u r r e n t  speed i n  S i~nu l  i um experinlent 1  was 
12.2 cm/sec w h i l e  speeds i n  exper iments 2-6 were 6.1 cm/sec. I n  
Cheumatopsyche exper iment 1  t he  pump was operated a t  70 V,  p r o v i d i n g  a  
c u r r e n t  speed o f  4.5 cm/sec. I n  exper iments conducted i n  t h e  p l a s t i c  
t rough,  80 V g e n e r a l l y  was used w i t h  t h i s  pump b u t  t h e  use of 100 V had no 
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TABLE 5. Pumping Rates and Current Speeds i n  the Glass 
Cyl inder Feeding Chamber a t  Various Voltages 

Pump Rate 
(ml I s e c )  

Current Speed i n  Single 
Glass Cyl i nder 

(cm/sec) 

e f f e c t  on cu r ren t  speeds, which seemed t o  be regulated p r i m a r i l y  by the 
slope o f  the  trough. The normal i n c l i n a t i o n  o f  the  trough was 10°35' , but  
a v a r i a t i o n  o f  2 lo could have occurred between experiments. 

Current speeds were measured i n  a r i f f l e  next t o  the Rattlesnake 
Springs labora tory  where la rvae were numerous and i n  the  trough and 
p l e x i g l  ass channel using a TSI Hot-wire Anemometer (Thermo-Systems Inc.  , 
Minneapolis, MN). This instrument has a f i n e  probe. which can be p rec i se l y  
pos i t ioned i n  the  stream so t h a t  cur rent  speeds d i rec ted  a t  t he  cephal ic  
fans o f  la rvae could be measured. Also since there  are no moving pa r t s  i n  
the  minute probe, i t  cou ld  be used t o  measure cu r ren t  speeds i n  dense 
vegetat ion. The probe i s  p a r t  o f  a br idge c i r c u i t  which suppl ies e l e c t r i c a l  
cur rent  t o  the w i re  embedded i n  the  probe i n  propor t ion  t o  the speed o f  
the current ,  which removes heat. A s p e c i f i c  voltage reading on the  i n s t r u -  
ment i s  r e l a t e d  t o  a p a r t i c u l a r  cu r ren t  speed by means o f  a c a l i b r a t i o n  
curve. The probe was c a l i b r a t e d  a t  24.45OC bu t  f o r  p r a c t i c a l  purposes 
cu r ren t  speeds measured near t h i s  ca l  i b r a t i o n  temperature are s t i  11 co r rec t  
due t o  t he  temperature compensating probe, which was f i x e d  near the hot-  
w i r e  probe. 

Ve loc i ty  measurements were made over the  gravel i n  the  p l a s t i c  t rough 
where Simulium la rvae were attached i n  an experiment. Current speeds 
m e a s u r m e  trough (Table 6 )  a t  normal i n c l i n a t i o n  var ied  from 23.8 t o  
53.1 cmlsec throughout t h e  trough. S l i g h t  v a r i a t i o n s  i n  i n c l i n a t i o n  could 
have provided minimum and maximum v e l o c i t i e s  o f  19.5 and 62.2 cmlsec, 
respec t i ve l y .  



TABLE 6. Measurement.s' o f  Cur ren t  Speed i n  t h e  P l a s t i c  
Trough Feeding Chamber a t  25°C Water Terr~perature 

l n c l  i n a t i o n  

Normal 

Reduced 

Elevated 

Increased 

Extreme 

Angle 

10" 35'  

9" 3 '  

10" 46 '  

14" 25'  

16" 22 '  

Cur ren t  Speed 
( cm/ sec ) 

23.8 - 53.1 

19.5 - 48.8 

45.2 - 62.2 

62.2 - 74.5 

62.2 - >90 

Cur ren t  speeds over  t h e  l a r g e  rocks i n  t h e  p l e x i g l a s s  stream channel 
a l s o  were measured w i t h  t h e  ho t -w i r e  anemometer a t  25.0°C. The arrange- 
ment o f  t h e  f o u r  l a rge ,  smooth-surfaced rocks was i d e n t i c a l  t o  t h a t  i n  
Simulium exper iment  12. Measurements were made a t  va r ious  p o s i t i o n s  i n  
t h e  channel around t h e  second rock  downstream i n  t h e  sequence o f  f o u r  
rocks.  The ranges o f  c u r r e n t  speeds measured a t  each p o s i t i o n  a re  g iven  
(Table  7);  r a p i d  changes i n  c u r r e n t  speeds a t  a  s i n g l e  l o c a t i o n  were 
de tec ted  due t o  t u rbu lence  and normal wa te r  f l o w  p r o p e r t i e s .  There was a 
d i s t i n c t  zona t ion  of c u r r e n t  speeds i n  t h e  p l e x i g l a s s  channel w i t h  g r e a t e s t  
speeds on t h e  o u t s i d e  o f  t h e  channel. Only  a  s l i g h t  r e d u c t i o n  i n  c u r r e n t  
speed was observed on approaching t h e  rock  su r f ace  t o  w i t h i n  3 mm (approx. 
11%). The water  tu rbu lence  near  t h e  i n s i d e  edge o f  t h e  channel seemed t o  
be very  low. Larvae exposed t o  these cond i t i ons  d i s t r i b u t e d  themselves 
r e a d i l y  and t h e  m a j o r i t y  were observed spreading t h e i r  fans i n  t h e  c u r r e n t .  
Cur ren t  speeds were s i m i l a r  t o  those measured i n  t h e  p l a s t i c  t rough  a t  
normal i n c l i n a t i o n .  

S ince  t h e  r a t e  o f  f i l t r a t i o n  o f  Simul ium l a r v a e  o r  even t h e  success 
i n  f eed ing  depended on whether a  s u i t a b l e  c u r r e n t  speed was p resen t ,  
measurements o f  c u r r e n t  speed i n  t h e  f eed ing  chambers were con t ras ted  w i t h  
measurements made i n  t h r e e  r i f f l e  hab- i ta ts  where Simul ium was ve ry  abundant. 
On March 27, 1973, c u r r e n t  speed was measured i n  t h e  r i f f l e  s e c t i o n  where 
t h e  d i g e s t i o n  t ime  a n a l y s i s  was performed. As determined by t h e  s t i c k  
f l o a t  method, t h e  average c u r r e n t  speed (n  = 3 )  was 26.9 cm/sec. Measure- 
ments made i n  t h e  same l o c a t i o n  on A p r i l  3, 1973, w i t h  a  Piglily c u r r e n t  meter 



TABLE 7. Measurements o f  Current  Speed i n  P lex ig l ass  
Stream Channel a t  25OC Water Temperature 

P o s i t i o n  

1 cm over  rock,  m idd le  o f  channel 

F a s t  s i d e  o f  channel, 1 cm over  r ock  

Fas t  s ide,  3  mm over  r ock  

3  mm above midd le  f r o n t  o f  rock 

Near bottom o f  channel on f a s t  s ide,  
nex t  t o  r ock  

Fas t  s i d e  o f  channel, i n  f r o n t  o f  rock 
b u t  she1 t e r e d  by rock  1  

Slower s i d e  o f  channel ( i n s i d e )  

Slower s ide ,  extreme edge 

Current  Speed 
(cm/sec) 

y i e l d e d  an average speed (n  = 5)  o f  37.6 cm/sec. Measurements made on 
March 27 j u s t  upstream i n  a  f a s t e r  r i f f l e  w i t h  t he  s t i c k  f l o a t  method 
y i e l d e d  an average speed (n  = 3) o f  66.6 cm/sec. 

Using t h e  ho t -w i re  anemometer i t  was found t h a t  w h i l e  Simul ium l a r v a e  
can i n h a b i t  t he  f a s t e s t  sec t i ons  o f  t h e  r i f f l e s  nex t  t o  t h e m n a k e  
Spr ings l abo ra to r y  where speeds exceed 94 cm/sec, they  a l s o  a re  found i n  
c u r r e n t  speeds o f  19.5 cm/sec b u t  u s u a l l y  n o t  i n  s lower water.  I t  appears 
(see Appendix B) t h a t  c u r r e n t  speeds d i r e c t e d  a t  t h e  heads o f  l a r v a e  a re  
occasional  l y  s l  i g h t l y  lower  than speeds i n  the wate r  column imned ia te l y  
upstream from t h e  la rvae ,  b u t  c u r r e n t  speed measurements w i t h  t h e  ho t -w i re  
anemometer do n o t  i n d i c a t e  a  s i g n i f i c a n t  boundary l a y e r  e f f e c t .  Hynes 
(1970) s t a t e d  t h a t  t he  boundary l a y e r  i s  2-3 mm t h i c k  on rock sur faces,  
which would mean t h a t  e a r l y  i n s t a r s  o f  Simhl ium would be sh ie lded  from t h e  
cu r ren t .  I f  t h i s  were t r u e ,  then f i l t e r - f e e d i n g  by these minute l a r v a e  
would be i n h i b i t e d .  However, on l y  s l i g h t  decreases i n  c u r r e n t  speeds 
cou ld  be de tec ted  as t h e  probe approached rock  sur faces.  Current  speeds 



i n  t h e  t rough  and p l e x i g l a s s  chambers corresponded t o  v e l o c i t i e s  measured 
i n  t h e  s t ream w h i l e  those i n  t h e  g lass  c y l i n d e r  were l e s s  than  any speeds 
measured i n  r i f f l e s  where Simul ium was found. 

P repa ra t i on  and Acc l ima t i on  o f  Consumer Organisms 

Whi le l a b e l l e d  a lgae were be ing  prepared, animals were be ing  acc l imated  
t o  expe r i ~ i i en ta l  cond i t i ons .  T r i c o r  thodes was ma in ta ined  on nonlabel  l e d  
food  ( n a t u r a l  d e t r i t u s  f r om  t h e  ---)- stream under exper imenta l  c o n d i t i o n s  a t  
l e a s t  24 hours p r i o r  t o  f eed ing  t ime.  Because o f  t h e  need f o r   using 
membrane f i  1  t e red  (0.45 pm) water  i n  t h e  Simul ium and Cheumatopsyche 
exper iments,  these an imals  were acc l imated  t o  exper imenta l  c o n d i t i o n s  on 
f i l t e r e d  water .  Acc l ima t i on  t ime f o r  Simul ium v a r i e d  f rom 0  t o  21 h  
bu t  g e n e r a l l y  was 0.5 t o  2.0 h; t h a t  f o r  Cheumatopsyche was 20 t o  22 h. 
I t  was f e l t  t h a t  w i t h i n  these t ime  l i m i t s  t h e  animals c o u l d  seek o u t  
s u i t a b l e  microhabi  t a t s ,  assume normal s ~ a t i a l  arranaements . secure them- 
se lves  t o  t h e  substratum, and t h a t  ~ h e k a t o ~ s ~ c h e  cou ld  e s t a b l i s h  a  n e t  f o r  
feed ing.  Acc l ima t i on  t imes were judged t o  be n o t  l o n g  enough t o  weaken 
t h e  animal f rom s t a r v a t i o n .  

T r i co r t hodes  nymphs were prepared i n  two d i f f e r e n t  ways. Animals 
(approx.  100 specimens) sometimes were s o r t e d  i n t o  l - m m  s i z e  groups 
(1.6-2.5, 2.6-3.5, 3.6-4.5 rrmi) and h e l d  -in separate  d ishes on n o r ~ l a b e l  l e d  
food. P r i o r  t o  f eed ing  on l a b e l l e d  food t h e  animals were t r a n s f e r r e d  by  
p i p e t t e  i n t o  a  l a r g e  pan o f  f i l t e r e d  water .  A second t r a n s f e r  i n t o  t h e  
f eed ing  d i s h  e l  im ina ted  extraneous u n l a b e l l e d  food. A t  0.5 o r  1.0 h  t ime  
i n t e r v a l s  groups o f  f i v e  t o  t e n  o f  t h e  animals were removed f r om t h e  
l a b e l  l e d  food and d r i e d .  A1 t e r n a t i v e l y  , p r e s o r t i n g  was e l  im ina ted  and 
nymphs were randomly d i s t r i b u t e d  i n t o  t h r e e  t o  s i x  d ishes t o  be ma in ta ined  
on n o n l a b e l l e d  food. These animals were a l s o  t r a n s f e r r e d  t o  f eed ing  d ishes 
w i t h  l a b e l l e d  food. A t  s p e c i f i e d  t imes a f t e r  t h e i r  i n t r o d u c t i o n  a l l  
animals f rom a  c e r t a i n  d i s h  were removed and k i l l e d  i n  C02-saturated wate r  
( t h i s  prevented d i s t o r t i o n  i n  body l e n g t h  due t o  c o n t r a c t i o n  o f  t h e  abdom- 
i n a l  segments and l o s s  o f  food by r e g u r g i t a t i o n  o r  de feca t i on ) .  Dead 
animals were then s o r t e d  i n t o  s i z e  groups. 

I n  Simul ium exper iments,  animals were washed o r  brushed o f f  rocks,  
g lass  s l i d e s ,  o r  p l e x i g l a s s  sheets f r om  Rat t lesnake  Spr ings i n t o  a  porce- 
l a i n  pan. Cheumatopsyche l a r v a e  were c o l l e c t e d  i n d i v i d u a l l y  w i t h  fo rceps  
f rom rocks i n  S n i v e l y  Creek. Simul ium l a r v a e  were re tu rned  t o  t h e  l abo ra -  
t o r y  w i t h i n  approx imat ley  0.5 h  o f  c o l l  e c t i o n ;  Cheumatopsyche were re tu rned  
w i t h i n  about 1.0 h. Larvae were c o l f e e t e d  a t  a  co rne r  o f  t h e  pan and were 
t r a n s f e r r e d  t o  s u b s t r a t a  ( g l ass  s l i d e s ,  g rave l ,  l a r g e  s tones)  i n  t h e  
va r i ous  f eed ing  chambers w i t h  a  so f t -b rush .  Exper imental  temperatures 
were never more than 5°C g r e a t e r  than n a t u r a l  stream temperature (see 
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3 and 4) on t h e  day o f  each Simul ium o r  Cheumatopsyche exper iment  
i n  Simul i um exper iment 1 i n m x p e r i m e n t a l  temperatures were 
When Simul ium was f e d  i n  t h e  p l e x i g l a s s  stream channel, t h e  l a r v a e  

s t r i b u t e d  even ly  over t h e  m idd le  two o f  t h e  f o u r  smooth-surfaced 
rocks,  which were then  submerged s l o w l y  i n  f i l t e r e d  wate r  -in t h e  e x p e r i -  
mental  channel so t h a t  t h e  l a r v a e  remained at tached.  The pump was s t a r t e d  
and c u r r e n t  speeds s l o w l y  were inc reased  t o  t h e i r  maximum l e v e l ,  which 
p rov i ded  a range o f  speeds f rom 25-65 cmlsec tn t h e  channel .  Animals seemed 
t o  f i n d  a s u i t a b l e  l o c a t i o n  q u i c k l y  and were even ly  spaced on t h e  t o p  and 
s i d e  sur faces  o f  rocks.  

I n t r o d u c t i o n  o f  Labe l l ed  Food 

Animals f o r  a l l  exper iments were acc l imated  f o r  t imes f i t t i n g  t h e i r  
behav io ra l  requirements and then  l a b e l  l e d  f o o d  was added. The f ood  o f  
T r i  corythodes 'was p a r t i  
algae, o r  pe r i phy ton  a t  
~heumatopsyche~ was a f i  
b a c t e r i a .  o r  sus~ended  

c u l a t e  d e t r i t u s  (ground watercress ) , b l  ue-green 
itached t o  s l i d e s .  Food o f  Simul ium and 
ne u n i c e l l u l a r  suspension o f  m a t e r i a l s  (d ia toms,  
p a r t i c u l a t e  wa te rc ress )  i n  t h e  f i  1 t r a t i o n  expe r i -  

ments and a t tached  p e r i  phyton i n  t h e  g raz i ng  exper iments.  A t  i n t e r v a l s  
d u r i n g  t h e  f eed ing  of Simul ium and Cheumatopsyche on l a b e l l e d  food, 5 o r  

P 10-ml samples of t h e  suspension were f i l t e r e d  on pre-weighed 13-rr~m 0.45 pm 
f i l t e r s  t o  o b t a i n  t h e  pg131 and t h e  a c t i v i t y  o f  t h e  food i n  pglcpm. The 
and S1~ r - l  abel  l e d  food source was pre-washed thorough ly  i n  d i s t i  11 ed wate r  and 
resuspended i n  f i l t e r e d  creek water .  Th is  suspension was d i l u t e d  t o  100 m l  
i n  a vo l ume t r i c  f l a s k .  P r i o r  t o  i n t r o d u c t i o n  i n t o  t h e  feed ing  chamber 
t h r e e  1-ml samples of t h i s  suspension were f i l t e r e d  o n t o  a 13-mm membrane 
f i l t e r  (Gelman AN-450 Acropor) .  The f i l t e r s  were d r i e d  a t  55°C f o r  a t  
l e a s t  1.0 h and then exposed t o  t h e  a i r  f o r  e x a c t l y  10  min t o  . e s u i l  i b r a t e ,  
a f t e r  which t ime  t h e  weights  o f  t h e  f i l t e r s  were s t a b l e  and were reproduc- 
i b l e  i f  r e d r i e d  and weighed. The r a d i o a c t i v e l y  tagged m a t e r i a l  was f i l -  
t e r e d  i n  a 10-ml p l a s t i c  sy r i nge  w i t h  a Swinnex f i l t e r  ho l de r  ( M i l l i p o r e  
Corp). One d rop  o f  0.2% Tr i ton-X-100 s o l u t i o n  (Beckman Co. ) was added t o  
t h e  f i l t e r  t o  reduce t h e  sur face t ens ion  o f  wa te r  (see S t r i c k l a n d  and 
Parsons 1968) and speed up t h e  f i l t r a t i o n .  Tapping t h e  f i l t e r  h o l d e r  t o  
f r e e  t rapped  bubbles a l s o  was r e q u i r e d  t o  i n i t i a t e  even f i l t r a t i o n .  
F i l t e r s  were weighed t o  t h e  neares t  pg  on a Cahn M-10 e l ec t r oba lance .  Two 
Coleman gaso l i ne  l a n t e r n  mant les  ( a  source o f  a lpha p a r t i c l e s )  were p laced  
i n  t h e  we igh ing  compartment t o  reduce e l e c t r o s t a t i c  a t t r a c t i o n  (see Eaton 
and L ikens  1969). I n  a d d i t i o n  t o  sampl ing f o o d  f o r  r a d i o a c t i v i t y ,  t h e  
p a r t i c l e  s i z e  and c e l l  counts were determined on food suspensions i n  
Simul ium exper iments 2-5. Because diatoms were added i n  f i l t r a t i o n  e x p e r i -  
ments as f i n e l y  d ispersed  clumps and because t h e  c i r c u l a t i o n  of t h e  food 
was expected t o  reduce t he  s i z e  o f  food p a r t i c l e s ,  t h e  food  suspension was 
examined d u r i n g  feeding.  The s i z e  o f  food i n  suspension i n  l a b o r a t o r y  



exper iments was examined by p e r i o d i c a l l y  f i l t e r i n g  1-ml p o r t i o n s  on a 25-rnm 
0.45-pm membrane f i  1 t e r .  A f t e r  b r i e f  c i r c u l a t i o n  a1 1 m a t e r i a l  was 
p resen t  as s i n g l e  c e l l s .  For  Simul ium exper iments 2  th rough  5, c e l l  
counts  on membrane f i l t e r s  were made so t h a t  t h e  number of c e l l s  p e r  m l  
cou ld  be ca l cu l a ted .  I f  t h e  entrapment of diatoms on mesh f unne l s  i n  t h e  
g lass  c y l i n d e r  i s  ignored,  then  t he  average we igh t  o f  c e l l s  can be e s t i -  
mated knowing pg/ml and c e l l  s/ml . I n  Simul i um exper iments 2  through 5, 
Achnanthes and Synedra were v i r t u a l l y  the  o n l y  spec ies p resen t .  F o r t y  
f i e l d s  were counted on h i g h  power (430X). A f i e l d  cons i s t ed  o f  a  
(1 30 pm)2 g r i d  i n  t h e  c e n t e r  o f  t h e  v iewing area. The s m a l l e s t  squares 
w i t h i n  t h e  g r i d  were 676 pm2. Each c e l l  was counted as one and any clumps 
o r  c o l o n i e s  occupying h a l f  t h e  a rea  o f  t h e  sma l l es t  square were counted as 
one; two sma l l  p ieces  of deb r i s ,  each occupying one- four th  t h e  area o f  t h e  
sma l l es t  square, were sumned and counted as one; o n l y  c e l l s  which l a y  more 
than  ha1 f way i n t o  t h e  g r i d  were counted as one; on l y  c e l l  f ragments com- 
p r i s i n g  more than h a l f  o f  a  c e l l  were counted as one. F o r t y  random f i e l  ds 
were counted by scanning 20 f i e l  ds h o r i z o n t a l  l y  and 20 f i e l d s  v e r t i c a l  l y  
(Kuznetzov and Romanenko 1964). The d iameter  o f  t h e  membrane f i  1 t e r  h o l d e r  
was 15.7 mm, y i e l d i n g  a f i l t e r  area o f  194.83 mm2. 

The average number of c e l l s  pe r  f i e l d  i n  40 f i e l d s  i n  Simul ium 
exper iment 2  ( 1  m1/700 m l  sampled a t  t = 0 )  equaled 1.40 c e l l s l f i e l d .  
There were 11,528.28 f i e l d s  on t h e  f i l t e r  a t  430x; t h e r e f o r e ,  t h e r e  were 
1.614 x  l o 7  c e l l s / & .  Wi th  a  food concen t ra t i on  o f  26.9 pg/ml t h e  average 
c e l l  weighed 0.00167 p g / c e l l .  The r a t i o  o f  numbers o f  Synedra t o  Achnanthes 
was 0.61. I n  Simul ium exper iment 5  g raz i ng  was measured. To be sure t h a t  
m a t e r i a l  washed o f f  t h e  s l i d e  and suspended i n  t h e  water  would n o t  be a 
s i g n i f i c a n t  supp ly  o f  food f o r  f i l t e r  f e e d i n g  animals,  5-ml p o r t i o n s  were 
f i l t e r e d  a t  t = 50 and 56 min. C e l l s  were counted a t  200x; t he  g r i d  a t  
t h i s  power was (250 pm)2. 

Measurement o f  Rad ioac t i  v i  ty o f  Food, Feces, and Animal Samples 

Sampling Animals and Feces 

A f t e r  a  s p e c i f i e d  t ime  some animals i n  a  f eed ing  exper iment  were 
k i l l e d  and prepared f o r  . i n g e s t i o n  r a t e  a n a l y s i s  w h i l e  o the rs  were t r a n s -  
f e r r e d  a1 i v e  t o  c lean  chambers w i t h  u n l a b e l l e d  food  t o  a l l o w  de feca t i on .  
T r i co r y thodes  nymphs a re  ve r y  pubescent. They became coated w i t h  tagged 
a lgae  and r e q u i r e d  c a r e f u l  b rush ing  t o  remove a l l  a lgae a t tached  t o  t h e i r  
su r faces .  ~ymphs  d i s t r i b u t e d  by s i z e  i n t o  f eed ing  dishes were randomly 
sampled a t  v a r y i n g  t ime i n t e r v a l s  (sample s i z e  was f i v e  t o  t en  an imals)  ; 
when a s e r i e s  o f  d i shes  c o n t a i n i n g  nymphs s o r t e d  w i t h o u t  r e g a r d  t o  s i z e  
were used, consecut ive sampl ing a t  t ime  i n t e r v a l s  o f  a l l  nymphs i n  one 
d i s h  min imized d i s t u rbance  o f  feed ing  beahv io r  t o  remain ing animals.  



When the  g lass  c y l i n d e r  chambers (Simul ium experiments 2-6) were used 
i n  p a r a l l e l ,  animals o f  one chamber were i s o l a t e d  by clamping t h e  i n c u r r e n t  
tygon tube and were k i l l e d  by f i l l i n g  t he  chamber w i t h  COP-water; animals 
o f  t h e  o the r  chamber were removed a l i v e  and a l lowed t o  defecate l a b e l l e d  
food. Animals f rom the  p l a s t i c  t rough cou ld  be sampled a t  r e g u l a r  t ime 
i n t e r v a l s .  However, t h e  normal r o u t i n e  w i t h  Simul ium and Cheumatopsyche 
was t o  remove t h e  g rave l  p l us  animals i n  t h r e e  o f  t h e  f i v e  t rough  sec t i ons  
and k i l l  t he  l a r v a e  i n  C02-water ( o r  30% ethanol  ) and a l l ow  t h e  animals o f  
the  remaining two chambers t o  defecate i n  a  funnel  o r  a  pan. Animals i n  
S i~ i i u l  ium experiments 1-8 and Cheumatopsyche experiments 1-5 were k i  1  l e d  by 
anaes the t i z i ng  them i n  C02-saturated water .  The C02-water e f f e c t i v e l y  
k i l l e d  Cheumatopsyche b u t  excess ive ly  so f tened  t h e  t i s sues  du r i ng  pro longed 
exposure. Larvae f rom Simulium experiments 9-12 were k i l l e d  i n  3 0 h t h a n o l  
which k i l l e d  l a r v a e  w i t h o u t  i nduc ing  l o s s  o f  gu t  contents .  

T r i co ry thodes  nymphs removed f rom feeding chambers were f e d  on non- 
l a b e l l e d  food so they  c o u l d  v o i d  t h e i r  guts.  Non labe l led  food p lus  t h e  
assoc ia ted l a b e l  l e d  feces i n  a  p e t r i  d i s h  a f t e r  de feca t i on  were f i l t e r e d  
on a  5-pm membrane f i  1  t e r  f o r  l a t e r  r a d i o a c t i v e  count ing.  Funnels were 
used f o r  Simul i um and Cheumatopsyche as con ta ine rs  f o r  ma in ta i n i ng  these 
animals du r i ng  de feca t ion .  Feces were e a s i l y  c o l l e c t e d  i n  a  50-ml f l a s k  
by  opening a  va lve  a t  t he  bot tom o f  t h e  funnel and r i n s i n g  o u t  t h e  funnel 
w i t h  d i s t i l l e d  water.  These feces were f i l t e r e d  on a  5-pm membrane f i l t e r  
f o r  l a t e r  r a d i o a c t i v e  count ing.  Funnels were used f o r  Simuliuni and 
Cheumatopsyche as con ta iners  f o r  m a i n t a i n i n g  these animals du r i ng  defeca- 
t i o n .  Feces were e a s i l y  c o l l e c t e d  i n  a  50-1111 f l a s k  by opening a  va l ve  a t  
t h e  bottom o f  t h e  funne l  and r i n s i n g  o u t  t he  f unne l  w i t h  d i s t i l  l e d  water .  
These feces were f i  1  t e r e d  on a  5-llm membrane f i  1  t e r .  

Since Simulium and Cheumatopsyche r e q u i r e  a  f a s t  c u r r e n t  f o r  feeding,  
i t  was n o t  p o s s i b l e  t o  adequately supply  non labe l l ed  food du r i ng  feces 
c o l l e c t i o n .  Fo r tuna te l y  Simulium has a  r e l a t i v e l y  cons tan t  r a t e  o f  defeca- 
t i o n  u n t i l  t he  p o i n t  when i t s  gu t  i s  n e a r l y  two - th i r ds  vo id .  Cheumatopsyche 
a l s o  e l i m i n a t e d  some o f  i t s  gu t  contents  w i t h o u t  i n g e s t i q g  new food as 
evidenced by t h e  l e v e l  o f  r a d i o a c t i v i t y  i n  t h e  funnel  washings (expe r i -  
ments 4  and 5 ) .  C o n t r a r i l y ,  T r i co ry thodes  seemed t o  depend on the  s imu l -  
taneous i n t a k e  o f  food f o r  feces p roduc t ion .  A s imp le r  method used i n  
l a t e r  exper iments t o  recover  Simulium feces was t o  p lace  t he  l a r vae  i n  a  
pan o f  f i l t e r e d  creek water  and c o l l e c t  p e l l e t s  w i t h  a  d isposable p i p e t t e  
a t tached  t o  a  sy r inge .  The p e l l e t s  were f i l t e r e d  on a  preweighed 13-mm 
0.45-pm f i l t e r  so t h a t  the  we igh t  o f  p e l l e t s  cou ld  be r e l a t e d  t o  a c t i v i t y  
w i t h o u t  adnii x t u r e  o f  nonlabel  l e d  components. 

K i l l e d  animals were s o r t e d  accord ing  t o  l - m m  s i z e  c lasses,  p laced  i n  
groups o f  5  t o  10 animals and d r i e d  a t  55°C on h a l f  o f  a  47-mm Whatman 
#40 f i l t e r  paper. The f i l t e r  papers p l u s  animals were s to red  i n  s c i n t i l  l a -  
t i o n  v i a l s ,  which were sealed w i t h  a  screw cap when removed from t h e  oven. 



A f t e r  coo l i ng ,  t h e  animals were removed f rom t h e i r  f i  1 t e r  papers and 
weighed t o  t h e  nea res t  pg. Membrane f i l t e r s  w i t h  tagged food were 
weighed a l s o  so t h a t  t he  we igh t  and t h e  a c t i v i t y  o f  l a b e l  l e d  food ( i n  
pg/cpm) cou ld  be measured. Animal samples were wrapped i n  t h e i r  o r i g i n a l  
f i l t e r  paper (so  t h a t  body f l u i d s  absorbed i n  d r y i n g  were i nc l uded )  and 
were p laced i n  15 mn x 250 mn t e s t  tubes f o r  coun t i ng  o f  t he  5 1 C r  a c t i v i t y  
on a Nuc lear  Chicago gamma r a y  spect rometer .  Samples then  were arranged 
i n  o r d e r  o f  i n c r e a s i n g  gamma counts and o x i d i z e d  s e q u e n t i a l l y  i n  a Packard 
T r i -Carb  Sample Ox id i ze r .  Approx imate ly  1% o f  t h e  counts f rom one burn  
are c a r r i e d  over  t o  t h e  n e x t  sample. Th i s  sample arrangement p reven ts  a 
h i g h  a c t i v i t y  sample from obscur ing a subsequent sample of l ow a c t i v i t y .  
'The 14C02 produced i n  the  combustion was absorbed i n  ethanolamine and t h e  
s o l u t i o n  then was homogeneously mixed i n  a to luene-based s c i n t i l l a t i o n  
cock ta i  1 f o r  coun t ing .  

Percent  E r r o r  i n  Accumulat ion Values Due t o  
S t a t i s t i c a l  Count ing E r r o r s  

The accuracy o f  i n d i v i d u a l  accumulat ion ( i n g e s t i o n  and a s s i m i l a t i o n )  
va lues depends on the  accuracy w i t h  which the  n e t  sample counts a r e  known. 
Because n e t  counts = gross counts  - background counts,  t h e  s tandard dev ia-  
t i o n  o f  t he  n e t  count r a t e  i s  equal t o  t h e  square r o o t  o f  t he  sum o f  t h e  
squares o f  t h e  s tandard d e v i a t i o n s  o f  gross and background count  r a tes .  
The s tandard  d e v i a t i o n  i n  t he  n e t  count r a t e  RS f o r  each sample i s  

/ Rs = (02RStb t (Overman and C la r k  1960) where RStb i s  t he  

observed gross sample count  r a t e  (sample counts  p l u s  background) and Rb i s  
t h e  background count  r a t e .  Since repeated counts observed f rom a 
r a d i o a c t i v e  source f o l l  ow a Poisson d i s t r i b u t i o n ,  t he  s tandard d e v i a t i o n  

t ) l 2  . When of t h e  coun t  r a t e  i s  ( ~ / t ) l / ~  so t h a t  o RS = - 

background count r a t e  i s  l a r g e  i n  corr~parison w i t h  t he  gross count  r a t e  t h e  
f l  uc tua t i ons  observed i n  background counts widen t h e  conf idence 1 i m i  t s  
around t h e  c a l c u l a t e d  n e t  r a t e ,  thus  i n c r e a s i n g  t he  e r r o r  o f  t h e  determi-  
n a t i o n .  I n  o rde r  t o  eva lua te  t h e  r e l i a b i l i t y  o f  accumulat ion values, t he  
e r r o r  a t t r i b u t a b l e  t o  t h e  background must be known. I n  a d d i t i o n ,  t he  
r e1  a t i  ve s tandard  d e v i a t i o n  i s  d i r e c t l y  r e 1  ated t o  gross counts  observed. 
That  i s ,  i f  10,000 counts  a re  observed, t he  s tandard d e v i a t i o n  i s  

= 100 which i s  1% r e l a t i v e  s tandard  d e v i a t i o n  regard less  o f  t h e  
coun t  r a t e .  



The S e l e c t i o n  o f  Sample Ox ida t i on  Methods 

The most d e s i r a b l e  method o f  1 4 C  coun t i ng  r e q u i r e s  combustion o f  
samples t o  14C02 and coun t ing  i n  a homogeneous s o l u t i o n  w i t h  as few chemical 
a d d i t i v e s  as poss ib le .  Many methods o f  o x i d a t i o n  and gas t r app ing  a r e  
a v a i l a b l e  (see Szek ie lda 1967 and Parment ier  and Ten Haaf 1971). Wet and 
d r y  combustion methods are a v a i l a b l e  f o r  o x i d i z i n g  samples. Many a c i d  
m ix tu res  a r e  unable t o  o x i d i z e  c e r t a i n  chemical compounds. Completeness 
o f  combustion o f  o rgan ic  samples gene ra l l y  va r i es  from about 85-100% f o r  a 
wide range o f  a c i d  m ix tu res .  A f t e r  the  combustion t he  14C02 generated 
must be t rapped o r  e l s e  counted d i r e c t l y  i n  a p r o p o r t i o n a l  gas f l ow  counter .  
I f  t h e  t r a p  i s  used, then t ime (up t o  24 h )  may be requ i red  f o r  d i f f u s i o n  
and absorp t ion  o f  t h e  gas by a KOH s o l u t i o n  i n  a w e l l  w i t h i n  a sealed 
vessel .  Dry combustion f l a s k  methods u t i l i z e  a p o t e n t i a l  l y  exp los i ve  pure 
02 atmosphere. The sample, p laced i n  a p l a t i num basket  i s  i g n i t e d  by  
spark o r  i n f r a r e d  hea t  source. Cornbusti on o f t e n  i s  i ncornpl e te .  

I n  a Packard Sample Ox id i ze r  ethanolamine absorbent i s  spread over  a 
b a f f l e  w i t h  a l a r g e  sur face  area so t h a t  d i f f u s i o n  and t r app ing  o f  t h e  C02 
i s  complete. I n  o the r  systems the  gas i s  a c t i v e l y  passed through o r  over  
an absorbent one o r  many t imes t o  achieve complete absorpt ion.  Sorok in  
(1968) bubbled t he  gases o f  combustion through a column f i l l e d  w i t h  g lass 
beads and 0.05 N KOH. A Vigreaux tube was used t o  t he  same e f f e c t  by 
Fuchs and de Vr ies  (1972). Watson and Wi l l i ams (1970) suggested us ing  a 
p e r i s t a l t i c  pump t o  r e c i r c u l a t e  gases through a m ix tu re  o f  ethanolamine: 
e thy lene  g l y c o l  mononiethyl e ther .  The use o f  a 1:2 v /v  m ix tu re  o f  t h i s  
absorbent, as descr ibed  by J e f f a y  and Alvarez (1961 ) ,  i s  t he  most e f f e c t i v e  
i n  t r a p p i n g  the  gas and prov ides coun t ing  e f f i c i e n c i e s  o f  about 86%. A f t e r  
t h e  C02 i s  t rapped i t  may be p r e c i p i t a t e d  as BaC03, f i l t e r e d  and counted 
by Geiger-Muel l e r  coun t ing  as a d r y  s o l  i d .  However, inaccurac ies  developed 
through s e l f - a b s o r p t i o n  make t h i s  method undes i rab le .  S c i n t i l l a t i o n  count-  
i n g  o f  an a l i q u o t  o f  t he  ethanolamine t r a p  prov ides h i gh  e f f i c i e n c y  count-  
i ng and un i fo rm quenching c h a r a c t e r i s t i c s  from sample t o  sample. W i th i n  
a normal range o f  samples s i zes ,  t he  v a r i a b l e  amount o f  ethanolamine- 
carbonate generated has low quenchi ng p r o p e r t i e s .  

The Wet-Combusti on Apparatus 

Design o f  the  wet-combustion apparatus used was adapted f rom t h a t  o f  
Watson and W i  11 iams (1970), 'w i t h  severa l  i~i iprovements (see F ig .  5; r e f e r  
t o  index  l e t t e r s  on f i g u r e  f o r  p a r t  d iscussed) .  The apparatus has been 
s i m p l i f i e d  by e l i m i n a t i o n  o f  one three-way stopcock and t he  NaOH gas- 
washing b o t t l e .  Two hydroqu inone-su l fu r i c  a c i d  gas washing b o t t l e s  (a and 
b; 500 and 250 m l ,  r e s p e c t i v e l y )  were employed t o  improve t h e  e f f i c i e n c y  
o f  gas scrubbing (as suggested by Watson, personal communication). The 
f i r s t  o f  these b o t t l e s  ( a )  has an open-ended gas d i s p e r s i o n  tube i ns tead  







o f  f r i t t e d  g l ass  so t h a t  t h e  smal l  amount o f  c r u s t y  m a t e r i a l  which accumu- 
l a t e s  i n  t h i s  b o t t l e  does n o t  become c logged i n  t he  tube. Most o f  t h e  
i o d i n e  and o t h e r  vapors f r om  t h e  r e a c t i o n  f l a s k  a re  removed i n  t he  f i r s t  
tower b u t  t h e  fumes which t end  t o  c o l l e c t  toward t h e  t o p  o f  t h i s  b o t t l e  
i n d i c a t e  t h a t  a second b o t t l e  i s  r e q u i r e d  f o r  complete gas scrubbing.  A 
coarse p o r o s i t y  f r i t t e d  d i s c  p rov ides  e x c e l l e n t  gas scrubbing.  A 125-1111 
vacuum t r a p  ( c )  f i l l e d  w i t h  concen t ra ted  s u l f u r i c  a c i d  a l s o  has been added 
t o  remove n i t r o g e n  ox i des  (Gorbach and Ehrenberger 1961, see Szekei l d a  
1967), which a r e  h i g h l y  quenching chemicals,  and any water  vapor c a r r i e d  
through t he  system (wate r  vapor t rapped i n  t h e  absorbent cou ld  inc rease  
quenching, and condensat ion i n  t he  system m igh t  t r a p  C02 i n  s o l u t i o n ) .  A 
Sigmamotor p e r i s t a l t i c  pump (d)  was used ( a t  speed 14) t o  c i r c u l a t e  gases. 
The approximate gas c a p a c i t y  o f  t h e  system was 450 m l ,  r e q u i r i n g  2.25 min 
t o  f u l l y  c i r c u l a t e  gases once. T h e o r e t i c a l l y  60-65% o f  t h e  C02 i s  absorbed 
d u r i n g  each passage through t h e  t r a p  (Watson and W i l l i ams  1970), p r o v i d i n g  
93.6% minimum recovery  i n  t h r e e  passes. The A l l i h n  condenser ( e )  was 
p laced  d i r e c t l y  above t h e  50-ml combustion f l a s k  ( f )  t o  e l i m i n a t e  t h e  
c o l l e c t i o n  o f  condensate i n  a s i d e  arm. The system was f l u s h e d  f o r  3 min 
w i t h  h i g h  p u r i t y  n i t r o g e n  be fo re  each burn  t o  e l i m i n a t e  r e s i d u a l  14C02 and 
t o  v o i d  t h e  system o f  atmospher ic C02. Th is  was done so t h a t  ca r r y -ove r  
from sample t o  sample would be low and a l s o  so t h a t  C02 generated f rom a 
burn  cou ld  be analyzed f o r  t o t a l  carbon. 

Ethanolamine was se lec ted  as t r a p p i n g  agent because o f  i t s  h i g h  
capac i t y  t o  absorb C02 (1  m l  w i l l  absorb 8 m i l l i m o l e s  o f  CO,) and i t s  h i g h  
coun t i ng  e f f i c i e n c y  i n  t o 1  uene. I n  t h e  absorbent m i x t u r e  e thy l ene  g l y c o l  
monoethyl e t h e r  (EGMEE) was used i n s t e a d  o f  t h e  monomethyl e t h e r  descr ibed  
by  J e f f a y  and A lva rez  (1961 ) t o  keep t h e  ethanolamine carbonate i n  s o l u t i o n  
Al though t h e  m i x t u r e  ethanolamine: EGMEE i s  q u i t e  l ow  i n  v o l a t i l i t y  
( c f .  J e f f a y  and A1 varez (1961 ) , some e x t r a o r d i n a r i l y  h i g h  t o t a l  carbon 
recove r i es  were a t t r i b u t a b l e  t o  t h e  low b o i l i n g  p o i n t  o f  EGMEE (133-135°C) 
which was c a r r i e d  i n t o  t he  combustion f l a s k  as a vapor. For  t h i s  reason 
an a t tempt  was made t o  employ 2 ml o f  s t r a i g h t  ethanolamine as a t r a p .  
Th is  was d i scon t i nued  due t o  low 1 4 C  r ecove r i es  and an even g r e a t e r  passage 
o f  t h e  vapors i n t o  t h e  combustion f l a s k  than when ethanolami ne was mixed 
w i t h  EGMEE. The gas t r a n s p o r t  r a t e  i n  my combustion system was 200 ml /min, 
whereas t h a t  o f  Watson and Wi l l i ams (1970) was 740 ml/min. T h e i r  r a t e  o f  
gas c i r c u l a t i o n  p robab ly  r e s u l  ted  i n  cons iderab le  v a p o r i z a t i o n  o f  t h e  
absorbent  because i t  appeared t h a t  an acceptab le  l i m i t  was reached i n  t h e  
gas f l o w  r a t e  i n  my apparatus.  A smal l  a c i d  t r a p  (g lass  wool sa tu ra ted  
w i t h  ha1 f - s t r e n g t h  phosphor ic a c i d  (see g, F i  g. 5) e l  i m i  nated t r a n s p o r t  
o f  ethanolamine and b rough t  t o t a l  carbon values down t o  a normal range. 
Eventual  l y  5 m l  o f  t h e  1 :2 absorbent m i x t u r e  was chosen as t he  b e s t  combi- 
na t i on .  I t  i s  u n c e r t a i n  whether EGMEE was removed t o  any e x t e n t  i n  t h i s  
t r a p .  Two-butoxyethanol which has a h i ghe r  b o i l i n g  p o i n t  cou ld  be s u b s t i -  
t u t e d  f o r  EGMEE w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  quenching. 



Operation o f  the  Combustion Apparatus. The samples were weighed on a 
Cahn electrobalance and placed i n  the combustion f l a s k  ( o r  were p ipe t ted  
i n t o  the  f l a s k  i n  the  case o f  l i q u i d  14C standards). L i q u i d  samples con- 
t a i n i n g  14C02 i n  s o l u t i o n  may a lso be a c i d i f i e d  i n  the f l a s k  t o  der ive  the 
14C02 o f  a 25-50 m l  sample. One g o f  s o l i d  reagent ( 3 : l  KI03:K2Cr207) was 
added t o  the f l a s k ,  which was secured t o  the apparatus w i th  a u t i l i t y  
clamp. The j o i n t  a t  the combustion f l a s k  was l u b r i c a t e d  w i t h  syrupy phos- 
phor ic  ac id.  This a c i d  was no t  an i d e a l  l u b r i c a n t  f o r  the ground glass 
stopcock used t o  d e l i v e r  a c i d  t o  the  combustion f l a s k  because f r i c t i o n  
impaired r o t a t i o n ;  a t e f l o n  stopcock should have been employed instead.  
S i l  icone grease, i f  replaced regu lar ly ,  makes a f a i r l y  nonreact ive 1 u b r i -  
cant a t  t h i s  j o i n t  bu t  us ing on ly  t e f l o n  j o i n t s  o r  l u b r i c a t i n g  j o i n t s  near 
the  combustion f l a s k  w i t h  phosphoric ac id  can assure no organic contamina- 
t i o n .  O-r ing j o i n t s  between gas-washing b o t t l e s  requ i red  no l u b r i c a t i o n ;  
3-way stopcocks were l u b r i c a t e d  w i t h  s i l i c o n e  grease; ground j o i n t s  i n  the  
gas-washing b o t t l e s  a l s o  were 1 ubr lcated w i t h  s i l i c o n e  as the ac id  s t rength  
(1 N) was m i l d  i n  the  b o t t l e s .  

I n  order t o  operate the combustion apparatus stopcock h (F ig .  5) i s  
ro ta ted  t o  connect the  gas supply t o  the  combustion system, and stopcock 
i i s  r o t a t e d  t o  the  exhaust p o s i t i ~ n .  The system i s  f lushed w i t h  h igh-  
p u r i t y  water-pumped N2 gas f o r  3 niin before each operat ion or  long enough 
t o  assure a t  l e a s t  one complete f lush ing.  The tygon tub ing running through 
the p e r i s t a l t i c  pump, unconstr ic ted dur ing the  N2 purge, i s  then pinched 
as the pump i s  operated. A t  t h i s  p o i n t  N2 gas enters from the tank and 
gas i s  forced out the  exhaust p o r t  by the  pump. Stopcocks h and i are 
then r o t a t e d  so t h a t  the system i s  c y c l i c  and a check i s  made t o  see 
whether the f l ow  r a t e  through the washing b o t t l e s  i s  maximal. Next stop- 
cock i i s  ro ta ted  t o  the exhaust p o s i t i o n  f o r  25 sec t o  create a vacuum 
s u f f i c i e n t  t o  accomdate the C02 and O2 generated i n  the react ion.  With the 
system again cyc l i ng ,  5 m l  of ac id  reagent ( j )  i s  de l i ve red  t o  the combus- 
t i o n  f lask  and the sample i s  heated w i t h  a micro-bunsen burner f o r  2.5 min, 
a f t e r  which the  s o l u t i o n  tu rns  greenish brown and emits dense wh i te  fumes. 
Combustion i s  complete a t  t h i s  p o i n t  and f u r t h e r  heat ing on ly  releases 
more O2 from the chromate (Van Slyke and Folch 1940). A f t e r  an add i t i ona l  
0 min o f  gas c i r c u l a t i o n ,  stopcock i i s  turned t o  exhaust, stopcock h i s  
opened t o  receive more N2, and the  screw cap s c i n t i l l a t i o n  v i a l  ( k )  con- 
t a i n i n g  the  trapped C0, i s  removed. S i x  m l  of absorbent are used i n  the  
v i a l  as a t rap.  A l iquots  of t h i s  absorbent then a re  used i n  s c i n t i l l a t i o n  
count ing and i n  t o t a l  carbon analys is .  

Counting the  14C A c t i v i t y .  A 1-ml a l i q u o t  o f  the 6-ml t rap  s o l u t i o n  
was added t o  7 m l  o f  EGMEE i n  a s c i n t i l l a t i o n  v i a l .  This was fo l lowed by 
10 m l  o f  a toluene-PPO-M2POPOP s o l u t i o n  ( 5  g/R PPO; 0.25 g/!L M, POPOP) and 
count ing f o r  1 4 C  a c t i v i t y  i n  a s c i n t i l l a t i o n  counter. Sample counts were 
m u l t i p l i e d  by 6 t o  obta in  the  t o t a l  sample a c t i v i t y .  Another a l i q u o t  was 
analyzed f o r  t o t a l  carbon by methods described below. A f t e r  each combus- 
t i o n  methanol was used t o  c lean the f r i t t e d  gas d ispers ion  tube ( R ,  Fig.  5)  
en te r ing  the s c i n t i l l a t i o n  v i a l  t rap .  Watson and Wil l iams (1970) washed 
t h i s  tube down w i t h  1.5 m l  EGMEE and added the r i n s i n g s  t o  the s c i n t i l l a t i o n  



v i a l  b u t  personal exper ience makes i t  doubt fu l  whether a l l  t h e  t r a p p i n g  
s o l u t i o n  c o u l d  e a s i l y  be r i n s e d  f rom t h e  f r i t t e d  d isperson d i s c .  Count ing 
an a l i q u o t  o f  t h e  t o t a l  m i x t u r e  obv ia tes  t h i s  task.  14C samples were 
counted f o r  a p r e s e t  t ime  o f  5 min. Gross sample count  r a t e s  were n e a r l y  
always a t  l e a s t  f i v e  t imes the  average background count  r a t e  o f  approx imate ly  
32 cpm. 

Measurements of  T o t a l  Carbon. To ta l  carbon was measured by removing 
1 m l  o f  t h e  absorbent  m i x tu re  w i t h  a 1-ml sy r inge ,  t r a n s f e r r i n g  t h i s  t o  a 
50-ml Erlenmeyer f l a s k  w i t h  minimal exposure t o  a i r ,  and adding 5 ml o f  a 
0.2 N BaC12 s o l u t i o n .  (The BaC12 s o l u t i o n  was prepared us ing  C02- f ree 
d i s t i l l e d  water  (American P l ~ b l  i c  Hea l th  Assoc ia t i on  1971). It was neces- 
sary  t o  hea t  t he  f l a s k  and contents  f o r  5 min i n  a h o t  water  ba th  ( B a l i c a  
and Savu 1966) t o  i n i t i a t e  p r e c i p i t a t i o n  o f  BaC03. The stoppered f l a s k s  
were immediate ly  p laced  i n  a r e f r i g e r a t o r ;  0.5 h was a l lowed f o r  complete 
p r e c i p i t a t i o n .  The s o l u b i l i t y  of BaC03 was lowered b y  c o o l i n g  and a l so  by 
t h e  excess o f  BaC1, added i n  t h e  p r e c i p i t a t i o n  process. The p r e c i p i t a t e  
was then f i 1 t e r e d  on to  preweighed 13-mm 0.45 pm f i 1 t e r s  . Prec i  p i  t a t e  
remain ing i n  t h e  f l a s k  was r i n s e d  O I J ~  w i t h  5 m l  o f  0.2 N BaC12, which a l s o  
was f i l t e r e d .  The f i l t e r s  were d r i e d  a t  55°C f o r  24 h, exposed t o  t h e  a i r  
10 min and then  weighed on a Cahn e lec t roba lance .  The t o t a l  carbon was 
c a l c u l a t e d  f rom the  we igh t  o f  BaC03 (mg C = 0.06086 x nig BaC03). The 
f i l t e r  pore s i z e  was chosen w i t h  the  knowledge t h a t  BaC03 p a r t i c l e s  may be 
as smal l  as 1 pm (Wood 1970). Two drops o f  0.2% Tr i ton-X-100 n e u t r a l  
de te rgen t  were added t o  each f l a s k  t o  reduce t h e  tendency f o r  p r e c i p i t a t e  
t o  c l  imb t h e  w a l l  s ( S t r i c k l a n d  and Parsons 1968). Several a1 t e r n a t i  ve 
methods o f  measuring t o t a l  carbon were abandoned. The complexometric 
method o f  B a l i c a  and Savu (1966) was found t o  be adequate b u t  t oo  t ime-  
consuming and e labora te .  Th is  method r e q u i r e d  t he  p r e c i p i t a t i o n  o f  t h e  
carbonate o f  ethanolamine as BaC03, f o l l o w e d  by t h e  a d d i t i o n  o f  a Mg-EDTA 
s o l u t i o n  t o  t he  p r e c i p i t a t e .  Barium has a g r e a t e r  a f f i n i t y  f o r  EDTA than 
magnesium and so b inds w i t h  EDTA, r e l e a s i n g  Mg, which i s  then t i t r a t e d  
w i t h  EDTA us ing  er iochrome Black T as an i n d i c a t o r .  The t i t r a t i o n  o f  
excess ethanolamine i n  the  t r a p  s o l u t i o n  w i t h  HC1 was n o t  poss ib l e  as a 
method o f  measuring t o t a l  C02 because t h e  BaC03 p r e c i ~ i t a t e  began t o  
dissol 've as t h e  e r d  p o i n t  was approaehed (below pH 5 ) .  Using a KOH t r a p  
was a p o s s i b l e  a1 t e r n a t i v e  because t h e  t i t r a t i o n  o f  excess KOH i s  s imple.  
However, t h e  water  vapor f rom t h i s  t r a p  was r e a d i l y  c a r r i e d  through t h e  
system du r i ng  gas bubb l ing .  Also, 1 4 C  coun t i ng  e f f i c i e n c i e s  i n  an aqueous 
s c i n t i l l a t i o n  medium are  n o t  so h i gh  as i n  a to luene  medium. 

S tanda rd i za t i on  o f  Combustion. S tanda rd i za t i on  o f  t h e  combustion 
apparatus was made us ing  Na palmi t a t e - I  4C and ' 4C-hexadecane. Samples o f  
25 o r  50 p1 o f  t he  r a d i o a c t i v e  standards were combusted i n  t h e  apparatus 
w i t h  s tandard  Van Slyke wet-combustion reagents  (Van S lyke  and Fulch 1940, 



Van Slyke, P laz in ,  and Weis iger  1951). The percentage o f  l 4 C  us ing  t h e  Na 
pa l  mi t a t e  s tandard general  l y  v a r i e d  between 88 and 90%. The 14c-hexadecane 
was an unsu i t ab le  s tandard as i t  vapor ized t o  a l a r g e  e x t e n t  w h i l e  the  a c i d  
was heated. It was necessary t o  absorb each s tandard i n  a f i l t e r  paper 
square t o  p reven t  t h e  sample f rom c l i m b i n g  t he  w a l l s  o f  t he  f l a s k  and 
escaping combustion. Ten-mg samples o f  anhydrous dex t rose  a l s o  were burned 
and t h e  t o t a l  carbon recovered i n  t h e  t r a p  was analyzed g r a v i m e t r i c a l l y  as 
BaC03 p r e c i p i t a t e .  The weight  o f  carbon i n  dex t rose  equals 40.0% o f  t h e  
t o t a l  sample weight.  Watson and Wi l l i ams (1970) m o d i f i e d  Van S l y k e ' s  s o l i d  
reagent  m ix tu res  f r om 2 : l  t o  5 : l  KI03:K2Cr207. Th is  m i x t u r e  was found 
undes i rab le  f o r  most b i o l o g i c a l  samples i n  my research as i t  tended t o  
r e l ease  l a r g e  q u a n t i t i e s  o f  I2 vapors. The a c i d  m i x t u r e  (fuming s u l f u r i c :  
phosphoric ac i d )  c o u l d  n o t  be heated s u f f i c i e n t l y  f o r  complete o x i d a t i o n  
before t he  e v o l u t i o n  o f  I, commenced. A 2 : l  m i x tu re  o f  s o l i d  reagents  
decreased t h e  p roduc t i on  of 12. I o d i c  a c i d  i s  presumed t o  inc rease  t h e  
y i e l d  o f  C02 by t he  convers ion of smal l  amounts o f  CO t o  C02. Excess 
dichromate i s  necessary t o  keep t h e  i o d i n e  i n  i t s  o x i d i z e d  form ( I 0 3 ) .  
F i ve  m l  o f  t he  2 : l  fuming su1fur ic :phosphor ic  a c i d  m ix tu re  i s  s u f f i c i e n t  
t o  combust samples w i t h  up t o  15 mg C. One g o f  s o l i d  reagent  i s  added t o  
samples w i t h  7-15 mg C. A sma l l e r  amount o f  s o l i d  reagent  i s  used f o r  
samples w i t h  l e s s  than 7 mg C because o f  t h e  l a r g e  amount o f  O2 generated 
from t h e  unreacted chromate. 

Add i t i ons  and Improvements. To improve 1%02 recover ies  i t  i s  recom- 
mended t h a t  a t  l e a s t  6 m l  o f  C02 absorbent m i x tu re  be used i n  t h e  t r a p .  T3 
i nsu re  aga ins t  leaks  f rom ground j o i n t s  sealed w i t h  syrupy phosphoric 
ac id ,  a smal l  amount o f  P2O5 and Cr03 can be added t o  t he  phosphoric a c i d  
t o  c rea te  a h i gh  pressure seal  (Buchanan and Nakao 1952). A f u r t h e r  reduc- 
t i o n  i n  t he  volume o f  t h e  combustion system would decrease gas c i r c u l a t i o n  
t imes r e q u i r e d  f o r  complete recovery.  Improved e f f i c i e n c y  o f  ope ra t i on  
and recovery was achieved a t  ISU by remode l l i ng  t h e  combustion apparatus 
t e s t e d  a t  Rat t lesnake Springs. A 125-ml vacuum t r a p  w i t h  open ended 
d i spe rs i on  tube and a 250-ml gas-washing b o t t l e  w i t h  a coarse f r i t t e d  
d i spe rs i on  d i s c  were s u b s t i t u t e d  f o r  the  500- and 250-ml gas-washing 
b o t t l e s ,  r e s p e c t i v e l y .  A 300-mm s t r a i g h t  tube condenser (15 m l )  was 
s u b s t i t u t e d  f o r  t he  300-mn A l l i h n  condenser t o  reduce t h e  system volume, 
because very  1 i t t l e  water  t o  be r e t a i n e d  i s  p resen t  d u r i n g  d i g e s t i o n  and 
much o f  t h e  condensate e v e n t u a l l y  i s  c a r r i e d  i n t o  gas-washing b o t t l e s  
anyway. Ch lo r i de  i n  samples i s  conver ted t o  chromyl c h l o r i d e  (Cr03C17), 
which depos i ts  on t h e  condenser b u t  then decomposes r e l e a s i n g  C12 
( A l l i s o n  1960). S u b s t i t u t i o n  o f  b u t y l  c e l l o s o l v e  ( h i g h e r  b.p.) f o r  e t h y l  
c e l l o s o l v e  (EGMEE) i n  the  C02 t r a p  m ix tu re  c o u l d  reduce t h e  s l i g h t  i n t e r -  
ference o f  v o l a t i l e  o rgan ics  i n  measuring t o t a l  carbon. A gas-washing 
b o t t l e  c o n t a i n i n g  4% KMn04 i n  2 N H2SO4 cou ld  be s u b s t i t u t e d  f o r  t he  
second hydroqu inone-su l fu r i c  a c i d  tower t o  remove SO2 gases evolved d u r i n g  
combustion (Fuchs and de V r i es  1972). A f t e r  combustion o f  a sample t h e  
a c i d  res i due  i n  t he  combustion f l a s k  c o u l d  be r i n s e d  i n t o  a 50-ml vo lu -  
m e t r i c  f l a s k  and d i l u t e d  t o  50 ntl. A 5-ml sample cou ld  then be n e u t r a l i z e d  
i n  a m ic ro -K je ldah l  apparatus so t h a t  NH3 cou ld  be steam d i s t i l l e d  and 



analyzed. I n  t h i s  way t h e  C/N r a t i o  o f  a sample cou ld  be determined and 
t h e  approximate p r o t e i n  con ten t  o f  t h e  sample analyzed. A more r a p i d  
de te rm ina t i on  o f  t o t a l  carbon than BaC03 p r e c i p i t a t i o n  would be t o  r e l e a s e  
t h e  C02 f r om ethanolamine i n t o  a gas chromatograph (see method o f  
Oppenheimer, Corcoran and Van Arman 1963, see Szek ie lda 1967). An a1 t e r -  
n a t i v e  method which promises . t o  be f a s t  and p r e c i s e  r e q u i r e s  t i t r a t i o n  of 
C02 captured i n  ethanolamine us ing  0.15 N sodium methanolate i n  methanol 
w i t h  a t 'hymolphatha le in  i n d i c a t o r  (Vander Laarse and Van Leuven 1966). 



Methods f o r  C a l c u l a t i n g  the  Energy Budget 

The u l t i m a t e  goal i n  energy budget ana l ys i s  i s  t o  be ab le  t o  account 
f o r  t h e  t o t a l  apport ionment o f  t he  energy o f  i n g e s t i o n  i n t o  t h e  pr imary 
components : produc t ion ,  r e s p i r a t i o n ,  and feces. The purpose o f  t he  
feed ing  experiments was t o  supply  t h e  animal w i t h  foods o f  a  t ype  and 
q u a l i t y  s i m i l a r  t o  those a v a i l a b l e  n a t u r a l l y  so t h a t  t h e  i n g e s t i o n  r a t e s  
and a s s i m i l a t i o n  e f f i c i e n c i e s  on these foods cou ld  be determined. Assimi l a -  
t i o n  e f f i c i e n c i e s  on s i n g l e  species c u l t u r e s  may p rov ide  i n s i g h t  i n t o  t he  
eco log i ca l  importance o f  h e a l t h y  o r  scenescent p l a n t s  i n  animal n u t r i t i o n  
b u t  a re  n o t  i n d i c a t i v e  o f  t h e  a s s i m i l a t i o n  o f  t h e  n a t u r a l  m ix tu res  o f  
a lgae and d e t r i t u s .  The a s s i m i l a t i o n  o f  o rgan ic  ma t te r  f rom a  ~ i i i x e d  
c u l t u r e  may be d i f f e r e n t  f rom the  sum o f  t h e  a s s i m i l a t i o n  o f  each species 
i n d i v i d u a l l y  , and t h e  t a s k  o f  summing these ass imi  1  a ted components from 
da ta  on t h e  r e l a t i v e  abundance o f  each food type  ingested and a s s i m i l a t i o n  
e f f i c i e n c y  o f  each i s  t oo  complex. Grav imet r i c  analvses a re  e s p e c i a l l y  
s u i t e d  t o  deal  w i t h  t h i s  problem because a  food m i x t u r e  can be used 
d i r e c t l y  from the  n a t u r a l  h a b i t a t .  However, i t  i s  f e l t  t h a t  the  d i s -  
advantages o f  t he  g r a v i m e t r i c  method outweigh any advantages and t h a t  t he  
r a d i  o t r a c e r  methods a re  f a r  more s e n s i t i v e .  

When r a d i o t r a c e r  methods a re  used t o  determine i n g e s t i o n  r a t e  ( o r  
assimi l a t i o n  e f f i c i e n c y ) ,  t he  d i g e s t i o n  t ime must f i r s t  be ascer ta ined .  
Th is  i s  e s p e c i a l l y  t r u e  when 14c - l abe l l ed  food i s  used t o  determine inges-  
t i o n  r a t e  s ince  even a f t e r  t h e  g u t  i s  f i l l e d  t he  body a c t i v i t y  cont inues t o  
inc rease  due t o  a s s i m i l a t i o n .  Th is  con t i nua l  absorp t ion  a l s o  i s  a  problem 
w i t h  so -ca l l ed  nonabsorbed i so topes  such as 5 1 C r  and 144Ce. ~ s s i n i i l a t i  on, 
determined r a d i o m e t r i c a l l y  f o r  a l l  i n s t a r s  o r  s i z e  c lasses on a  n a t u r a l  
food source and i n t e g r a t e d  f o r  the  t o t a l  l i f e  cyc le ,  should equal ass im i l a -  
t i o n  determined as t he  sum o f  p roduc t ion  and r e s p i r a t i o n  d u r i n g  t he  l i f e  
cyc le .  Product ion of exuv iae o f t e n  i s  d isregarded i n  the  energy budget b u t  
can account f o r  a  s u b s t a n t i a l  energy l oss .  Th is  component has been measured 
i n  t he  energy budget f o r  T r i co ry thodes ,  which has 18-22 mo l ts  a t  r e g u l a r  
i nterva  1  s  du r i ng  t he  1 i f e  c y c l e  (R.  L. Newel 1  , personal communi c a t i  on) .  
Excre to ry  energy losses,  though poss ib l y  s u b s t a n t i a l ,  were n o t  measured i n  
t h  i s  research. 

D iges t i on  Time 

D iges t i on  t ime i s  t he  f i r s t  ene rge t i c  v a r i a b l e  which must be i d e n t i -  
f i e d  be fo re  an energy budget can be computed. D iges t i on  t ime ( g u t  re ten-  
t i o n  t ime)  i s  t h e  t ime r e q u i r e d  f o r  a  p a r t i c l e  o f  food t o  pass completel \ !  
through t he  gu t .  D iges t i on  t ime equals g u t - f i l l i n g  t ime  fo r  con t inuous ly  
feed ing  animals b u t  may be cons iderab ly  longer  than g u t - f i l  1  i n g  t ime w i t h  
animals which feed p e r i o d i c a l l y  ( e s p e c i a l l y  ca rn i vo res )  o r  a re  suddenly 
exposed t o  excess food. D iges t i on  t ime depends on food type ,  season, 



temperature,  and va r i ous  o t h e r  phys i ca l  and chemical  f a c t o r s ,  as w e l l  as 
n u t r i t i o n a l  s t a t e  and s i z e  o f  t h e  animal.  I t  i s  under a  d e f i n i t e  s e t  o f  
such v a r i a b l e s  t h a t  a  d i g e s t i o n  t ime  i s  s p e c i f i e d  f o r  an animal.  

One method o f  d i g e s t i o n  t ime  a n a l y s i s  was suggested by  Sorok in  (1968). 
T h i s  r e q u i r e s  pu l se  f eed ing  an animal on a  l a b e l l e d  food  source and n o t i n g  
t h e  l e n g t h  o f  t i m e  r e q u i r e d  f o r  r a d i o a c t i v e  food  t o  appear i n  t h e  feces. 
S i m i l a r l y  an i n e r t  marker (e.g. N i g r o s i n  B, powdered cha rcoa l )  may be used 
(Lad le  e t  a l .  1972, Cummins e t  a l .  1973a). I n  t h i s  research  powdered 
charcoal  was used success fu l  l y  as a  marker  on S i m u l i  um and Tr i co ry thodes .  
A  3-min pu lse  f eed ing  o f  S~imul ium l a r v a e  i n  s i t u  w i t h  18-1 suspension o f  
charcoal  (approx. 50 g) w m t o  e s t a b l i s h  a  s o l i d  b l ack  p l u g  i n  t h e  
g u t  which was e a s i l y  seen a f t e r  t h e  animal was dehydrated and c l e a r e d  i n  a  
s e r i e s  o f  a l c o h o l  ba ths  (24 h  each i n  ba ths  o f  30, 50, 70, 85, 95, 100% 
e thano l  and f i n a l l y  100% beechwood c reoso te ) .  A f t e r  3-min o f  f eed ing  on 
t h e  charcoal  suspension an imals  were sampled a t  5-niin i n t e r v a l s  , u n t i  1  
35 min had elapsed, f r om  rocks  downstream f rom t h e  p o i n t  o f  carbon i n t r o -  
duc t ion .  The average percentage o f  t o t a l  body l e n g t h  t r a v e l l e d  was de te r -  
mined f o r  a t  l e a s t  10 animals sampled a t  each 5-min per iod .  The d i s t a n c e  
f rom the  base o f  t h e  cepha l i c  fans t o  t h e  a n t e r i o r  edge o f  t h e  carbon p l u g  
i n  the  g u t  was measured us ing  an o c u l a r  micrometer.  Th i s  d i s t ance  d i v i d e d  
by t h e  t o t a l  body l e n g t h  ( f r o m  base o f  cepha l i c  fans t o  anus) corresponds 
t o  t h e  percen t  o f  t h e  g u t  t r a v e l l e d .  A lso  ( t i m e  a t  each i n t e r v a l  ) + 
( f r a c t i o n  o f  g u t  t r a v e l l e d  i n  t h i s  t ime )  equals  p r o j e c t e d  g u t  c lea rance  
t ime.  The temperature o f  Ra t t lesnake  Spr ings was 15.4"C d u r i n g  t h e  d iges-  
t i o n  t ime  ana l ys i s ,  cor responding r o u g h l y  t o  t h e  exper imenta l  1  abo ra to r y  
stream ter r~peratures ( 1  6-20°C). 

Th i s  method a l s o  was used success fu l  l y  w i t h  T r i co ry thodes .  
T r i co r y thodes  nymphs were ma in ta ined  f o r  24 hours on p a r t i a l l y  decomposed 
Cladophora and d e t r i t u s  a t  exper imenta l  temperatures p r i o r  t o  a n a l y s i s  o f  
d i g e s t i o n  t ime.  The t e x t u r e  o f  t h i s  food was s i m i l a r  t o  t h e  comminuted 
b l  ue-green a lgae used i n  T r i co r y thodes  exper iments 4  and 5. G u t - f i l  l i n g  
t imes were measured a t  12.5, 17.8, and 21°C by t r a n s f e r r i n g  nymphs t o  p e t r i  
d i s h  f i l l e d  w i t h  t h e  C l  adophora-det r i  t u s  m i x t u r e  w i t h  powdered charcoa l  
marker. Animals were sampled and k i l l e d  i n  30% a l coho l  a f t e r  5, 6  t o  7, 
and 10 min o f  f eed ing  on t he  marked food. E n t i r e  gu ts  were d i ssec ted  from 
t h e  body and t h e  f r a c t i o n  o f  t h e  gu t  f i l l e d  by  t h e  marked f o o d  was used t o  
es t ima te  g u t - f i l l  i n g  t ime. 

Animals f e d  on a  r a d i o a c t i v e  food source can be sampled a t  i n t e r v a l s  
w i t h  t h e  p o i n t  where t h e  body a c t i v i t y  l e v e l s  o f f  i n d i c a t i n g  t h e  t i m e  
r e q u i r e d  f o r  g u t - f i l l  i ng .  The t o t a l  body accumulat ion (pg/mg) computed a t  
each h o u r l y  i n t e r v a l  i s  d i v i d e d  by t h e  number o f  hours e lapsed s i n c e  t h e  
i n i t i a t i o n  of feed ing.  I f  t h e  g u t - f i l l i n g  t ime  i s  2.0 h, t h e  pg/mg/h va lues 
computed a t  1.0 and 2.0 h  shou ld  be equal s i n c e  t h e  g u t  i s  be ing  f i l l e d  u n t i l  
t h e  2.0 h  p o i n t .  Therea f te r  t h e  pg/mg va lue  o f  animals sampled inc reases  



more slowly because orlly assimilation of food increases the ac t i v i t y .  
When the body ac t i v i t y  val ues (pg/mg) a f t e r  the g u t  i s  fu l l  are divided by 
the sampling time ( t  = x hours), the val ues begin t o  decrease. Assuming a 
constant r a t e  of ingestion, the time required fo r  gu t - f i l l ing  i s  located 
a t  the point where the pg/mg/h values s t a r t  t o  decrease. If 14C-1 abel led 
food i s  used f o r  t h i s  purpose, then the resu l t s  can be d i f f i cu l t  t o  i n t e r -  
pret  as newly assimilated radioactive materi a1 continues to  increase the 
body ac t iv i ty .  The use of a nonabsorbed isotope such as 51Cr i s  helpful in 
t h i s  respect. A small amount of 51Cr can be expected to  be absorbed by 
the gut or absorbed by the body surface b u t  the leveling off of ac t iv i ty  
should be abrupt a f t e r  the g u t  i s  f i l l e d .  I n  t h i s  study an attempt was 
made to deternli ne digestion time of Tri corythodes fed on I%-1 abel 1 ed 
food. An indication of Simulium and Tricorythodes digestion time was 
gained through feeding of SICr-label led food. 

Ingestion Rate 

Ingestion ra tes  of large aquatic animals such as f i sh  can be estimated 
by force feeding food pel l e t s  over a period of several days. The mainte- 
nance level of food intake i s  t ha t  a t  which the metabolic requirements a re  
met b u t  weight gain i s  zero. More r e l i ab l e  ingestion ra tes  are gathered i f  
natural feeding i s  a1 lowed ra ther  than forced feeding. Natural f e e d i ~ g  
r a t e s  can be determined by various gravimetri c and radiotracer methods. 

A gravimetric method used in the present study to  determine ingestiori 
ra te  was t o  divide the gut f ract ion ( r a t i o  of gut weight t o  to ta l  body 
weight) as ug/mg by the digestion time. The tota l  body lengths of larval 
Simul i um col lected from the Rattlesnake Springs were measured and guts 
were reinoved and placed on tared fo i l  squares. A1 1 excess material ( f a t  
and Malpighian tubules) was stripped away from the  g u t  which was then 
dried (55°C) and weighed. Although i t  was sometimes feasible  t o  remove 
the g u t  wall from the g u t  contents, the additional weight incurred by 
weighing whole guts probably was negligible.  Tared fo i l  squares weighing 
roughly 0.65 mg were suf f ic ien t ly  large to  hold the g u t  contents of the 
largest  Simul ium larva.  The guts of e ight  Tricorythodes nymphs which had 
fed on Cladophora i n  the 1 aboratory were removed and the dry weight of gut, 
contents was determined. The tota l  body length of the nymphs was used tu 
ascertain individual dry weights from a log-log plot  of d ry  weight vs. 
body length (D.  McCul lough and R. L. Newel 1 , unpubl ished da ta ) .  The g u t  
fraction was then calculated f o r  each individual. As an a1 te rna t i  ve to  
d i rec t  gravimetric analyses the tota l  gut volume of various s ize  animals 
:an be measured w i t h  an ocul ar  micrometer (Mecom 1970, Cummins e t  a1 . 
1973a) and i f  average wei ght-to-vol ume ra t ios  f o r  various co~iibinations o f  
detr i  tus:diatom:animal par ts  are used, the weight of gut contents can be 
estimated. 



Rad io t racers  a l s o  were used t o  measure i n g e s t i o n  r a t e .  Animals 
feed ing  on r a d i o a c t i v e  food sources were sampled a t  r e g u l a r  t i m e  i n t e r v a l s .  
I f  a c t i v i t y  o f  t h e  food i n  terms o f  pglcpm i s  known, t h e  amount o f  food 
i nges ted  a t  each t ime  i n t e r v a l  can be c a l c u l a t e d  b y  mu1 t i p l y i n g  t h e  cpm 
(an imal )  x  pg/cpm ( f ood )  (see Sorok in  and Panov 1966, and Sorok in  1968 
f o r  exp lana t ions  o f  t h e  1 4 C  method). 

From t h e  s tandpo in t  o f  t ime  r e q u i r e d  i t  i s  s i m p l e s t  t o  feed  a  
51Cr - l abe l l ed  food  source t o  a  l a r g e  number o f  exper imenta l  an imals  and t o  
sample them r e g u l a r l y  d u r i n g  t h e  f i r s t  12 t o  24 hours o f  feed ing.  Average 
d i g e s t i o n  t imes  and i n g e s t i o n  r a t e s  f o r  l a r g e  numbers o f  animals o f  va r i ous  
s i z e  c lasses can be asce r t a i ned  a t  t h e  same t ime.  

A  t r u e  i n g e s t i o n  r a t e  can o n l y  be determined w i t h  respec t  t o  t h e  
d i g e s t i o n  t ime.  I f  d i g e s t i o n  t i m e  i s  unknown, t he  i n g e s t i o n  r a t e  can be 
determi  ned from an accumul a t i  on r a t e  d e r i  ved f rom a  nonabsorbed i so tope .  
The reason f o r  s t a t i n g  an accumulat ion r a t e  i n  terms o f  p g l m g l l . 5  h  (as i n  
Simul ium exper iment  6) i s  t h a t  i f  t h e  d i g e s t i o n  t ime  i s  0.5 h, t h e  t r u e  
i n g e s t i o n  r a t e  (ug/mg/h) would be two t imes t h i s  5 1 ~ r - d e r i v e d  accumul a t i o n  
r a t e ;  if d i g e s t i o n  t ime i s  3.0 h  then t h e  t r u e  i n g e s t i o n  r a t e  (vg/mg/h) 
i s  0.66 t imes t h i s  accumulat ion r a t e .  I n  t h e  case o f  exper iment  6, how- 
ever ,  adso rp t i on  was p robab ly  t h e  ma jo r  source o f  5 1 C r  accumulat ion and t h e  
g u t  was n o t  be ing  f i l l e d  even though t h e  d i g e s t i o n  t ime  was exceeded. For 
t h i s  reason t h e  accumulat ion r a t e  was s t a t e d  i n  terms o f  t ime  a l l owed  f o r  
accumul a t i  on. 

A s s i m i l a t i o n  and A s s i m i l a t i o n  E f f i c i e n c y  

Prov ided  t h a t  b o t h  t h e  i n g e s t i o n  and de feca t i on  o f  m a t e r i a l  a re  
r a t h e r  cont inuous,  t h e  r a t e  o f  a s s i m i l a t i o n  o f  food m a t e r i a l s  can be 
determined by  s u b t r a c t i n g  t h e  de feca t i on  r a t e  f rom t h e  i n g e s t i o n  r a t e .  
I f  these r a t e s  a r e  measured g r a v i m e t r i c a l l y ,  i t  i s  e s s e n t i a l  t h a t  f e c a l  
p e l l e t s  a re  d i s c r e t e  and can be r e t r i e v e d  f rom food o r  s u b s t r a t e  m a t e r i a l .  
Because o f  t h e  d i f f i c u l t i e s  i n v o l v e d  i n  accura te> ly  e s t i m a t i n g  de feca t i on  
r a t e  t h i s  method was n o t  used. An i n n o v a t i v e  method f o r  feces recovery  
which con t i nuous l y  c o l l e c t s  and preserves f e c a l  p e l l e t s  i s  desc r ibed  b y  
Appel by and B r i n k h u r s t  (1970). 

The amount o f  m a t e r i a l  a s s i m i l a t e d  i n  a  s p e c i f i c  p e r i o d  o f  t ime  can 
a l s o  be c a l c u l a t e d  as t h e  sum o f  m a t e r i a l  added i n  growth and l o s t  i n  
r e s p i r a t i o n  w i t h i n  t h i s  t.inie. Th is  r equ i r es  accura te  g r a v i m e t r i c  a n a l y s i s  
o f  we igh t  ga in  ove r  a  s h o r t  p e r i o d  o f  t i m e  ( ins tan taneous  growth r a t e )  
and resp i r ome t r y .  I n  t h i s  and t h e  p rev ious  method t he  t o t a l  amount 
i nges ted  du r i ng  t h e  t ime  i n t e r v a l  must be determined so t h a t  AE (ass im i -  
l a t i o n  e f f i c i e n c y )  can be determined as A / I .  



Rad io t racer  methods employing a wide v a r i e t  o f  i so topes  a r e  a l s o  
avai  l a b l e  t o  determine ass imi  1  a t i  on e f f i c i e n c y  (r4C--Sorokin 1968; 
32P--Trama 1957; 51Cr--Crossley and Van Hook J r .  1970; 85Sr--Hubbel l  e t  
a l .  1965). Carbon-14 probably  i s  t h e  b e s t  cho ice  o f  an i so tope  because 
o f  t he  u n i v e r s a l  occurrence o f  carbon i n  o rgan ic  compounds which a re  
ass im i l a ted .  I n  general i f  50 animals w i t h  a  d i g e s t i o n  t ime  o f  2.0 h a re  
f e d  on 14C- labe l led  food, 25 a r e  k i l l e d  a f t e r  1.0 h  and analyzed i n  f i v e  
groups o f  f i v e  t o  determine an average i n g e s t i o n  r a t e .  The remaining 25 
animals a re  a1 lowed t o  con t inue  f eed ing  on non labe l t ed  food f o r  an 
a d d i t i o n a l  2.5 h, s u f f i c i e n t  t o  complete ly  e l i m i n a t e  t h e  l a b e l  l e d  food  
from t h e  gu t  b u t  a l s o  s h ~ r t  enough so t h a t  r e s p i r a t o r y  14C02 losses  a re  
smal l .  I f  i t  can be assumed t h a t  r e s p i r a t o r y  losses a re  n e g l i g i b l e ,  t h e  
a c t i v i t y  remain ing i n  t h e  body a f t e r  gu t  c learance w i l l  i n d i c a t e  the  
amount o f  m a t e r i a l  ass im i l a ted .  I f  animals a re  ma in ta ined  i n  a  smal l  
aquar iu~ i i  (pH 8.3) d u r i n g  defecat ion and t he  wate r  i s  sampled and measured 
f o r  14C02 by s c i n t i l l a t i o n  count ing,  a s s i m i l a t i o n  can be co r rec ted  f o r  
t h i s  l o s s  (Sorok in  1968). 

Since t he  a s s i m i l a t i o n  e f f i c i e n c y  o f  t h e  ash minera ls  i n  t he  food  
may n o t  be t h e  same as t h a t  o f  t h e  organic  component, a s s i m i l a t i o n  
s h o ~ ~ l d  be s p e c i f i e d  i n  terms o f  ash-free d r y  we igh t  (AFDW) o r  c a l o r i e s  
i ns tead  o f  s imp l y  d r y  we igh t  of food m a t e r i a l .  I n  c e r t a i n  cases t h e  
r e s u l t s  o f  exper iments i n  t h i s  research a r e  g i ven  s imp ly  i n  terms of d r y  
we igh t  when f u r t h e r  c a l c u l a t i o n s  d i d  n o t  necess i t a te  t he  convers ion t o  
o rgan ic  dry  weight .  The percen t  o rgan ic  m a t t e r  i n  t he  exper imenta l  
foods i s  g i ven  so t h a t  a s s i m i l a t i o n  o f  o rgan ic  d r y  we igh t  can be computed. 

Calow and F le t che r  (1972) r e c e n t l y  i n t r oduced  a new method f o r  
computing a s s i m i l a t i o n  e f f i c i e n c y  us ing dual - l a b e l  l e d  (51Cr, 14C) food. 
Th is  technique i s  a  v a r i a t i o n  o f  t h e  i n d i c a t o r  method and has t h e  added 
advantage t h a t  t h e  o rgan i c  m a t e r i a l  o f  t h e  f ood  i s  l a b e l l e d  w i t h  14C,  
thus d i s t i n g u i s h i n g  unass im i la ted  o rgan ic  m a t e r i a l  i n  t h e  feces from 
organ ic  m a t e r i a l  sec re ted  i n t o  t h e  g u t  (mucus) o r  produced by t h e  gu t  
( p e r i  t r o p h i c  membrane). These organic  a d d i t i o n s  t o  t h e  gu t  contents  
would r e s u l t  i n  an underes t imat ion  o f  a s s i m i l a t i o n  e f f i c i e n c i e s  i n  
g r a v i m e t r i c  analyses. W i  t h  Cal ow and F l e t c h e r ' s  (1972) method, 

A E = l -  cpm51Cr (food)/cpm 14C ( food)  
cpmslCr ( feces)/cpm lYC ( feces] 

Q u a n t i t a t i v e  recovery o f  feces i s  n o t  r equ i red  w i t h  t h e  dua l - l abe l  
method no r  i s  complete g u t  c learance. Th is  i m p l i e s  a d i c t i n c t  advantage 
over  t he  1 4 C  r a d i o t r a c e r  technique i n  ease o f  de te rmina t ion  because 
c o r r e c t i o n s  f o r  l oss  o f  a s s i m i l a t e d  1 4 C  through r e s p i r a t i o n ,  exc re t i on ,  
o r  sec re t i ons  do n o t  need t o  be made. Cor rec t ions  f o r  s o l u b i l i z a t i o n  o f  



'"C and ' l C r  from feces, however, must be made. Four assumptions a re  
i n h e r e n t  i n  t h i s  method (Calow and F le t che r  1972): 

1 )  That 1 4 C  and 5 1 C r  a re  un i formly  d i s t r i b u t e d  throughout  the  food 
ma t e r i  a1 . 

2)  That 14c and 5 1 C r  move a long  t h e  g u t  a t  s i m i l a r  r a t e s .  

3) That 5 1 C r  i s  n o t  absorbed t o  any s i g n i f i c a n t  ex ten t .  

4 )  That t h e  nonabsorbed i n d i c a t o r  i s  a l l  p resen t  i n  t h e  feces 
( i  .e., i s  n o t  r e a d i l y  leached o u t ) .  

These assumptions seem t o  be w e l l  s a t i s f i e d  i n  work performed on s n a i l s  
by those authors .  The e x t e n t  o f  absorp t ion  and l each ing  o f  t h e  51Cr  
from feces should be measured f o r  o t h e r  an imals .  

The dua l - l abe l  method was used f o r  AE de te rmina t ion  i n  t he  t h r e e  
t e s t  species i n  t h i s  research. Leaching o f  t h e  i so topes  f r om food and 
5 1 C r  absorp t ion  was examined, b u t  absorp t ion  o f  5 1 C r  was assumed t o  be 
i n s i g n i f i c a n t  i n  AE c a l c u l a t i o n s .  Leaching o f  5 1 C r  f r om food  i s  cont inuous; 
t h e  a c t i v i t y  d e n s i t y  o f  t h e  f ood  shou ld  be moni tored p e r i o d i c a l l y  and 
losses should n o t  be t o o  severe f o r  accurate i n g e s t i o n  measurements t o  
be made. Losses o f  5 1 C r  f rom feces, though p o s s i b l y  impor tan t  f o r  these 
organisnis, were n o t  measured. 

Conover (1966) descr ibed a  method f o r  measuring a s s i m i l a t i o n  
e f f i c i e n c i e s  which i s  s i m i l a r  t o  Calow and F l e t c h e r ' s  method. I n  
Conover's method t h e  assumption i s  made t h a t  o n l y  t he  o rgan ic  f r a c t i o n  
of t he  food i s  absorbed b y  t h e  animal w h i l e  t he  ash passes through 
unass imi la ted.  Calow and F l e t c h e r  (1972), us i ng  5 1 C r  as an e s s e n t i a l l y  
nonabsorbed substance coul  d  determine t o  what degree absorp t ion  occur red  
and c o r r e c t  f o r  i t .  The assumption t h a t  no  ash (minera l  m a t t e r )  i s  
absorbed i s  c l e a r l y  f a l s e  s i nce  I n  growth t h e  ash component o f  t h e  
animal grows w i t h  the  animal. However, the  r a t e  o f  a d d i t i o n  o f  ash 
should be expected t o  be i n .  p r o p o r t i o n  t o  the r a t e  o f  a s s i m i l a t i o n  o f  
o rgan ic  mat te r .  Turnover o f  t h e  ash component may be r a p i d  though and 
seasonal accumulat ions o r  losses  may occur. 'This cou ld  be examined by  
comparing t he  r a t e  o f  decrease i n  body a c t i v i t y  of animals w i t h  e q u i l i b -  
r i u m  concent ra t ions  o f  1 4 C  VS. a  l a b e l  l e d  m ine ra l  ma te r i a l ,  e.g. , 8 5 ~ r ,  
60Co. The r a t e  o f  a s s i m i l a t i o n  o f  ash can be analyzed by  de te rmin ing  t he  
tu rnover  o f  these isotopes.  Van Hook, J r . ,  and Cross ley (1969) and 
o thers  have shown t h e  a s s i m i l a t i o n  and r e t e n t i o n  o f  d i f f e r e n t  i so topes  
t o  vary  w ide ly .  Conover and Franc is  (1973) r e c e n t l y  cau t ioned  t h a t  
r a d i o t r a c e r  es t imates  o f  i n g e s t i o n  and ass imi  1  a t i o n  r a t e s  c o u l d  be i n  
e r r o r  i f  i n te rmed ia te  poo ls  a t  va r ious  t r o p h i c  l e v e l s  e x i s t  where 
i n i t i a l l y  h i gh  r a t e s  o f  t u rnove r  occur.  



The computations a re  made us ing  t he  f o l l o w i n g  fonnu la :  

where U' i s  t he  a s s i m i l a t i o n  e f f i c i e n c y ,  F '  i s  t he  ash- f ree  d r y  weight :  
d r y  weight  r a t i o  ( f r a c t i o n  o f  o rgan ic  m a t t e r )  i n  t h e  i r rgested food and 
E '  i s  the  same r a t i o  i n  a  r ep resen ta t i ve  sample o f  feces. Q u a n t i t a t i v e  
feces recovery  i s  unnecessary b u t  e r r o r s  may be i nvo l ved  when sec re t i ons  
i n t o  t h e  g u t  are mixed w i t h  feces. Secret ions a re  p r e v i o u s l y  a s s i m i l a t e d  
m a t e r i a l s  which may have been m e t a b o l i c a l l y  a l t e r e d  a t  some cos t  i n  
energy. By o r g a n i c a l l y  e n r i c h i n g  t he  feces, t he  added sec re t i ons  g i v e  a 
decep t i ve l y  low a s s i m i l a t i o n  e f f i c i e n c y  w h i l e  p r o v i d i n g  an increased 
f e c a l  p roduc t ion  r a t e .  However, t h e  p roduc t ion  o f  sec re t i ons  p robab ly  
i s  cont inuous so t h a t  i n  e f f e c t  a  n e t  a s s i m i l a t i o n  i s  measured by t h i s  
method. Radiot racer  exper iments g e n e r a l l y  a re  s h o r t  enough so t h a t  the  
body burden o f  i so tope  i s  low and very  l i t t l e  i s o t o p e  i s  r ecyc led  back 
t o  t h e  gut .  For t h i s  reason i so tope  methods a re  more ap t  t o  measure t r u e  
a s s i m i l  a t i on .  

A s s i m i l a t i o n  e f f i c i e n c i e s  were measured f o r  Simul ium by t he  ash- 
r a t i o  technique o f  Conover. The d r y  and ash weights  o f  food and feces 
samples were measured on f o i l  squares and on 13-mm glass f i b e r  f i l t e r s .  
I n  t he  f o i l  method Simulium l a r vae  (approx. 100-150 l a r vae )  were brushed 
o r  washed o f f  rocks f rom Rat t lesnake Springs and were re tu rned  t o  t he  
l a b o r a t o r y  w i t h i n  3  niin i n  a p o r c e l a i n  pan. Fecal pe l  l e t s  produced 
d u r i n g  t h e  f i r s t  0.5 h  o f  de feca t i on  were c o l l e c t e d  w i t h  a  p i p e t t e ,  
concentrated on b o l t i n g  c l o t h ,  and then  t r a n s f e r r e d  t o  t a r e d  f o i l  squares 
(<  5 mg). The n a t u r a l  seston i n  2 R o f  stream water  was concentrated on 
a 5-pm membrane f i  1 t e r ,  scraped o f f  t h e  f i l t e r ,  and p laced  on f o i l  
squares. Food and feces samples were d r i e d  a t  55°C f o r  24 h and ashed 
a t  500°C f o r  24 h t o  o b t a i n  d r y  and ash weights .  

Percent ash de te rmina t ions  o f  f ood  and feces were 111ade us ing  g lass  
f i b e r  f i l t e r s  decontaminated e i t h e r  by pre-ashing o r  by b o i l i n g  i n  ac id .  
F i l t e r s  ashed a t  500°C f o r  24 h were found t o  l o s e  0.443% (SD = 0.033, 
n  = 12)  o f  t h e i r  d r y  weight. The v a r i a t i o n  between f i l t e r s  i n  percen t  
weight  l o s t  was minor  b u t  a f t e r  reashing,  a d d i t i o n a l  we igh t  losses were 
observed. A lso  pre-ashed f i l t e r s  were very  f r a g i l e  and care was r e q u i r e d  
t o  a v o i d  crumb1 i n g  o f  t h e  f i l t e r .  Fu r t he r  percen t  ash determinat ions 
us ing  g lass  f i l t e r s  were made on f i  1 t e r s  b o i l e d  1.5 h i n  concentrated 
H2S04 t o  e l i m i n a t e  o rgan ic  contaminat ion. These f i  1 t e r s  were then 
soaked 24 h i n  a c i d  and washed seven t imes by drawing 100-ml vo l  umes o f  
d i s t i l l e d  water  through them i n  a  vacuum f i l t r a t i o n  apparatus. F i l t e r s  
were d r i e d  24 h a t  55°C and weighed. I n  g lass  f i l t e r  experiments feces 
were c o l l e c t e d  w i t h  a  f i n e  p i p e t t e  from l a r v a e  de feca t i ng  i n  a  p o r c e l a i n  
pan. Fecal p e l l e t s  were p laced on f i l t e r s  by  e j e c t i n g  them from the  



p i p e t t e  w i t h  a  smal l  amount o f  water.  Excess water  passed through t h e  
f i l t e r  and was c o l l e c t e d  by a  f i l t e r  paper. Na tu ra l  seston was sampled 
by f i l t e r i n g  100-ml volumes o f  stream wate r  c o l l e c t e d  i n  sub-sur face 
f l o w  on pre-ashed o r  a c i d - b o i l e d  f i l t e r s .  F i l t e r s  were d r i e d  24 h  a t  
55"C, coo led  i n  a  des i cca to r ,  weighed and then ashed f o r  24 h  a t  500°C. 
Dry weights  o f  f i l t e r s  were co r rec ted  f o r  losses  due t o  l each ing  and 
ashing. 

A  method o f  AE de te rm ina t i on  developed i n  t h i s  work seems t o  have 
some p o t e n t i a l  when used i n  con junc t i on  w i t h  i n g e s t i o n  r a t e  s t u d i e s .  
Th is  method i s  a p p l i c a b l e  when 14C- labe l led  food  i s  used b u t  i s  more 
va luab le  as a  c ross  check o f  t h e  Calow and F l e t c h e r  (1972) method when 
bo th  5 1 C r  and 1 4 C  a re  used. I f  the  d i g e s t i o n  t ime can be determined 
approx imate ly  from 1  i t e r a t u r e  va l  ues (most d i g e s t i o n  t imes a r e  30 m i  n  
t o  24 h )  o r  d e r i  ved expe r imen ta l l y ,  an economical exper iment i n c o r p o r a t i n g  
t h i s  method would be represented by  t h e  f o l l o w i n g :  D i g e s t i o n  t ime  i s  
es t imated  t o  be 1.0 h. S i x t y  animals a r e  fed on 14C-51Cr- label led food. 
A t  0.25, 0.50, 0.75, 1.00, 2.00, 3.00, 4.00, and 5.00 h  pe r i ods  a f t e r  
f e e d i n g  comnences f i v e  an imals  are c o l l e c t e d .  The s teady i nc rease  i n  
1 4 C  and 5 1 C r  a c t i v i t y  t r aces  t h e  i n g e s t i o n  and l a t e r  a s s i m i l a t i o n  o f  
food. Carbon-14 counts con t inue  t o  inc rease  s l ow l y  a f t e r  1.0 h  due t o  
a s s i m i l a t i o n  o f  1 4 C  o rgan i c  m a t e r i a l ,  w h i l e  5 1 C r  counts l e v e l  o f f  a t  
1.0 h  i n d i c a t i n g  t h a t  1.0 h  was t h e  c o r r e c t  d i g e s t i o n  t ime ( g u t - f i l l i n g  
t ime) .  Feces a re  then  c o l l e c t e d  f rom the  remain ing 20 animals and Calow 
and F l e t c h e r ' s  method i s  used t o  compute a s s i m i l a t i o n  e f f i c i e n c y .  I f  
t h e  feces o f  these animals can be c o l l e c t e d  w i t h o u t  t h e  admixture o f  
u n l a b e l l e d  food,  t he  feces  can be f i l t e r e d  on s t e r i l e  g lass  f i l t e r s  and 
weighed. Prov ided  t h a t  t h e  food was l a b e l l e d  un i f o rm l y ,  t h e  1 4 C  a c t i v i t y  
i n  terms o f  pg/cpm o f  t h e  ash- f ree  f e c a l  m a t e r i a l  should  be t h e  same as 
t h a t  o f  t h e  food o r i g i n a l l y .  However, i f  carbohydrates,  f o r  example, 
were s t r o n g l y  l a b e l l e d  and f a t s  were n o t  l a b e l l e d  w e l l ,  and i f  carbohydrates 
were p r e f e r e n t i a l l y  ass im- i la ted ,  then  a  fa1  s e l y  h i gh  a s s i m i l a t i o n  e f f i c i e n c y  
would be i nd i ca ted .  A c t i v i t y  l e v e l s  o f  1 4 C  and 5 1 C r  can be dep i c t ed  i n  
t h e  f o l l o w i n g  graph (F ig .  6 ) .  I f ,  as i n  t h i s  h y p o t h e t i c a l  exper iment ,  
t h e  d i g e s t i o n  t ime  i s  1.0 h, a s s i m i l a t i o n  e f f i c i e n c y  i s  50%, and i n g e s t i o n  
r a t e  i s  10 pg/mg/h, then d u r i n g  t he  1.0 h  p e r i o d  10 pg o f  food a re  
ingested.  Th is  amount o f  food f i l l s  t h e  gu t ,  as i s  shown by  t h e  l e v e l i n g  
o f  5 1 C r  a c t i v i t y .  A d d i t i o n a l  i n g e s t i o n  i s  balanced by de feca t i on ,  w i t h  
o n l y  smal l  i nc reases  i n  5 1 C r  due t o  s l i g h t  abso rp t i on  o f  51Cr .  A f t e r  
1.0 h  t h e  1 4 C  a c t i v i t y  cont inues t o  i nc rease  due t o  a s s i m i l a t i o n .  A t  an 
a s s i m i l a t i o n  e f f i c i e n c y  o f  50%, 5  pg/mg/h a r e  added t o  t i s s u e  a c t i v i t y .  
A t a l l y  o f  t he  m a t e r i a l  accumulated ( i nges ted  and a s s i m i l a t e d )  i s  t h e  
f o l l o w i n g :  

Time (h )  0.5 1.0 2.0 3.0 4.0 5.0 

Accumulat ion (pglmg) 5  10 15 20 25 30 



TIME (h) 

- 

CUT CLEARANCE 

RETENT I ON 

FIGURE 6. Accumulation and Retention of Labelled Food Measured by 
51Cr and 1 4 C .  Feeding Takes Place for  6 h ,  After Which 
Animal i s  Transferred t o  Nonlabelled Food. Ingestion 
Rate = 10 pg/mg/h; AE = 50%; Gut-loading Time = 1 h .  



I f  t h e  accumulat ion i s  d i v i d e d  by t h e  t ime,  a l l  va lues computed up t o  
t he  t ime  r e q u i r e d  f o r  d i g e s t i o n  (1.0 h )  equal  t h e  i n g e s t i o n  r a t e  (pg/mg/h). 
A l l  o t he r  values w i l l  be c a l l e d  de r i ved  i n g e s t i o n  r a t e  va lues.  

Time ( h )  0.5 1.0 2.0 3.0 4.0 5.0 

I n g e s t i o n  r a t e  (pg/mg/h) 10.0 10.0 7.5 6.66 6.25 6 . 0  

Decreasing va lues a f t e r  1.0 h  a re  caused b y  d i v i d i n g  a  s l o w l y  i n c r e a s i n g  
"+C a c t i v i t y  by an i n c r e a s i n g l y  g rea te r  t ime.  An asymptote i s  reached 
q u i c k l y  f o r  1  arge a s s i m i l a t i o n  e f f i c i e n c i e s  and more s l o w l y  w i t h  smal l  
a s s i m i l a t i o n  e f f i c i e n c i e s .  I n  t h e  p resen t  example t h e  percentage change 
i n  t h i s  d e r i v e d  va lue  between 4.0 h  and 5.0 h  i s  

6.25 - 6.0 = 4.0%. The r a t i o  o f  6 a 0  ~ g / ~ g / ~  = 0.60 
6  .O 10 ug/mg/h 

A graph (F i g .  7) i s  made o f  t h e o r e t i c a l  a s s i m i l a t i o n  e f f i c i e n c i e s  vs. t h e  
r a t i o s  o f  the  d e r i v e d  i n g e s t i o n  values ( a t  t h e  p o i n t  where t h e  r a t e  o f  
change of va lues i s  5%)  t o  t h e  i n g e s t i o n  r a t e  (e.g., 50% vs. 0.60). An 
unknown ass imi  l a t i  on e f f i c i e n c y  can be c a l c u l a t e d  by d i v i d i n g  t h e  d e r i v e d  
i n g e s t i o n  value i n  t h e  asymptote r e g i o n  (where t h e  change i n  d e r i v e d  
values i s  < 5%) by t h e  t r u e  i n g e s t i o n  r a t e  and c o n s u l t i n g  t h e  graph. A  
graph o f  these  r a t i o s  vs. a s s i m i l a t i o n  e f f i c i e n c i e s  i s  g iven  below where 
d i g e s t i o n  t i m e  equals  1.0 h. Th i s  graph p rov ides  accura te  a s s i m i l a t i o n  
e f f i c i e n c i e s  o n l y  i f  r e s p i r a t o r y  losses  o f  14C a re  smal l  and i f  d i g e s t i o n  
t ime  i s  c l o s e  t o  1 .0  h. E r r o r s  o f  o n l y  a  few percen t  a re  c rea ted  i f  
d i g e s t i o n  t ime  v a r i e s  f rom 0.5 t o  1.5 h. Beyond t h i s  range a  new graph 
must be c rea ted  f o r  d i f f e r e n t  d i g e s t i o n  t imes.  Prov ided t h a t  t h e  graph 
i s  c rea ted  f o r  t h e  c o r r e c t  d i g e s t i o n  t ime,  if, i s  u s e f u l  under any i n g e s t i o n  
r a t e .  I t  i s  obvious t h a t  i f  a s s i m i l a t i o n  e f f i c i e n c y  i s  loo%, t he  l i n e  
i n  F i g .  6  con t inues  w i t h  t h e  same s lope  a f t e r  1.0 h; a t  0% a s s i m i l a t i o n  
e f f i c i e n c y  t h e  l i n e  p a r a l l e l s  t he  X-ax is  a f t e r  g u t - f i l l i n g ;  i n t e r m e d i a t e  
e f f i c i e n c i e s  a re  i n d i c a t e d  by i n t e rmed ia te  s lopes.  Normal b i o l o g i c a l  
v a r i a t i o n s  i n  g u t - f i l l i n g  and a s s i m i l a t i o n  f o r  a popu la t i on  can y i e l d  
i r r e g u l a r l y  i n c r e a s i n g  s lopes.  Th is  new method i s  in tended  t o  s i m p l i f y  
an e f f i c i e n c y  de te rm ina t i on  by p i c k i n g  a  de r i ved  i n g e s t i o n  r a t e  va lue on 
t he  a s y ~ r ~ p t o t e  and r e l a t i n g  t h i s  t o  t he  average i n g e s t i o n  r a t e .  Any 
de r i ved  va lue on t h e  asymptote near  t he  p o i n t  o f  5% change can be used 
t o  c a l c u l a t e  t h e  e f f i c i e n c y  w i t h  good p r e c i s i o n .  

Growth 

Growth, as a  component o f  a s s i m i l a t i o n ,  can be ob ta ined  by d i r e c t  
measurements o r  by  s u b t r a c t i n g  t h e  r e s p i r a t o r y  l o s s  f rom a s s i m i l a t i o n .  
When growth r a t e  i s  n o t  measured f o r  t h e  exper imenta l  animal,  pub l i shed  
values o f  growth r a t e s  f o r  t h e  same o r  s i m i l a r  spec ies can be used. 



RATIO OF DERIVED TO TRUE INGESTlOhl RATE 

FIGURE 7. P l o t  o f  AE's vs. R a t i o s  o f  D e r i v e d  I n g e s t i o n  Values 
(Where Change < 5%) t o  True I n g e s t i o n  Rate. D i g e s t i o n  
Time = 1.0 h  



Stream t ype  and phys i ca l  and chemical c o n d i t i o n s  should  be as n e a r l y  t h e  
same as poss ib l e .  E s p e c i a l l y  impo r tan t  i s  t h e  y e a r l y  temperature regime 
and degree-days per  yea r  (N i l s son  1974). Data f rom Fredeen (1959) and 
Tarsh is  (1968) on l e n g t h  o f  t h e  l i f e  c y c l e  i n  Simulium, combined w i t h  
measured d r y  we igh ts  f o r  va r ious  s i z e  c lasses ,  were used t o  c a l c u l a t e  
growth f o r  b l a c k f l y  l a r vae .  

Growth r a t e  can a l s o  be determined us i ng  a  r eg ress i on  equa t i on  
de r i ved  between 1  eng th  and we igh t  measurements. I f  genera t ions  a re  
c l e a r l y  d i s t i n g u i s h a b l e  i n  weekly f i e l d  c o l l e c t i o n s ,  then average l e n g t h  
increases f o r  the  p o p u l a t i o n  can be t ransformed t o  average we igh t  ga in  
under a  s p e c i f i c  s e t  o f  v a r i a b l e s .  Growth r a t e  da ta  on T r i co r y thodes  
a v a i l a b l e  from R. L.  Newel1 (unpubl ished da ta )  i n  c o n j u n c t i o n  w i t h  a  
l eng th :  d r y  we igh t  r eg ress i on  (D. McCul lough and R. L. Newel l ,  unpubl ished 
da ta )  were used i n  c a l c u l a t i o n  o f  t h e  energy budget f o r  t h i s  spec ies.  A  
minor  source o f  e r r o r  i n  de te rmin ing  growth o f  i n s e c t s  l i e s  i n  knowing 
whether t h e  g u t  i s  empty o r  f u l l  (see K e i s t e r  and Buck 1964). There i s  
cons iderab le  d i u r n a l  and seasonal v a r i a t i o n  i n  t h e  percentage of t h e  g u t  
which i s  f i l l e d  (Mecom 1970) and c e r t a i n  i n s e c t s  cornpletely de feca te  
b e f o r e  mol t i r r g  o r  pupa t ion .  Gut con ten ts  comprise a  s i zeab le  percentage 
o f  t o t a l  animal we igh t  and t h e  g u t  grows w i t h  t h e  animal.  Ac tua l  t i s s u e  
p roduc t i on  o f  Simul ium was c a l c u l a t e d  by s u b t r a c t i n g  g u t  we igh t  f rom 
t o t a l  body weight .  I f  samples a r e  always immediate ly  preserved upon 
c o l l e c t i o n ,  an imals  have no t ime  t o  de feca te  and v a r i a t i o n s  i n  t h e  
degree o f  g u t - f i l l  i n g  m igh t  be reduced. A lcohol  i s  more d e s i r a b l e  than 
formal  'in because i t  reduces r e g u r g i t a t i o n  and de feca t ion ,  b u t  i t  can 
leach  s o l u b l e  f a t s .  I n  t h i s  s tudy  a  s a t u r a t e d  C02 s o l u t i o n  (A rno ld  
1971) was used e f f e c t i v e l y  t o  k i l l  a l l  t h r e e  t e s t  species.  

F i e l d  measurements o f  popu la t i on  o r  i n d i v i d u a l  growth r a t e  a re  
always t o  be p r e f e r r e d  o v e r  l a b o r a t o r y  measurements a l though  they a re  
n o t  always poss ib l e .  C e r t a i n  h e r b i v o r e - d e t r i t i v o r e s  such as T r i co r y thodes  
can be e a s i l y  con f i ned  i n  screened chambers i n  t h e  stream. Data o f  t h i s  
k i n d  a r e  a v a i l a b l e  f rom R. L.  Newel1 (unpub l i shed  da ta )  f o r  T r i co r y thodes .  
.He measured weekly increases i n  t o t a l  body l eng th .  One problem encountered 
i n  measur ing t h e  l eng ths  o f  l i v e  i n s e c t s  i s  t h a t  they  move t o o  q u i c k l y ,  o r  
c u r l  up. An anaes the t i c  m igh t  be used t o  q u i e t  t h e  animal and e l i m i n a t e  
c o n t r a c t i o n  o f  t h e  abdomen which i n t e r f e r e s  w i t h  l eng th  measurements 
(Guttman 1967, G lw icz  1968). Another method was s u c c e s s f u l l y  used t o  
measure f i e l d  growth r a t e s  o f  Hydropsyche o c c i d e n t a l i s  i n  Deep Creek. 
Approx imate ly  60 l a r v a e  which were n e a r l y  i d e n t i c a l  i n  s i z e  were tagged 
w i t h  14C i n  t h e  l a b o r a t o r y  ( 3  day feed ing)  and t hen  were p laced  i n  a 
25 cm square t r a y  f i l l e d  w i t h  n a t u r a l  stream-bottom ma te r i a l s .  The 
d i f f e r e n c e  i n  we igh t  measured i n  1  week between i n i t i a l  ( n  = 10) and 
f i n a l  we igh ts  o f  tagged 1  arvae was a  measure o f  f i e l d  growth. De tec t i on  
o f  tagged l a r vae  i n  t r a y s  was made w i t h  a  windowless p r o p o r t i o n a l  gas 
f l o w  counter .  



A1 though no 1 aboratory growth ra tes  were determi ned fo r  experimental 
animals i n  the present research, po ten t i  a1 methods f o r  measuring growth 
a r i s i n g  from pre l im inary  experimentat ion w i t h  grav imet r ic  techniques 
w i l l  be suggested. Laboratory growth ra tes  can be r e l i a b l e  i f  natura l  
l i g h t  and temperature condi t ions are provided, and the  food o f fe red  
makes up the normal d i e t .  I n  add i t ion ,  food must be as abundant as i n  
the f i e l d  and metabol i tes which could i n h i b i t  growth must n o t  be allowed 
t o  accumulate. Food should be replaced o f ten ,  as the n u t r i t i v e  value 
decl ines on aging. Animals reared i n  the  labora tory  can be weighed 
f resh  a t  i n t e r v a l s .  A f resh  weight:dry weight conversion f a c t o r  i s  then 
used t o  compute dry  weight gains. T r i c o r  thodes withstands temporary 
dry ing  f o r  a t  l e a s t  15 min w i t h  no ----a- obvious a verse e f f e c t s .  Wet weights 
can be r a p i d l y  obtained on a Cahn electrobalance a f t e r  b l o t t i n g  the 
animal f o r  1 rnin on absorbent paper. The X range on t h e  Cahn e lec t ro -  
balance can be used t o  i d e n t i f y  the p o i n t  a t  which the percentage change i n  
weight o f  the animal a f t e r  b l o t t i n g  i s  niinimal. A t  t h i s  p o i n t  a reproducib le 
wet weight can be achieved. Cent r i fugat ion  o f  animals (see Sugden 1967 
and Stanford 1973) a1 so has been used e f f e c t i v e l y  t o  remove water from 
the insec ts  ' bodies. 

Respirat ion 

Respirat ion i s  a major source o f  energy expenditure. The energy 
ass imi la ted and s tored i n  the t issues i s  consumed metabo l ica l ly ,  w i t h  
the  r e s u l t a n t  product ion o f  COz and waste heat. The volume o f  C02 
produced i s  equal t o  0.707 t o  1 . 0 0 ~  the vol ume o f  O 2  consumed depending 
upon the metabol i c  energy source (1 i pid,  p ro te in ,  carbohydrate). This 
r a t i o  o f  C02/02 volumes i s  the  r e s p i r a t o r y  quo t ien t  ( R . Q . )  and may vary 
seasonal ly w i t h  q u a l i  t y  o f  ava i l ab le  food, phys io log ica l  s t a t e  o f  the  
animal (e. g. , molt,  dormancy, egg, la rva ,  pupa), and temperature. R . Q .  
general ly  i s  assumed t o  be approximately 0.86. A s p e c i a l l y  devised 
system was used i n  pre l im inary  experimentation w i th  R.Q.  measurements. 
The system consisted of  a 150-cm3 p lex ig lass  c y l i n d e r  w i t h  a p lex ig lass  
l i d ,  which was sealed t o  i t s  base w i t h  s i l i c o n e  grease. Two pH probes 
were i nse r ted  through holes i n  the  l i d  and and were sealed i n  p lace w i t h  
s i l i c o n e  cement. Micro-Winkler t i t r a t i o n s  were performed on t h i s  water 
using the 10-ml syr inge method (Burke 1962). Hypodermic needles were 
i nse r ted  through a rubber serum cap sea l ing  another hole. I ncu r ren t  a i r  
f i l l e d  a small bal loon, sealed a t  the  mouth o f  a small hole i n  the  l i d ,  
preventing d i f f u s i o n  o f  gas i n t o  the water. A water cur rent  was created 
w i t h  a magnetic s t i r  bar. A s t e r i l e  gravel substrate and membrane- 
f i 1 tered water were used t o  1 i m i  t bac te r i  a1 resp i ra t i on .  CO2 product ion 
was determined through a pH change using methods o f  Verduin (1961) and 
Verduin, Beyers, and Odum (1961 ) .  



One d i f f i c u l t y  i n  measuring COz changes w i t h  a  pH probe i s  i n t e r f e rence  
by NH3 (see Trama 1957). Ammonia i s  a  metabo l i c  p roduc t  o f  most i n s e c t s  
(Wigglesworth 1965) and w i t h o u t  a  separate ana l ys i s  f o r  NH3 the  p o r t i o n  
o f  pH change caused by C02 a lone cannot be determined. Many methods are 
a v a i l  ab le  f o r  n i ic ro-determinat ions o f  NH3. Levanidov (1949) found t he  
c a l o r i f i c  e q u i v a l e n t  f o r  NH3 i s  5300 c a l l g .  One way t o  avo id  t h e  NH3 
i n t e r f e r e n c e  i s  t o  p r e c i p i t a t e  the  C02 w i t h  Ba(OH)2 and t o  determine C02 
by g r a v i m e t r i c  ana l ys i s  o f  t he  p r e c i p i t a t e .  A1 t e r n a t e l y  NH3 can be 
measured sepa ra te l y  by mic ro -K je ldah l  a n a l y s i s ,  and t he  pH change i n  t he  
c u l t u r e  wate r  f r om a  measured q u a n t i t y  o f  NH3 can be separated froni  t he  
pH change due t o  C02 p roduc t ion .  

A  va luab le  r a d i o t r a c e r  technique descr ibed  by Sorok in  (1968) i s  t he  
de te rmina t ion  of t he  re1  a t i v e  r a t e  o f  r e s p i r a t i o n .  A f t e r  an animal has 
been h e a v i l y  l a b e l l e d  w i t h  14c- labe l  l e d  food, t he  p roduc t ion  o f  14C02 
i s  cons tan t  f o r  a  t ime. The amount o f  14c02 e n t e r i n g  t he  wate r  can be 
measured and t he  e f f e c t  o f  d i f f e r e n t  environmental  cond i t i ons  on t h e  
animal can be de tec ted  by e l eva ted  o r  decreased r e s p i  r a t i o n  r a t e s  ( i  .e. , 
14c02 p roduc t i on ) .  A lso t he  e x t e n t  t o  which ass im i l a ted  foods a re  s t o r e d  
o r  metabol ized d i r e c t l y  can be measured. Animals which have consumed 
14C-label  l e d  food cou ld  be placed i n  an open con ta ine r  (500 ml)  w i t h  a  
d i a l y s i s  bag f i l l e d  w i t h  KOH absorbent t o  t r a p  r e s p i r e d  14c02 over  a  l ong  
p e r i o d  o f  t ime (1-2 days) prov ided the  wate r  i s  b u f f e r e d  a t  approx imate ly  
pH 8.3 (Sorok in  1968) ; loss  o f  CO2 t o  t he  a i r  w i l l  be min imal .  

Measurements o f  r e s p i r a t i o n  r a t e  were made on Tr i co ry thodes  i n  a  
c i r c u l a r  f l ow- th rough system us ing  a  ga lvan ic  c e l l  O 2  e l ec t rode  ( P r e c i s i o n  
S c i e n t i f i c  Co., Chicago). The r e s p i r a t i o n  chamber was a  g l ass  tube 
(59.5 cm long ,  1.7 cm I .D. )  w i t h  a  monofi lament n e t  subst ra tum (see 
F ig .  8 ) .  Membrane f i l t e r e d  (0.45 pm) , aerated water  was c i r c u l a t e d  i n  
tygon t ub ing  between t he  g lass tube and a  p l e x i g l a s s  water  r e s e r v o i r  w i t h  
a  Mas te r f l ex  p e r i s t a l t i c  pump. T r i co ry thodes  i n  t he  tube was exposed t o  
a  mean c u r r e n t  speed o f  6.8 cmlsec. Nymphs were acc l imated under abundant 
food  supp ly  a t  20°C f o r  24 h  p r i o r  t o  t he  exper iment.  The r e s e r v o i r  was a  
p l  e x i  g l  ass c y l i n d e r  w i t h  i n c u r r e n t  and excu r ren t  tubes and a  removable 
l i d .  A  c i r c u l a r  p l e x i g l a s s  d i s c  i n  t he  l i d  f i t  t i g h t l y  i n s i d e  t he  open 
end o f  t h e  r e s e r v o i r  c y l i n d e r .  The r e s e r v o i r  conta ined p o r t s  f o r  i n s e r -  
t i o n  o f  t he  oxygen probe and a  temperature probe; a  t h i r d  p o r t  accepted a  
rubber septum through which micro-Wink ler  oxygen measurements were made 
w i t h  a  10-ml sy r inge .  A b a l l  oon made o f  s u r g i c a l  l a t e x  was secured i n s i d e  
t h e  r e s e r v o i r  t o  a  g l ass  tube passing through t he  l i d  and f i l l e d  w i t h  a i r  
as wate r  samples were withdrawn. Atmospheric gases never  con tac ted  t h e  
water  i n  t h e  r e s p i r a t i o n  chamber a f t e r  t he  system was c losed.  T r i p l i c a t e  
micro-Wink ler  D.O. measurements were made be fo re  s t a r t i n g  a  r e s p i r a t i o n  run 
t o  determine t h e  s e n s i t i v i t y  c o e f f i c i e n t  o f  t h e  02 probe. Then 30 m l  o f  
wa te r  were re tu rned  t o  t he  system v i a  a  T-connector i n  t he  tygon t u b i n g  
t o  co l l apse  t he  b a l l o o n  and r e s t o r e  t h e  o r i g i n a l  water  volume. The i n i t i a l  
D. 0. measurement a t  t = 0  min was then determined f rom the  meter read ing  
on t he  O2 analyzer  and t he  s e n s i t i v i t y  c o e f f i c i e n t .  T r i co ry thodes  
r e s p i r a t i o n  exper iments 1  and 2 were made f o r  495 and 305 m i  n, 
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r e s p e c t i v e l y .  A f t e r  305 min t h e  percen t  s a t u r a t i o n  o f  t h e  w a t e r  was 51%. 
R e s p i r a t i o n  measurements were done on 124 and 314 nymphs i n  t h e  two e x p e r i -  
ments, r e s p e c t i v e l y  ( t o t a l  animal d r y  we igh ts  were 34.9 and 85.6 mg, 
r e s p e c t i v e l y ) .  Water temperature  was 20.0 + 0.2"C. Temperature and d i s -  
s o l v e d  oxygen i n  t h e  system were recorded  c o n t i n u o u s l y  on TOA e l e c t r o n i c  
p o l y r e c o r d e r s  (Martek Ins t ruments  I n c .  , Newport Beach, CA). T r i p 1  i c a t e  
m i c r o - W i n k l e r  t i t r a t i o n s  were performed midway th rough  each exper iment  and 
a l s o  a t  t h e  comp le t ion  o f  t h e  run .  Mean s e n s i t i v i t y  c o e f f i c i e n t s  a t  t h e  
t h r e e  sampl i n g  t imes were p l o t t e d  a g a i n s t  t ime.  A d d i t i o n a l  s e n s i t i v i t y  
c o e f f i c i e n t s  were determined a t  0.5 h  i n t e r v a l s  f rom t h e  l i n e  connec t ing  
these p o i n t s  and t h e  va lues were d i v i d e d  i n t o  t h e  meter r e a d i n g  (p amps) 
t o  c a l c u l a t e  d i  s s o l  ved oxygen (mg/l ) a t  each i n t e r v a l  . The change i n  
oxygen c o n c e n t r a t i o n  a t  each i n t e r v a l  was f i g u r e d  as a  r a t e  o f  change i n  
t h e  a b s o l u t e  amount o f  oxygen. T h i s  was based on a  t o t a l  i n i t i a l  w a t e r  
volume o f  425 ml c o r r e c t e d  f o r  w i thd rawa l  o f  wa te r  f o r  W i n k l e r  t i t r a t i o n s .  
Mean oxygen consumption r a t e  was c a l c u l a t e d  as p1 Oz/mg DW/h. 

O r g a n i z a t i o n  o f  Data 

I n g e s t i o n  r a t e s  and a s s i m i l a t i o n  e f f i c i e n c i e s  (AE) f o r  S imul ium 
spp. , Cheumatopsyche , and T r i  cory thodes were d e r i v e d  from f e e d i n g  e x p e r i  - 
ments on d u a l - l a b e l  l e d  food. AE was c a l c u l a t e d  u s i n g  t h e  method o f  
Cal ow and F l e t c h e r  ( 1  972).  Resul t s  f r o m  12 Simul i um, 5  Cheumatopsyche, 
and 1  1  T r i  cory thodes exper iments  a r e  g iven.  

E s c h e r i c h i a  - c o l i  was t h e  food  source i n  Simul ium exper iments  1  and 
6. Diatoms ( p r i m a r i l y  Synedra u lna  and Achnanthes -- lance01 a t a )  were t h e  
food  source i n  exper iments  2-5. I n  Cheumtopsyche exper iments  1-5 and 
Simul i urn exper iments  7  and 8 a m i x t u r e  o f  d iatoms f rom Rat t l esnake  
Spr ings which had been c u l t u r e d  on s l i d e s  was used. Synedra and Achnanthes 
were common b u t  -- M e l o s i r a ,  Gomphonema, N a v i c u l a ,  and o t h e r s  a l s o  were 
numerous. I t  s h o u l d  be no ted  t h a t  S imul ium exper iment  7  and Cheumatopsyche 
exper iment  4  a r e  p a i r e d ,  as a r e  S i ~ n u l i u m  exper iment  8 and Chematopsyche 
exper iment  5. Each s e t  o f  p a i r e d  exper iments  was r u n  as one o p e r a t i o n  
i n  a  s i n g l e  f e e d i n g  chamber. S imul ium exper iments  9  and 10 used Columbia 
R i v e r  d ia toms which had f i r s t  been used i n  T r i c o r y t h o d e s  exper iments  6, 
7, 8, and 11. These d ia toms,  p r i m a r i l y  --$ M e l o s i r a  Cymbella, and Synedra, 
w i t h  smal l e r  amounts o f  Gomphonema, F r a g i  1  a r i a ,  and Epi  themi a, had n o t  
been r e s p i k e d  w i t h  5 1 C r  s i n c e  t h e  m a y f l y  exper iment .  Exper iments 11 and 
12 used t h e  wa te rc ress  which had been used i n  T r i  cory thodes exper iments  
9  and 10. Be fo re  Simul ium exper iment  11 was performed, t h e  wa te rc ress  
was d i v i d e d  e q u a l l y  i n t o  two suspensions (63 ml each); S imul ium exper imen t  
11 used h a l f  o f  t h e  supply .  The rema in ing  63-1111 suspension was r e s p i k e d  
w i t h  5 l C r  on J u l y  23, 1973, b e f o r e  exper iment  12. No obv ious f u n g a l  o r  
b a c t e r i a l  i n v a s i o n  had taken p lace  d u r i n g  i t s  s t o r a g e  a t  3°C i n  t h e  
r e f r i g e r a t o r .  



Feces f o r  a l l  Cheumatopsyche experiments were c o l l e c t e d  by emptying 
funnels  (75 m l  ) i n  which t h e  1 arvae had been incubated. Time- a1 l owed  f o r  
de feca t ion  v a r i e d  and i s  s p e c i f i e d  i n  t h e  r e s u l t s .  Feces c o l l e c t i o n s  f o r  
Simulium were performed i n  t h e  same way. Gravel subs t ra ta  and ae ra t i on  
were p rov ided  these animals, a l though a n a t u r a l  c u r r e n t  was n o t  s imulated.  
I n  cases where ac tua l  weights  o f  feces were ob ta ined  and counted f o r  
r a d i o a c t i v i t y ,  p e l l e t s  were c o l l e c t e d  i n  a  p o r c e l a i n  pan b y  p i p e t t e  and 
were f i  1 t e r e d  on a 13-mm t a r e d  f i  1 t e r .  

The a c c l i m a t i o n  t ime and feed ing  t ime vary  f o r  each exper iment (see 
Tables 3 and 4 ) .  I n  Tables 3 and 4 exper imenta l  temperatures a re  g iven 
f i r s t  w i t h  n a t u r a l  stream temperatures (mean d a i l y  temperature o r  tempera- 
t u res  a t  t h e  t ime o f  c o l l e c t i o n )  g iven next .  The type  o f  feeding chamber 
(g lass  c y l i n d e r ,  p l a s t i c  t rough, p e t r i  d ish,  p l e x i g l  ass channel ) i s  a l s o  
spec i f i ed .  The t o t a l  water volume o f  each o f  these systems i s  g iven so 
t h a t  t h e  t o t a l  amount o f  suspended m a t e r i a l  can be c a l c u l a t e d  f rom t h e  
pg/ml da ta  prov ided.  I n  many experiments an i n i t i a l  100 ml d i l u t i o n  o f  
t h e  food  was made and 1 m l  samples were f i  1 t e r e d  and counted. F ive,  10, 
o r  15-ml samples o f  t h e  f i n a l  d i l u t i o n  were a l s o  f i l t e r e d  t o  determine 
t h e  a c t i v i t y  dens i t y  o f  algae a v a i l  ab le  f o r  consumption. Th is  a c t i v i t y  
gene ra l l y  i s  50% o r  l e s s  o f  t he  i n i t i a l  a c t i v i t y ,  i n d i c a t i n g  a d i l u t i o n  
by o rgan i c  o r  i n o r g a n i c  contaminat ion o f  t h e  f i l t e r e d  water.  I f  200 
l a r v a e  a r e  acc l imated f o r  1.0 h, t he re  conceivably  cou ld  be 
200 x  45 pg / la rvae  = 9.0 mg o f  feces re leased  t o  the  water.  Abrasion of 
t h e  g rave l  subs t ra te  a l s o  migh t  add n a t e r i a l .  

Measurements o f  i n  s i t u  d i g e s t i o n  t ime and gu t  weight  on Simulium 
were used t o  determine an approximate i n g e s t i o n  r a t e .  I n g e s t i o n  data 
d e r i v e d  f rom t r a c e r  f eed ing  exper iments were eva lua ted  on t h e  bas i s  o f  
t h e o r e t i c a l  i n g e s t i o n  ra tes .  Since the  i n g e s t i o n  r a t e s  o f  f i l t e r  feeders 
such as Simul ium and Cheumatopsyche can depend h e a v i l y  on food concentra- 
t i o n  and c u r r e n t  speed, t h e  exper imenta l  and n a t u r a l  food  concent ra t ions  
and c u r r e n t  speeds were measured. The percentages o f  ash o f  n a t u r a l  
seston and Simul ium feces a re  g iven  and AE i s  c a l c u l a t e d  by t h e  ash- 
r a t i o  method o f  Conover (1966). The percentage ash o f  exper imental  food  
a l so  was determined so t h a t  a s s s i m i l a t i o n  cou ld  be c a l c u l a t e d  i n  terms o f  
ash- f ree d r y  weight.  Experimental  cond i t i ons  which e x i s t e d  w h i l e  g raz ing  
and f i  1 t r a t i o n  feed ing  r a t e s  were be ing measured i n  Simul ium and 
Cheumatopsyche exper iments (see Tables 3 and 4 )  a r e  discussed i n  r e l a t i o n  
t o  t h e i r  poss ib l e  e f f e c t s  on feed ing  ra tes .  

Because Simulium and Tr i co ry thodes  o f t e n  were f e d  f o r  per iods  
longer  than t h e  g u t - f i l l i n g  t ime, values o f  a c t i v i t y  i n  t h e  animals a r e  
g iven  i n  terms o f  pg/mg per  l eng th  o f  feed ing  ( f eed ing  t imes vary  w i t h  
each exper iment) .  Because ' 4C c a l c u l  a ted uptake ra tes  a re  expected t o  
be g r e a t e r  than those of 5 1 C r  due t o  a s s i m i l a t i o n  a f t e r  the  g u t - f i l l e d  
t ime, and because 5 1 C r  a c t i v i t y  l e v e l s  o f f  a t  the g u t - f i l l e d  t ime, a  



d i r e c t  c o n v e r s i o n  t o  i n g e s t i o n  r a t e  i n  terms o f  pg/mg/h canno t  always 
be g i ven .  Fo r  Simul i um and T r i c o r y t h o d e s  i n f o r m a t i o n  on i n g e s t i o n  r a t e s  
and a s s i m i l a t i o n  e f f i c i e n c i e s  determined i n  t h i s  s t u d y  were combined 
w i t h  d a t a  on growth and r e s p i r a t i o n  t o  c r e a t e  a  t o t a l - e n e r g y  budget.  
The v a l i d i t y  o f  t h e  energy budgets was checked b y  compar ing abso l  u t e  
a s s i m i l a t i o n  d e r i v e d  as a  summation o f  growth and r e s p i r a t i o n  ( G  + R) 
and t h a t  d e r i v e d  by  mu1 t i p l y i n g  i n g e s t i o n  r a t e  by  AE. I n  cases where 
f e c e s  were sampled, t h e  cpm o f  food  and f e c e s  a r e  p r o v i d e d  so t h a t  
c a l c u l a t i o n s  o f  a s s i m i l a t i o n  e f f i c i e n c y  can be made u s i n g  Calow and 
F l e t c h e r ' s  method. 

Data on f e e d i n g  exper iments  w i t h  T r i  cory thodes show accumul a t i  on r a t e s  
o f  food d u r i n g  p ro longed  f e e d i n g  (beyond t h e  g u t - f i l l  i n g  t i m e )  on b l  ue- 
green a1 ae, d i  atoms, and wa te rc ress  d e t r i  t u s .  Accumula t ion was de te rm ined  
by  t h e  l P C  method and by dua l  t r a c e r s  ( '"C, 'Cr )  and AE was c a l c u l a t e d  b y  
t h e  dual  - i s o t o p e  techn ique .  Resu l t s  o f  t h e  T r i c o r y t h o d e s  exper iments  were 
c a l c u l a t e d  i n  terms o f  d r y  w e i g h t  (DW). However, exper iments  u s i n g  d i f f e r -  
e n t  food  sources can be compared o n l y  on t h e  b a s i s  o f  AFDW. The mean 
p e r c e n t  o r g a n i c  m a t t e r  o f  t h e  b l  ue-green a l g a e  was 86.23%; diatoms--1 8.47%; 
wa te rc ress  d e t r i  tus--84.61%. Because f u r t h e r  c a l c u l a t i o n s  -in most cases 
d i d  n o t  r e q u i r e  c o n v e r s i o n  o f  a l l  i n d i v i d u a l  va lues t o  AFDW, t a b u l a t e d  
v a l u e s  a r e  g i v e n  o n l y  as d r y  we igh t .  



RESULTS 

Val ues f o r  accumulation o f  var ious rad io labe l  l e d  food sources i n  
12 Simul i um, 5 Cheumatopsyche, and 11 Tr icorythodes feeding experiments 
a r e  presented. The accuracy o f  accumulation values i n  r e l a t i o n  t o  e r r o r s  
o f  count ing and b i o l o g i c a l  v a r i a b i l i t y  i s  discussed. I n  Simul ium exper i -  
ments values o f  food accumulated by f i l t r a t i o n  and graz ing a r e  given. F i l -  
t r a t i o n  feeding ra tes  a re  compared according t o  types o f  feeding chambers. 
Grazing ra tes  a re  compared w i t h  f i l t r a t i o n  r a t e s  from a s i n g l e  feeding 
chamber. Ass im i l a t i on  e f f i c i e n c i e s  were ca lcu la ted  us ing the  dual - label  
method. Data a r e  then developed ( length-dry  weight re1 a t ionsh ip ,  gut-  
f r a c t i o n  and d iges t i on  t ime measurements and t h e o r e t i c a l  i nges t i on  r a t e )  
which a r e  used t o  c rea te  an energy budget. The concentrat ions of food 
i n  experiments and i n  Ratt lesnake Springs a r e  compared i n  r e l a t i o n  t o  
experimental  feeding ra tes  t o  eva lua te  the  s u i t a b i l  i t y  o f  the feeding 
chambers. The percentage ash values o f  food and feces of Simulium are  
g iven so t h a t  the  AE can be der ived by t h e  ash - ra t i o  method and so t h a t  
conversion o f  i naes t i on  ra tes  t o  c a l o r i e s  i s  ~ o s s i b l e .  Measurements o f  
accumul a t i o n  by graz ing  f o r  Cheumatopsyche are  given. F i l  t r a t i o n  ra tes  
a re  presented i n  r e l a t i o n  t o  the type o f  feeding chamber. AE values based 
on the  dua l - labe l  method were computed. va lues-o f  food accumulation a f t e r  
var ious feeding per iods are  g iven f o r  Tr icorythodes.  Co~lrparisons a r e  made 
between the uptake curves obtained i n  feeding experiments and in ferences 
a r e  drawn regard in  5 1 C r  ass im i l a t i on ,  d i g e s t i o n  t ime, a s s i m i l a t i o n  r a t e ,  a and r e t e n t i o n  o f  C. AE values were der ived f o r  Tr icorythodes on two 
food sources based on the  dua l - labe l  method. Chromium-51 adsorpt ion and 
a s s i m i l a t i o n  and the  leaching o f  isotopes from food i s  then discussed 
regarding e f f e c t s  on t h e  accumulation values. 

Simul ium 

Simul ium Feeding Experiments 

The accumulation r a t e s  o f  51Cr-  and 14C- label led food sources by 
Simulium under a v a r i e t y  o f  phys ica l  cond i t ions  such as cu r ren t  speed and 
f o o d c e n t r a t  i o n  were measured i n  1 2 feeding experiments. The environ- 
ment created by th ree d i f f e r e n t  feeding chambers a l s o  iniposed a se t  o f  
unique physical  cond i t i ons  upon the  feeding process. Results o f  the 
Simul ium feed ing  experiments g i v e  the  amounts o f  food accumulated w i t h i n  
the feeding time. Because the  elapsed feeding t ime sometimes exceeded the  
g u t - f  ill i n g  time, these accumulations were n o t  converted t o  an equ iva len t  
accumulation pe r  hour. 



I n  t h e  12 Simulium and 5 Cheumatopsyche experiments, 15 d i f f e r e n t  
10-min counts were made o f  background f o r  SICr. The mean count r a t e  
(n  = 15) was 47.2 cpm. ~ o w e v e r i  apply ing Chauvenet's c r i t e r i o n  (Chase 
and Rabinowitz 1967) the  count r a t e s  i n  Simulium experiment 1 (63 cpm) 
and Cheumatopsyche experiment 1 (56 cpm) were re jec ted  because the  pro- 
b a b i l i t y  o f  t h e i r  occurrence was < 112 n where n i s  t he  number o f  observa- 
t i ons .  The mean o f  t h e  remaining 13 background count r a t e s  was 45.3 + 0.59 
(1 S.D.) cpm. The background count r a t e  i s  known prec ise ly ;  the standard 
dev ia t i on  o f  the  mean i s  small because t h e  t o t a l  count ing t ime was long 
(130 min) and many counts were observed. The v a r i a t i o n  expected from 
background w i t h i n  a sho r te r  t ime span would be much greater .  Since samples 
were counted f o r  10 min, t h e  standard dev ia t i on  o f  t he  mean background 
count r a t e  i n  10 min (45.3 + 2.1 3 cpm) was appl i e d  t o  percent e r r o r  de ter -  
minat ions. Knowing t h e  mean background count r a t e  and the value k (gross 
counts/background counts),  then the  standard dev ia t i on  o f  the ne t  count 
ra te ,  t h e  conf idence l i m i t s  (P  = 0.05) and percent e r r o r  o f  t h e  n e t  r a t e  
can be ca lcu la ted .  

For example i f  k = 2.8 

and Rb = 45.3 cpm 

then 

and 

I f  the  ne t  count r a t e  i s  known w i t h i n  t lo%,  then the  percent e r r o r  o f  the  
accumulation values i s  10%. The minimum, median and ~iiaximum k values were 
ca l cu la ted  (Tables 8 and 9)  f o r  a l l  Sam l e s  o f  Simulium and Cheumatopsyche P l a rvae  which measured i nges t i on  us ing C r .  I n  add i t ion ,  the  conf idence 
l i m i t s  o f  t he  n e t  count r a t e  and the  percent e r r o r  were ca l cu la ted  f o r  many 
values o f  k (Table 10). The values o f  percent e r r o r  o f  t he  ne t  count r a t e  
change r a p i d l y  between k values o f  1.2 and 2.3 ( from 68.1 t o  12.9%, respec- 
t i v e l y )  bu t  range on l y  from 10 t o  5% wh i l e  k values range from 2.8 t o  5.8. 
For k values about 5.8 t h e  percent e r r o r  o f  the  ne t  count r a t e  i s  < 5%. 
Percent e r r o r  o f  14C-derived accumulation values were i n s i g n i f i c a n t  compared 
t o  51Cr-derived values. 



TABLE 8. Minimum, Median, and Maximum Values o f  k 
rOss le count rate) Ca lcu la ted  From Those (gbackarou:d count  r a t e  ~- 

sample; o f  Sintulium Larvae Using 5 1 C r .  Values based 
on mean background o f  45.3 cpm (n  = 13) .  The minimum, 
median, o r  maximum percen t  e r r o r  i n  accumulat ion values 
f rom Simulium experiments 2-12 i s  found by e n t e r i n g  
Table 10 w i t h  t h e  app rop r i a te  k va lue.  

Simul ium 
Experiment 

k Values 
M i  nimuni Medi an Maxi mum 

F i  1 t r a t i o n  Experiments i n  t he  Glass Cy l i nde r  Chamber 
Using a B a c t e r i a l  Food Source 

Simul ium experiments 1 and 6 (Tables 11-12) measured t he  f i l t r a t i o n  
r a t e  o f  Simulium on E. - c o l i .  The food concent ra t ion  i n  these exper i~ i ients  
was 31.2 and 15.0 mg79,, r e s p e c t i v e l y ,  which p rov ided  a much g rea te r  food  
concen t ra t i on  than  ava i  1 ab le  i n  Rat t lesnake  Springs (0.97-2.5 mglk) . 
Accumulation i n  exper iment 1 was measured w i t h  bo th  5 1 C r  and 1 4 C .  The 
mean o f  f o u r  51Cr-der ived measurements was 2.139 pg/mg a l though t h i s  mean 
would be reduced i f  zero values were averaged. Because k va lues (gross 
count ra te lbackground count  r a t e )  a re  near u n i t y  f o r  t h e  samples where 
accumulat ion va lues were der ived,  t he  percen t  e r r o r  i nvo l ved  i n  t he  mea- 
surements probably  makes these values meaning1 ess. The l 4C a c t i v i t y  d e n s i t y  



TABLE 9. Minimum, Median, and Maximum Values o f  k Calculated 
f rom Those Samples of  Cheumatopsyche Larvae (Experi - 
ments 1-5) Which Estimated Accumulation Rate Using 
S1Cr .  Values are  Based on Mean Background o f  
45.3 cpm (n = 13). The Minimum, Median, o r  Maximum 
Percent E r ro r  i n  Cheumatopsyche Experiments 1-5 i s  
Found by Enter ing Table 10 w i t h  the  Appropr iate k 
Value. 

Cheumatopsyche k Val ues 
Experiment Minimum Median Maxinium 

TABLE 10. Confidence L i m i t s  and Percent E r r o r  o f  Net Sample Count 
Rates (P  = 0.05) Where Background i s  45.3 cpm and k 
Varies from 1.2 t o  5.8. I f  the  Rat io  o f  Gross Count 
RateIBackground Count Rate o f  a Sample i s  Calculated 
the  Confidence L i m i t s  and t h e  Percentage E r ro r  of the  
Net Count Rate can be Derived. 

Net Count Confidence 
Rate L i m i t s  (P = 0.05) 

k - (cpm) (k cpm) % I  E r r o r  



TABLE 11 . Accumul a t i  on o f  Label 1 ed Food (Bacter ia )  by Simul i um 
(Experiment 1 ) During 30 Min Feeding 

ANIMALS 

Animal s ug DW Food pg DW Food 
Size No. To ta l  DW Accum/n I n d i v  Acc um/mg 

(n > (mm> - (mg > 51~r 5 1 ~ r  

FOOD - 

ug DW 
A l i q u o t  F i l t e r e d  

Food A c t i v i t y  
Corrected cpm q / c p m  u lcpm 

5 1 C r  1 4 C  - - l c r  q 4 c  

106.2 799.09 1.469 0.195 

102.3 810.3 1.525 0.193 

102.1 767.7 1.489 0.198 

111.2 797.1 1.439 0.201 

Background 5 1 C r  - 63 
(cpm) l 4 c  - 20 

o f  bac te r i a  was near ly  8 t i ~ i i e s  greater  than f o r  51Cr  which would increase 
the  p rec i s ion  o f  accumulation measurements. Animal r a d i o a c t i v i t y ,  how- 
ever, was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from the  background so t h a t  zero 
i nges t i on  was detected. 

The h i g h  a c t i v i t y  dens i t y  o f  5 1 C r - l  abel l e d  bac te r i a  i n  experiment 6 
enabled prec ise  measurements o f  accumulation. Because o f  k values ranged 
on l y  from 1.4-1.8 (Table 8 )  t he  percent e r r o r  o f  the  mean ranged from 



TABLE 12. Accunulat ion o f  Label led Food (Bacter ia )  by Simulium 
(Experiment 6 )  During 1.0 h Feeding 

ANIMALS 

Animals ug DW Food ug DW Food 
Size Tota l  DW Accumln I n d i  v Accumlmg 
(mm) (mg) 5 1 C r  5 1 c r  

FOOD 

Food A c t i  v i  t y  
ug DW Corrected cpm uq/cpm 

A1 i quot F i  1 te red  5 l C r  C r  

11100 109 7970.2 0.01 368 

1/100 86 6838.6 0.01 258 

111 00 116 7560.4 0.01 534 

1/100 11 5 8187.7 0.01 405 

0.01 391 (Ave) 

Background 46 



35.7 t o  19.3%. I n  f a c t ,  t he  95% conf idence l i m i t s  o f  t he  mean accumulat ion 
(n = 14) were equal t o  t h e  mean + 21%. The accumulat ion of b a c t e r i a  
( i  = 0.048 ug/mg) i s  n e g l i g i b l e ;  t h e  ca l cu la ted  values a re  probably  i n d i c a -  
t i v e  o n l y  o f  5 1 C r  adsorpt ion.  

F i l  t r a t i o n  Experiments i n  the  Glass Cyl i n d e r  Chamber 
Using a Diatom Food Source 

S-iniuli'um experiments 2-4 measured f i l t r a t i o n  o f  diatoms i n  t he  g lass  
c y l  inder  feed ing  chamber (Tables 13-1 5). The mean S1Cr-derived accumulat ion 
du r i ng  t he  feeding per iods  i n  these experiments was 2.283, 1.407, and 
1.020 pg/mg, r e s p e c t i v e l y .  Mean 1 4 C  der ived  accumulations i n  these 
experiments were l e s s  than 51Cr-derived values, be ing 1.931, 1.307, and 
0.920 pg/mg, r e s p e c t i v e l y .  There i s ,  however, no s i g n i f i c a n t  d i f f e r e n c e  
between S 1 C r -  and 14C-derived values because o f  t h e  l a r g e  ove r l ap  i n  con- 
f idence  l i m i t s  (Table 23). The accumulat ion values der ived  from the  lowest  
gross count  r a t e s  i n  t he  t h r e e  experiments (Tables 13-15) have k values o f  
1.4 o r  g r e a t e r  (Table 8 )  so t h a t  t he  maximum e r r o r  of 51Cr-derived mean 
values i s  about 35.7% (Table 10) .  The minimum e r r o r  i n  experiments 2-4 was 
8% o r  l e s s .  The conf idence l i m i t s  o f  sarr~ples used t o  est imate accumulat ion 
(51Cr) (Table 23) were equal t o  t h e  mean +- 81, 49, and 65%, r e s p e c t i v e l y ,  
i n  t he  t h ree  experiments. V a r i a t i o n s  o f  t h i s  magnitude among samples i s  
1 a r g e l y  b i o l o g i c a l  v a r i  ab i  1 i ty  because s t a t i s t i c a l  e r r o r s  o f  count ing  a r e  
much smal l e r .  The median k values o f  samples i n  these experiments (Tab1 e 8 )  
i n d i c a t e  t h a t  t h e  median e r r o r s  due t o  count ing  were about 19.3, 8.7, and 
5.8%, r e s p e c t i v e l y .  

The va lues o f  f ood  accumulat ion by Simulium i n  experiments 2-4 a r e  
a l l  s i m i l a r .  I n  each experiment the h ighes t  va lue  was found i n  t h e  smal les t  
s i z e  c lass .  The mean 5 1 C r  values o f  food r e t a i n e d  a f t e r  de feca t ion  a r e  no t  
s i g n i f i c a n t l y  l e s s  than ( P  = 0.05) t h e  mean values o f  accumulation, a l though 
14C-derived values a f t e r  de feca t i on  i n  experiments 2 and 3 are. T h i s  pro-  
bab l y  i n d i c a t e s  t h a t  e i t h e r  5 1 C r  adsorp t ion  accounts f o r  a l a r g e  p r o p o r t i o n  
o f  t h e  51Cr-der ived accumulat ion o r  t h a t  food i n  t h e  a n t e r i o r  p o r t i o n  of 
t h e  g u t  i s  n o t  defecated du r i ng  s ta rva t i on .  In e i t h e r  case l i t t l e  food 
was inges ted  i n  t h e  g lass  c y l i n d e r  feeding chamber a1 though the  amount 
was g rea te r  than  i n  experiments 1 and 6 when b a c t e r i a  were o f f e red .  

Accumul a t i o n  o f  Diatoms by Grazing i n  t h e  G l  ass Cyl i n d e r  Chamber 

The 5 1 C r -  and 14C-derived mean accumulat ion values by g raz ing  (expe r i -  
ment 5, Table 16) were 0.1 50 and 0.245 ug/mg, r e s p e c t i v e l y .  The c o e f f i -  
c i e n t  o f  v a r i a t i o n  among 5 1 C r  values i s  g rea te r  than among 1 4 C  values 



TABLE 13. Accumulation o f  Labe l led  Food (Diatoms) by Simulium 
(Experiment 2) dur ing  45 min Feeding 

ANIMALS 

Animals 
Size No. 

A f t e r  1 h 
de feca t i on  2 3 

To ta l  DW 
0 

5.782 

9.716 

8.104 

14.746 

13.944 

16.286 

pg DW Food 
Accum/n I n d i v  

s lCr  14C - - 

32.11 25.37 

9.48 10.74 

14.87 12.50 

14.38 14.84 

19.69 17.78 

48.49 37.00 

pg DW Food 
Accum/mg 

5 l C r  14C - - 

FOOD 

Food A c t i v i t y  
pg DW uqlcpm pg/cpm 

A1 i q u o t  F i  1 t e red  C r  14C 

1/100 165 0.385 0.005207 

1/100 192 0.432 0.005863 

G. 409(Ave) 0.005535 (Ave) 

Background 5 1 C r  - 40 
( cpm ) l 4 c  - 49 



TABLE 14. Accumulation o f  Labe l led  Food (Diatoms) by Simulium 
(Experiment 3) du r i ng  1.0 h Feeding 

ANIMALS 

Animals 
S ize  No. 

A f t e r  1.5 h 24. 
de feca t i on  38 

pg DW Food pg DW Food 
Tota l  DW Accum/n I n d i v  ~ccum/m 

l C r  14C AL -- 5 1 C r  q 4 c  - P 

0.764 0.645 
(Ave) (Ave) 

FOOD 

Pg DW 
A1 i q u o t  F i  1 t e r e d  

Food A c t i v i t y  
Corrected c m e pg/cpm 

uglcpm 
5 1 C r  C l C r  14C 

FECES 

Corrected c m e Ap rox .  pg DW 
5 1 ~ r  c 7 C r  - 14c 

Background 5 1 C r  - 46 
(cpm) l 4 c  - 49 



TABLE 15. Accumulation o f  L a b e l l e d  Food (Diatoms) by S i m u l i ~ ~ m  
(Experiment 4 )  d u r i n g  45 min Feeding 

Animals ug DW Food 
Size No. To ta l  DW Accumln I n d i v  
(mm) O (mg -- 5 1 ~ r  - "C 

4.6 - 5.5 9 4.002 16.020 12.857 
5.6 - 6.5 10 8.022 11.848 10.430 

7 n 5.6 - 6.5 I u 7.480 19.098 14.874 
5.6 - 6.5 10 7.288 3.409 4.072 
5.6 - 6.5 7 5.076 3.823 3.772 
6.6 - 7.5 10 13.034 9.254 8.843 
6.6 - 7.5 10 13.872 3.435 4.317 
6.6 - 7.5 10 14.192 6.599 6.848 
6.6 - 7.5 10 13.388 7.146 7.708 
6.6 - 7.5 7 8.018 1.129 2.031 
7.6 - 8.5 10 15.888 14.288 13.449 
7.6 - 8.5 10 18.190 12.848 12.148 
7.6 - 8.5 12 19.484 5.793 6.579 

A f t e r  3 h 25 25.086 17.753 15.304 
Defecat ion 26 29.376 4.521 6.958 

3 F, 35.57: 3Z.620 3C.339 

FOOD - 

F i  1 t e r e d  Corrected cpm 
A1 i q u o t  ug DW 5 l C r  1 4 C  

wg DW Food 
Accumlmg 

Animal 
5 1 C r  1 4 C  

4.003 3.213 
1.477 1 .300 
2.553 1.989 
0.468 0.559 
0.753 0.743 
0.710 0.678 
0.248 0.311 
0.465 0.483 
0.534 0.576 
0.141 0.253 
0.899 0.846 
0.706 0.668 
0.297 0.338 

0.708 0.610 
0.154 0.237 
0.974 0.831 

0.61 2 0.559 
(Ave (Ave) 

Food A c t i v i t y  
uglcpm ug cpm 

5 1 C r  1 4 C  

0.0431 0.00477 
(Ave) (Ave) 

FECES 

Corrected cpm 
5 1 C r  

Background 5 1 C r  - 46 
(cpm) 



TABLE 16. Accumulation o f  Labe l led  Food (Diatoms) by Simulium 
(Experiment 5 )  du r ing  1.0 h Feeding 

ANIMALS 

Animals 
Size No. Tota l  DW 

(m9 1 

pg DW Food 
Accum/n I n d i v  
5 1 C r  4C - 

ug DW Food 
Accum/rng 
Animal 

SICr 1 4 C  

A f t e r  29 36.462 1.413 6.561 0.0388 0.180 
Defecat ion 9 11.584 0.309 1.892 0.149 0.163 

FOOD 

Food A c t i v i t y  
Dry w t  Corrected cpm ug/cpm u g / c ~ m  

( v g )  51Cr ( X  104) 1 4 C  ( X  105) 5 1 C r  4C 

FECES 

Corrected cpm A rox .  p DW 
5 l C r  1 4 C  - - gpc r q b c  - - 

Background 5 1 C r  - 45 
( cpm 1 4 C  - 36 



(Table 23). Chromi um-51 - and ' 4C-deri ved mean va l  ues are s i g n i f i c a n t l y  
d i f f e r e n t  (P < 0.05).  The maximum e r r o r  due t o  5 1 C r  coun t ing  was 46% i n  
t h i s  exper iment w h i l e  t he  median e r r o r  was about 11% (k  = 2.7). D i f f e r -  
e n t i a l  absorp t ion  was probably  r espons ib l e  f o r  t h e  g r e a t e r  1 4 C  va l  ues. 
Nonetheless, accumulat ion was very  low and probably  e n t i r e l y  due t o  adsorp- 
t i o n ;  g raz ing  apparen t l y  was n o t  s i g n i f i c a n t .  

Accumul a t i o n  o f  Diatoms by F- i l  t r a t i  on i n  Trough Feeding Experiments 

F i l t r a t i o n  of diatoms .in t h e  t rough  feed ing  chamber was measured 
i n  Simul ium experiments 7-10 (Tables 17-20). Feeding t imes i n  these 
experiments v a r i e d  from 1.0 t o  20 h and exper imental  temperatures va r i ed  
f r om 15 t o  22.5 C (Tab le  3).  Mean 51Cr-der ived accumulat ion values ranged 
from 6.723 pg/mg i n  1.5 h t o  124.24 pg/mg i n  20 h (Table 23) .  I kan  accu- 
mu la t i on  i n  3.0 h i n  exper iment 7 (20.560 pglmg i s  n e a r l y  t h r e e  t imes t he  
1.0 h accumulat ion i n  exper iment 8 (7.695 pg/mg I . The mean " ~ r -  de r i ved  
accumulat ion i n  1.5 h i n  exper iment 9 i s  r ough l y  equal t o  t he  value i n  
exper iment 8. The t o t a l  51Cr-der ived accumulat ion a f t e r  20 h feed ing  i n  
exper iment 10 (124.24 pg/mg) i s  much g r e a t e r  than t he  values f rom o the r  
diatom f i l t r a t i o n  exper iments b u t  the  accumulat ion per  h (6.21 vg/mg/h) i s  
s i m i l a r  t o  va lues c a l c u l a t e d  f rom experiments 7-9. I t  appears t h a t  t h e  
low accumulation r a t e s  determined i n  1.0 t o  3.0 h feed ing  may be sus ta ined  
f o r  1 onger feed ing  per iods .  Ne i t he r  t he  51~r-  no r  14C-der ived accumul a t i o n  
values a f t e r  5.0 h o f  de feca t i on  i n  exper iment 7 were s i g n i f i c a n t l y  d i f f e r e n t  
f rom t h e  mean accumulat ions a f t e r  3.0 h feed ing .  I n  exper iment 7 i t  seems 
c l e a r  t h a t  t he re  i s  an i nve rse  c o r r e l a t i o n  between accumulat ion and s i z e  
c lass .  Chromium-51-derived accumulations i n  exper iment 10 a re  very  s i m i l a r  
t o  g u t  f r a c t i o n s  f o r  Simulium c a l c u l a t e d  f rom work by Ladle e t  a l .  (1972) 
(Table 31 ) .  Th is  i n d i c a t e s  t h a t  under these feed ing  cond i t i ons  20 h may 
be r e q u i r e d  f o r  g u t - f i l l i n g .  Th is  g u t - f i l l i n g  t ime i s  much g rea te r  than 
t he  1.0 h t ime de r i ved  by -- s i t u  measurements. 

Samples a c t i n g  as a c o n t r o l  f o r  5 1 ~ r  and 14c adsorp t ion  i n  e x p e r i -  
ments 9 and 10 were s i m i l a r  even though t h e r e  was a l a r g e  d i f f e r e n c e  i n  
exposure t ime (1.5 c f  20 h ) .  The va lues ranged from 0.65 t o  1.32 pg/mg. 
Accumulations o f  diatoms by f i l t r a t i o n  i n  t he  g lass  c y l i n d e r  feed ing  
exper iments (2-4)  were n o t  g r e a t l y  d i f f e r e n t  f rom the  c o n t r o l  values i n  t he  
t rough  feed ing  exper iments i n d i c a t i n g  t h a t  adsorp t ion  was l a r g e l y  responsi  - 
b l e  f o r  t h e  accumulations i n  those exper iments.  

I n  exper iment 10 'Cr-der i  ved accumulat ion v a l  ues a re  much g r e a t e r  
than 14c-der ived accumulat ions ( s i g n i f i c a n t l y  d i f f e r e n t  a t  P = 0.01 ) .  
Accumulations were c a l c u l a t e d  based on t h r e e  f ood  a c t i v i t y  d e n s i t y  
measurements between t = 165 and 195 min. Leaching o f  ' l C r  from diatoms 
d u r i n g  the  20 h f eed ing  p e r i o d  was g rea te r  than w i t h  14C.  According t o  
these data t h i s  should tend t o  make "Cr-der ived accumulat ion va l  ues 



TABLE 17. Accumulation o f  Labelled Food (Diatoms) by Simulium 
(Experiment 7) during 3.0 h Feeding 

ANIMALS 
' pg DW Food 

Animals ~ccumlmg 
S ize  No. To ta l  DW Animal 

l 4 c  (mm) (n) (ms) 5 1 C r  

3.6 - 4.5 10 1.670 
3.6 - 4.5 10 1.924 
4.6 - 5.5 10 3.976 
4.6 - 5.5 10 3.888 
4.b - 5.5 10 4.267 
4.6 - 5.5 10 3.689 
5.6 - 6.5 10 8.984 
5.6 - 6.5 10 8.162 
5.6 - 6.5 9 9.436 
5.6 - 6.5 10 8.270 
5.6 - 6.5 10 8.516 
5.6 - 6.5 10 8.851 
6.6 - 7.5 9 10.262 
Assor ted Sizes 25.194 

A f t e r  5.0 h 24.398 
Defeca t ion  37.703 

FOOD 
Samol e 

36.74 29.79 
29.15 22.32 
24.56 19.25 
24.22 20.94 
35.87 29.02 
26.10 20.41 
14.14 11.37 
10.69 9.91 
10.48 8.70 
19.98 15.39 
16.26 13.48 
13.99 12.32 
8.44 7.10 

17.22 13.99 

15.14 11.62 
18.32 13.98 - - 
16.73 12.80 
(Ave) (Ave) 

Food A c t i v i t y  
~9 DM ~i he Corrected c m e MICP~ ~ ~ 1 - i ~ ~  A1 i q u o t  F i l t e r e d  ( t  = min) 5 1 C r  - I C 5 1 C r  4C 

511 095 64 2 1 564.0 5195.6 0.1135 0.01232 
511 095 41 124 125.9 161 9.6 0.3257 0.02531 
511 095 60 131 245.5 3117.2 0.2444 0.01925 

0.2279 0.01896 
(Ave) (Ave) 

FECES 
Corrected cpm 
5 l C r  I 4 C  - - 

Background 5 1 C r  - 44 
( c ~ m )  1 4 C  - 27 



TABLE 18. Accumulat ion o f  L a b e l l e d  Food (Diatoms) by S imul ium 
(Exper iment  8 )  d u r i n g  1.0 h Feeding 

ANIMALS - 

Anima ls  ~ 

S i z e  No. 
(mr i l )  

- - (?l~ 
3 . 6  - 4 .5  10 
4 . 6  - 5 .5  10 
4 . 6  - 5 .5  10 
4 . 6  - 5 . 5  10 
4 .6  - 5 . 5  10 
5 . 6  - 6 . 5  10 
5 . 6  - 6 . 5  10 
5 .6  - 6 . 5  1 0  
5 .6  - 6 . 5  1 0  
6 . 6  - 7 .5  10 
6 . 6  - 7 . 5  10  
A s s o r t e d  
S i z e s  

FOOD - 

,.g DW 
A1 l q u o t  F i l t e r e d  

- - -- 

i ~ g  DW Food 
Accum/n I n d i v  
' l C r  l l + C  

-- 

I J ~  DW Food 
Accumlmg 

Animal  
' , l C r  --- I k c  

Sampl e  Food A c t i v i t y  
Time C o r r e c t e d  c  m  I I ~ / C P ~  u g / c ~ m  

( t  = m i n )  -- " l c r  e c l C r  c 

0.1078 0.007758 
* (Ave )  * (Ave ) 

FECES 

C o r r e c t e d  cpm 
' I C r  I 11c - - - - - - - - - 

Background ' " C r  - 45 
( cpm ) " 'C - 43 



TABLE 19. Accumulation o f  Labe l led  Food (Diatoms) by Simulium 
(Experiment 9 )  du r l ng  1.5 h Feeding 

ANIMALS 

pg DW Food 
Animal s pg DW Food Accumlmg 

Size No. To ta l  DW Accumln I n d i v  Animal 
(mm) O. O 51~r 5 1 ~ r  

4.6 - 5.5 11 1.738 9.284 5.342 
5.6 - 6.5 9 2.752 8.015 2.912 
6.6 - 7.5 25 14.650 97.163 6.632 
7.6 - 8.5 6 4.336 52.062 12.007 
Contro l  - 14.248 12.592 0.884 

5 1 C r  D issolved i n  Water 
Sample Val ume Sample Time Corrected cpm 

(ml ) ( t  = min)  5 1 C r  cpmlml 

FOOD 

Food A c t i v i t y  
? ~ g  DW Sample Time ? J ~ / c P ~  

A1 i q u o t  F i  1 t e red  ( t  = min) C r  

FECES 

Dry w t  Correct  cpm 
M 5 1 ~ r  

Background 5 1 C r  - 44 
(cpm) 



TABLE 20. Accumulat ion o f  Labe l l ed  Food (Diatoms) by Simul ium 
(Exper iment 10) d u r i n g  20 h Feeding 

ANIMALS 

Animals 
S ize  No. 

2.6 - 3.5 2 7 
3.6 - 4.5 14 
4.6 - 5.5 15 
5.6 - 6.5 11 
6.6 - 7.5 3 
Con t ro l  - 
Con t ro l  - 

Dry w t  
(mg 

ug  DW Food 
Accumln I n d i v  
5 1 C r  14C 

pg DW Food 
Accum/mg 

An-imal 
5 1 C r  -- 14C 

FOOD 

Food A c t i  v i  t y  

A1 i q u o t  
Dry  w t  
M 

Sampl e T i  ~i ie 
(t = h, m in )  

165 min 
180 min 
195 min 
19 h 15 min 
19 h 35 min  
19 h 45 min 

0.1352" 0.005847" 
*(Ave) * (Ave) 

FECES 

Feces A c t i v i t y  
Dry  w t  Cor rec ted  c m 
O 5 1 C r  

e C 

Background 5 1 C r  - 46 
(cpm) 1 4 C  - 32 



smal l e r  than 14C-der ived va l  ues. However, t he  r e l a t i o n s h i p  between t h e  
t h r e e  i n i t i a l  food a c t i v i t y  d e n s i t i e s  and feces a c t i v i t y  d e n s i t i e s  d i d  n o t  
conform prec ise1  t o  theory  as there  was v i r t u a l l y  no d i f f e rence  between 
food  and feces 5 r C r  a c t i v i t y  d e n s i t i e s .  It was expected t h a t  5 1 ~ r  a c t i v i t y  
dens i t y  o f  feces samples would increase from food va l  ues. Leaching o f  
5 1 C r  i n  t h e  g u t  must have balanced i t s  concen t ra t ion  as organic  mat te r  was 
ass im i l a ted .  The 1 4 C  a c t i v i t y  dens i t y  o f  food decreased i n  t h e  feces as 
expected, showing p r e f e r e n t i a l  uptake o f  t he  o rgan ic  f r a c t i o n  o f  diatoms. 

The e r r o r s  due t o  coun t ing  a re  a  r e l a t i v e l y  i n s i g n i f i c a n t  source o f  
v a r i a t i o n  cornpared t o  n a t u r a l  b i o l o g i c a l  v a r i a b i l i t y .  Median va lues o f  k  
show t h a t  t h e  median percen t  e r r o r s  due t o  coun t ing  a  sample a re  approx i -  
mate ly  4.2% o r  l e s s  i n  exper iments 7-10 w h i l e  t he  conf idence l i m i t s  f o r  
accumulat ion values a re  about  i 25.7, 20.8, 91.2, and 33.6% o f  t h e  mean 
va lues.  

Accumulation o f  Watercress by F i l t r a t i o n  i n  t h e  Trough Feeding Chamber 

The means o f  5 1 C r -  and 14C-der ived accumulat ion o f  watercress by 
f i l t r a t i o n  d u r i q g  6.0 h  f eed ing  (exper iment 11, Table 21) were o n l y  5.84 
and 8.23 pg/mg, r espec t i  ve ly .  These va l  ues a re  comparable t o  accu111ulation 
va l  ues f rom o n l y  1.0 and 1.5 h  o f  feed ing  i n  exper iments 8  and 9  i n  which 
diatoms were t h e  food source. Experimental  temperatures i n  exper iment 10 
were e q u i v a l e n t  t o  those i n  exper iment 11 b u t  t h e  mean accumulat ion i n  t h e  
former  exper iment was f a r  g rea te r .  The food concen t ra t i on  i n  experiment 
11 was 8.0 mg/a  (Table 33), which i s  much h i g h e r  than n a t u r a l  food concen- 
t r a t i o n s  i n  t he  stream. No o the r  e x ~ l a n a t i o n  f o r  t he  low accumulat ion 
values can be fo rmu la ted  except  t h a t '  preference o f  S imu l i  um f o r  f i n e l y  
ground watercress i s  l e s s  than f o r  diatoms. 

Leaching o f  both i so topes  accounts f o r  t h e  s e r i a l  r educ t i on  i n  a c t i v -  
i t y  dens i t y  o f  food samples w i t h  t ime.  It i s  u n l i k e l y  t h a t  a d d i t i o n  o f  
un labe l l ed  feces t o  t he  water  a f t e r  0.5 h  a c c l i m a t i o n  would be g r e a t  
enough t o  be respons ib l e  f o r  t h e  con t i nua l  r educ t i on .  The a c t i v i t y  den- 
s i t i e s  o f  5 1 C r  and 1 4 C  bo th  decreased f rom the food t o  t h e  feces by a  
f a c t o r  o f  about 10. It i s  probable t h a t  l each ing  i n  t h e  au t  i s  respons ib le  
f o r  l oss  o f  ' l ~ r  and t h a t  a  p o r t i o n  o f  t h e  reduc t i on  i n  ' C a c t i v i t y  den- 
s i t y  was s imply  a  r e s u l t  o f  a s s i m i l a t i o n .  It appears t h a t  i so tope  leach-  
i n g  i n  experiments where water  c i r c u l a t i o n  i s  r a p i d  r e s u l t s  i n  some 
u n c e r t a i n t y  i n  measurements. 

! 



TABLE 21. Accumulation o f  Label l e d  Food (Watercress) by Simul i um 
(Experiment 11) dur ing  6.0 h Feeding 

ANIMALS 

us DW Food 
Animals ug DW Food 

Size No. To ta l  DW Accumln I n d i  v 
Accum/rng 

Animal 

Assorted 
Assorted 
Assorted 

FOOD 

Vol ume Sampl e 
Sampl ed Time 

(ml ) ( t  = min) 

Food A c t i v i t y  
Dry w t  Corrected cpm u?/cpm ug/c~-m 

l 4 c  (119) 5 1 C r  l C r  1 4 ~  

0.1886 0.03107 
(Ave) (Ave) 

FECES 

Feces A c t i v i t y  
Dry w t  
0 

Corrected c m t u?/cpm ug/cpm 
5 l C r  C l C r  14C 

Background 5 1 C r  - 46 
(cpm) 



Accumulat ion o f  Watercress by F i l t r a t i o n  i n  t h e  P l e x i g l a s s  Stream 
Channe 1 

Mean 5 1 ~ r -  and 14C-der ived accumulat ion values i n  exper iment  12 
(Table 22) i n  which f i n e l y  ground watercress was f i l t e r e d  were 32.382 
and 41.155 ~g /mg,  r e s p e c t i v e l y .  Since f eed ing  t ook  p lace  f o r  o n l y  45 min 
i t  seems c l e a r  t h a t  phys i ca l  p r o p e r t i e s  o f  t h e  p l e x i g l a s s  s t ream a l lowed 
much g r e a t e r  i n g e s t i o n  r a t e s  (43.07 and 54.74 pg/mg/h , r e s p e c t i v e l y )  than  
observed i n  t h e  o t h e r  feed ing  chan'lbers. The f a c t  t h a t  a very  low food 
accumul a t i o n  was observed i n  exper iment 11 even a f t e r  6.0 h shows t h a t  
f i n e l y  ground watercress was a s u i t a b l e  food and t h a t  f eed ing  i n  t h e  g lass  
c y l  i n d e r  and t rough  chambers was subopt imal.  Con t ro l  va l  ues f o r  accumul a- 
t i o n  due t o  l each ing  were much s m a l l e r  than  i n  o t h e r  exper iments because 
a c t i v i t y  r e d u c t i o n  i n  food samples and appearance o f  f r e e  5 1 ~ r  i n  t h e  
wate r  was n e g l i g i b l e .  Nonetheless, 5 1 C r  a c t i v i t y  d e n s i t y  i n  feces was about 
o n e - f i f t h  t h a t  o f  food, whereas i t  shou ld  have increased. Leaching o f  
5 1 C r  i n  the  g u t  would appear t o  be respons ib le .  

Adsorpt ion o f  5 1 ~ r  

I n  Simul ium exper iment 9 t he  b l a c k  p l a s t i c  t rough  was used t o  de te r -  
mine feed ing  r a t e s  on diatoms. Five-ml vo l  umes o f  wa te r  were f i l t e r e d  
a t  t = 20 and 90 min d u r i n g  t h e  1.5 h f eed ing  exper iment.  These samples 
y i e l d e d  an average o f  16.3 cpm/ml, which i s  w i t h i n  t h e  range o f  a c t i v i t y  
found i n  a l each ing  exper iment.  The mean 5 1 ~ r  a v a i l a b l e  i n  wa te r  samples 
f rom t h e  l each ing  exper iment and Simul ium exper iment 9 a r e  n e a r l y  i d e n t i c a l  
(13.0 vs. 16.3 cpm/ml) even though t he  t o t a l  cpm o f  5 1 ~ r  a v a i l a b l e  i n  
l a b e l l e d  diatoms a t  t = 0 i n  each case a re  q u i t e  d i f f e r e n t  (8.6 mg d r y  
w t  + 0.054 pg/cpm = 1.59 x l o 5  cpm i n  t h e  l each ing  exper iment vs. 39.2 mg 
d r y  w t  t 0.063 pg/cpm = 6.22 x l o 5  i n  exper iment  9 ) .  Th is  i s  an i n d i c a t i o n  
t h a t  adsorp t ion  should  be minor  and c o n s i s t e n t  between exper iments.  The 
c o n t r o l  animals i n  exper iment 9 ( k i l l e d  be fo re  be ing  p laced  i n  t h e  system 
i n  a mesh bag) showed o n l y  a 0.884 pg/mg accumulat ion i n  comparison t o  
t h e  average t o t a l  accumulat ion o f  6.723 pg/mg. The c o n t r o l  va lue i s  very  
low and d i s t i n g u i s h a b l e  f rom ac tua l  i n g e s t i o n  r a t e s  even though t h i s  va l ue  
i s  j u s t  w i t h i n  t h e  95% conf idence l i m i t s  f o r  i n g e s t i o n  r a t e s  i n  exper iment 
9. The average i n g e s t i o n  r a t e  i n  exper iment 9 i s  s l i g h t l y  l e s s  than  t h a t  
o f  exper iment  8 due t o  d i f f e r e n c e s  i n  f eed ing  t imes.  



TABLE 22. Accumulation o f  Labe l l ed  Food (Watercress) by Simul i um 
(Experiment 12)  du r i ng  45 min Feeding 

ANIMALS 

Animals 
S i ze  No. 
(mm) (n) 

3.6 - 4.5 
4.6 - 5 .5  
5.6 - 6 .5  
6 .6  - 7.5 
6 .6  - 7.5 
7.6 - 8 . 5  
Con t ro l  
(Assor ted)  

A f t e r 8 0 m i n  16 
De feca t i on  18 

T o t a l  DW 
(mg 

FOOD - 

Sampl e 
(ml)- 

10 
10 
10 
10 
15 

Sample 
Dry w t  Time 

( ~ q )  (_t = min)  

2 7 2 
16 2 0 
13 33 
16 79 
35 8 5 

pg DW Food 
Accumln I n d i v  
5 1 C r  1 4 C  - - 

pg DW Food 
Accumlmg 

Animal 
5 1 C r  1°C 

Food A c t i v i t y  
Cor rec ted cpm :;cr ' L C  uq!cp. l i pg l i pm 
- - L r -- i 

0.04305* 0.02980* 
* (Ave) * (Ave) 

FECES 

Feces A c t i v i t y  
Gry w t  Cor rec ted c m e u2/cpm ug/cpm = l C r  A ! i L  - c C r  "C 

WATER ( F i l t e r e d  0.45 urn) 

Sample Volume Sample Time c Pm 
- ( m l L  - (t = min)  - 5 1 ~ r / 5 m ~  

Background : l C r  - 46 

( c P ~ )  1°C - 30 



Comparison o f  I n g e s t i o n  Rates Est imated by Use o f  5 1 ~ r  and by '"c 

A  one-way ana l ys i s  o f  var iance was conducted on se lec ted  exper iments 
( r e f e r  t o  Table 24) t o  determine whether t he re  was a  s i g n i f i c a n t  d i f f e r e n c e  
i n  t h e  means o f  5 1 C r -  and '"C-estimated i n g e s t i o n  ra tes .  Both 5 1 C r  and 
' "c were used i n  an at tempt  t o  es t imate  t h e  same value. Provided t h a t  
( 1 )  t h e  a c t i v i t y  determined f o r  t h e  food was t h e  same as t h a t  a c t u a l l y  
ingested,  ( 2 )  t h a t  adsorp t ion  r a t e s  o f  t h e  i so topes  were equal and minor  
o r  were sub t rac ted  from accumulat ion r a t e s ,  and ( 3 )  t h a t  t h e  feed ing  t ime  
was n o t  l onge r  than t he  g u t - f i l l i n g  t ime (so  t h a t  ' "C counts were no t  
added through assimi 1  a t i o n ) ,  then t h e  i n g e s t i o n  r a t e s  determined w i t h  t h e  
two i so topes  w i  11 be equal.  The mean o f  n  samples i n  each experiment was 
c a l c u l a t e d  f o r  ' ~ r -  and '"c-determined val  ues, r e s p e c t i v e l y ,  and an 
ana l ys i s  o f  va r iance  was c a r r i e d  o u t  t o  t e s t  t he  n u l l  hypothes is  ul = u2. 
The a l t e r n a t i v e  hypothes is  i s  t h a t  ul f u2 o r  t h a t  t he re  i s  a  s i g n i f i c a n t  
d i f f e r e n c e  a t  t h e  P  = 0.01 o r  P  = 0.05 l e v e l .  I f  a  s i g n i f i c a n t  d i f f e r e n c e  
i n  t h e  i n g e s t i o n  r a t e s  determined w i t h  t h e  two i so topes  was found, one o f  
t he  t h ree  f a c t o r s  mentioned above migh t  have been opera t ing .  An F t e s t  
was used t o  decide whether a  s i  n i f i c a n t  d i f f e r e n c e  ex i s ted .  A  s i g n i f i c a n t  9 d i f f e r e n c e  between t reatments  ( ' ~ r  and 14c)  can be noted e a s i l y  when t he re  
i s  l i t t l e  o r  no ove r l ap  i n  t h e  conf idence i n t e r v a l s  (UL and LL).  A  few 
experiments where t h e  d i f f e r e n c e s  were n o t  so obvious were examined us ing  
ana l ys i s  o f  var iance (Table 24). Standard e r r o r  o f  t h e  mean (S.E.) and 
t h e  c o e f f i c i e n t  o f  v a r i a t i o n  (C.V.) where C . V .  = s /x  were a l s o  c a l c u l a t e d .  
Th is  p rov ides  an es t imate  o f  t h e  r e l a t i v e  v a r i a t i o n  between two groups and 
i s  e s p e c i a l l y  use fu l  if the re  i s  a  p o s i t i v e  r e l a t i o n  between t h e  means and 
s tandard d e v i a t i o n s  . 

A  s i g n i f i c a n t  d i f f e rence  i n  t h e  means (Table 24) shows t h a t  d i f f e r e n t  
t h i n g s  a c t u a l l y  were be ing  measured (e.g. exper iments 5  and 10) .  I n  those 
cases where feeding t ime exceeded g u t - f i l  l i n g  t ime,  i t  was expected t h a t  
t h e  mean o f  ' "c  values would exceed t h e  5 1 C r  values. Absorp t ion  o f  5 1 ~ r  
by t he  gu t  cou ld  i n t e r f e r e  w i t h  t h i s  expec ta t ion .  I n  a1 1  Simul ium feed ing  
exper iments except exper iment 1, feed ing  t ime was equal t o  o r  g r e a t e r  than  
t h e  minimum g u t - f i  11 i n g  t ime determined f o r  b l  a c k f l y  1  arvae a t  Rat t lesnake 
Springs. A  l a c k  o f  s i g n i f i c a n t  d i f f e r e n c e  i n  means far  Simulium expe r i -  
ments 1-4 cou ld  be r e l a t e d  t o  the  r e l a t i v e l y  s h o r t  feed ing  per iods  b u t  i s  
more l i k e l y  due t o  s i m i l a r  e x t e r n a l  adsorp t ion  f o r  bo th  isotopes.  The 
s i g n i f i c a n t  d i f f e r e n c e  found i n  exper iment 5, i n  which feed ing  t ime 
equaled g u t - f i l l i n g  t ime, may i n d i c d t e  a  g r e a t e r  adsorp t ion  o f  ' "C,  s i nce  
t he  percen t  e r r o r s  i n  coun t i ng  f o r  each i so tope  were sma l l .  The median 
percen t  e r r o r  i n  t he  n e t  ccunt  r a t e  (51Cr )  i n  exper iment 5  was about 10% 
( k  = 2.7).  Th is  cou ld  n o t  account f o r  t h e  d i f f e r e n c e  i n  mean accumulat ion 
r a t e s  observed. The s i g n i f i c a n t  d i f fe rence  determined between means i n  
Simul ium experiment 10 i s  dramat ic  and i s  due t o  i n a p p r o p r i a t e  values f o r  
food a c t i v i t y ,  caused by l each ing  over  t he  l o n g  feed ine  per iod .  Chromium- 
51-der ived i n g e s t i o n  values n e a r l y  tw i ce  as g r e a t  as ' C values cou ld  



Experiment 

1 

2 

3 

4 

5 

6 

7 

C 

9 

1 0  

11 

12 

Feeding 
P e r i o d  

0 

TABL E 23. Mean 5 1 C r -  and,14C-derived Accumulations o f  Dry Weight o f  
Food by Simul ium (Experiments 1-12) du r i ng  t h e  S p e c i f i e d  
Feeding -pg/m /xh) .  Confidence L i m i t s  (UL and LL) 
and Standard E r r o r s  9 SE) o f  Mean 5 1 C r -  and 14c-der ived  
Values Are Given; The C o e f f i c i e n t  o f  V a r i a t i o n  (CV) o f  n 
Samples per  Experiment Are A1 so Prov i  ded 

No. 
Samples Mean ( b  /m / x h )  I c7- ?K - C V  * UL 

~ r - +  I "c - r r r - - y  - Tr---- T-.c- 0 -- - -- 



TABLE 24. S t a t i s t i c a l  Eva lua t i on  o f  The N u l l  Hypothesis That The 
Means o f  ' C r -  and 4C-der i  ved I n g e s t i o n  Val ues Are Equal 

Simul iuni S i g n i f i c a n c e  
Experiment DF* -- F Level  --- 

4 1, 24 0.682 NS (95' l e v e l  ) 

5  1,  20 15.3 P<O.  01 

8 1,  22 1.29 NS {95 .1 l e v e l  ) 

10 1 ,  8  11.3 P.O.01 

*Among t reatments ,  w i t h i n  t reatments  

i n d i c a t e  t h a t  5 1 C r  leached tw ice  as f a s t  as 1 4 C  from the  food du r i ng  t he  
3.0 h o f  feed ing  be fo re  sampling food f o r  r a d i o a c t i v i t y .  The mean 1 4 C  

. ingest ion value f o r  Simulium experiment 12 i s  g rea te r  than the " C r  value 
b u t  the  g rea t  ove r l ap  i n  conf idence l i m i t s  i n d i c a t e s  no d i f f e r e n c e ,  as 
should be expected w i t h  a  feeding t ime equal t o  the  minimum f i l l i n g  t ime. 

Since the 1 4 C  a c t i v i t y  dens i t y  o f  food  sources i n  a l l  Simulium 
experiments was n e a r l y  10 t imes g rea te r  than t h e  5 1 C r  a c t i v i t y  dens i t y ,  
t he  gross 1 4 C  count  r a t e s  o f  samples were 10 t imes g rea te r  than t h e  gross 
' l ~ r  count r a t e s  so t h a t  t he  accuracy o f  14C-der ived accumulations was 
much g rea te r .  The f a c t  t h a t  mean 5 1 C r -  and 14C-der ived accumulations were 
general  l y  n o t  s t a t i s t i c a l  l y  d i  f f e r e n t  (when feed ing  t imes d i d  n o t  exceed 
g u t - f i l l  i n g  t ime)  i n d i c a t e s  t h a t  percent  e r r o r  i n  i n d i v i d u a l  ' l ~ r - d e r i  ved 
values i s  reduced when values from severa l  samples are averaged. The 
c o e f f i c i e n t  o f  v a r i a t i o n  (C.V. ) o f  'C r -der i ved  values was general l y  g rea te r  
than t h a t  f o r  14C-der ived values (Table 23). 

A s s i m i l a t i o n  E f f i c i e n c i e s  Ca lcu la ted  f o r  Simul ium by the 
Calow and F l e t c h e r  Equat ion 

A s s i m i l a t i o n  e f f i c i e n c i e s  repo r ted  f o r  Simul i urn (Table 25) were 
c a l c u l a t e d  on t he  bas i s  o f  a c t i v i t y  r a t i o s  i n  food  and feces o f  these 
animals us ing  Calow and F l e t c h e r ' s  equat ion.  Accuracy o f  these values 
must be i n t e r p r e t e d  w i t h  regard t o  measured l e v e l s  o f  food consumption 



TABLE 2 5 .  A s s i m i l a t i o n  E f f i c i e n c i e s  C a l c u l a t e d  f r o m  Simul ium 
Exper iments Using Dual -1 a b e l  Method 

Simul  ium A s s i m i l a t i o n  
Exper iment  E f f i c i e n c y  

2 neg . 
3  neg . 

14.06% 

Simul  i urn A s s i m i l a t i o n  
Exper iment  E f f i c i e n c y  

11 neg. 
neg . 
neg . 
neg. 
neg . 
neg . 
neg . 
fieg. 

8 9.41% 
neg . 

i n  i n g e s t i o n  exper iments .  The mean a c t i v i t y  r a t i o  (51Cr /14C)  f o r  food  
samples was used i n  comput ing a s s i m i l a t i o n  f o r  each feces  sample. ' Food 
source a c t i v i t i e s  used t o  o b t a i n  t h e  mean i n  each exper iment  a r e  marked 
by  a s t e r i s k s  -in Tables 11-22 un less  a l l  va lues  were averaged. 'These 
va lues  a r e  t h e  a c t i v i t y  o f  f o o d  a f t e r  d i l u t i o n  i n  t h e  t o t a l  w a t e r  volume 
i n  most i n s t a n c e s  wh ich  p re -  and p o s t - d i l u t i o n  a c t i v i t i e s  were measured. 
When r a d i o a c t i v e  feces were o b t a i n e d  i n  Simul ium f e e d i n g  exper imen ts ,  AE 
v a l  ues were c a l  c u l a t e d   using i n d i v i d u a l  ' C r / " + C  a c t i v i t y  r a t i o s  f o r  each 
sample w i t h  t h e  mean va lue  determined f o r  food.  

I n  cases where n e g a t i v e  r e s u l t s  were s p e c i f i e d ,  t h e  e q u a t i o n  o f  Calow 
and F l e t c h e r  y i e l d e d  a  n e g a t i v e  number and no a s s i m i l a t i o n  e f f i c i e n c y  
c o u l d  be d e r i v e d .  A  n e g a t i v e  number r e s u l t s  f r o m  a  decrease i n  ' l C r  
a c t i v i t y  r e l a t i v e  t o  1 4 C  i n  t h e  feces.  A l though a  p o s i t i v e  a s s i m i l a t i o n  
e f f i c i e n c y  was computed i n  S imul ium exper iment  3, t h e  low a c t i v i t y  i n  t h e  
feces makes i t  c l e a r  t h a t  t h i s  va lue i s  n o t  r e l i a b l e .  The low i r r g e s t i o n  
r a t e s ,  compared t o  t h e  t h e o r e t i c a l  r a t e s  d e r i v e d  l a t e r  f r o m  g u t  w e i g h t  and 
d i g e s t i o n  t i m e  a n a l y s i s ,  a l s o  show t h a t  s i n c e  l i t t l e  was consumed, 



p roduc t i on  o f  r a d i o a c t i v e  feces probably  d i d  n o t  occur.  A s s i m i l a t i o n  
e f f i c i e n c i e s  c a l c u l a t e d  i n  Simulium exper iments 7  and 10 a r e  h i gh  b u t  
c o n s i s t e n t  and s i nce  i n g e s t i o n  and de feca t i on  r a t e s  were h i g h  i n  each case 
these v a l  ues appear re1  i a b l e .  The nega t i ve  AE c a l c u l  a ted  f o r  Simul i um 
exper iment 12 i s  unexpected because i n g e s t i o n  and de feca t i on  r a t e s  were 
h igh .  Poss ib l y  ' l ~ r  binds l e s s  w e l l  t o  watercress than i t  does t o  diatoms. 
I n  Simul ium exper iment 10 l each ing  caused t h e  ' l ~ r  and 1 4 C  a c t i v i t y  o f  food  
i n  t h e  t h ree  f ood  samples taken a t  approx imate ly  t = 19 h  t o  d i f f e r  s i g n i f i -  
c a n t l y  from those taken near  t = 3.0 h. S ince f e c a l  p e l l e t s  c o l l e c t e d  may be 
i n d i c a t i v e  o f  f eed ing  j u s t  p r i o r  t o  t h e  t = 19 h  sampling of food, AE 
va lues a l s o  were c a l c u l a t e d  f o r  each f eca l  sample us ing  t h e  mean ' l C r / l  4~ 

a c t i v i t y  r a t i o  o f  food samples taken a t  t = 19 h. The values range f rom 
83.36 t o  88.13%, which i s  cons iderab ly  h i ghe r  than  values based on i n i t i a l  
food samples. Because o f  l each ing  e r r o r s  i t  i s  u n c e r t a i n  which s e t  o f  
values i s  more app rop r i a t e  b u t  the  s i m i l a r i t y  of t h e  o r i g i n a l  es t ima te  t o  
t h a t  i n  exper iment 7  f avo rs  a  mean AE o f  57.12%. 

P re l  im ina ry  Cal c u l a t i o n s  f o r  t h e  Simul i um Energy Budget 

Dry Weights vs. S ize  o f  Simul ium Larvae 

Lad le  e t  a l .  (1972) measured t h e  i nc rease  i n  we igh t  o f  l a r v a e  o f  one 
genera t ion  through a  growth per iod .  The body weights  vs. s i z e  c a l c u l a t e d  
f o r  S imu l i i dae  o f  Ra t t lesnake  Spr ings were measured a t  i n t e r v a l s  b u t  a  
genera t ion  was n o t  n e c e s s a r i l y  f o l  l ow ing  through i t s  growth s ince ,  i n  
f a c t ,  Illany genera t ions  appear t o  e x i s t  d u r i n g  t h e  year .  The r e l a t i o n s h i p  
between l e n g t h  and we igh t  o f  Simul ium based on mean d r y  weights  f o r  a1 1  
samples f rom January 29 t o  J u l y  26, 1973 was l i n e a r  except f o r  t h e  s m a l l e s t  
s i zes  (F ig .  9 ) .  An examinat ion o f  Table 26 revea l s  t h a t  w i t h i n  each s i z e  
group b u t  t h e  l a r g e s t ,  body we igh t  inc reased  f rom January 29 t o  
February 20 and then  d e c l i n e d  through June 1. The l a r g e s t  s i z e  c l ass  
inc reased  i n  we igh t  u n t i l  a t  l e a s t  March 10. February maximum values f o r  
s i z e s  4.6-5.5, 5.6-6.5, and 6.6-7.5 mm were 3.8, 3.4, and 3.3 t imes 
g rea te r  than t h e  June minima o f  0.155, 0.357, and 0.494 mg/ ind iv ,  respec- 
t i v e l y .  Th is  we igh t  d i f f e r e n c e  cou ld  s imp ly  be a  d i f f e r e n c e  between 
species s i nce  Simul ium presen t  i n  March were a lmost  exc l  us i  ve l y  2. argus 
w h i l e  those present  i n  J u l y  were almost e x c l u s i v e l y  2. v i t t a t u m .  How- 
ever,  Chu t te r  (1972) a l s o  n o t i c e d  a  s i m i l a r  d e c l i n e  i n  s i z e  o f  Simul i i d a e  
f rom s p r i n g  through summer and b e l i e v e d  i t  t o  be r e l a t e d  t o  temperature.  
Resu l t s  o f  t h i s  s tudy suppor t  h i s  i n t e r p r e t a t i o n .  

Examinat ion o f  Table 27, which g ives  t h e  average o f  mean d a i l y  tempera- 
t u r e s  and t he  mean o f  t h e  d a i l y  temperature d i f f e r e n c e s  (maximum minus 
minimum) f o r  November 1-August 30, shows t h a t  mean d a i l y  temperatures and 
f 1  uc tua t i ons  were n e a r l y  cons tan t  d u r i n g  we1 1  - de f i ned  t ime  per iods  b u t  
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FIGURE 9. Length (mm) vs.  Dry Weight (mg) f o r  Simulium. Dry Weights 
f o r  Each S i z e  Class Are Mean Weights f r o m  Samples Throughout 
t h e  P e r i o d  January 29 t o  J u l y  26, 1973 (See Table  26).  



TABLE 26. Dry Weights (mg) o f  Simul ium Larvae Sampled i n  I n g e s t i o n  
Rate Exper iments th roughou t  t h e  Se r i es  o f  12 S imul ium 
Exper iments.  Values f o r  Mean Dry Weiqht p e r  I n d i v i d u a l  
were Based upon Measurements o f  n ~ n i m a l s '  (Given on L e f t  
S ide  f o r  Each S i z e  C lass )  Weighed i n  Samples o f  10 Animals 
Each. I f  n = 25, f o r  Example, Then There Were Three 
Samples w i t h  Two Groups o f  10 and One Group o f  5 

Sizes (mn) 
Simul ium -- - 2.6 - 3.5 3.6 - 4 .5  4.6 - 5.5 5.6 - 6.5 6.6 - 7.5 7.6 - 8 .5  

Experiment Date . - -  n w t  - -  n w t  n w t  - -  n w t  - -  n w t  - -  n w t  - -  

1 Jan 29 

2 Feb 14 

3 Feb 20 

4 Feb 27 

5 Mar 10 

6 Mar 23 

7 Apr 23 

8 May 10 10 0.192 40 0.353 40 0.701 20 0.949 

9 May 26 11 0.158 9 0.306 25 0.556 6 0.723 

10 Jun 1 27 0.066 14 0.0613 15 0.155 11 0.357 3 0.494 

Grand mean 0.066 0.134 0.359 0.661 0.984 1.344 

To ta l  no. 
animals weighed 2 7 



Date  

Nov 1 - Dec 3 

Dec 4 - 17 

Feb 1 - 20 

Feb 21 - Mar 20 

Mar 21 - Apr  8 

Apr 9 - Jun  5 

Jun 6 - J u l  2 

J u l  13 - Aug 15 

Aug 16  - A u ~  31 

TABLE 27. Means o f  Average  D a i l y  T e m p e r a t u r e s  a n d  Means o f  D a i l y  
Tempera tu re  F l  u c t u a t i o n s  f o r  S p e c i f i c  P e r i o d s  d u r i n g  
1 9 7 3  a t  R a t t l e s n a k e  S p r i n g s  ( n e a r  B l d g .  646) 

Averaqe Da i  1 y Temperature 
Mean S E C V  UL LL - - ---  

11.78 0.139 6.45 12.05 11.48 

5.67 0.363 23.9 6.46 4.89 

1'1.13 0.121 4.88 11.38 10.87 

13.23 0.147 5.31 13.53 12.92 

14.14 0.186 4.76 14.55 13.73 

16.62 0.160 7.21 16.94 16.30 

17.46 0.192 5.68 17.84 17.08 

18.67 0.110 3.37 18.89 18.45 

16.51 0.106 2.56 16.72 16.30 

D a i l y  Temperature Maximum - Minimum 
Mean SE C V  UL L L - - - - -  

Days 
(n, 

30 

14 

2 0 

2 3 

13 

56 

2 7 

3 3 

16 



v a r i e d  suddenly between per iods .  Between February 1  and 20 average d a i l y  
temperatures were 11.1 OC (mean) w i t h  a  smal l  d a i l y  f l u c t u a t i o n  o f  1.3'C. 
February 21 marked a  day when temperatures became s i g n i f i c a n t l y  h i g h e r  and 
averaged 13.2OC f o r  t h e . p e r i o d  February 21-March 20. Greater  d a i l y  f l u c t u a -  
t i o n s  i n  temperature a l s o  commenced a t  t h i s  p o i n t .  The d e c l i n e  -in body 
we igh t  of Simul ium l a r vae  a l s o  s t a r t e d  near February 21 and body weights  
never aga in  reached t h e  h i g h  l e v e l s  r eco rd  on February 20. Fa t  reserves 
i n  t h e  abdomen were very  l a r g e  i n  t he  c o l d e r  months and these reserves 
seemed t o  disappear i n  the  s imul i i d p o p u l a t i o n  as temperatures increased,  
a1 though a  causal r e l a t i o n s h i p  i s  n o t  necessar i  l y  imp l i ed .  The g rea te r  
r e s p i r a t o r y  demand a t  h i ghe r  temperatures i s  p o s s i b l y  r espons ib l e  f o r  t h e  
r educ t i on  i n  s i ze .  The f a t  reserves cou ld  be a  s to rage  dev ice  which enable  
l a r v a e  t o  s u r v i v e  per iods  o f  l ow f ood  abundance. Data ob ta ined  by E .  Wolf 
(unpubl  ished)  i n d i c a t e  low concen t ra t i ons  o f  suspended o rgan i c  m a t t e r  
through w i n t e r  f o l  lowed by gradual  increases t o  a  maximum i n  May. As water  
temperatures r i s e ,  t h e  increased r e s p i r a t o r y  demand f o r  energy i s  met by 
t h e  increased food  concen t ra t ions  ava i  l a b l e ,  which may a1 so make severa l  
summer generat ions poss ib l e .  

Rat t lesnake Spr ings S imu l i i dae  reached a  g r e a t e r  mean i n d i v j d u a l  d r y  
weight  than t h e  spec ies s t u d i e d  by  Lad le  e t  a l .  (Table 29) even though 
a l l  spec ies reached t h e  same l a r v a l  l eng th .  I f  i t  can be assumed t h a t  
genera t ion  t imes are e q u i v a l e n t  f o r  a l l  th.ese spec ies,  then t h e  growth 
r a t e  o f  l a r vae  i n  Ra t t lesnake  Spr ings i s  much g rea te r ,  even though t h e  
q u a n t i t y  o f  suspended food a v a i l a b l e  i n  t he  cha lk  stream was 15 t o  20 
t imes g rea te r  than i n  Ra t t lesnake  Spr ings.  Lower growth r a t e s  i n  t h e  
cha l k  stream cou ld  be a  f a c t o r  o f  low food qua1 i t y  due t o  d i l u t i o n  o f  
o rgan i c  m a t t e r  by suspended i no rgan i c  sediment. M ic roscop ic  examinat ion 
o f  Rat t lesnake Spr ings seston and gu t  contents  o f  S imu l i  um revea led  t h a t  
suspended i n o r g a n i c  sediment was o n l y  a  smal l  f r a c t i o n  o f  t h e  food  supply .  
It was, however, found t h a t  t h e  percen t  ash o f  t h e  seston was very  l a r g e  
(.i 85%). 

Dry Weights, Gut Weights, and Percent Ash o f  Gut Contents o f  
Simul i um Larvae 

The gu t  weights  o f  Simul ium l a r vae  o f  va r i ous  s i z e s  f rom Rat t lesnake 
Spr ings  were measured (T-. The mean g u t  f r a c t i o n  based on d r y  
weights  o f  gu ts  and t he  mean l a r v a l  weights  o f  Ra t t lesnake  Spr ings Simul ium 
(Table  29) was 10.9% (n  = 9 ) .  I t  appears t h a t  i n c l u s i o n  o f  the  g u t  w a l l  
i n  g u t  weight  measurements y i e l d s  h i g h  values because g u t  f r a c t i o n s  o f  
l a r v a e  sampled i n  J u l y  based on mean J u l y  l a r v a l  we igh ts  (Table  26) a re  
much h i g h e r  than  expected. The percent  ask o f  Simul ium gu t  con ten ts  v a r i e d  
between 76.1 and 82.3%. The r e l a t i o n s h i p  between mean body l e n g t h  and 
t h e  d r y  weights  o f  l a r v a e  and gu t  con ten ts  o f  two spec ies o f  Simulium was 
d e r i v e d  f rom data presented by Lad le  e t  a l .  (1972) and con t ras ted  w i t h  



TABLE 28. Gut Weight Measurements and Percent Ash o f  Gut Contents 
o f  Simulium 

T o t a l  
Length Dry w t  Ash w t  

Date (mm) ( ~ 9 )  ( ~ 9 )  % Ash Remarks 

Mar 21, 1973 9.0 

8.0 

Mar 22, 1973 7.0 

8.3 

7.0 

J u l  23, 1973 5 .5  

6.0 

5.5 

6.2 

(+)  i n c l u d i n g  g u t  w a l l  
( - )  n o t  i n c l u d i n g  g u t  w a l l  

TABLE 29. Dry Weights (ug)  and Gut Weights o f  Simulium drnatum 
and S. equinum Studied by Ladle e t  a m )  and 
Simuiium spp. Studied a t  Rat t lesnake Springs 

Length 
( mm 

Lad1 e ' s  Work 
S. ornaturn S e uinum - 

(PSDT -iP+ 

Gut w t  o f  
S.  ornatum 

ana S.  e uinurn 
(Fg * Simulium spp. 

Rat t lesnake Springs 



s i m i l a r  d a t a  f rom Rat t lesnake Spr ings (Table  29).  Ra t t lesnake  Spr ings 
l a r v a e  reached a  l a r g e r  maximum we igh t  even though t h e  smal l  s i z e  c lasses  
were s i m i l a r  i n  we igh t .  Data f rom Rat t lesnake  Spr ings are,  however, means 
o f  a l l  spec ies o f  Simul ium presen t  on sampl ing dates (p robab ly  o n l y  two 
spec ies )  . 

D iges t i on  Time f o r  Simul ium 

I n  s i t u  d i g e s t i o n  t ime a n a l y s i s  o f  S imul ium was conducted t o  d e r i v e  a 
t h e o r e t i c a l  i n g e s t i o n  r a t e  which coul  d  be compared w i t h  expe r imen ta l l y  
determined ra tes .  Given t he  l a r v a l  g u t  f r a c t i o n  (ug/mg) and t h e  l e n g t h  
o f  t ime  ( h )  r e q u i r e d  f o r  food passage, an approximate i n g e s t i o n  r a t e  can 
be der i ved .  

The con t i nua l  i nc rease  i n  p r o j e c t e d  g u t  c learance t ime  (Table  30) i n d i -  
ca tes  d i f f e r e n t i a l  r a t e s  o f  passage a long t he  gu t .  The r a t e  o f  movement 
o f  a  volume o f  food  i s  s lowest  i n  t he  c e n t r a l  l a r g e  diameter p o r t i o n .  
Fredeen (1964) and Lad le  e t  a l .  (1972) i n d i c a t e d  t h a t  d i g e s t i o n  t imes f o r  
Simul ium l a r v a e  were 20-30 min. However, i n  t h i s  exper iment t h e  d i g e s t i o n  
t ime was cons ide rab l y  l onge r ,  s i nce  l e s s  than h a l f  t h e  gu t  l e n g t h  was 
t r a v e l  l e d  i n  35 min. On t he  bas i s  of these da ta  i t  appears t h a t  50-75 rnin 
i s  a  b e t t e r  es t ima te  o f  d i g e s t i o n  t ime. Subsequent exper iments performed 
as wa te r  temperatures inc reased  v e r i f i e d  t h a t  approx imate ly  50-66% o f  t h e  
l a r g e  c e n t r a l  gu t  s e c t i o n  was t r a v e l  l e d  d u r i n g  30 min. 

TABLE 30. D iges t i on  Time Ana l ys i s  o f  Simul ium (Feb. 28, 1973) 
Stream Temperature 15.4"C 

Time Since Average Number o f  P ro j ec ted  Time 
Feeding Ended % Gut Larvae Gut Clearance 

(min) - .  T rave l  1 ed Measured (mi n  ) 



On June 19, 1973 a  check was made t o  see whether  d i g e s t i o n  t i m e s  were 
s t i l l  n e a r l y  1.0 h. A f t e r  a  carbon s l u r r y  was r u n  i n t o  t h e  s t ream f o r  3  m i n  
and a  30-min p e r i o d  was a l l o w e d  f o r  d i g e s t i o n ,  i t  was found  t h a t  a p p r o x i -  
m a t e l y  h a l f  o f  t h e  16 an ima ls  sampled had a  carbon p l u g .  The p l u g s  had 
t r a v e l l e d  an average o f  50-66% o f  t h e  way t h r o u g h  t h e  g u t ,  i n d i c a t i n g  t h a t  
t h e  d i g e s t i o n  t i m e  was 45-60 min. The l a c k  o f  a  p l u g  i n  some an imals  
c o u l d  have been due t o  non -un i fo rm d i s p e r s i o n  o f  carbon i n  t h e  s t ream.  On 
June 22, 1973 a n o t h e r  carbon s l u r r y  exper imen t  was per formed t o  de te rm ine  
whether  remov ing t h e  r o c k  w i t h  l a r v a e  f rom t h e  w a t e r  f o r  45 sec and r e p l a c -  
i n g  t h e  r o c k  i n  a  new o r i e n t a t i o n  wou ld  i n h i b i t  f e e d i n g .  I f  m a n i p u l a t i o n  
i n h i b i t e d  f e e d i n g ,  a c c l i m a t i o n  t imes  i n  l a b o r a t o r y  exper imen ts  needed t o  
be  lengthened.  A f t e r  3  rnin o f  f e e d i n g  on a  carbon s l  u r r y  f o l l o w e d  b y  30 
min feed ing  on ses ton ,  o n l y  3  o f  16 an imals  d i s s e c t e d  had a  carbon p l u g  
wh ich  had n e a r l y  passed th rough  t h e  g u t .  The exper imen t  was immed ia te l y  
repea ted  e x c e p t  t h a t  one r o c k  covered w i t h  b l a c k f l y  l a r v a e  was untouched 
and se rved  as a  c o n t r o l .  A  second rock  l o c a t e d  downstream was t h e  e x p e r i  - 
mental  d i s t u r b e d  r o c k .  Each r o c k  was a l l o w e d  30 m in  a c c l - i ~ n a t i o n  a f t e r  t h e  
e x p e r i m e n t a l  d i s t u r b a n c e .  Again 3  min  were  a1 lowed f o r  f e e d i n g  on t h e  
carbon s l u r r y ,  f o l l o w e d  by 15 min  f e e d i n g  on n a t u r a l  ses ton .  Four teen o f  
15 exper imen ta l  an imals  had carbon p l  ugs 66-75% o f  t h e  way t h r o u g h  t h e  g u t ;  
6  o u t  o f  6  c o n t r o l  an imals  had carbon p l u q s  e q u a l l y  f a r  advanced. The mean 
tempera tu re  f o r  t h i s  day was 18.7"C. It seems t h a t  w a t e r  tempera tu re  
c o u l d  i n f l u e n c e  d i g e s t i o n  t i m e  i n  S imu l ium ( a l s o  d e s c r i b e d  f o r  Pyrrhosoma 
by  Lawton 1971). The d i g e s t i o n  t i m e  e s t i m a t e s  a t  18 .6 'C i n  R a t t l e s n a k e  
S p r i n g s  ( a l t h o u g h  l e s s  p r e c i s e l y  done than  -in Februa ry )  a r e  ve ry  s i m i l a r  t o  
va lues r e p o r t e d  by  L a d l e  and Fredeen. I t  appears t h a t  a  tempera tu re  
decrease o f  about  5.5 'C  c o u l d  cause a  50% r e d u c t i o n  i n  d i g e s t i o n  t i m e .  
Lawton (1971) found  t h a t  d i g e s t i o n  t i m e  a t  15'C was t w i c e  as g r e a t  a t  
5'C. 

D i g e s t i o n  t i m e  was measured i n  t h e  l a b o r a t o r y  i n  t h e  p l e x i g l a s s  channe l  
a t  21.5"C on J u l y  25, 1973. A l a r g e  excess o f  carbon was mixed i n t o  mem- 
brane f i  1 t e r e d  w a t e r  ( 5  um) a f t e r  l a r v a e  had been a c c l  imated 1  . 0  h. A f t e r  
f e e d i o g  f o r  30 rnin on t h e  carbon, l a r v a e  were k i l l e d  i n  d i l u t e  a l c o h o l  and 
g u t s  were examined. Aga in  p l u g s  were 50-66% o f  t h e  way t h r o u g h  t h e  g u t ,  
i n d i c a t i n g  45-60 m i n  d i g e s t i o n  t i m e .  S t a r v a t i o n  f o r  1 .0  h  a p p a r e n t l y  had 
no e f f e c t  on f e e d i n g  and an excess o f  f o o d  d i d  n o t  seem t o  cause e x t r a o r -  
d i n a r y  i n c r e a s e s  i n  f e e d i n g  r a t e .  F i l t e r  f eeders  i n  genera l  have a  maximum 
feed ing  r a t e  wh ich  i s  n o t  i n c r e a s e d  b y  f u r t h e r  i n c r e a s e s  i n  f o o d  concen t ra -  
t i o n  (B lazka  1971).  

The carbon exper imen t  was repea ted  on June 20 and aga in  a  45-60 min  
d i g e s t i o n  t i m e  was i n d i c a t e d  f r o m  d i s s e c t i o n  o f  10  g u t s .  I n  d i g e s t i o n  t i m e  
exper imen ts  t h e  e f f e c t  o f  t i m e  o f  day seemed t o  be n e g l i g i b l e  and g u t -  
f i l l i n g  seemed t o  o c c u r  w i t h i n  45-60 m in  w i t h  t h e  e x c e p t i o n  o f  t h e  one 
exper imen t  where d i g e s t i o n  t imes  were h a l f  o f  t h a t  u s u a l l y  found.  



T h e o r e t i  c a l  I n g e s t i o n  Rates 

Gut f r a c t i o n s  ( g u t  w t / l a r v a l  w t )  o b t a i n e d  f rom Lad le  e t  a l .  (1972) 
and i n  t h i s  research a re  s i m i l a r .  Lad le  does n o t  s p e c i f y  whether  t h e  g u t  
l i n i n g  was removed i n  h i s  de te r l l i i na t ions  b u t  f r o m  t h e  few weigh ings made 
i n  t h i s  research,  g u t  f r a c t i o n s  appear t o  be o v e r e s t i m a t e d  when gu t  1  i n i n g s  
are  i n c l u d e d .  I f  the  l a r v a l  we igh ts  decrease th rough  the  summr  w i t h o u t  
s i m i l a r  r e d u c t i o n s  i n  t h e  g u t  s i z e  (wh ich  i s  p r o b a b l e ) ,  t h e n  i n g e s t i o n  
r a t e s  i n  terms o f  ~ g / m g  shou ld  i n c r e a s e  s l i g h t l y  as g u t  f r a c t i o n s  inc rease .  
Based on L a d l e ' s  g u t  and l a r v a l  we igh ts  and d i g e s t i o n  t imes measured i n  
R a t t l e s n a k e  Spr ings  (45-60 m in )  one can expec t  i n g e s t i o n  r a t e s  r a n g i n g  fr'oni 
82 t o  1  55 pg/mg/h (Tab1 e  31 ) . 

TABLE 31. T h e o r e t i c a l  I n g e s t i o n  Rates f o r  S imul ium Larvae Based -- 
on 45-60 min D i g e s t i o n  Time and Gut F r a c t i o n s  
(Gut  w t / l a r v a l  w t )  Der i ved  f r o m  Lad le  e t  a1 . (1972) 

Length  I n g e s t i o n  Rate 
(mm ) - (vg/mg/h! 

Concen t ra t i on  o f  SuspendedMat te r  p e r  L i t e r  i n  Ra t t l esnake  Spr ings  

Water samples were c o l l e c t e d  p e r i o d i c a l l y  th roughou t  t h e  s tudy  f o r  
d e t e r m i n a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  suspended m a t t e r  wh ich was t h e  f o o d  
source o f  Simul i um 1  arvae.  Water samples were f i 1 t e r e d  on membrane o r  
g lass  f i l t e r s  and were sometimes prescreened t o  remove l a r g e  d e b r i s .  The 
r e s u l t s  (Tab le  32) i n d i c a t e  t h a t  suspended p a r t i c u l a t e  food i n  R a t t l e s n a k e  
Spr ings  v a r i e d  l i t t l e  d u r i n g  t h e  three-month-per iod.  The range o f  i n d i  - 
v i d u a l  va lues  was 0.97-2.5 m g / i  (mean values ranged fro111 0.97 t o  2.4 rng/.,) 



TABLE 32. C o n c e n t r a t i o n  o f  Suspended M a t t e r  p e r  L i t e r  i n  
Ra t t l esnake  Spr ings  

Mean 
C o n c e n t r a t i o n  

Date ( m g l ~ )  - n F i l t e r  Type Prescreened 

Mar 28, 1973 1 .9  2 5  ~ m ,  M - 

Apr 13, 1973 2 . 4  2  5  um, M + (250 pm) 

May 2, 1973 1 .25 3  G + (417 pm) 

Jun 20, 1973 0.97 3  5  um, M - 

( M )  membrane f i l t e r  
( G )  g l a s s  f i b e r  f i l t e r  

C o n c e n t r a t i o n  o f  Food i n  Simul ium F i l t r a t i o n  Exper iments 

I n  S imul ium exper iments  1-6 o n l y  t h e  i n i t i a l  a l g a l  d i l u t i o n  was 
sampled by  f i l t e r i n g  1  m l  o f  a  100-ml suspension.  These exper iments  were 
done i n  g l a s s  c y l i n d e r  f e e d i n g  chambers which c o u l d  accommodate fewer  
an ima ls  than  t h e  p l a s t i c  t rough .  Water v o l  umes used i n  t r o u g h  exper iments  
were o n l y  s l i g h t l y  g r e a t e r  than  i n  g l a s s  c y l i n d e r  exper iments .  For  t h i s  
reason d i l u t i o n  o f  l a b e l  l e d  f o o d  by  untagged feces p r o b a b l y  c r e a t e d  l e s s  o f  
a  prob lem than  t h a t  encountered i n  t r o u g h  exper iments  (7-1  1 ) .  I n  a d d i t i o n ,  
g r a v e l ,  wh ich c o u l d  y i e l d  m a t e r i a l  t o  t h e  wa te r ,  was n o t  p r e s e n t  i n  e x p e r i -  
ments 1-6. Mechanical  ent rapment  o f  1  abe l  l e d  food  on monof i  1  ament screens 
(390 vm), wh ich were p a r t  o f  a1 1  f e e d i n g  systems e x c e p t  Simul  ium exper imen t  
12, caused a  r e d u c t i o n  i n  t h e  f i n a l  f ood  c o n c e n t r a t i o n  i n  these  exper imen ts .  
Judg ing f r o m  t h e  decrease i n  food c o n c e n t r a t i o n  i n  exper iments  7  and 8 
(Tab le  32) ,  t h i s  r e d u c t i o n  c o u l d  nave been n e a r l y  50% i n  Simul  ium e x p e r i -  
ments 1-6 b u t  p r o b a b l y  was l e s s  because o n l y  one sma l l  mesh cone was 
p l a c e d  i n  each g l a s s  c y l i n d e r  t o  p r e v e n t  an ima ls  f r o m  b e i n g  c a r r i e d  th rough  
t h e  pump. The s i x  mesh d i v i d e r s  and t h e  g r a v e l  subs t ra tum i n  t h e  p l a s t i c  
t r o u g h  f e e d i n g  chamber (exper iments  7-1 1  ) would  have screened o u t  d iatoms 
more e f f e c t i v e l y .  I t  i s  s i g n i f i c a n t  t h a t  w i t h  exper imen ta l  f ood  concen- 
t r a t i o n s  6-15 t imes g r e a t e r  than  R a t t l e s n a k e  Spr ings  w a t e r  ( c f .  Tab le  32 
and 33),  f e e d i n g  r a t e s  determined i n  many o f  these  exper iments  were lower  
than  t h e o r e t i c a l  r a t e s .  Moreover, where food c o n c e n t r a t i o n  were i d e n t i c a l  
t o  s t ream c o n c e n t r a t i o n s  (exper imen t  1 2 )  h i g h  i n g e s t i o n  r a t e s  were found. 



T A B L E  33. - Food Concentration in  Simul ium Fi 1 t r a t i o n  Experiments 

~ A J u ! ~  urn Concentration ( a )  concentrat ion ( b )  
Experiment (mg/R) - (mglk) 

( a )  Based on i n i t i a l  1/100 d i l u t i o n .  
( b )  Based on f i n a l  d i l u t i o n .  

In Simulium experiments 2-4 the i n i t i a l  food concentration was 20.7 
to  26.9 m b l e  16) which was much g rea te r  than the natural  concentra- 
t ions  of 0.97-2.5 mg/k in Rattlesnake Springs. Fredeen (1964) found the  
macroplanktonic concentrations (a lgae  plus protozoans) i n  the  Saskatchewan 
River t o  range from 13-14 x l o 6  ce l l s /E  during one yea r ,  while mean suspended 
s o l i d s  were 427 mg/k. The diatom c e l l  counts in Simulium experiments 2-4 
(Table 34) were very s imi la r  t o  those found i n  nature by Fredeen, ranging 
from 9.22 t o  28.01 x lo6  c e l l s l e .  An average of 1.076 x lo6  c e l l s l a  was 
found i n  suspension i n  experiment 5 ,  which measured grazing.  This was 15 
times l e s s  than i n  experiment 2 i n  which the i n i t i a l  food concentration was 
26.9 mgla,. 



TABLE 34. C e l l  Counts i n  Simul ium Experiments 2-5 

Simul i um Time F i e l d  S i ze  C e l l  s / a  
Exper iment (t = m in )  -- C e l l  - Coun ts /F ie ld  ( W I 2  x 106 

Dete rmina t ion  o f  Percent  Ash i n  Feces o f  Simul ium Larvae and i n  i t s  Food 
(Suspended Organic  M a t t e r  o f  Ra t t lesnake  Spr ings )  

Data on percen t  ash o f  f ood  and feces o f  Simul ium c a l c u l a t e d  by  
va r i ous  techniques were used t o  compute AE values by t h e  a s h - r a t i o  method. 
The ash percentages o f  food and feces o f  Simul ium l a r v a e  d e r i v e d  by weigh- 
i n g  samples on f o i l  squares a r e  g i ven  i n  Table  35. 

TABLE 35. Percent  Ash o f  Simul ium Food and Feces (Samples 
Weighed on F o i l  Squares) 

Date Sarr~pl e % Ash Samp 1 e % Ash 

Jun 20, 1973 Food 84.00 Feces 87.17 

Jun 25, 1973 

Jun 28, 1973 

84.57 

84.29 (Ave) 

78.65 (Ave) 

84.05 (Ave) 

84.37 (Ave) 

81.91 (Ave) 
83.05 (Ave) 



The percent  ash o f  Simul ium feces c o l l e c t e d  i n  the stream measured by 
t h e  f o i  1  method v a r i e d  f r om 79.79 t o  87.17%. The n a t u r a l  f ood  a v a i l a b l e  
v a r i e d  i n  percent  ash from 78.83 t o  84.57%. I n  general  t he  percent  ash 
con ten t  o f  feces  o n l y  s l i g h t l y  exceeded t h a t  o f  t he  food, i n d i c a t i n g  a  low 
AE . 

I n  Simul ium exper iments 9  and 10, Columbia R i v e r  diatoms were f e d  i n  
suspension t o  t he  l a r vae .  Feces and food were sampled i n  these exper iments 
and percent  ash was determined. The da ta  on r a d i o a c t i v i t y  i n  t h e  feces o f  
l a r vae  f rom Simulium exper iment 9  (Table 19) i n d i c a t e  t h a t  l i t t l e  i f  any o f  
t he  l a b e l l e d  food  was defecated. The feces c o l l e c t e d  undoubtedly were o f  
s t ream o r i g i n .  Near l y  0.5 h  e lapsed f rom the  t ime the  l a r v a e  were c o l l e c t e d  
u n t i l  t hey  were p laced i n  t he  l a b o r a t o r y  stream; 2.0 h  were a l lowed f o r  
a c c l i m a t i o n  and 1.5 h  f o r  feed ing .  Therefore,  t he  feces produced had a g u t  
res idence  t ime  o f  a t  l e a s t  4.0 h. Feces o f  l a r v a e  f rom Simulium exper iment 
10 c l e a r l y  were r a d i o a c t i v e  and were de r i ved  from t h e  exper imenta l  food. 
Data on percen t  ash o f  Columbia R i ve r  diatoms ( t h e  l a b e l l e d  food source)  
and o f  Simulium feces a re  g iven i n  Table 36. The mean percentages o f  ash 
o f  f ood  and feces i n  exper iment 10 were 80.1 1  and 65.94%, r e s p e c t i v e l y .  
One would n o t  t h e o r e t i c a l l y  expect  the percen t  ash va lues o f  the  food  t o  
be g rea te r  than t h e  feces.  Th is  s i t u a t i o n  cou ld  be p o s s i b l e  i f  minera l  
abso rp t i on  i s  h i g h  o r  i f  sec re t i ons  were added t o  the  feces b u t  t h e  d i f -  
ferences may n o t  be s i g n i f i c a n t  based on such a smal l  sample s i z e .  

TABLE 36. Percent  Ash Dete rmina t ion  o f  Columbia R i v e r  Diatoms and 
S-imulium Feces i n  Simulium Experiments 9  and 10 (Samples 
Weighed on F o i l  s q u a r e s )  

Simul ium 
Experiment Sampl e  % Ash Sample % Ash -- 

9 Feces 86.51 
88.97 
85.01 -- 

Feces 65.94 Food 

80.11 (Ave) 

Another exper iment was conducted t o  determine the percen t  ash o f  
Simulium food and feces  (Table 37). Several  g l ass  f i b e r  f i l t e r s  were p re -  
ashed a t  500°C f o r  24 h. P rev i ous l y  i t  was found t h a t  f i l t e r s  l o s t  an 



TABLE 37. D e t e r m i n a t i o n  o f  Pe rcen t  Ash o f  S imu l ium Food and Feces, 
Us ing Pre-ashed (500°C) Glass F i b e r  F i l t e r s ,  May 9, 1973 

Dry  ~ t ( ~ )  Ash ~ t ( ~ )  
(55"C, 24 h )  (500°C, 24 h )  

- Sampl e  -- . - --~19) ( - - _ - ( ll~). -- x  AS^ 

Feces 209.61:l 93.99 
269.6 85.86 

(') 85.72 410.6(c)  
200.6 82.55 

87.Q3 (Ave)  

Food (1  00 ml ( c )  160.6(,) 74.69 
Stream Water )  50.6 46.00 

100 ml 
D i s t i l l e d  Water 

B lank  F i l t e r  +2 . -1 1  

( a ) F i n a l  d r y  w e i g h t  f i l t e r  p l u s  c o n t e n t s  - i n i t i a l  d r y  w e i g h t  f i l t e r .  
( b )  Ash w e i g h t  f i l t e r  p l u s  con te r i t s  - i n i t i a l  f i l t e r  w e i g h t .  
( c )  Average l o s s  due t o  r e - a s h i n g  i s  19.6; v a l u e  c o r r e c t e d  f o r  t h i s  

1  oss .  
( d )  Average amount l eached  o u t  o f  f i l t e r  by 100 nil d i s t i l  l e d  w a t e r  i s  

1 5  ug; v a l u e  c o r r e c t e d  f o r  t h i s  l o s s .  
( e )  D ry  w e i g h t  f i l t e r  a f t e r  l e a c h i n g  - i n i t i a l  d r y  w e i g h t  f i l t e r .  
( f )  Ashed w e i g h t  - d r y  w e i g h t  f i l t e r  a f t e r  l e a c h i n g .  

average o f  0.443% (S.D. = 0.033, n  = 12)  o f  t h e i r  d r y  w e i g h t  upon ash ing .  
F i l t e r  w e i g h t s  on wh ich  food  was c o l l e c t e d  were c o r r e c t e d  f o r  l e a c h i n g  
and a s h i n g  l o s s e s .  F i l t e r s  used t o  c o l l e c t  f eces  were c o r r e c t e d  o n l y  f o r  
a s h i n g  l o s s e s  because on1.y a  few ml o f  w a t e r  were f i l t e r e d .  S i g n i f i c a n t  
1 osses i n  f i l t e r  w e i g h t s  were observed a f t e r  f i  1  t r a t i o n  o f  100-ml w a t e r  
samples and a f t e r  re -ash ing .  The c o n c e n t r a t i o n  o f  s t ream s e s t o n  observed 
was 1.10 t o  2.15 mgla,  c o r r e s p o n d i n g  t o  p r e v i o u s  e s t i m a t e s .  The mean ash 
percentages o f  f eces  and f o o d  were 87.03 and 63.87%, r e s p e c t i v e l y .  

P e r c e n t  ash measurements were repea ted  w i t h  g l a s s  f i b e r  f i  1  t e r s  wh ich  
were decontaminated i n  b o i l i n g  s u l f u r i c  a c i d  ( T a b l e  38) .  The mean w e i g h t  
l o s s  on a s h i n g  o f  f i l t e r s  b o i l e d  i n  a c i d  was 128 u g l f i l  t e r .  Such a  l a r g e  
l o s s  p r o b a b l y  was caused by  i n c o m p l e t e  washing o f  f i l t e r s  a f t e r  s o a k i n g  i n  



TABLE 38. De te rmina t ion  o f  t h e  Concen t ra t ion  and Percent Ash o f  
Food o f  Simulium, Using Glass F i b e r  F i l t e r s  Decontaminated 
i n  B o i l i n g  S u l f u r i c  Ac id .  (May 30, 1973) 

Net  Dry  W t  Ash W t  (Ne t ) *  
- Sampl e  -~ 0- ( U S )  _ -- %  AS^ 

100 m l  F i  1  t e r e d  233 189* 81.11 
Stream Water 21 5  175* 81.40 

21 5  159* 73.95 

78.82 (Ave) 

100 m l  +10 -1 20 
D i s t i l l e d  Water - 5  -1 24 

Blank F i l  t e r s  - 2  - 1 :31 
+3 - 1  33 
+4 -1 21 

*The a v e r a g z i g h t  l o s s  on bu rn i ng  o f  t h e  b l ank  f i l t e r s  was 
128 L J ~ .  T h i s  va lue  i s  used t o  c o r r e c t  t h e  ash weights .  

ac i d .  The use of n i t r i c  a c i d  i n s t e a d  would have been d e s i r a b l e  (see Ganf 
and M i l bu rn  1971). The concen t ra t i on  o f  suspended m a t e r i a l  i n  t h e  s t ream 
determined w i t h  t h i s  method was 2.15-2.33 ~ g / a  w i t h  a  mean percen t  ash o f  
78.82%. 

So t h a t  a s s i m i l a t i o n  o f  ash- f ree  o rgan ic  m a t t e r  cou ld  be determined, 
t he  percen t  ash o f  o t h e r  food  m a t e r i a l s  (watercress and blue-green a lgae)  
presented i n  f eed ing  exper iments was determined. The mean ash percentages 
of watercress and b lue-green a lgae  were 15.39 ( n  = 2 )  and 13.77 
+ 1.50 S. D. ( n  = 6 ) .  Percent ash va lues o f  c u l t u r e d  diatoms and n a t u r a l  
seston were s i m i l a r  (see Table 35) and much h i ahe r  than f o r  watercress and 
L  n  b  a. The f a i r l y ' l o w  percen t  ash o f  ~ i m u l i i m  l a r vae  (x 18.69% + 2.03; 
*indicates t h a t  t h e i r  a s s i m i l a t i o n  o r  r e t e n t i o n  o f  m inera ls  f rom 
n a t u r a l  ses ton i c  food (approx.  80-86% ash) i s  low. 



Cheuma topsyche 

Cheuma topsyche Feeding E x p e r i m e ~ t s  

Grazing Experiments 

The accumulat ion o f  14C- labe l led  diatoms by g raz i ng  on s l  i des  was 
s t u d i e d  i n  Cheumatopsyche exper iments 2  and 3. The mean accumulat ion 
r a t e s  d e r i v e d  i n  these feed ing  exper iments (Table  44) ranged from 0.380 t o  
0.735 pg/mg/h. I n d i v i d u a l  va l  ues w i  t h i n  these experiments ranged f rom 
0.089 t o  3.405 ~ g / m g / h  (Tables 39-40). Feeding t imes i n  exper iments 2 and 
3  were 1.5 and 3.0 h. r e s ~ e c t i v e l v ;  exuer imenta l  temueratures were 14-15 
and 19'C. ~hemato~s;che i a r v a e  &ngirr'g i n  s i z e  from' 5.0 t o  11.5 mm were 
used. The maximum accumulat ion r a t e  was ob ta i ned  i n  t h e  s m a l l e s t  s i z e  
c l a s s  i n  each exper iment .  The median k va lues i n  exper iments 2  and 3 were 
4.9 and 11.1 (Table  9),  r e s p e c t i v e l y ,  meaning t h a t  t he  median pe rcen t  
e r r o r  due t o  coun t i no  was about 5.7% and 3.1%. The "+c a c t i v i t y  d e n s i t v  
o f  diatoms i n  t h e  ~ h e u m a t o ~ s ~ c h e  f eed ing  exper iments was p n e r a i l y  6  to "  
10 t imes g r e a t e r  than t h e  " C r  a c t i v i t y  dens i t y ,  g i v i n g  a  much g r e a t e r  
s t a t i s t i c a l  accuracy i n  coun t ing .  ~ v e n  so, t h e  f a c t  t h a t  t h e r e - i s  no 
s t a t i s t i c a l  d i f f e r e n c e  (P  < 0.01) between means o f  5 1 C r -  and 14C-der ived 
accumulat ion r a t e s  (Table  45) i n  g r a z i n g  exper iments shows t h a t  5 1 C r  p ro-  
v ided as good a  measure o f  accumulat ion as 14c .  I n  f a c t ,  i n  exper iment 3  
t he  S.E.  o f  t he  mean f o r  5 1 C r  values (Table 45) was s l i g h t l y  l ess  than  f o r  
14c  values. The ve ry  low accumulat ion values ob ta ined  i n  g r a z i n g  e x p e r i -  
ments may be niore a  r e s u l t  of adso rp t i on  than i n g e s t i o n .  I f  i n g e s t i o n  d i d  
occur  i t  may o n l y  be s i g n i f i c a n t  f o r  t he  s m a l l e s t  s i z e  c lasses  and cou ld  no t  
supply  energy r a p i d l y  enough f o r  l a r g e r  l a r vae .  

F i l t r a t i o n  Exper iments 

Feeding by f i l t r a t i o n  i n  Cheumatopsyche was s t u d i e d  i n  exper iments 1 ,  
4, and 5  (Tables 41-43). I n  exper iment  1  t h e  g lass  c y l i n d e r  f eed ing  
chamber was used and i n  exper iments 4  and 5 t h e  t rough  was used. Accl ima- 
t i o n  f o r  21-24 h  was a1 lowed i n  a l l  t h r e e  exper iments t o  p r o v i d e  t ime  f o r  
c o n s t r u c t i o n  o f  ne ts .  Animals r ang ing  i n  s i z e  f r om  6.6 t o  10.2 mm were 
used i n  these  f i l t r a t i o n  exper iments.  The number o f  animals per  sample 
ranged f rom 3 t o  10 i n  exper iments 4  and 5  w h i l e  i n d i v i d u a l  animals were 
used i n  exper iment  1. I n  exper iments 1, 4, and 5  f eed ing  t imes were 1.5, 
3.0, and 1.0 h, r e s p e c t i v e l y ;  exper imenta l  temperatures were a l l  n e a r l y  
17' C (Table  4 ) .  The median k val  ue i n  Cheumatopsyche exper iment  1  was 
1 .8  (Table  9 ) ,  g i v i n g  a  median percen t  coun t ing  e r r o r  o f  19.3% (Tab le  10) .  
The conf idence 1  i m i  t s  about the  mean 'Cr -der i  ved accumulat ion r a t e  a re  
equal t o  t h e  mean 2 36% o f  t h e  mean. Much o f  t h e  v a r i a t i o n  i n  r a t e s  



TABLE 39. Accumul a t i o n  o f  Label 1 ed Food (Diatoms) by  Cheumatopsyche 
(Experiment 2)  d u r i n g  1.5 h Feeding 

AN IMALS 

Animal s 
S i ze  No. 

5 .0  - 7.0  6 
(Ave 5.9) 

7.0 - 8.0 4 
(Ave 7 .6 )  

9.5 3 
9.5 - 10 3 
(Ave 9.6) 

9.5 - 10 3 
(Ave 9.8) 

T o t a l  DW 
(ms) 

pg DW Food 
Accum/n I n d i  v 

5 1 C r  

FOOD 

DW Food A c t i v i t y  
W (pg/cpm 5 1 ~ r )  

0.0264 (Ave) 

pg DW Food 
Accum/mg 

Animal 
5 1 C r  

Background 5 1 C r  - 48 



TABLE 40. Accumulat ion of Label  l e d  Food (Diatoms) by Cheumatopsyche 
( ~ x p e r i m e n t  3)  d u r i n g  3.0 h Feeding 

ANIMALS -- 

pg DW Food 
Animals pg DW Food Accumlmg 

S i ze  No. T o t a l  DW A C C I J ~ ~ ~  I n d i  v An i ma 1 
(mm) O b y  5 1 C r  '+C fl c r 4C 

8.0-9.0 4 9.460 20.576 15.953 0.725 0.562 
(Ave 8 .6 )  

8 .0 -9 .5  5 13.008 16.187 10.195 0.41 5 0.261 
(Ave 8.8) 

9.3-10.2 5 16.684 7.571 9.954 0.151 0.199 
(Ave 9.8)  

9.8-10.0 5 18.032 4.816 6.135 0.089 0.113 
(Ave 9.9) 

10.6-11 . O  2 8.988 14.652 20.570 1.543 0.763 
(Ave 10 .8 j  

11 .O-11 .5 5 13.512 14.446 18.057 0.357 0.445 
(Ave 11.1 ) 

DW Food A c t i v i t y  Food A c t i v i t y  
( vg )  (vg/cpm ? ' C r )  (11gIcpm lL*C)  

0.03204 (Ave) 0.003964 (Ave ) 

Background " C r  - 47 
"+C - 38 



TABLE 41. Accumulation o f  Labe l l ed  Food (Diatoms) by Cheumatopsyche 
(Experiment 1) du r i ng  1.5 h Feeding 

Animal s 
S i ze  No. T o t a l  DW 
0 

pg DW Food 
Accum/n I n d i v  
fl C r  14C - 

pg DW Food 
Accum/mg 

Animal 
5 1 C r  1 4 C  

FOOD 

Food A c t i v i t y  
I J ~  DW Sample Time pp/cpm pg/cpm 

A1 i quot - F i  1 t e r e d  ( t  = min) l C r  1 4 C  

0.04072* 0.007075* 
* (Ave ) * (Ave) 

Background 5 1 C r  - 56 
(cpm) l 4 C  - 36 



TABLE 42. Accumulat ion o f  Label l e d  Food (Diatoms) by Cheurnatopsyche 
(Experiment 4) du r i ng  3.0 h Feeding 

AN I MAL S 

11s DW Food 
Animals pg DW Food Accum/mg 

S ize  No. T o t a l  DW Accum/n I n d i v  An i ma 1 
(m) (n) (ms) -- 5 1 C r  1% 5 1 C r  1 %  

7.0 - 7.5 (7 .3  Ave) 5 
8.0 - 8.5 (8.2 Ave) 5  
7.7 - 8.4 (8.2 Ave) 5  
8.7 - 9.3 (9 .0  Ave) 5 
9.0 - 9.5 (9 .1  Ave) 5  
8.7 - 9.4 (9.1 Ave) 5 
9.7 - 10 (9.9 Ave) 5 
9.5 - 10 (10.0 Ave) 5 
Assorted (9.0 Ave) 10 

FOOD (Same as i n  Simulium Experiment 7)  

FECES 

Correc ted cpm 
5 1 C r  1 4 C  

Background 5 1 C r  - 44 
( c ~ m )  1 4 C  - 27 



TABLE 43. Accumulat ion o f  Label 1  ed Food (Diatoms) by Cheumatopsyche 
(Exper iment 5) du r i ng  1.0 h  Feeding 

ANIMALS 

ug DW Food 
Animals ug DW Food Accum/mg 

S ize  No. T o t a l  DW Accum/n I n d i v  An i ma 1 
(mm) - (n > (mg > 5 1 ~ r  4C 5 1 ~ r  1 4 ~  

6.6 - 7.5 3  3.340 107.035 101.041 32.046 30.252 
7.6 - 8.5 5  8.838 184.159 144.560 20.837 16.357 
7.6 - 8.5 3  3.328 87.773 63.339 26.374 19.032 
8.6 - 9.5 5  13.540 377.858 270.620 27.907 19.987 
8.6 - 9.5 5  11.756 141.927 121.105 12.073 10.302 
Assor ted 9 12.244 422.51 5 296.646 34.508 24.228 

A f t e r  24 Hour 14.758 35.743 81.557 2.422 5.526 
De feca t i on  

FOOD (Same as i n  Simul ium Experiment 8 )  

FECES 

Cor rec ted  cpm 
5 1 C r  1 4 C  

Background 5 1 C r  - 45 
(cpm) ' 4 c  - 43 

observed i n  t h i s  exper iment  was due . t o  coun t i ng  e r r o r s .  However, t h e  h i g h  
median k  values i n  exper iments 4  and 5 make t h e  e r r o r s  t o  coun t i ng  incon-  
sequen t i a l .  Even though t h e  coun t ing  accuracy was lower  i n  exper iment 1  
than  i n  t h e  o the r  two exper iments t h e  mean 5 ' C r -  and14c-der ived accumula- 
t i o n  r a t e s  were n e a r l y  i d e n t i c a l  and no s t a t i s t i c a l  d i f f e r e n c e  between t h e  
sample means was found a t  P = 0.01 (Table  44) .  I n  a d d i t i o n ,  no s i g n i f i c a n t  
d i f f e r e n c e  ( P  < 0.01 ) was found between means o f  5 1 C r -  and 14c-der i ved  
accumulat ion r a t e s  i n  exper iments 4  and 5 (Table  44).  With exper iment 4 
t h e  5 1 C r  and 14c a c t i v i t i e s  found -in t h e  i n i t i a l  100-ml d i l u t i o n  were used 
t o  c a l  c u l a t e  t h e  accumul a t i  on r a t e  because cons iderab le  l each ing  o f  



i so topes  occurred i n  t h e  f i n a l  d i l u t i o n .  Th is  r e s u l t e d  i n  minimum accumula- 
t i o n  r a t e  va lues.  I f  t h e  5 1 ~ r  and 1 4 C  a c t i v i t y  d e n s i t i e s  o f  t h e  f i r s t  and 
t h i r d  food samples f rom t h e  t o t a l  volume a re  averaged, c o r r e c t i o n  f a c t o r s  
o f  4.878 x  and 3.334 x  can be a p p l i e d  t o  5 1 ~ r -  and 14C-der ived minimum 
values, r e s p e c t i v e l y ,  r e s u l t i n g  i n  mean 5 1 ~ r -  and 14c-der i ved  r a t e s  o f  
18.00 and 11.47 ~g /mg /h ,  r e s p e c t i v e l y .  These co r rec ted  va l  ues cor respond 
we1 1 t o  va lues d e r i v e d  i n  exper iment 5  (25.62 and 20.03 pg/mg, r e s p e c t i v e l y ) .  
The c o e f f i c i e n t  o f  v a r i a t i o n  i s  much l e s s  among sarmples i n  exper iment 5 
than i n  exper iment 4  (Tab1 e 46) .  Corrected ' ~ r - d e r i  ved accumulat ion r a t e s  
i n  exper iment 4 range between 4.24 and 35.12 ug/mg/h b u t  these r a t e s  i n  
exper iment  5  range o n l y  between 12.07 and 32.05 ug/mg/h. The s i m i l a r i t y  
between mean r a t e s  o f  exper iment  4  and 5 when t h e  c o r r e c t i o n  i s  a p p l i e d  
t o  values o f  exper iment  4  tends t o  suppor t  t h e  v a l i d i t y  o f  t he  c o r r e c t i o n .  
Accumulat ion r a t e s  by f i l t r a t i o n  i n  t h e  t rough  exper iments a r e  much g r e a t e r  
than  r a t e s  d e r i v e d  f rom t h e  g lass  c y l i n d e r  chamber. 

I n  exper iment  5  an accumulat ion o f  2.422 ug/mg due t o  5 1 C r  remained 
i n  l a r v a e  a f t e r  24 h o f  de feca t i on .  'The accumulat ion d e r i v e d  f rom 14C i s  , 
approx imate ly  2  t imes  g r e a t e r  than t h a t  d e r i v e d  by 5 1 C r  a f t e r  de feca t i on .  
The smal l  amount o f  accumulated food  remain ing (51Cr-der ived)  a f t e r  defe-  
c a t i o n  i n d i c a t e s  t h a t  t h e  m a j o r i t y  o f  i nges ted  food  was egested. The 
measured accumulat ion va lue  i s  due t o  abso rp t i on  o f  51Cr  and p a r t i a l  r e t e n -  
t i o n  du r i ng  s t a r v a t i o n .  Assuming d e f e c a t i o n  was complete a f t e r  24 h, 
abso rp t i on  o f  51Cr  i nges ted  d u r i n g  1 .0  h  i s  9.45%/h. 

I n  exper iment  4 t h e  f o u r  l a r g e s t  accumulat ion r a t e s  were ob ta i ned  i n  
t h e  f o u r  s m a l l e s t  s i z e  c lasses ,  and i n  exper iment 5  t h e  s m a l l e s t  s i z e  
c l ass  showed t h e  g r e a t e s t  accu~ i i u l a t i on  and one sample o f  t h e  l a r g e s t  s i z e  
c l ass  showed t h e  s m a l l e s t  accumulat ion.  I t  i s  probable  t h a t  t h e  smal l  
s i z e  c lasses  a re  more s t r i c t l y  herb ivo rous  w h i l e  c a r n i  vory may supplement 
t h e  d i e t  o f  a  c e r t a i n  percentage o f  l a r g e  an imals .  I t  i s  a l s o  p o s s i b l e  
t h a t  t he  somewhat lower  accumulat ion r a t e s  o f  l a r g e  l a r v a e  cou ld  be 
caused by a  s m a l l e r  percentage be ing  a b l e  t o  c o n s t r u c t  n e t s  w i t h i n  t h e  
21-24 h a c c l i m a t i o n  t ime  o r  by t h e  l a c k  o f  h a b i t a t  f o r  l a r g e  l a r v a e .  

De te rmina t ion  o f  A s s i m i l a t i o n  E f f i c i e n c y  and A s s i m i l a t i o n  
Rate f o r  Cheumatopsyche 

I n  Cheumatopsyche exper iments 4  and 5, i n g e s t i o n  r a t e s  were h i g h  
enough t h a t  s u b s t a n t i a l  amounts o f  feces were recovered i n  t h e  d e f e c a t i o n  
chambers t o  a l l o w  computat ion o f  AE w i t h  t h e  Calow and F l e t c h e r  techn ique .  
The mean value f o r  a c t i v i t y  o f  food i n  each exper iment was used w i t h  - ind i -  
v i dua l  feces samples t o  c a l c u l a t e  AE. 

Based on a s i n g l e  feces sample i n  Cheumatopsyche exper iment  4  an AE 
o f  49.13% was c a l c u l a t e d .  Values o f  45.97 and 46.70% were d e r i v e d  f rom 
exper iment 5. Us ing  t h e  mean AE (47.26%) and t h e  51Cr -der i ved  i n g e s t i o n  



TABLE 44. Mean ' l ~ r -  and 14C-der ived Accumulations o f  Dry Weight 
o f  Food by Cheumatopsyche (Exper iments  1-5)  d u r i n g  t h e  
S p e c i f i e d  Feeding P e r i o d  (pg/mg/xh). Confidence Limits 
(UL and LL) and S t a n d a r d  E r r o r s  (SE) o f  Mean ' l ~ r -  a n d  
14C-deri  ved Val ues Are G i  ven; The C o e f f i c i e n t  o f  
V a r i a t i o n  (CV) o f  n Samples p e r  Experiment Are Also  
Prov ided  

Feed ing  No. 
p e r i o d -  Samples Mean ( l ig lmqlxh)  SE CV U L L L 

Exper imen t  ( h )  ( n )  C r l 4  C cr 1 4 C  51Cr l "C 51Cr l "C 51Cr '"C 
--A -- -- -- 



TABLE 45. S t a t i s t i c a l  Eva lua t ion  o f  t h e  D i f f e r e n c e  o f  Mean " ~ r -  
and " c -de r i ved  A c c u m u l a t i ~ n  Rates (pg/mg/h) o f  
Cheumatopsyche Using t h e  Group Comparison Tes t  ( t ) .  

Cheumatopsyche Mean Accum Tes t  
Exper iment 5 1 C r  1 4 C  -- - ( t )  DF S i g n i f i c a n c e  

Graz ing 2 0.490 - 
3 0.127 0.130 0.060 4 NS: Pc0.01 

F i l t r a t i o n  1 0.435 0.444 0.063 10 NS: P<0.01 
4 3.69 3.44 0.271 7 NS: P<0.01 
5 25.62 20.03 1.29 4 NS: P<0.01 

r a t e  f rom exper iment  5 (25.62 pg/mg/h) t h e  a s s i m i l a t i o n  r a t e  on Rat t lesnake  
Spr ings diatoms (18.47% o rgan i c )  i s  2.237 ug AFDW/mg/h o r  0.0101 1 cal /mg/h 
based on a c a l o r i c  e q u i v a l e n t  o f  4.520 cal/mg AFDW. Th is  i s  s i m i l a r  t o  
t h e  a s s i m i l a t i o n  r a t e  o f  0.00840 cal/mg/h determined f o r  Hydropsyche 
f u l v i  es, which l i v e s  i n  streams w i t h  summer temperature maxima > 15'C 

Edington and H i  1 drew 1973). TP 
T r i  cory thodes - 

Tricory thodes  Feedi ng Experiments 

T r i co r y thodes  exper iment  1 was a p r e l i m i n a r y  t e s t  conducted (Tab le  46a) 
t o  determine whether T r i co r y tho&s  would be ab le  t o  i n g e s t  a s i g n i f i c a n t  
amount o f  f ood  w i t h i n  15 h a t  lg°C. Animals were a l lowed t o  graze on 
1 abel  l e d  blue-green a lgae  which was cover ing  a s tyro foam substratum. 

Sa~r~ples i n  t h i s  exper iment  and exper iments 2 and 3 were o x i d i z e d  i n  
t h e  Van S lyke  combustion apparatus,  which was s t i l l  i n  t h e  exper imenta l  
s tage a t  t h e  t ime.  The r e l i a b i l i t y  o f  t h e  apparatus a t  t h a t  t ime  was 
u n c e r t a i n  due t o  d i f f i c u l t i e s  i n  t h e  s t a n d a r d i z a t i o n  procedure b u t  t h e  
s im i  1 a r i  t y  between r e s u l  t s  ob ta ined  i n  these and 1 a t e r  exper iments i n d i -  
ca te  t h a t  these va lues a r e  meaningfu l .  The r e p r o d u c i b i l i t y  o f  a c t i v i t y  
determined f o r  food  throughout  these f i r s t  t h r e e  exper iments i n d i c a t e s  
comparable combustion and recovery  o f  sample a c t i v i t y .  The values o f  
pg DW/nig accumulated a f t e r  15 h of feed ing i n  exper iment 1 correspond 



TABLE 46a. Accumula t ion o f  L a b e l l e d  Food (B lue-green Algae) a t  1 9 ' ~  
by  T r i c o r y t h o d e s  (Exper iment 1 ) - June 8, 1972 

AN IMALS 

Animals ~g DW 
S i z e  No. Accum/mg 

( n )  0- - Animal / l 5  h 

4.5 (Ave) 4 141.73 
3.7 (Ave) 3 209.97 

FOOD 

Food A c t i v i t y  
Pg/cpm 

4C 

0.2244 (Ave) 

c l o s e l v  t o  accumu la t ion  o f  b lue-qreen a l q a e  i n  1 .0  and 2.0 h i n  exper imen t  4 
( ~ a b l c 4 7 ) .  I t  was conc luded t h a t  i n g e s t i o n  r a t e s  f o r  ~ r i c o r ~ t h o d e s  a r e  
s u f f i c i e n t l y  g r e a t  t h a t  s h o r t e r  f e e d i n g  exper iments  c o u l d  be conducted.  

An i n g e s t i o n  r a t e  s tudy  (exper iment  2 )  was per formed t o  determine 
whether t h e  a c t i v i t y  p e r  mg animal would  a c t u a l l y  i n c r e a s e  w i t h  t i m e  
(Tab le  46b). Animals o f  two s i z e  c lasses  were removed f r o m  t h e  food 
source a t  i n t e r v a l s  d u r i n g  f e e d i n g  u n t i l  t = 5.0 h. The Lyugbya food  source,  
o f  a tough, l e a t h e r y  cons is tency ,  was pee led o f f  s t y ro foam sheets  and 
washed f o r  10 min  i n  w a t e r  (pH 3.5) t o  e l i m i n a t e  any p o s s i b l e  14C-carbonate 
p r e c i p i t a t e .  Samples were o x i d i z e d  b y  Van S l y k e  combustion; p e r c e n t  carbon 
o f  each sample was a l s o  measured b y  t h e  BaCOs p r e c i p i t a t e  method. The 
average p e r c e n t  carbon o f  T r i c o r y t h o d e s  was 36.8% e x c l u d i n g  t h e  h i g h  
(65.7%) va lue  ob ta ined .  Sample counts  used were t h e  average o f  t h r e e  10- 
min  counts .  F i v e  an imals  were sampled a t  each p e r i o d .  A1 though t h e  va lues  
o f  f o o d  accumulated d u r i n g  f e e d i n g  do n o t  i n c r e a s e  smooth ly ,  an i n c r e a s e  
w i t h  t i m e  i s  e v i d e n t .  Abrupt  d e c l i n e s  i n  f o o d  accumulated c o u l d  be a 
f a c t o r  o f  b i o l o g i c a l  v a r i a b i l i t y .  



TABLE 46b. A c c u m ~ ~ l a t i o n  o f  Label l e d  Food M a t e r i a l  (Lyngbya) a t  
20°C by  T r i co ry thodes  (Exper iment 2 )  d u r i n g  a  5.0 h  
Feeding Exper iment 

AN IMALS 

Feeding 
Time 

(h )  

Accum f o r  Accum f o r  
2 .6  - 3.5 mm S i ze  3 .6  - 4.5 mm S i ze  
- (pglmg (pglmg ) 

FOOD 

Food Ac t  i v i t y  

% Carbon -- - 

26.4 
39.1 
41.4 
29.1 
41.0 (Ave exc l  dd i  ng 
43.5 h i g h  va lue  
65.7 36.8) 

0.3432 (Ave) 

Lyngbya was used as a  food  source i n  exper iment 3  (Table  46c) .  
T r i co r y thodes  were sampled h o u r l y  u n t i l  t = 7.0 h  and again  a t  t = 20 h. 
The accumulat ion r a t e  appeared t o  reach  a p l a teau  a t  t = 2.0 t o  5.0 h  i n  t h e  
2.6-3.5-mm s i z e  c l a s s  and a t  t = 2.0 t o  4.0 h  i n  t h e  4.6-5.5-mm s i z e  c l a s s  a t  
approx imate ly  50 t o  60 pg/mg. Th is  seems t o  be evidence t h a t  T r i co r y thodes  
i s  n o t  a  cont inuous feeder .  The t o t a l  accumulat ions i n  20 h i n  t h e  two 
sma l l e r  s i z e  c l asses  (430.22 and 429.12 pglmg) a r e  n e a r l y  i d e n t i c a l .  Accu- 
mu la t i ons  a t  t = 7.0 h  a r e  v e r y  s i m i l a r  f o r  a l l  s i z e  c lasses  i n d i c a t i n g  a  
r a t h e r  un i f o rm  r a t e  o f  a s s i m i l a t i o n .  The clrand mean o f  a l l  ~ e r c e n t  carbon 
de te rmina t ions  f o r  T r i co r y thodes  i n  experei;ent 3  i s  33.99% (;I = 24) which 
compared f a v o r a b l y  t o  t h e  mean percen t  carbon es t ima te  o f  36.8% f rom 



TABLE 46c. Accumulat ion o f  Food M a t e r i a l  (Lyngbya) by T r i co ry tho@es 
(Exper iment 3 )  a t  20°C - J u l y  29, 1972. Sample s i z e  f o r  
Each Feeding Per iod  Was 9 Animals. Percentage Carbon 
Values Were Der ived  f o r  Each Sample 

Feeding 
Pe r i od  

Accum f o r  Accum f o r  Accum f o r  
2.6 - 3.5 mm S i z e  3.6 - 4.5 mn S i z e  4.6 - 5.5 mm S ize  
pg DW/mg % C wg DW/mg % C pg DW/mg % C 

38.07 25.92 37.99 
k8.39 (SD) k4.15 (SD) k5.74 (SD) 

FOOD 

Food A c t i v i t y  
(pg DW/cpm 14C) 

0.2309 (Ave) 

Feeding exper iment 4 was conducted on T r i c o r  thodes o f  2.6-3.5-mm and 
3.6-4.5-mm s i z e  c lasses  w i t h  a Lyngbya food  --'?- source Table 47).  Feeding 
was conducted i n  p e t r i  d i s h  chambers f o r  1.0 h w i t h  the  2.6-3.5-mm s i z e  and 
f o r  2.0 h w i t h  t h e  3.6-4.5-mm s i ze .  Some animals  were sampled a f t e r  feed ing ;  
the  remainder were f e d  on non labe l l ed  food f o r  3.0 h ( t h e  2.6-3.5-mm c l a s s )  
and 6 and 9.0 h ( t h e  3.6-4.5-mm c l a s s )  t o  a l l o w  complete de feca t i on  be fo re  
sampling. The va lues o f  pg DW accumulated/mg a r e  g r e a t e r  f o r  t he  l a r g e  
s i z e  c l a s s  because f eed ing  t ime  was 2.0 h f o r  i t  and 1.0  h f o r  the smal l  s i z e  
c l ass .  The n l a t e r i a l  remain ing a f t e r  the  d e f e c a t i o n  pe r i od  i s  food  ass im i -  
l a t e d .  It appears t h a t  t h e  magnitude o f  l o s s  o f  accumulated m a t e r i a l  i n  an 
a d d i t i o n a l  3.0 h o f  de feca t i on  (Table  47) a f t e r  t he  6 .0  h p e r i o d  was smal l  . 
For  t h i s  reason t h e  amount remain ing a t  t h e  6.0 h p e r i o d  i s  a good measure 



TABLE 48. Accumula t ion of Food (Anabaena w i t h  Minor  Amounts o f  
Achnanthes 1 anceol  a t a )  by T r i  co ry thodes  (Exper iment  5) - 
September 5, 1972. Ten Animals Were S a m ~ l e d  a t  Each 
~ e e d i n ~  p e r i o d  f o r  Each S ize  Class 

AN IMALS -- 

S i z e  
(mm 1 

1 .6  - 2.5 
1 .6  - 2.5 
1 .6  - 2.5 
2 . 6  - 3.5 
2.6 - 3.5 
2 .6  - 3.5 
2 .6  - 3.5 
2.6 - 3.5 
2.6 - 3.5 
2 .6  - 3.5 
2 .6  - 3.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 - 4.5 
3.6 -- 4.5 
3.6 - 4.5 

FOOD 

T o t a l  DW 
0 

1.013 
0.745 
0.724 
2.316 
1 .607 
2.136 
1.944 
2.259 
2.51 3 
2.713 
2.653 
4.672 
4.489 
4.445 
5.244 
4.792 
4.690 
5.119 
4.905 
5.579 

Feeding 
P e r i o d  

( h )  

1 
2 
4 
1 
2 
3 
3 
4 
5 
6 

22.5 
1 
1 
2 
3 
3 
4 
5 
6 

22.5 

DW Food A c t i v i t y  
(uq )  u g D W / c p m l 4 C  

u j  DW/mg Average - 

78.98 
113.05 
1 58.70 
65.32 
75.97 

lo3.06}  83.67 93.37 

115.90 
135.89 
221.79 
383.16 

53'01} 48.89 44.77 
76.36 

74'98} 03.70 92.42 
123.08 
1 58.97 
180.76 
332.40 

0.01 247 (Ave ) 



TABLE 49. Accumula t ion o f  Food M a t e r i a l  (Diatoms) by T r i c o r y t h o d e s  
(Exper iment  6 )  a t  lB°C - May 17, 1973 

ANIMALS 

AN IMAL S  

An imals  --- 
S i z e  No. T o t a l  DW 

( wg) -- 

Feed ing 
T i  me 

( h )  -- 

clg DW 
Accurn/n I n d i v  
S I C r  1 4 C  - -- 

~ g  DW 
Accurn/rng 

Animal 
5 1 C r  l "C - - 

39.83 38.97 
(Ave) (Ave) 

FOOD 

Food A c t i v i t y  
D  W C o r r e c t e d  cprn L ~ / C P ~  I J ~ / C P ~  

1 " C  I J 1 C r  ~ ' c r  1'4C 0 - _ _ - - - - - - -- -- 

FECES 

C o r r e c t e d  cprn 
'"Cr I 14c 



TABLE 50. Accu~ i iu la t ion  o f  Food M a t e r i a l  (Diatoms) by  T r i co ry thodes  
(Exper iment 7) a t  1 8 " ~  - May 20, 1973 

ANIMALS 

ANIMALS 

Animals Feeding ~g  DW 
S ize  No. T o t a l  DW Time Accum/n I n d i v  

(h )  ( m m ) ( n ) ( m s , - -  - C r  - ' 4 ~  

vg DW 
Accum/rng 

Animal 
" C r  1 4 C  - - 

23.38 34.09 
(Ave) (Ave) 

35.46 76.26 
(Ave) (Ave) 

FOOD -- 

Food A c t i v i t y  
D  W Cor rec ted  cpm 

(119) 5 1 C r  l "C 



TABLE 51. Data f o r  Computation o f  AE f o r  T r i co ry thodes  
( E x ~ e r i m e n t  8 )  Feedins on Diatoms a t  18OC - 

FOOD 

Food Ac t  i v i t y  
DW Cor rec ted  cpm vg/cpm vg/cpm 

h d  C r  4~ " C r  4~ 

FECES 

Cor rec ted  c  m 
u c r  t c 



TABLE 52. Accumulat ion o f  Food M a t e r i  a1 by T r i  cory thodes 
(Exper iment 9 )  Feeding on Watercress a t  18°C - 
May 20, 1973 

ANIMALS 

vg DW 
Animals Feeding 119 Dtl Accum/mg 

S ize  No. T o t a l  DW Time Accumln I n d i v  Animal 
( 1  M (m9) - _-Lh_L_ ' ' C r  I ltc " I C r  I 'IC 

- - - - -- - - - - 

16.86 7.26 
(Ave) (Ave) 

FOOD 

Food A c t i v i t y  
D W Cor rec ted  cpm 

" C r  1 4 C  w -p -- 



TABLE 53. Data f o r  Computat ion o f  AE f o r  T r i c o r y t h o d e s  
(Exper iment  10) Feeding on Watercress  a t  
18°C - May 21, 1973 

FOOD 

Food A c t i v i t y  
DW C o r r e c t e d  cpm c l g / c ~ m  U ! ~ / C P ~  
( ~ 9 )  5 l C r  '+C 5 1 C r  4C 

FECES 

I n g e s t i o n  D e f e c a t i o n  
Time Time C o r r e c t e d  cpm 

( h )  ( h )  5 1 ~ r  4~ 



TABLE 54. Accumulation o f  Food M a t e r i a l  f r om Feeding o f  
T r i co ry thodes  (Experiment 11) on Diatoms a t  
18°C - May 22, 1973 

AN IMAL S 

ug DW 
Animals Feeding ~g DLJ Accumlmg 

S i z e  h'o . T o t a l  DW T i  me Accumln I n d i  v Animal 
(mm) 0 (mg) O -- 5 1 ~ r  14c - 5 1 ~ r  - 14c 

4.6 - 5.5 5 5.881 0.75 216.54 242.87 36.76 41.23 
19.78 25.08 
(Ave) (Ave) 

3.6 - 4.5 2 1 .086 5.0 19.54 38.29 17.99 35.26 
4.6 - 5.5 4 3.770 5.0 150.54 491.75 39.93 130.44 

25.49 71.61 
(Ave) (Ave) 

Asso r ted  ( A f t e r  
1 .0  h i n g e s t i o n  
1.5 h d e f e c a t i o n  
Feeding on non- 
l a b e l l e d  food) 14 9.608 19.40 98.24 2.02 10.23 

FOOD 

Food A c t i v i t y  
D W C o r r e c t e d  cpm ~ ? / c p m  ug/cpm 

l ' l C  (,19) : l C r  C r  1 4 C  

FECES 

I n g e s t i o n  D e f e c a t i o n  
Time T i  me Cor rec ted  cpm 

( h )  ( h )  5 1 C r  -- 1°C 



The mean 51Cr-derived accumulat ion va lues  i n  Tables 49-54 f o r  0.5 t o  
5.0 h  o f  feed ing range f rom 14.19 t o  39.83 pg/mg. The h i g h  accumulat ion v a l u e  
(39.83 pg/mg) measured i n  0.5 h  o f  f e e d i n g  i n d i c a t e s  t h a t  t h e  g u t - f i l l i n g  
t i m e  may w e l l  be 0.5 h  o r  l e s s  s i n c e  even a f t e r  5.0 h  of f e e d i n g  (Table  50) 
t h e  mean 51Cr-der ived v a l u e  was s t i l l  35.46 pg/mg. 

Amonq 51Cr-der ived accumulat ion va lues,  a d s o r p t i o n  o f  51Cr i s  measur- 
a b l e .  The d i f f e r e n c e  between mean 5.0 h  and 1 .0  h  va lues i n  exper iments 7  
and 11 (Tables 50 and 54) y i e l d s  t h e  51Cr a b s o r p t i o n  d u r i n g  4.0 h  o f  
feed ing .  These accumulat ion r a t e s  were 3.02 and 2.38 pg/mg/h, r e s p e c t i v e l y .  
I n  exper iment  11, 14 T r i co ry thodes ,  a f t e r  f e e d i n g  f o r  1 .0  h  on l a b e l  l e d  
diatoms, were a l l owed  t o  c l e a r  t h e i r  g u t s  w i t h  u n l a b e l l e d  food.  A f t e r  
1.5 h  o f  g u t  c lea rance  o n l y  2.02 pg/mg accumulat ion (51Cr-der ived)  remained, 
presumably due t o  a b s o r p t i o n  and a d s o r p t i o n  o f  t h e  i s o t o p e .  T h i s  uptake 
r a t e  was used t o  c o r r e c t  f o r  5 1 C r  uptake i n  c e r t a i n  c a l c u l a t i o n s .  Animals 
sampled a f t e r  g u t  c lea rance  had a s s i m i l a t e d  10.23 pg/mg/h (14C-der ived 
v a l u e ) .  Using t h e  51Cr-der ived weight  o f  a  f u l l  g u t  a t  1 .0  h  (14.19 pg/mg) 
and an a s s i m i l a t i o n  r a t e  of 10.23 pg/mg/h one would c a l c u l a t e  t h a t  a t  
l e a s t  14.19 + 4(10.23) o r  55.1 1  pg/mg should  be accuniulated a f t e r  5.0 h  
o f  f e e d i n g  (a mean 14C-der ived accumu la t ion  o f  71.61 pg/mg was observed).  
There was a  5.30 and 4.21 pg/mg d i f f e r e n c e  between 14C-  and 51Cr-der ived 
accumulat ions a t  0.75 and 1.0  h, r e s p e c t i v e l y .  Th is  d i f f e r e n c e  i s  p r o b a b l y  
due t o  a s s i m i l a t i o n .  If t h e  a s s i m i l a t i o n  r a t e  were 10.23 pg/mg/h, one would 
expect  2.56 ug/mg t o  be a s s i m i l a t e d  between t = 0.75 and 1 .0  h. 

The mean 14c-der i ved  accumulat ions a f t e r  5.0 h  f e e d i n g  were 76.26 
and 71.61, r e s p e c t i v e l y  (Tab les 50 and 54). T h i s  seems t o  i n d i c a t e  
t h a t  mean i n g e s t i o n  and a s s i m i l a t i o n  r a t e s  on a  f o o d  source were s i m i l a r  
between exper iments.  S u b t r a c t i n g  t h e  mean 14C-der ived accumulat ions a t  
t = 1 .0  h  i n  each exper iment  f r o m  t h e  v a l  ues a t  t = 5.0 h  y i e l  ds the  
amount accumulated d u r i n g  4.0 h  o f  feed ing .  The a s s i m i l a t i o n  r a t e s  
c a l c u l a t e d  f rom these da ta  a re :  

f rom Table  50 f rom Table 54 

1 )  Based on 18.47% o r g a n i c  f r a c t i o n  f o r  d iatoms o f  
Ra t t l esnake  Spr ings  

2) Based on e q u i v a l e n t  o f  4.520 cal/mg AFDW 

I n  a d d i t i o n ,  t h e  a s s i m i l a t i o n  r a t e  o f  animals which c l e a r e d  t h e i r  guts 
i n  exper iment  11 (Table  54) was 10.23 pg/mg/h which i s  e q u i v a l e n t  t o  
1.889 pg AFDW/mg/h o r  0.01043 cal/mg/h. The f a c t  t h a t  t h e  a s s i m i l a t i o n  



r a t e s  c a l c u l a t e d  f rom t h e  d a t a  o f  Tab le  53 cor respond i n d i c a t e s  t h a t  
nymphs comp le te l y  c l e a r e d  t h e i r  gu ts  o f  l a b e l l e d  food i n  1 . 5  h. 

I n  Tab le  50 t h e r e  i s  a  10.71 pglmg d i f f e r e n c e  i n  accumu la t ion  
between mean 1 4 C  and 5 1 C r  accur r~u la t ions a t  1.0 h. I f  t h e  g u t  was f i l l e d  
a t  0.5 h  (as suggested f rom d a t a  i n  Tab le  4 9 ) ,  t h e  i m p l i e d  a s s i m i l a t i o n  
r a t e  i s  21.42 pg/~ng/h,  b u t  i f  t h e  g u t - f i l l i n g  t i m e  i s  7  min then t h e  
imp1 i e d  a s s i m i l a t i o n  r a t e  i s  12.12 pg/mg/h. 

I n  t h e  f e e d i n g  exper imen t  w i t h  wa te rc ress  (Tab le  52) t h e  14C-der ived 
accumula t ion va lues a r e  lower  than t h e  51Cr -de r i ved  va lues.  I t  i s  u n l i k e l y  
t h a t  5 1 C r  a b s o r p t i o n  wou ld  exceed a b s o r p t i o n  o f  o r g a n i c  m a t t e r .  An e x p l a -  
n a t i o n  i s  l a c k i n g  f o r  these r e s u l t s .  

The r e l a t i o n s h i p  between t h e  l e n g t h  o f  f e e d i n g  and t h e  r a t i o  o f  
l L f c -  vs. 51Cr-determined accumula t ion i n  t h e  m a y f l y  T r i c o r y t h o d e s  i s  
g i v e n  i n  Tab le  55 f o r  exper iments  6,  7, 9 ,  and 11. I f  r e s p i r a t o r y  14c 
l o s s  i s  smal l  and 5 1 C r  up take i s  low, t h e n  t h i s  i s  a  good way t o  n o t e  

TABLE 55. A Comparison of t h e  R a t i o s  

pg/mg ( 14C-der i  ved) 
pg/mg ( 51Cr -de r i  ved) 

Determined a t  Severa l  Time I n t e r v a l s  d u r i n g  t h e  
Feeding o f  T r i c o r y t h o d e s  w i t h  Var ious Foods 

Feed ing  
T i  me 

Exper imen t  - - Food Type ( h )  

6  Diatoms 0 . 5  

Diatoms 1  . O  
5 . 0  

Wate rc ress  1 . O  

Diatoms 0 . 7 5  
1  . o  
5 . 0  

S i z e  (n) 
2 . 6  - 3 . 5  3 . 6  - 4 . 5  4 . 6  - 5 . 5  - --- 

1.114 (Ave)  1 .066  (Ave)  



t h e  e f f e c t  o f  s i z e  on a s s i m i l a t i o n  r a t e .  A smal l  s i z e  c l a s s  showing 
a g r e a t e r  l 4 C I 5 l C r  r a t i o  a t  a  c e r t a i n  t i m e  p e r i o d  than  a l a r g e r  s i z e  c l ass  
has a g rea te r  AE, p rov ided  t h a t  d i g e s t i o n  t imes a re  equal .  A f t e r  the  g u t  
i s  f u l l ,  f u r t h e r  f eed ing  w i  11 inc rease  t he  14C-der ived accumulat ion r e l a -  
t i v e  t o  51Cr-der ived accumulat ion.  Since t h e  a c t i v i t y  d e n s i t y  o f  1 4 C  i s  
g r e a t e r  than  5 1 C r  i n  t h e  food, t he  a c t i v i t i e s  must be compared i n  terms 
o f  pg DW food/mg c a l c u l a t e d  w i t h  each i so tope .  I t  appears (Table  55) t h a t  
g u t  f i l l i n g  w i t h  watercress may n o t  be as r a p i d  as w i t h  diatoms due t o  the  
low r a t i o  ca l cu l a ted .  There does n o t  appear t o  be a c o n s i s t e n t  r e l a t i o n -  
s h i p  o f  r a t i o s  w i t h  s i z e  c lasses,  b u t  i t  does appear t h a t  t h e  r a t i o  i s  
g r e a t e r  than 1 a f t e r  0.5 h  o f  feed ing,  i n d i c a t i n g  t h a t  t h e  d i g e s t i o n  t ime 
i s  0.5 h  o r  l e s s .  The r a t i o s  c a l c u l a t e d  a t  0.5, 1.0,  and 0.75 h f o r  
exper iments 6, 7, and 11, r e s p e c t i v e l y ,  a re  s i m i l a r ,  r ang ing  f rom 1.066 t o  
1.944. Ra t ios  d e r i v e d  a t  t h e  5.0 h  p e r i o d  i n  these exper iments range f rom 
1.762 t o  3.267, showing a cons iderab le  inc rease  i n  ass imi  l a t e d  mate r i  a1 . 

There does n o t  appear t o  be a c o n s i s t e n t  r e l a t i o n s h i p  between s i z e  
and t he  r a t i o s  ob ta ined  a t  the va r ious  sampl ing t imes.  Therefore,  i t  
cannot be concluded t h a t  AE values a re  g r e a t e r  f o r  one s i z e  than another .  
W i t h i n  a  s i n g l e  exper iment t h e r e  i s  o f t e n  much v a r i a b i l i t y  i n  r a t i o s  
among s i z e  c lasses  (e.g. ,  exper iment 11, 5.0 h ) .  However, t he re  does seem 
t o  be a s i m i l a r i t y  i n  r a t i o s  ob ta i ned  w i t h  t h e  two l a r g e r  s i z e  c lasses  
(e.g. exper iment 6, 0.5 h  mean; exper iment 7, 5.0 h; exper iment 9, 1.0 h; 
exper iment 11, 1.0 h ) .  

Assimi l a t i  on E f f i c i e n c y  Calcu l  a t i o n s  f o r  T r i  corythodes 

A s s i m i l a t i o n  e f f i c i e n c i e s  f o r  T r i co ry thodes  minutus were c a l c u l a t e d  
from da ta  i n  Table 49-54 us ing  t he  equa t ion  o f  Calow and F le t che r ,  

where AE = 1  - cpm 5 1 ~ r  (food)/cpm 14c ( food)  
cpm 5 1 C r  ( feces)/cpm 14C ( f eces )  ' 

The d i g e s t i o n  t ime was n o t  known a t  the  t i ~ i i e  these exper iments were con- 
ducted. Experiments were performed under t h e  assumption t h a t  t h e  r e s i -  
dence t ime was approx imate ly  1.0 h. Th is  seemed t o  be a reasonable  es t ima te  
based on t he  shape o f  t h e  accumulat ion curves de r i ved  p r e v i o u s l y  f o r  
T r i co ry thodes  f e d  f o r  u  t o  22.5 h  (Table  48) on 14C- labe l led  food 
sources. That  i s ,  t he  P4C a c t i v i t y  i nco rpo ra ted  i n t o  the  animal p e r  hour  
dec l i ned  a f t e r  t h e  i n i t i a l  va l ue  a t  1 .0  h  so t he  g u t - f i l l i n g  t ime  must be 
1.0 h  + a  maximum of 59 min. L a t e r  g u t - f i l l i n g  r a t e  exper iments showed t h e  
r a t e  t o  be v e r y  f a s t  (7 m in )  a t  18°C. I n  t h e  a s s i m i l a t i o n  exper iments t o  
be repo r t ed  on, 15-20 organisms were f e d  on a l a b e l l e d  food source f o r  
1.0 h  o r  more and then  p laced  i n  a  separate  c o n t a i n e r  and a l lowed t o  c l e a r  
t h e i r  g u t s  by f eed ing  on non labe l l ed  food. The l e n g t h  o f  t ime a l lowed f o r  



g u t  c learance must be a t  l e a s t  equal t o  t he  g u t - f i l l i n g  t-ime. S ince gu t -  
f i l l i n g  was assumed t o  occur  w i t h i n  1.0 h, 1.5 h  was a l lowed f o r  complete 
g u t  c lea rance .  A s s i m i l a t i o n  e f f i c i e n c i e s  c a l c u l a t e d  here by t h e  dua l -  
l a b e l  method were n o t  co r rec ted  f o r  5 1 C r  a s s i m i l a t i o n  o r  14c r e s p i r a t o r y  
l oss .  The s i g n i f i c a n c e  o f  these c o r r e c t i o n s  i s  d iscussed 1  a t e r .  

I n  exper iments 6 (Table  49) animals were f e d  i n  two groups a t  18°C; 
one group was f e d  f o r  2.25 h, t he  o t h e r  group f o r  2.75 h. De feca t ion  took  
p l ace  f o r  2.0 h  i n  f i l t e r e d  creek water and f o r  an a d d i t i o n a l  1.0 h  i n  t h e  
presence o f  l a b e l l e d  food.  The r e s p e c t i v e  a s s i m i l a t i o n  e f f i c i e n c i e s  on 
diatoms computed f o r  these two groups were 39.32 and 45.13%, r e s p e c t i v e l y .  
The 5 1 C r /  1 4 C  a c t i v i t y  r a t i o s  o f  t h e  food samples were averaged and t h i s  
average va lue was used w i t h  i n d i v i d u a l  r a t i o s  f o r  the  feces t o  compute AE. 

I n  exper iment 8 (Tab le  51) animals were f e d  on l a b e l l e d  food f o r  
2.75 h  a t  18°C. De feca t ion  took  p l ace  f o r  1.5 h  a f t e r  feed ing.  Food was 
sampled a f t e r  f eed ing  stopped. The mean 5 1 C r / 1 4 C  a c t i v i t y  r a t i o s  f o r  
diatoms equaled 0.09822. AE va l  ues were 43.97 and 39.93%, r e s p e c t i v e l y .  

The e f f i c i e n c y  o f  a s s i m i l a t i o n  o f  watercress was determined from 
exper iment 10 (Table  53).  The watercress had been l a b e l l e d  w i t h  1 4 C  and 
5 iCr  two days p r i o r  t o  use. I t  had been ground t o  a  coarse powder and had 
soaked i n  wa te r  f o r  two days. The soak ing watercress was s t o r e d  a t  3OC i n  
t h e  r e f r i g e r a t o r  so t h a t  b a c t e r i a l  a c t i o n  was kep t  t o  a  minimum. Any th ing  
a s s i m i l a t e d  i s  cons idered t o  be a s s i m i l a t i o n  o f  pure watercress.  Feeding 
was a l lowed f o r  2.0 h  and de feca t i on  f o r  1.5 h ,  w i t h  a  n o n l a b e l l e d  food  
source used t o  c l e a r  t h e  gu t .  AE f o r  t h i s  exper iment was 35.59%. A  
second group o f  nymphs began f eed ing  a t  3:30 p.m. and s i nce  they  c o u l d  n o t  
be seen consuming any watercress,  t h e  an imals  were a l lowed t o  feed  u n t i l  
10:30 a.m. t h e  n e x t  morning, a t  which t ime  they  were t r a n s f e r r e d  t o  non- 
l a b e l l e d  food ( f r e s h  d e t r i t u s  from the  stream). Rapid i n g e s t i o n  o f  t h i s  
n a t u r a l  s t ream d e t r i t u s  was observed. Fecal p e l  l e t s  were produced cop i  - 
ous l y  and c o n t i n u a l l y  and t h e  nymphs appeared a t  ease. They a t e  w i t h o u t  
i n t e r a c t i n g  s i g n i f i c a n t l y  w i t h  o t h e r  nymphs and made few l a r g e  s h i f t s  i n  
p o s i t i o n .  However, when f eed ing  on watercress t h e  nymphs appeared t o  be 
l e s s  we1 1  s a t i s f i e d  w i t h  the  food and moved a  g r e a t  deal .  The r a d i o -  
a c t i v i t y  measured i n  nymphs, however, shows t h a t  watercress was eaten.  
The s m a l l e r  s i z e  o f  watercress p a r t i c l e s  i n  r e l a t i o n  t o  t h e  s i z e  o f  
d ia tom c l  umps p robab ly  made t he  watercress an unsu i t ab l e  subs t ra tum and 
inc reased  animal a c t i v i t y .  The t o t a l  f eed ing  t i m e  was 19 h; d e f e c a t i o n  
t ime,  1.5 h. AE was 72.07%, an unexpected ly  h i gh  va lue.  

A s s i m i l a t i o n  exper iment  11 (Tab le  54) used diatoms as a  food  supply.  
Two groups o f  animals were used. Group 1  cons i s t ed  o f  35 an imals ,  h a l f  o f  
which had been used i n  p rev ious  ass imi  l a t i o n  s t u d i e s  on diatoms and t h e  
o the r  h a l f  had j u s t  been used i n  t h e  p rev ious  watercress a s s i m i l a t i o n  
exper iment  10; these were f e d  on n o n l a b e l l e d  food f o r  2.5 h  t o  assure 



complete gu t  c learance o f  l a b e l l e d  food. Group 2  cons i s t ed  o f  f r e s h  
animals ma in ta ined  on non labe l l ed  food and n o t  p r e v i o u s l y  used i n  any 
exper iment.  AE va l  ues f o r  t he  two groups were 36.48 and 20.773, 
r e s p e c t i v e l y .  

Adsorpt ion,  A s s i m i l a t i o n ,  and Leaching o f  I so topes  

Cont ro l  f o r  Adsorp t ion  o f  5 1 C r  by T r i co ry thodes  

A  0.5-ml volume o f  t h e  s tock  51CrC1 s o l u t i o n  was added t o  a  vo l  u- 
m e t r i c  f l a s k  and d i l u t e d  t o  100 m l  w i t h  f i l t e r e d  stream wate r .  Two 5-ml 
a1 i q u o t s  o f  t h i s  s o l u t i o n  were sampled and counted. Two p e t r i  d ishes were 
each f i l l e d  w i t h  30 m l  o f  t he  s o l u t i o n .  I n  d i s h  1  were  laced s i x  l i v e  
T r i co ry thodes ;  i n  d i sh  2  were p laced f i v e  dead ~ r i c o r ~ t h o d e s .  I n  a d d i t i o n ,  
t h ree  dead nymphs were renioved from the  aquar ium f o r  de te rmin ing  a  back- 
ground leve l ,  'However, these animals had 'been used i n  p rev ious-  
T r i  corythodes a s s i m i l a t i o n  exper iments.  They had f e d  on 1  abel  l e d  f ood  3  
weeks e a r l i e r  and were then mainta ined on nonlabel  l e d  food. T h e i r  exac t  
t ime  o f  death was unknown. Th is  exper iment (Table  56) shows t h a t  t he  
concen t ra t i on  o f  5 1 C r  a c t i v i t y  f rom s o l u t i o n  i s  o n l y  s l i g h t l y  g r e a t e r  f o r  
l i v i n g  than  dead animals and i s  r ough l y  12 t imes g r e a t e r  than f o r  the  back- 
ground animals. The mean concen t ra t i on  f a c t o r  o f  5 1 C r  i n  a l i v e  and dead 
Tr i co ry thodes  i s  317.8 t imes a f t e r  2.5 h  o f  adsorp t ion .  

I n  o rder  t o  draw any conc lus ions from the  food accumulat ion da ta  
presented here,  t he  magnitude o f  5 1 C r  adso rp t i on  must be known. As shown 
p r e v i o u s l y  i n  t h e  Simul ium and Cheurnatopsyche exper iments,  dead c o n t r o l  
animals adsorb 5 1 C r  a c t i v i t y  e q u i v a l e n t  t o  about 1.0 pg DW algae/mg animal 
when h e l d  i n  a  water  volume o f  700-1000 m l  con ta i n i ng  15-30 m d r y  w t  4 algae, w i t h  a  5 1 C r  a c t i v i t y  o f  r ough l y  0.05 pg/cpm. I n  the  C r - 1 4 C  
leach ing  exper iment an average o f  13.7 cpni 5 1 C r  s o l u t i o n  was leached f rom 
the  a lgae i n  3.0 h  o f  c i r c u l a t i o n  i n  t he  system. Th is  degree o f  l each ing  
was found i n  a l l  Simulium exper iments i n  which i t  was measured. I n  t he  
T r i co ry thodes  5 1 ~ r  adso rp t i on  exper iment t h e r e  was very  1  i ttl e  d i f f e r e n c e  
i n  ac ti v i  t y  between 1  i ve and dead nymphs. The mean a c t  i v i  t y  o f  Simul i um 
c o n t r o l  animals i n  exper iment 10 was 8.7 cpm/mg. The a c t i v i t y  o f  
T r i co ry thodes  nymphs a f t e r  soak ing i n  wa te r  w i t h  113 t imes g r e a t e r  cpm 
SICr was 450.9 cpm/mg, an inc rease  i n  concen t ra t i on  o f  o n l y  52 t imes .  The 
concen t ra t i on  f a c t o r  (cpm/mg animals vs. cpm/mg wate r )  was 632 i n  t h e  low 
a c t i v i t y  s o l u t i o n  ( f eed ing  exper iments) and 290.3 i n  t h e  h i g h  a c t i v i t y  
s o l u t i o n  (51Cr adsorp t ion  exper iment) .  These f a c t s  i n d i c a t e  t h a t  adsorp- 
t i o n  o f  5 1 C r  i s  n o t  l i n e a r l y  r e l a t e d  t o  5 1 C r  a c t i v i t y  and t h a t  r e l a t i v e  
adso rp t i on  i s  g rea te r  a t  low 5 1 C r  a c t i v i t y  l e v e l s .  For t h i s  reason con- 
t r o l  values do n o t  n e c e s s a r i l y  double w i t h  a  doub l i ng  o f  5 1 C r  i n  s o l u t i o n .  



A s s i m i l a t i o n  o f  5 1 C r  

A s s i m i l a t i o n  o f  5 1 C r  i s  ano the r  p o t e n t i a l  source o f  e r r o r .  From t h e  
d a t a  of  T r i c o r  thodes exper iment  11 (Tab le  54) i t  appears t h a t  t h e  ug/mg 
(51Cr -de r i ved  9 v a l u e s  v a l u e s  of food  accumulated remain  n e a r l y  c o n s t a n t  
th rough  t h e  5.0 h  feed ing p e r i o d .  Data f rom exper iment  7 ( T a b l e  50) i n d i c a t e  
a  smal l  i n c r e a s e  -in f o o d  accurr~ulated f r o m  t h e  5.0 h  sampl ing p e r i o d s .  The 
c o n t r o l  an ima ls  i n  exper iment  11 a s s i m i l a t e d  5 1 C r  e q u i v a l e n t  t o  2.02 pg DW 
algae/mg. The average 51Cr-deterrnined accumu la t ion  ( g u t - p l u s -  t i s s u e )  a t  
1.0 h  i s  14.18. S u b t r a c t i n g  t h e  c o n t r o l  v a l u e  leaves  12.16 pg/mg. T h i s  v a l u e  
shou ld  r e p r e s e n t  a  f u l l  g u t  a l t h o u g h  i t  i s  e q u i v a l e n t  t o  a  g u t  f r a c t i o n  o f  
o n l y  1.216% o f  t o t a l  body we igh t .  W i th  a  g u t - f i l l i n g  t i m e  o f  7  min,  t h e  
- i uges t ion  r a t e  would be 104.21 ug/mg/h. Consequent ly t h e  a s s i m i l a t i o n  e f f i -  
c i e n c y  o f  T r i c o r y t h o d e s  f o r  5 1 C r  i s  2.02/104.21 = 1.938%. 

Van Hook and C r o s s l e y  (1969) c a l c u l a t e d  t h e  a s s i m i l a t i o n  e f f i c i e n c y  o f  
5 1 ~ r  by Acheta domest icus ( O r t h o p t e r a )  t o  be 5.7% o f  t h e  t o t a l  body a c t i v i t y  
i n  24 h r  o f  feed ing.  S ince  g u t - f i l l i n g  t i m e  f o r  t h i s  c r i c k e t  was 6.7 h, g u t  

c o n t e n t s  were t u r n e d  o v e r  3.58 t i m e s  p e r  day. A s s i m i l a t i o n  e f f i c i e n c y  shou ld  
be c a l c u l a t e d  on t h e  b a s i s  of  t h e  t o t a l  q u a n t i t y  of  food  i n g e s t e d  d u r i n g  t h e  
feed-iug p e r i o d .  A c t u a l  a s s i m i l a t i o n  o f  t h e  5 1 C r  can be c a l c u l a t e d  as:  

where X cor responds t o  t h e  dec imal  f r a c t i o n  a s s i m i l a t e d  o f  a  g u t  l oad ,  3.58 
i s  t h e  number o f  g u t - f i l l i n q s  p e r  day , 3.58 X i s  t h e  r e l a t i v e  amount a s s i m i -  
l a t e d  d u r i n g  24 h  and (1-X) i s  t h e  r e l a t i v e  amount i n  t h e  g u t  a f t e r  a s s i m i l a -  
t i o n .  The AE o f  5 1 ~ r  f o r  Acheta i s  n e a r l y  t h e  same as t h a t  c a l c u l a t e d  f o r  
T r i c o r y t h o d e s .  The s l i g h t l y  h i g h e r  l e v e l s  found i n  T r i c o r y t h o d e s  may be due 
t o  su r face  a d s o r p t i o n .  I n  any case a s s i m i l a t i o n  o f  3 1 ~ r  i s  q u i t e  s m a l l .  

Leach ing o f  5 1 C r  and 14C f r o m  t h e  A lgae 

To assess t h e  e x t e n t  o f  5 1 C r  and 14C l e a c h i n g  from a l g a e  t h e  c o n t e n t s  
o f  one s l i d e  (6.5 mg d r y  w t  d ia toms)  were c i r c u l a t e d  i n  a  s imu la ted  f e e d i n g  
exper iment  i n  500 ml  o f  f i l t e r e d  stream w a t e r  i n  t h e  b l a c k  p l a s t i c  t r o u g h .  
The wa te r  tempera tu re  was a1 lowed t o  r e a c h  room tempera tu re  (26OC) t o  o b t a i n  
t h e  maximum r a t e  o f  l o s s  wh ich  c o u l d  be expected.  C i r c u l a t i o n  t i m e  o f  t h e  
suspended food  was 3 .0  h  a t  a  pump speed o f  62.5 m l / sec .  A t  s p e c i f i e d  i n t e r -  
v a l  s  (Tab le  56) 5-rnl samples were f i  1  t e r e d  on t a r e d  0.45-um membrane f i l t e r s .  
The f i l t e r e d  wa te r  was p laced  i n  a  t e s t  tube  f o r  c o u n t i n g  5 1 C r  a c t i v i t y .  The 
d r y  we igh t  o f  a l g a e  was o b t a i n e d  f o r  each t a r e d  f i l t e r  and pg/cpm was c a l c u -  
l a t e d  f o r  each i s o t o p e  a t  each i n t e r v a l .  There was a  gradua l  l e a c h i n g  of  



TABLE 56. Leaching o f  5 1 C r  and 14C During 3.0 h C i r c u l a t i o n  i n  
500-1111 Water Volume i n  Black P l a s t i c  Trough (Increase 
i n  5 1 C r  i n  5-ml Water Samples and Loss o f  5 1 C r  and 
1 4 C  from the  A1 qae of That Volume) 

Water 
Vol ume Time CPm 

(mi n )  (ma) -- 5 1 ~ r  

DW Time ~ g / c ~ n l  P ~ / C P ~  
A1 gae* ( ~ 9 )  b i n )  l C r  C 

0.45-pm F i  1 t e r  8 6 0 0.05434 0.007184 
9 1 2 3 0.061 11 0.007722 
82 4 2 0.05606 0.00761 7 
44 60 0.06491 0.008029 
9 1 7 2 0.06951 0.008661 
89 120 0.07826 0.008714 
75 180 0.0691 1 0.00821 1 

5-pm F i l t e r  6200 2 4 0.07434 0.01 004. 
0.45-pm F i  1 t e r  300 24 0.3330 0.007486 

*From f i l t r a t i o n  o f  5-ml volume. 






























































































































































